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In addition to the well-known light-driven outward proton
pumps, novel ion-pumping rhodopsins functioning as outward
Na™ and inward C1~ pumps have been recently found in eubac-
teria. They convert light energy into transmembrane electro-
chemical potential difference, similar to the prototypical ar-
chaeal H* pump bacteriorhodopsin (BR) and CI~ pump
halorhodopsin (HR). The H*, Na*, and ClI~ pumps possess the
conserved respective DTE, NDQ, and NTQ motifs in the helix C,
which likely serve as their functional determinants. To verify
this hypothesis, we attempted functional interconversion
between selected pumps from each category by mutagenesis.
Introduction of the proton-pumping motif resulted in success-
ful Na* — H* functional conversion. Introduction of the
respective characteristic motifs with several additional muta-
tions leads to successful Na* — Cl~ and C1I~ — H™ functional
conversions, whereas remaining conversions (H* —Na*,H* —
Cl~, CI~ — Na™) were unsuccessful when mutagenesis of 4—6
residues was used. Phylogenetic analysis suggests that a H*
pump is the common ancestor of all of these rhodopsins, from
which C1~ pumps emerged followed by Na* pumps. We propose
that successful functional conversions of these ion pumps are
achieved exclusively when mutagenesis reverses the evolution-
ary amino acid sequence changes. Dependence of the observed
functional conversions on the direction of evolution strongly
suggests that the essential structural mechanism of an ancestral
function is retained even after the gain of a new function during
natural evolution, which can be evoked by a few mutations. By
contrast, the gain of a new function needs accumulation of mul-
tiple mutations, which may not be easily reproduced by limited
mutagenesis in vitro.

Animal and microbial rhodopsins are photoreceptive pro-
teins, which use retinal as their chromophore. The main func-
tion of several groups of microbial rhodopsins is light-driven
ion transport across cellular membranes (1). In the last decade,
these proteins became powerful tools in neuroscience, where
they are used to control neural activity of animals by light (so-
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26115706, 26620005) and to H.K. (25104009, 15H02391). The authors
declare that they have no conflicts of interest with the contents of this
article.

(51 This article contains supplemental Table S1.

" To whom correspondence should be addressed: Dept. of Frontier Materials,
Nagoya Inst. of Technology, Showa-ku, Nagoya 466-8555, Japan. Tel.: +81-
52-735-5207; Fax: 81-52-735-5207; E-mail: kandori@nitech.ac.jp.

MAY 6,2016+VOLUME 291-NUMBER 19

called “optogenetics”) (2, 3). Bacteriorhodopsin (BR)* and HR,
the first ion-transporting rhodopsins, were discovered in 1971
and 1977, respectively, from halophilic archaea (4, 5). Since
2000, genomic and metagenomic sequencing revealed that
microbial rhodopsins are widely distributed among marine and
freshwater bacteria, most of which were classified as light-
driven H" pumps (proteorhodopsins and xanthorhodopsins,
PR and XR) (Fig. 1) (6, 7). In addition, eubacterial light-driven
Na® and CI~ pumps have been discovered recently (Fig. 1)
(8-10), with the former forming a new functional class and the
latter not being related to haloarchaeal HRs. These pumps are
interesting not only from biophysical and biochemical point of
view, but also for evolutionary and environmental microbiology
and optogenetic applications. Recent structure determination
of alight-driven Na™ pump Krokinobacter eikastus rhodopsin 2
(KR2) accelerated our understanding of ion selectivity, and K*
pump was engineered based on that structure (11, 12).
Functional interconversion of homologous proteins by site-
directed mutagenesis is a powerful tool to understand molecu-
lar mechanisms of their functions. The first example of success-
ful functional conversion of microbial rhodopsins is when BR
was converted into an HR-like CI™ pump by a single amino acid
replacement (13, 14). The conserved functional helix C motifs
for BR and HR are DTD and TSA, respectively. In BR, Asp-85
(the first Asp in the DTD motif) is the H™ acceptor from the
protonated Schiff base during H* pumping (1), and when
Asp-85 is mutated to Thr, the corresponding amino acid in HR,
D85T BR pumps Cl~ inwards, identical to HR (13, 14). This
observation implied that BR and HR share a common transport
mechanism, and its selectivity is determined at the position of
primary proton acceptor (Asp-85 in BR). While this was a clear-
cut result, the respective reverse mutation (Thr — Asp) did not
convert HR into a H* pump (15, 16). Ten additional mutations
to make pharaonis HR resemble BR did not work either, indi-
cating that functional conversion between archaeal H" and C1~
pumps is asymmetric (17). The vibrational analysis suggested
that protein-bound water molecules may be responsible for the
asymmetric functional conversion (17). While two conversions
(H" = CI7) were tested for archaeal pumps, eubacterial rho-
dopsins may undergo six functional conversions (H" < Cl~,
H* s Na™, Na* = CI7). In the present study, we tested

2 The abbreviations used are: BR, bacteriorhodopsin; HR, halorhodopsin; KR,
Krokinobacter eikastus rhodopsin, DDM, n-dodecyl-B-pD-maltoside; GR,
Gloeobacter rhodopsin; FR, Fulvimarina rhodopsin; CCCP, carbonylcyanide
m-chlorophenylhydrazone.
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Functional Interconversion of H*, Na*, and CI~ Pump Rhodopsin

FIGURE 1. Light-driven ion-pumps in eubacteria and their transport activity. g, eubacterial rhodopsins contain DTE, NDQ, and NTQ motifs forH™,Na™, and
Cl™ pumps, respectively. b, motifs in GR, KR2, and FR based on the structure of XR (left, PDB ID: 3DDL) and KR2 (middle, right, PDB ID:3X3C). ¢, ion pumping
activity assayed by pH changes. Light-driven H* pump shows pH decrease in the presence of any ions, which is diminished by a protonophore CCCP. In
contrast, Na* and CI~ pumps cause pH increase, which is enhanced by CCCP. Light-driven Na* and ClI~ pumps are distinguished by their cation- and

anion-dependent transport, respectively.

whether a limited number of mutations can achieve functional
interconversion between eubacterial pumps.

Experimental Procedures

Gene Construction, Protein Expression, and Purification—
KR2 and FR genes whose codons were optimized for Esche-
richia coli expression system were synthesized (Eurofins
Genomics Inc.) and subcloned into a pET21a(+)-vector with
C-terminal 6 XHis-tag (10). A plasmid vector of GR with the
additional C-terminal 6 X His-tag was constructed as described
previously (18). For mutagenesis, a QuikChange site-directed
mutagenesis kit (Stratagene) was used according to the stan-
dard protocol. Wild-type and mutant proteins were expressed
in E. coli C41(DE3) strain. The protein expression was induced
by 0.21 mMm isopropyl 3-p-thiogalactopyranoside (IPTG) for 4 h
at 37 °C with the supplement of 10 um all-trans-retinal (Sigma-
Aldrich) to the culture. For the measurement of Cl~ depen-
dence of absorption spectra, the expressed proteins were puri-
fied from E. coli cells according to the previously reported

9884 JOURNAL OF BIOLOGICAL CHEMISTRY

protocols (8, 17). The cells were disrupted by French Press
(Ohtake), and the membrane fraction was collected by ultra-
centrifugation (125,000 X g, 1 h). The protein was solubilized
with 2% n-dodecyl-B-p-maltoside (DDM) (Anatrace) in the
presence of 300 mm NaCl, 5 mm imidazole, and 50 mm MES (pH
6.5). After Co>*-NTA affinity chromatography, the collected
fractions were dialyzed to the solution containing 100 mm
NacCl, 50 mm Tris-HCI (pH 7.0), 0.02% DDM to remove imid-
azole used for elution from the column.

Assay of Light-driven Pump Activity of Rhodopsins in E. coli
Cells—E. coli expressing rhodopsins were harvested by centrif-
ugation (3,600 X g, 3 min), washed three times and resuspended
in the aqueous solvent containing 100 mwm salt (NaCl, CsCl, or
Na,SO,). 7.5 ml of cell suspension at OD, = 2 was placed in
the dark and then illuminated at A > 500 nm by a 1-kW tung-
sten-halogen projector lamp (Rikagaku, Japan) through a glass
filter (Y-52, AGC Techno Glass, Japan). The light-induced pH
changes were measured by a pH electrode (HORIBA, Japan).

VOLUME 291 +NUMBER 19-MAY 6, 2016



Functional Interconversion of H*, Na*, and CI~ Pump Rhodopsin

FIGURE 2. Functional conversion of light-driven H*, Na*, and CI~ pumps by replacing the characteristic helix C motifs. a-f, three, one, and two amino
acids in each motif are replaced for the functional conversions of H* < Na* (g, b), Na* < Cl™ (¢, d), and H" < CI™ (e, f), respectively. Blue and green traces
represent pH changes upon illumination in the absence and presence of CCCP, respectively. All measurements are performed in the presence of 100 mm NaCl
(pH ~7.0). The KR2 DTE mutant shows H™ pumping activity, indicating a successful Na* —H™* pump conversion by the motif mutation (a). All other mutants

exhibit no pumping activities (b-).

Quantification of Rhodopsins Expressed in E. coli—To quan-
tify the expressed rhodopsin in E. coli cell used for pump activ-
ity assay, the same amount of cells used for pump activity assay
was collected by low-speed centrifugation at 3,600 X gand 4 °C
and suspended in the solution containing 100 mm NaCl, 50 mm
Tris-HCI (pH 8.0), to a final volume of 3 ml. Then, 200 ul of 1
mM lysozyme was added to the suspension and it was gently
stirred at room temperature for 1 h. The E. coli cells were dis-
rupted by sonication (TAITEC, Japan) and solubilized in 3.0%
DDM. The absorption change, representing the bleaching of
rhodopsin by hydroxylamine (HA), was measured with a UV-
vis spectrometer (Shimadzu, Japan) equipped with an integrat-
ing sphere after the addition of HA (100 mm NaCl, 50 mm Tris-
HCI (pH 8.0)) to a final concentration of 500 mm HA and
illumination at A > 500 nm by a 1-kW tungsten-halogen pro-
jector lamp (Rikagaku, Japan) through a glass filter (Y-52, AGC
Techno Glass, Japan). The molecular extinction coefficient of
rhodopsin (€) was calculated from the ratio between the absor-
bance of rhodopsin and retinal oxime (e = 33,600 M ' cm ™" at
360 nm) produced by the reaction between retinal Schiff base
and HA (19). Molar extinction coefficients and absorption
maxima wavelengths of each mutant are shown in Figs. 3, 4, and

MAY 6,2016+VOLUME 291-NUMBER 19

5. The amount of rhodopsin expressed in E. coli cells was deter-
mined by the absorbance of the bleached rhodopsin and the
value of €, which is shown in Figs. 3, ¢, i; 4, ¢, 1; 5, e and 1. The
transport activity of E. coli cells containing each rhodopsin was
quantitatively determined from the initial slope of pH change
after normalizing the expression level of protein, which is sum-
marized in Fig. 6.

Chloride Titrations—To measure the Cl™-concentration de-
pendence of absorption spectra of rhodopsins, the proteins
were dialyzed to the solution containing 0.1% DDM and 20 mm
HEPES (pH 7.0). NaCl was added to the sample and UV-visible
absorption spectra were measured with a UV-vis spectrometer
(JASCO, Japan) equipped with an integrating sphere at various
Cl™-concentrations.

Laser Flash Photolysis—The transient absorption change
after the photo excitation of the rhodopsins were investigated
by laser flash photolysis method (8, 11). The purified rhodopsin
was reconstituted into the lipid bilayer of the mixture of 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE)
and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glyc-
erol) (POPG) (molecular ratio: POPE:POPG = 3:1) with the
protein-to-lipid molecular ratio of 1:20 at 2— 4 uM protein con-

JOURNAL OF BIOLOGICAL CHEMISTRY 9885



Functional Interconversion of H*, Na*, and CI~ Pump Rhodopsin

FIGURE 3. Optimization of functional conversions between light-driven Na* and H* pumps by additional mutations outside of the conserved helix C
motifs. Improvement of functional conversion of Na* — H™* pump in KR2 (a) in the presence of 100 mm NaCl or CsCl (pH ~7.0) and unsuccessful functional
conversion of H" — Na™ pump in GR (b) in the presence of 100 mm NaCl (pH ~7.0) in the absence (blue) and presence (green) of CCCP, respectively. The
positions of mutations are indicated by yellow spheres in the modeled structure (right) and the names of helices are shown with green characters. The
wavelength of absorption maxima (A,,,,,) (c, f), molecular extinction coefficients (€) (d, g), and the amount of expressed rhodopsin in the E. coli cell used for

the pump activity assay (e, h) of wild type and mutant proteins.

centration. The reconstituted sample was suspended in 100 mm
NaCl, 20 mm HEPES-NaOH (pH 7). The sample solution was
illuminated with a second harmonics generation of nanosecond
pulsed Nd®"-YAG laser (A = 532 nm, INDI40, Spectra-Physics,
CA) with the pulse energy of 3.8 mJ/cm® pulse. The transient
absorption spectrum of rhodopsin after the laser excitation was
obtained by measuring the intensity of white light passed
through the sample before and after laser excitation at A =
350-750 nm with an ICCD linear array detector (C8808-01,
Hamamatsu, Japan). To increase signal-to-noise ratio, 90 iden-
tical spectra were averaged and singular-value-decomposition
(SVD) analysis was applied (8).

Phylogenic Analysis of Rhodopsin Genes—The amino acid
sequences of rhodopsins were aligned using MUSCLE program
(20) after the removal of weakly conserved interhelical loop,
and N- and C-terminal extensions to increase the accuracy of
alignment. The evolutionary history was inferred using the
Neighbor-Joining method (21). The optimal tree with the sum
of branch length = 23.00061278 was obtained. The percentage
of replicate trees in which the associated taxa clustered together
in the bootstrap test (1000 replicates) were calculated (22). The
tree is drawn to scale, with branch lengths in the same units as
those of the evolutionary distances used to infer the phyloge-
netic tree. The evolutionary distances were computed using the
Poisson correction method (23) and are in the units of the num-
ber of amino acid substitutions per site. The analysis involved

9886 JOURNAL OF BIOLOGICAL CHEMISTRY

128 amino acid sequences. All positions containing gaps and
missing data were eliminated. There were a total of 105 posi-
tions in the final dataset. Evolutionary analyses were conducted
in MEGAG6 (24).

Results and Discussion

We selected Gloeobacter rhodopsin (GR) (18), Krokinobacter
eikastus rhodopsin 2 (KR2) (8), and Fulvimarina rhodopsin
(FR) (10) as the representatives of H", Na™, and Cl~ pumps,
respectively. The amino acid identity is 26% between GR and
KR2, 33% between GR and FR, and 33% between KR2 and FR
(see supplemental Table S1 for all amino acid sequences). It
should be noted that the eubacterial H, Na*, and Cl~ pumps
possess the highly conserved DTE, NDQ, and NTQ motifs in
the helix C, respectively (Fig. 1, a and b), positions of which
correspond to Asp-85, Thr-89, and Asp-96 in BR (25). As these
motifs are likely to determine the function, we first examined
functional conversions by altering them. Note that two, three,
and one mutation(s) are needed forH" < Cl,H" s Na™, and
Na® < Cl7, respectively. It should be also noted that a light-
driven Na™ pump KR2 acts as a H" pump in the presence of
larger cations (8). Therefore, we define the Na* — H™ pump
conversion for the KR2 mutants as successful if it pumps H"
even in 100 mm NaCl.

To verify function of each rhodopsin mutant, the proteins
were overexpressed in E. coli (C41 (DE3) strain) and light-in-

VOLUME 291 +NUMBER 19-MAY 6, 2016



Functional Interconversion of H*, Na*, and CI~ Pump Rhodopsin

FIGURE 4. Optimization of functional conversions between light-driven Na* and CI~ pumps by additional mutations outside of the conserved helix C
motifs. Successful functional conversion of Na* — CI~ pump in KR2 (a) in the presence of 100 mm NaCl, CsCl, or Na,SO, (pH ~7.0) and unsuccessful functional
conversion of CI~ — Na™ pump in FR (b) in the presence of 100 mm NaCl (pH ~7.0) in the absence (blue) and presence (green) of CCCP, respectively. The
positions of mutations are indicated by yellow spheres in the modeled structure (right), and the names of helices are shown with green characters. The A, ., (c,
f), € (d, g) and the amount of expressed rhodopsin in the E. coli cell used for the pump activity assay (e, h) of wild type and mutant proteins.

duced pH changes of E. coli cell suspensions containing each
protein were measured. Identification of H", Na™, and CI~
pumps by the pH monitoring system is summarized in Fig. 1c. A
cell suspension of E. coli expressing H" pump shows acidifica-
tion of external medium (pH decrease) upon illumination by
the outward transport of H™ irrespective of the ionic species
contained in the solvent, and the signals are diminished in the
presence of a protonophore, carbonylcyanide m-chlorophenyl-
hydrazone (CCCP) (Fig. 1c, left panel). In contrast, a cell sus-
pension of E. coli expressing Na* pump or CI~ pump shows
alkalinization (pH increase) upon illumination, because of sec-
ondary H" -uptake occurs to compensate the increased nega-
tive membrane potential inside the cells. The signals are further
enhanced in the presence of CCCP, because the observed pH
changes originate from secondary H* movement due to cation
or anion transport. Analysis of ion dependence is used to dis-
tinguish cation and anion pumps. Na* pump KR2 is converted
to H* pump in the solvent containing the salt of larger cations
such as CsCl, while it pumps Na™ outwards in Na,SO, (Fig. 1c,
middle panel). On the other hand, while CI™ pump FR trans-
ports Cl™ ion in the solution containing NaCl or CsCl, it does
not transport larger anions such as SO;~, and no alkalization
occurs in the solution of Na,SO, (Fig. 1c, right panel). Thus,
comparison of signals in NaCl, CsCl, and Na,SO, allows distin-
guishing between the transported ions. Fig. 2 shows the results
of functional conversion experiments performed by the
replacement of the characteristic helix C motifs. Among the six

MAY 6,2016+VOLUME 291-NUMBER 19

functional conversions, only one conversion was achieved,
from Na* to H" pump (Fig. 2a). This may be consistent with
the fact that Na*-pumping KR2 transports H" in the presence
of larger cations (8), suggesting that KR2 retained the molecular
machinery of H* pump in its structure. On the other hand,
none of the other motif-altering mutations achieved functional
conversion (Fig. 2, b—f). Thus, we introduced additional plausi-
ble mutations based on the sequence comparisons outside of
the conserved helix C motifs.

Figs. 3, 4, and 5 summarize the results of functional conver-
sions between H*, Na™, and CI~ pumps which used such addi-
tional mutations. Fig. 3a shows the improvement of the Na™ —
H* pump conversion. Even though the DTE KR2 mutant
pumps protons (Fig. 2a), the efficiency of transport estimated
from the initial slope of pH change is very low (0.42% of that of
GR, Fig. 6a). We found that the DTD KR2 mutant pumps better
(0.79%, Fig. 6a), and the transport was more efficient in Cs™
than in Na™ (Fig. 3a). The latter may be related to the fact that
KR2 possesses Na™ binding site at the extracellular surface (8),
which inhibits outward H* pumping only in Na™. As Asp-102
constitutes the Na™ binding site (11, 12), we replaced this resi-
due, and the DTE/D102N and DTD/D102N KR2 mutants
exhibited similar H" pumping activities in NaCl and CsCl (3.0
and 5.6% of GR, respectively, Fig. 6a4). The functional conver-
sion of Na*—H™" pump is thus achieved by 4 mutations. In
contrast, the reverse motif mutation for H* — Na™ pump con-
version (DTE to NDQ) has not worked (Fig. 2b), which may be
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FIGURE 5. Optimization of functional conversions between light-driven H and CI~ pumps by additional mutations outside of the conserved helix C
motifs. Unsuccessful functional conversion of H* — Cl~ pump in GR (a) and successful functional conversion of CI~ — H* pump in FR (b) in the presence of
100 mm NaCl (pH ~7.0) in the absence (blue) and presence (green) of CCCP, respectively. The positions of mutations are indicated by yellow spheres in the
modeled structure (right), and the names of helices are shown with green characters. The A,,.,, (c, f), € (d, g) and the amount of expressed rhodopsin in the E. coli

cell used for the pump activity assay (e, h) of wild type and mutant proteins.

FIGURE 6.lon pumping activities of the functionally-converted mutants. g, relative H* pumping activities of KR2 and FR mutants compared with GRWT. b,

relative CI~ pumping activities of KR2 mutants compared with FR WT.

related to the fact that the NDQ GR mutant looks blue (A, ,, =
607 nm, Fig. 3f) (i.e. exists in the non-transporting acidic
form). This suggests that Asp in the NDQ motif of this
mutant is protonated and does not act as the Schiff base
counterion and proton acceptor as required for sodium
transport (8, 26, 27). We introduced additional mutations to
the NDQ GR mutant, to change the color from blue (A, >
600 nm) to purple (A, < 560 nm) and make the Schiff base

proton acceptor functional. Fig. 3b shows clear color

9888 JOURNAL OF BIOLOGICAL CHEMISTRY

changes for the NDQ/I83S/H87L (A
NDQ/I83S/Y8SL (A, = 556 nm, Fig. 3f), and NDQ/I83S/
H87L/Y88L (A, = 557 nm, Fig. 3f) GR mutants, where
mutations were introduced near the Schiff base region. How-
ever, despite the presence of the required ion-pair (Schiff
base and counterion), these mutants do not pump Na™ (Fig.
3b). We conclude that functional interconversion for
H" < Na™ pair is asymmetric, where even 6 mutations are
not sufficient for the H" — Na™* pump conversion.

max = 555 nm, Fig. 3f),
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FIGURE 7.CI™ concentration dependence of absorption spectra of rhodopsins having the NTQ motif reporting on chloride binding. The picture of E. coli
cells in 100 mm NaCl, CsCl, and Na,SO, (left), difference UV-visible absorption spectra upon the addition of NaCl of different concentrations (middle) and the
titration curve for the absorption change at the peak wavelength shown in the difference spectra (right) for FR WT (a), KR2 NTQ/D102N (b), KR2 NTQ/F72G/
D102N (c), GRNTQ-183S/H875(SS)/D115N/F265S (d). Solid lines in the titration curve indicate the fitting curves using a Hill equation and calculated dissociation
constant of CI~ (K_) is shown in the graph.

Next, we tried to improve functional interconversion of Na*  pump conversion, we suspected that the negatively charged
and CI~ pumps (KR2 and FR) with additional mutations. Asthe Na™ binding site in KR2 (8, 11, 12) could prevent inward Cl~
simple motif replacement resulted in unsuccessful Na* — Cl~  pumping (Fig. 2¢). It is indeed the case, as the NTQ/D102N KR2
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Functional Interconversion of H*, Na*, and CI~ Pump Rhodopsin

FIGURE 8. Transient absorption change of functionally converted mutants. Transient absorption spectra (upper) and the time-evolution of absorption
changes (lower) at the wavelengths representing each photoreaction species (the K-intermediate (red), M-intermediate (blue), O-intermediate (orange), and
initial state (green)) for KR2 DTE/D102N (a), KR2 NTQ/F72G/D102N (b), and FR DTE/S255F (c).

mutant exhibits light-induced pH increase in NaCl and CsCl,
but not in Na,SO, (Fig. 44). This is characteristic for Cl™
pumps, and in line with this, Fig. 7b shows absorption changes
of the NTQ/D102N KR2 mutant upon Cl~ binding. Thus, a
double mutation (NTQ/D102N) is sufficient for converting
KR2intoa Cl™ pump. The pumping activity is further enhanced
by introducing F72G mutation, which is highly conserved near
the Schiff base region, and the NTQ/F72G/D102N KR2 mutant
pumps Cl™ with the 3.4% efficiency of that in FR (Figs. 44 and
6b). NTQ/F72G/D102N KR2 mutant also showed color change
upon CI~ binding (Fig. 7c). To make a reverse CI~ — Na™
pump conversion possible, we searched for additional muta-
tions outside of the conserved motif, based on the sequence
differences (Fig. 4b) and structure of KR2. However, none of
these mutants showed any ion transport (Fig. 4b). Thus, while
Na® — CI~ pump conversion was successful, the reverse
Cl~™ —Na™ pump conversion could not be achieved, once again
showing an asymmetric interconversion.

Finally, the H" = Cl~ interconversion was examined with
additional mutations, as the motif replacement mutations
(DTE < NTQ) were not sufficient for successful functional
conversions (Fig. 2, e and f). The NTQ GR mutant looks blue
(Amax = 567 nm) (Fig. 2e), suggesting that the protein does not
bind Cl™ in 100 mMm NaCl. Therefore, we introduced additional
mutations to the NTQ GR mutant to improve Cl~ binding, as
assayed by change of the color from blue (A,,,, > 560 nm) to
purple (A, < 560 nm) under these conditions. Fig. 5a shows
that several mutants exhibit color changes, suggesting FR-like
Cl™ binding (10). Nevertheless, none of these mutants trans-
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ported any ions (Fig. 5a). Using titrations of purified proteins,
we found that C1~ binding does not take place, as shown for GR
NTQ/183S/H87S/D115N/F265S, which showed only small non-
systematic absorption change probably representing unspecific
interaction between the protein and ions (Na™ and/or Cl7)
(Fig. 7d). Thus, the color changes were caused by the mutations
themselves and not by Cl™ binding, which explains the lack of
ion transport. We then tried to optimize functional conversion
from Cl~ to H" pump. Gly-263 of Na® pump KR2 is a key
residue for Na™ uptake, whose modification leads to K* pump-
ing (11, 12). The corresponding amino acids are S and F for FR
and GR, respectively, which may be important for ion specific-
ity of each pump. Indeed, Fig. 56 shows that the DTE/S255F FR
mutant functions as an outward H* pump whose relative activ-
ity is 11% of wild type GR (Fig. 6a). We thus conclude that
functional interconversion for the H" < Cl™ pair is asymmet-
ric as well, where an additional mutation outside of the con-
served motif converted Cl~ into H" pump, but four additional
mutations were not sufficient for the H* — CI~ pump
conversion.

In this study, three types of functional conversion were suc-
ceeded in (Na* — H", Na* — Cl7, and CI~ — H") with an
additional mutation to motif exchange. To investigate their
transport mechanism and compare it with natural pumps, the
photocycles of these functionally converted mutants were stud-
ied by laser flash photolysis. The transient absorption changes
of KR2 DTE/D102N, KR2 NTQ/F72G/D102N, and FR DTE/
S255F were shown in Fig. 8. While wild type KR2 shows small
amount of accumulation of the M-intermediate at A = 400 nm
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FIGURE 9. Functional conversions observed in the present study and their relationship to evolution of eubacterial ion-pumping rhodopsins. a,
summary of functional conversions observed in the present study. Red double-circles and blue crosses represent successful and unsuccessful functional
conversions, respectively. b, phylogenic tree of microbial rhodopsins. The bootstrap tests are calculated for 1000 replicates. The scale bar indicates 0.1 units of
the number of amino acid substitutions per site. ¢, phylogenic subtree of eubacterial light-driven ion pumps. The corresponding branches are enclosed by
dashed line in b. Bootstrap values of significantly higher score are indicated by the numbers at filled black circles.

FIGURE 10. Phylogenic subtree of bacteriorhodopsins and halorhodopsins. Subtree of the phylogenic tree of microbial rhodopsins shown in Fig. 9b,
including BR, HR, sensory rhodopsins, and histidine kinase rhodopsins. Subtrees of BR having DTD-motif and HR having TSA-motif are highlighted pink and
indigo, respectively. The bootstrap tests are calculated for 1000 replicates. The scale bar indicates 0.1 units of the number of amino acid substitutions per site.

equilibrating with the L (8), KR2 DTE/D102N showed higher mulation of M-intermediate was observed for FR DTE/S255F
M-accumulation than wild type (Fig. 8a). This large accumula-  which also converted to H" pump (Fig. 8¢), in contrast to the
tion of M is characteristic feature of the photocycle of many H"  photocycle of wildtype FR in which no M accumulation occurs
pump rhodopsins including GR (18, 28). The similar high accu-  (10). Therefore, the mutants converted to H* pump transports
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H* with the photocycle similar to that of natural H" pump in
which higher M accumulation occurs by the H" transfer from
retinal Schiff-base to the neighboring aspartate residues. On
the other hand, the photocycle of KR2 NTQ/F72G/D102N
showed no M-intermediate and red-shifted photo-intermedi-
ates (K and O) were dominantly observed (Fig. 8b). For natural
Cl™ pump, the photocycles of HR and FR are significantly dif-
ferent, that is, the former and latter mainly consist of blue-
shifted L-intermediate (29, 30) and red-shifted K or O-interme-
diates (10), respectively. The photocycle of KR2 NTQ/F72G/
D102N resembles to that of wild type FR which contains the
same NTQ-motif. Therefore, KR2 NTQ/F72G/D102N trans-
ports Cl~ with the identical mechanism to FR rather than HR
with TSA-motif. The time constants of initial state recovery of
these mutants (KR2 DTE/D102N: 251 ms, KR2 NTQ/F72G/
D102N: 282 ms, FR DTE/S255F: 160 ms) were longer than wild-
type GR (140 ms) (18) and FR (20.4 ms) (10). Therefore, a part of
the reason of lower efficiencies of the mutants compared with
natural pumps is considered to be its slower turnover rate (pho-
tocycle recovery) and more amino acid mutations would be
required for the optimization of faster turnover rate.

The asymmetric results of functional conversions among the
light-driven retinal-binding pumps are summarized in Fig. 9a.
In principle, mutations of key residues may destabilize proteins,
leading to non-functional species which lost their original func-
tion but have not gained a new one. However, we achieved three
functional conversions by a very limited number of mutations.
Interestingly, only one functional conversion in each pair of
proteins was possible, whereas the reverse conversions did not
work. We discuss the observed asymmetry of the interconver-
sions from the evolutionary viewpoint. Fig. 95 shows phyloge-
netic tree of microbial rhodopsins. Based on the conserved
helix C motif, eubacterial rhodopsins can be classified into DTX
(H" pumps; X is mostly E), NTQ (CI~ pumps), and NDQ (Na™
pumps) rhodopsins, which are distinct from haloarchaeal DTD
(BR; H" pumps) and TSA (HR; C1~ pumps) rhodopsins. Fig. 9¢
focuses on eubacterial rhodopsins, whose phylogenetic subtree
strongly suggests that the origin of eubacterial rhodopsins is an
H* pump, from which CI~ pumps emerged, followed by the
appearance of Na™ pumps. Comparison of Fig. 9, @ and ¢ shows
that successful functional conversions are attained exclusively
when the mutagenesis tries to reverse the course of evolution,
but not when it follows the evolutionary direction. Dependence
of the observed functional conversions on the direction of evo-
lution strongly suggests that the essential elements of an ances-
tral function are retained even after the gain of a new function,
while the gain of a new function needs accumulation of multiple
mutations, which may not be easily reproduced by limited
mutagenesis in vitro.

It should be noted that the asymmetry of functional intercon-
version between eubacterial H" and C1~ pumps (GR and FR) is
opposite to that between archaeal H" and CI~ pumps (BR and
HR), where the H" — CI~ pump conversion was achieved by a
single amino acid replacement (13, 14) but the reverse conver-
sion was unsuccessful (15, 16). If success of functional conver-
sion of ion-pumping rhodopsins depends on the direction of
evolution, how can the results on the archaeal H" and CI™
pumps be rationalized? Fig. 9 suggests that phylogenetic tree
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for BR and HR is less hierarchical than that for eubacterial
pumps, with much older branching, as described in Fig 10.
Thus, different molecular mechanism such as hydrogen-bond-
ing strength of protein-bound water molecules (17) underlies
asymmetric functional conversion in archaeal H" and Cl~
pumps. In this sense, each molecular mechanism of successful
and unsuccessful functional conversions in the present study
should be revealed by structural details in future.

Author Contributions—K. 1. and H.K. contributed to the study
design. K. I. contributed to construction of mutant proteins and
introduction to E. coli. K. I. and Y. N. conducted pumping activity
measurement. Y. N. quantified the amount of protein expression in
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different NaCl concentrations. K. I. and Y. N. carried out flash pho-
tolysis experiment of purified proteins. K. I. and H. K. wrote the
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Cell-cell contact inhibition and the mechanical environment
of cells have both been shown to regulate YAP nuclear localiza-
tion to modulate cell proliferation. Changes in cellular contrac-
tility by genetic, pharmacological, and matrix stiffness pertur-
bations regulate YAP nuclear localization. However, because
contractility and F-actin organization are interconnected cyto-
skeletal properties, it remains unclear which of these distinctly
regulates YAP localization. Here we show that in the absence of
cell-cell contact, actomyosin contractility suppresses YAP phos-
phorylation at Ser''?, however, neither loss of contractility nor
increase in YAP phosphorylation is sufficient for its nuclear
exclusion. We find that actin cytoskeletal integrity is essential
for YAP nuclear localization, and can override phosphoregula-
tion or contractility-mediated regulation of YAP nuclear local-
ization. This actin-mediated regulation is conserved during
mechanotransduction, as substrate compliance increased YAP
phosphorylation and reduced cytoskeletal integrity leading to
nuclear exclusion of both YAP and Ser(P)!!2-YAP. These data
provide evidence for two actin-mediated pathways for YAP
regulation; one in which actomyosin contractility regulates
YAP phosphorylation, and a second that involves cytoskeletal
integrity-mediated regulation of YAP nuclear localization
independent of contractility. We suggest that in non-contact
inhibited cells, this latter mechanism may be important in
low stiffness regimes, such as may be encountered in physio-
logical environments.

Nuclear localization of the transcriptional co-activator YAP
(and its ortholog TAZ) and activation of the TEAD family tran-
scription factors promote cell proliferation, differentiation,
stem cell fate, and organ size regulation (1-3). Deficiencies in
YAP regulation lead to developmental defects (4) and tumor
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formation (5). YAP nuclear localization is regulated by a broad
range of biochemical and mechanical cues that include serum
soluble cues (6), cell-cell contact mediated by adherens junc-
tion (AJs)® (7), and cell mechanosensing of extracellular matrix
(ECM) physical properties or stretch (8 —10). These upstream
inputs converge on the regulation of the core components of
the Hippo signaling pathway to regulate YAP nuclear localiza-
tion. Genetic studies in Drosophila and cell biological studies in
culture have identified the epistatic relationship of the core
components of the Hippo signaling pathway (3). Upstream sig-
nals activate Mst1/2 (Hippo kinase in Drosophila), which in
turn activates Lats1/2 kinases (Wts in Drosophila), and Lats
phosphorylates YAP (Yorkie in Drosophila) on serine 112,
which induces it to form a complex with 14-3-3 and retains it in
the cytoplasm (1, 11-13). In the absence of the activation of
Hippo signaling, YAP is imported into the nucleus where it
promotes TEAD-mediated transcription. However, the inter-
play between the inputs of serum factors, cell-cell contact, and
cell mechanosensing in regulation of YAP nuclear localization
is not well understood.

Hippo signaling-mediated regulation of YAP via cell-cell
contact has been well characterized (14). YAP is localized to the
nucleus and active in cells growing at low density, but becomes
cytoplasmic in confluent cultures, and thus underlies the classic
paradigm of contact inhibition of proliferation (12). YAP Ser''?
phosphorylation increases during contact inhibition, and over-
expression of non-phosphorylatable YAP delays proliferation
arrest, allowing cells to reach higher densities than controls
(12). The role of cadherin- and catenin-mediated cell-cell AJs in
this process is being elucidated (14). In Drosophila, a-catenin
and the LIM protein Ajuba form a complex at AJs and recruit
Wts/Lats1/2 kinase to regulate YAP phosphorylation, cytoplas-
mic retention, and tissue growth (15). Hippo signaling regula-
tion via AJs occurs during mouse embryonic development, in
which the protein angiomotin forms a complex with Lats1/2 at
the AJs to activate Hippo signaling and thus retain YAP in the
cytoplasm (7).

On the other hand, cellular mechanosensation-mediated
regulation of YAP localization is thought to be distinct from the

3 The abbreviations used are: AJ, adherens junction; ECM, extracellular matrix;
MEF, mouse embryonic fibroblast; DMSO, dimethyl sulfoxide; Pa, pascal;
ANOVA, analysis of variance; Lat-A, latrunculin A.

VOLUME 291+NUMBER 12-MARCH 18,2016


http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.M115.708313&domain=pdf&date_stamp=2016-1-12

Yap Localization during Mechanosensing Requires Filamentous Actin

cell junctional complexes that regulate the Hippo cascade (16).
Cell spreading on large patches of ECM, cell attachment to stiff
or stretched ECM (8, 10), or fluid shear stress (17) all induce
YAP activation and nuclear localization in a range of cell types.
These pathways may be Hippo independent or dominant, as
LATS1/2 inactivation cannot rescue YAP inhibition in cells
with reduced mechanical stress (8). Although mechanical reg-
ulation of YAP localization depends on cell attachment, it is not
dependent on integrin engagement (18), but rather thought to
be dependent on the maintenance of tension in an intact, con-
tractile actomyosin cytoskeleton. Indeed, pharmacological
inhibition of actin assembly or myosin II ATPase blocks YAP
nuclear translocation in cells on stiff or large ECMs (8).

Although the initial evidence that YAP is regulated by the
cytoskeleton came from studies of mechanosensation, more
recent evidence suggests that cells need mechanical tension to
sustain YAP transcriptional activities and/or nuclear localiza-
tion, irrespective of the inducing input (16). In contact inhib-
ited Drosophila epithelial tissue, myosin II contractility regu-
lates the formation of the Wts kinase complex at AJs to
suppress Hippo signaling, and in the absence of contractility
this complex is disrupted and Hippo signaling is activated (15).
Furthermore, in dense cultures in vitro, YAP nuclear localiza-
tion is rescued by ECM stretching (9, 10). Mechanoregulation
of YAP in the absence of cell-cell contact has also been shown to
be dependent on ECM stiffness sensation, myosin II motor
activity, and cell spreading area (8, 19).

Thus, the mechanisms by which the actomyosin cytoskele-
ton regulates YAP localization and phosphorylation and their
relationship to cell-cell contact remain major unanswered
questions in the field. Although mechanosensation is well
known to alter myosin II activity (20, 21), it is not known how
mechanosensation might affect F-actin levels in cells. Further-
more, recent evidence suggests that actin filaments, rather than
myosin Il activity, may be the key regulator of YAP. Two elegant
studies in Drosophila showed that Hippo signaling reduces cel-
lular F-actin (22), whereas increasing F-actin by loss of capping
protein can suppress Hippo signaling (23). In addition, LATS1/
2-independent regulation of YAP can be achieved in cells cul-
tured on soft, small matrices or at high cell density by promo-
tion of actin assembly via depletion of the actin depolymerizing
factor Cofilin, or the filament capping proteins capZ or gelsolin
(10). Further complicating these findings, it has also been
shown that myosin inhibition by blebbistatin only partially
affects YAP nuclear localization, yet it was predominantly de-
pendent on the actin-binding protein angiomotin (24).

To resolve the role of myosin contractility and F-actin in
regulation of YAP nuclear localization, we utilized breast epi-
thelial cells as a contact-inhibited model system, and mouse
embryonic fibroblasts (MEF) as a contact-independent model
system. We found that in the absence of cell-cell contacts in
either epithelial or fibroblast cells, YAP localizes to the nucleus
even in the absence of actomyosin contractility. Furthermore,
actomyosin contractility suppresses YAP phosphorylation at
Ser''?, and when contractility is inhibited, even phosphorylated
YAP localized to the nucleus. Although contractility and phos-
phorylation is dispensable for YAP nuclear localization, we find
that nuclear localization of YAP or phosphorylated YAP is
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strictly dependent on the abundance of F-actin filaments. This
actin-dependent regulation is also conserved during mechano-
transduction when cells are grown on soft substrates, as would
be expected to occur physiologically.

Experimental Procedures

Cell Culture, Treatments, and Transfections—MEFs (kindly
provided by Mary C. Beckerle, Huntsman Cancer Institute, Salt
Lake City, UT) were cultured in DMEM (Invitrogen) supple-
mented with 100 ug/ml of penicillin/streptomycin, 2 mm L-glu-
tamine, and 10% FBS. MCF10A mammary epithelial cells
(ATCC, Manassas, VA) were cultured in mammary epithelium
basal medium (Lonza, catalogue number cc-3151) supple-
mented with bovine pituitary extract (BPE), human epidermal
growth factor (hEGF), insulin, and hydrocortisone from mam-
mary epithelium basal medium Single Quots kit (Lonza, cata-
logue number cc-4136), 100 ng/ml of cholera toxin, 100 ug/ml
of penicillin/streptomycin, and 10% FBS. For immunofluores-
cence assays under sparse culture conditions, ~3,500 cell/cm?
were plated on coverslips coated with 10 ug/ml of fibronectin
or 10 ug/ml of poly-1-lysine, as noted, and allowed to spread
overnight. For dense culture assays, ~4 X 10° cells/cm” were
seeded on fibronectin-coated coverslips and cultured at 37 °C
in 5% CO, for 24 h. Cells were treated with blebbistatin
(Toronto Research Chemicals), latrunculin-A (Invitrogen),
Y-27632 (Sigma), manganese chloride, or DMSO vehicle con-
trol at the indicated concentrations for 2 h. Cell culture and
drug treatments were performed at 37 °C in 5% CO.,.

For ECM stiffness-dependent assays, quinone-activated
polyacrylamide/bisacrylamide hydrogels on coverslips or
10-cm Petri dishes were purchased from (Matrigen, CA) or
were made by hand (55.0 and 0.7 kPa) in which the gel surface
was cross-linked with Sulfo-SANPAH reactive amines by UV
exposure. Hydrogels were coupled with 10 ug/ml of fibronectin
at room temperature for 1 h and equilibrated with media prior
to cell plating. For immunofluorescence, ~3,500 cell/cm?® were
plated on coverslip hydrogels, for biochemical assays (whole
cell lysis, F/G-actin separation) cells were plated on Petri dish
hydrogels and grown overnight to ~60% confluence.

The FLAG-YAP and FLAG-YAP-8SA (including the follow-
ing mutations: S61A, S109A, S127A, S128A, S131A, S163A,
S164A, and S381A) expression vectors consisting of the cDNA
encoding human YAP fused to the COOH terminus of FLAG
(obtained from Kun-Liang Guan, University of California, San
Diego), which were also used in Ref. 12. The YAP1-GEFP expres-
sion vector consisting of the cDNA encoding mouse YAP1
fused at its COOH terminus to eGFP was purchased from
Genecopoeia (catalogue number EX-Mm21312-M98). YAPI5'/24
mutant was generated on the YAP1-GFP construct using
QuikChange site-directed mutagenesis (Agilent Technologies).
mApple-B-actin construct was kindly provided by M. Davidson
(Florida State University, Tallahassee, FL). MEFs were trans-
fected with these constructs (Nucleofactor solution-V, Lonza)
and seeded on fibronectin-coated coverslips or hydrogels for
~18 h prior to fixation. FLAG-YAP constructs were transfected
(Effectene, Qiagen) and cultured for 24 h then seeded on
fibronectin-coated coverslips for another ~16 h prior to
fixation.

JOURNAL OF BIOLOGICAL CHEMISTRY 6097



Yap Localization during Mechanosensing Requires Filamentous Actin

Immunofluorescence—For immunolocalizing YAP and FLAG-
YAP, cells on fibronectin-coated coverslips or on polyacryl-
amide/bisacrylamide hydrogels were fixed with 4% paraformal-
dehyde (Electron Microscopy Science) in cytoskeleton buffer
(CB; 20 mm PIPES, pH 6.8, 138 mm KCl, 3 mm MgCl,, and 2 mm
EGTA). Cells were permeabilized with 0.5% Triton X-100 in CB
for 5 min followed by a 10-min wash with 0.1 M glycine to
quench free aldehydes. Next, cells were washed with TBST
(Tris-buffered saline, 0.1% Tween 20) two times for 5 min each
and blocked for 1 h with blocking buffer (TBST and 2% BSA).
Cells were incubated with anti-mouse YAP (Santa Cruz Bio-
technology, Inc., sc-101199) in blocking buffer at 1:200 dilution
for 2 h at room temperature or anti-rat FLAG (BioLegend num-
ber 637301) at 1:200 overnight at 4 °C and washed three times
for 5 min each with TBST. Coverslips were then incubated with
fluorophore-conjugated secondary antibodies (Jackson Immu-
noResearch Laboratories, Inc.) at 1:500 in blocking buffer for
1 h at room temperature. F-actin was stained with Alexa Fluor
488 or 561 phalloidin (Invitrogen) at 1:500 dilution along with
the secondary antibodies. Coverslips were washed again with
TBST three times for 5 min each, and DNA was stained with 1.4
uM DAPI (Sigma) with the second wash. Finally, coverslips
were mounted on glass slides with mounting media (DAKO)
and sealed with nail polish. To immunolocalize Ser(P)''>-YAP,
cells were fixed with pre-chilled (—20 °C) methanol for 20 min
at —20 °C, washed three times for 5 min each with CB, and
continued with the immunofluorescence protocol as above,
using anti-rabbit phospho-YAP (Ser'?”) (Cell Signaling, num-
ber 4911) at 1:200 dilution.

Cells expressing YAP1-GFP and mApple-actin were fixed
with 4% paraformaldehyde, permeabilized with 0.5% Triton
X-100 in CB, and washed with 0.1 M glycine. After a wash with
TBS and TBS with DAPI, cells were mounted on a glass slide
and sealed with nail polish.

F- and G-actin staining was performed as described in Ref. 25
with modifications. Cells were fixed with 4% paraformaldehyde
in CB followed by a single wash with PBS and permeabilization
with PBS containing 0.5% Triton X-100 for 10 min. Permeabi-
lized cells were washed with 0.1 M glycine in CB for 10 min, then
washed with PBS two times for 5 min each, and rinsed with PBS
with 0.1% Triton X-100. After blocking with antibody dilution
solution (PBS, 0.1% Triton X-100 and 2% BSA) for 1 h, F-actin
was stained with Alexa Fluor 488 phalloidin at 1:500 dilution
and G-actin with deoxyribonuclease-I conjugated with Alexa
Fluor-594 (Invitrogen) at 5 ug/ml concentration for 1 h at room
temperature. Coverslips were washed three times with PBS, 5
min each, and mounted on a glass slide with mounting media
(DAKO) and sealed with nail polish.

Microscopy and Image Analysis—Immunolabeled samples
were imaged by spinning disc confocal microscopy with an
Eclipse Ti microscope body (Nikon) equipped with a Yokogawa
spinning disc scanning unit as described in Ref. 26. Samples on
coverslips were imaged with a 60X 1.49 NA/oil objective and on
hydrogels with 60X 1.2 NA/water objective. Images were
acquired with a cooled-CCD camera (HQ2 or Myo from Pho-
tometrics). For immunostained cells, Z-stacks of images were
acquired for each channel, and the middle confocal slice was
chosen from the images of the nucleus detected in the DAPI
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channel. On the corresponding slice in the YAP channel, the
average fluorescence intensity in the nucleus and just outside
the nucleus (cytoplasm) was measured to determine the nucle-
ar/cytoplasmic ratio. For cells expressing YAP1-GFP and
mApple-actin, to reduce image photobleaching, instead of Z-
stacks, a single image at the middle nuclear plane (determined
in the DAPI channel) was acquired in the GFP channel, then the
microscope was focused to the coverslip surface for acquiring
the image in the mApple channel.

For F- to G-actin ratio measurements, confocal Z-stacks of
images were acquired for each channel with a 400-nm step size
using a stage piezo Z-stepper (Mad City Labs) integrated with
an XYZ automated stage and controller (Applied Scientific
Instruments). Integrated fluorescence intensity was measured
on the background-subtracted sum projections for each chan-
nel and ratioed to give the F:G-actin ratio. Image analysis was
performed using Image] software.

Nuclear/Cytoplasmic Fractionation—Nuclear/cytoplasmic frac-
tionation was performed essentially according to Dignam et al.
(27) but with the following modifications. All buffers used were
kept on ice and centrifugations were done at 4 °C with soft
braking. MEFs were grown on fibronectin-coated 15-cm cul-
ture dish to ~60% confluence. After a single wash with PBS,
cells were scraped with PBS (containing 1 mm DTT and 1X
protease inhibitor) and harvested by centrifugation at 1000 X g
for 15 min. The cell pellet was gently resuspended with five
times the volume of pellet with buffer A (10 mm HEPES, pH 7.9,
1.5 mm MgCl,, 10 mm KCI, 0.5 mm DTT, and 1X protease
inhibitor) and incubated on ice for 15 min, followed by homog-
enization (Wheaton). Cell lysis was checked by trypan blue
staining of the nucleus after every 20 strokes. The cell lysate was
spun at 1000 X g for 5 min to collect the pellet as the nuclear
fraction and the supernatant as the cytoplasmic fraction. The
nuclear fraction was washed by centrifugation two times with
buffer A (1000 X gfor 5 min each), resuspended with buffer A to
a similar volume as the cytoplasmic fraction, and sonicated.
Both fractions were boiled with sample buffer keeping an iden-
tical final volume. Each fraction was immunoblotted for YAP,
Ser(P)'12-YAP, and histone H3.

Fractionation of F- and G-actin by Triton Solubilization—
Determination of the fraction of F- and G-actin in cells was
done following the method of Rasmussen et al. (28) with mod-
ifications. MEFs were grown on fibronectin-coated 10-cm cul-
ture dishes to ~60% confluence. Cells were washed briefly with
cold PBS, and lysed with 600 wl of actin stabilization buffer (0.1
M PIPES, pH 6.9, 30% glycerol, 5% DMSO, 1 mm MgSO,, 1 mm
EGTA, 1% Triton X-100, 1 mM ATP, and 1 X protease inhibitor)
for 10 min at room temperature. Cells were collected by scrap-
ing, followed by centrifugation at 90,000 X g for 30 min at 4 °C
to separate detergent-insoluble (F-actin) and soluble (G-actin)
fractions. An equal volume of 2X sample buffer was added to
the soluble fraction and 1 X sample buffer to the insoluble pellet
to make both fractions 1X of identical volume. Samples were
boiled for 10 min, and an equal volume was loaded for immu-
noblotting actin.

Determination of F- to G-actin from cells grown on hydro-
gels or dense culture was performed according to Cramer et al.
(25) with modifications. Cells were grown to ~60% confluence

VOLUME 291+NUMBER 12-MARCH 18,2016



Yap Localization during Mechanosensing Requires Filamentous Actin

on fibronectin-coated hydrogels or to 100% confluence for
dense culture in 10-cm culture dishes. Cells were washed with
PBS and incubated with actin stabilization buffer for 10 min.
The Triton-soluble G-actin was then collected upon cell lysis by
pipetting up the solution from the dish at room temperature.
After a brief wash with actin stabilization buffer, the Triton-
insoluble F-actin was dissolved directly on the hydrogel surface
by adding boiling F-actin solubilization buffer (0.06 m Tris, pH
6.8, 2% SDS (w/v), 1% B-mercaptoethanol (v/v)). The F-actin
fraction was collected from the dish by carefully scraping and
pipetting the solution. Both the Triton-soluble and insoluble
fractions were concentrated by Speed-Vac and made to an
identical volume with actin-stabilizing buffer. Sample buffer
was added to each fraction to the identical volume and boiled
for 10 min and immunoblotted for actin. For experiments to
compare the F:G ratio in dense culture and sparse cultures, an
extra pair of culture dishes at the two plating densities was used
to count cells, and the sample loading volume was adjusted
accordingly to keep the cell number similar between dense and
sparse conditions.

Western Blot—For immunoblotting whole cell extracts, the
same number of MEFs grown and treated with the indicated
drugs for 2 h were washed with PBS and directly lysed with
boiling 1X sample buffer (Quality Biological, Inc.) supple-
mented with 5% 3-mercaptoethanol. Samples were collected by
scraping, sonicated, and boiled for 10 min. Protein samples
from whole cell lysis, nucleus/cytoplasmic, or F/G-actin frac-
tionations were separated by SDS-PAGE and electrotrans-
ferred to Immobilon-FL (Millipore) membrane for immuno-
blotting. Membranes were blocked for 1 h at room temperature
with blocking solution (3% skim milk in TBST), incubated with
primary antibodies overnight at 4 °C in blocking solution. After
reacting with primary antibodies, membranes were washed
three times for 5 min each with TBST and incubated with flu-
orescent-conjugated secondary antibodies for 1 h 30 min at
room temperature. Secondary antibodies used at 1:5,000 dilu-
tions in blocking solutions are: anti-rabbit IRDye 680RD and
anti-mouse IRDye 800CW (LI-COR, Inc.). Membranes were
washed three times for 5 min each with TBST and imaged with
the Odyssey infrared imaging system (LI-COR, Inc.) and ana-
lyzed with Image] software. Integrated fluorescence intensity
for each of the Western blot bands was measured from the
background-subtracted images. Primary antibodies used for
Western blots were: anti-mouse actin, clone C4 (1:8,000, Milli-
pore number MAB1501), anti-mouse YAP (1:,1,000, Santa Cruz
Biotechnology number sc-101199), anti-rabbit phospho-YAP
(Ser'”) (1:1,000, Cell Signaling number 4911), and anti-rabbit
Histone H3 (1:5,000, Cell Signaling number 9715).

Statistical Analysis—Statistical comparison done with the
Student’s ¢ test between a pair of datasets. One-way ANOVA
tests were performed on group of data containing three or more
data sets, p values from ANOVA tests are listed in Table 1.

Results

In the Absence of Cell-Cell Contact, Nuclear Localization of
YAP Requires F-actin Cytoskeletal Integrity, but Not ROCK-me-
diated Myosin II Contractility—We sought to examine the
interplay between cytoskeletal integrity, contractility, and cell
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TABLE 1

One-way ANOVA test for group of three or more data sets
Figure p value
Fig. 1D 4.88E-10
Fig. 1E 1.45E-07
Fig. 2D 5.95E-37
Fig. 34 0.016866
Fig. 3C 0.000233
Fig. 5B 0.035483
Fig. 5D 1.99E-10
Fig. 5/ 3.99E-16
Fig. 6C 1.04E-07
Fig. 6F 2.07E-09
Fig. 6/ 6.77E-06
Fig. 6L 0.100036

contact inhibition in regulation of YAP nuclear localization and
phosphorylation. We utilized MFC-10A epithelial cells that
normally form tissues, and MEFs that exhibit contact inhibition
of motility (29), but also function and proliferate as individual
cells. We first examined the role of cytoskeletal integrity and
contractility in YAP localization in confluent cultures by
immunolocalizing YAP and staining actin filaments (F-actin)
with fluorescent phalloidin in cells treated with pharmacologi-
cal inhibitors. In confluent cultures of either MEFs or MCF10A
cells plated on fibronectin, F-actin formed a band around the
cell periphery at cell-cell contacts, and YAP was excluded from
the nucleus (Fig. 1, A and B). To test if YAP localization was
affected by cytoskeletal integrity in confluent culture, cells were
treated with either vehicle (DMSQO) control or 2 uM latruncu-
lin-A (Lat-A) for 2 h to depolymerize F-actin. This showed that
treatment with Lat-A disrupted the peripheral F-actin band,
which was replaced by a series of F-actin punctae, and YAP
remained excluded from the nucleus (Fig. 1, A and B). To test
the role of contractility, myosin II was inhibited directly with
the myosin II ATPase inhibitor blebbistatin (50 um for 2 h) or
indirectly by inhibiting the upstream regulator of myosin II,
Rho-associated kinase (ROCK) with Y-27632 (50 uM for 2 h). In
fibroblasts, these treatments caused disruption of the periph-
eral F-actin band, whereas in MCF10-A cells the peripheral
F-actin remained intact, but F-actin was additionally distrib-
uted through the cytoplasm. Despite these effects on the cyto-
skeleton, inhibition of contractility did not affect YAP localiza-
tion, which remained excluded from the nucleus as in controls,
as expected. Thus, in confluent epithelial cells and fibroblasts,
YAP is retained in the cytoplasm independent of actomyosin
activities.

Next, we tested the role of the actomyosin cytoskeleton in
YAP localization in the absence of contact inhibition. Sparsely
plated MEFs and MCF10A cells spread on fibronectin exhibited
thick F-actin stress fibers, and unlike in dense cultures where
YAP was retained in the cytoplasm, YAP was strongly localized
to the nucleus (Fig. 1, Cand E), indicating that YAP cytoplasmic
retention requires cell-cell contact. Treatment of sparse cul-
tures of both cell types with Lat-A showed that disruption of
F-actin caused loss of nuclear YAP and its retention in the cyto-
plasm, similar to the effects of confluence (Fig. 1, C and E).
Inhibition of contractility with blebbistatin or Y-27632 induced
loss of stress fibers and promoted lamellipodia as expected (Fig.
1, Cand E). However, surprisingly, in sparse cells with contrac-
tion inhibited, YAP remained partially localized to the nucleus
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FIGURE 2. In sparse cells, F-actin cytoskeletal integrity is required for YAP nuclear localization but not integrin signaling. Maximum projections of
confocal Z-stacks of sparsely plated MEFs on fibronectin (A and C) and poly-L-lysine (B)-coated coverslips and treated with Lat-A (2 wm), manganese(ll) chloride
(Mn?*, 1 mm), and Mn?* along with Lat-A (2 um) as indicated. F-actin was stained with phalloidin-561 (red), YAP with immunolocalization of a-YAP (green), and
DNA with DAPI (blue). D, quantification of the nuclear/cytoplasmic ratio of YAP as done as described in the legend to Fig. 1. Scale bars 30 um. Error bars are S.E.
Statistical comparison done with Student’s t test between pair of samples connected with lines on the column plot: **, p value < 0.005; ns, p value > 0.05.

One-way ANOVA test was performed on D, p value from ANOVA test is listed in Table 1.

in both MEFs and MCF10A cells (Fig. 1, C and E). Quantifica-
tion of the nuclear:cytoplasmic ratio of YAP in immunofluores-
cence images confirmed these observations (Fig. 1, D and F).
Together, these results indicate that in both fibroblasts and
epithelial cells, YAP nuclear localization is primarily regulated
by cell-cell contact. Although in the absence of cell-cell contact
nuclear localization of YAP requires F-actin cytoskeletal integ-
rity, but not ROCK-mediated myosin II contractility.

In Sparse Cells, Nuclear Localization of YAP Is Promoted by
F-actin, and Is Independent of Integrin Signaling, Myosin II
Contractility, and Is Not Fully Dependent on Ser''? Phos-
phorylation—We next sought to understand the cytoskeletal
mechanisms regulating YAP localization in the absence of cell-
cell contact. As results were similar in fibroblasts and epithelial
cells, subsequent studies were done on MEFs, because these
were more easily maintained in sparse culture. Because disrup-
tion of cytoskeletal integrity by Lat-A causes dissolution of focal

adhesions, this suggests that effects of Lat-A on YAP localiza-
tion could be due to changes in integrin signaling from focal
adhesions. In addition, integrins have been shown to regulate
Hippo signaling in MCF-10A cells under serum starvation (30).
To test the role of integrin in mediating actin-dependent regu-
lation of Yap in sparsely plated cells in the presence of serum,
we cultured cells in serum-containing media and blocked integ-
rin engagement by culturing MEFs on poly-L-lysine-coated
coverslips (31) and compared YAP localization to that in cells
grown on the integrin ligand fibronectin. This showed that on
poly-L-lysine YAP was localized to the nucleus, whereas dis-
rupting actin cytoskeleton by Lat-A excluded YAP from the
nucleus under both plating conditions (Fig. 2, A, B, and D).
Next, we constitutively activated integrin by treatment of cells
with Mn?* (1 mm) (32). This showed that manganese treatment
failed to suppress YAP nuclear exclusion by actin cytoskeletal
disruption (Fig. 2, Cand D). Together, these results suggest that

FIGURE 1. In the absence of cell-cell contact, nuclear exclusion of YAP requires F-actin cytoskeletal integrity, but not ROCK-mediated myosin Il
contractility. Confocal immunofluorescence images of MEF (A) or human mammary epithelial cells (B, MCF10A) densely plated on fibronectin-coated cover-
slips and treated with the indicated agents for 2 h. F-actin was stained with phalloidin-488 (green), YAP with immunolocalization of a-YAP (red), and DNA with
DAPI (blue). Maximum projections of confocal Z-stacks of sparsely plated MEFs (C) or MCF10A (E), on fibronectin-coated coverslips and treated with the
indicated agents for 2 h.Immunofluorescence staining as in A and B. D and F, quantification of the nuclear/cytoplasmic ratio of YAP in the middle confocal slice
ofthe nucleus. Scale bars 30 wm. Error bars are S.E. Statistical comparison done with Student’s t test between pair of samples connected with lines on the column
plots: **, p value < 0.005; ns, p value > 0.05. One-way ANOVA tests were performed on group of data containing three or more than three data sets, p values
from ANOVA tests are listed in Table 1.
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in sparse cells in the presence of serum, YAP nuclear localiza-
tion is independent of integrin signaling but dependent on
cytoskeletal integrity.

The canonical pathway for regulation of YAP localization is
through phosphoregulation of Ser''?, which promotes YAP
nuclear exclusion and retention in the cytoplasm when phos-
phorylated, and nuclear localization when dephosphorylated
(11, 12, 33, 34). To determine the effects of cytoskeletal pertur-
bations on YAP phosphorylation, we treated sparse MEFs with
cytoskeletal inhibitors followed by Western blot analysis of
total YAP and YAP phosphorylated on Ser''? (Ser(P)''>-YAP).
This showed that compared with control, both Lat-A (18) and
blebbistatin treatment increased Ser(P)''>-YAP (Fig. 3A). This
is in agreement with effects of blebbistatin on YAP phosphory-
lation reported in cancer-associated fibroblasts (35) and in
mammary epithelial cell (18).

Because our findings above showed that a substantial portion
of YAP localized to the nucleus under myosin II inhibition in
sparse cells, this suggested that phosphorylated YAP could
localize in the nucleus when contractility is inhibited. To test
this, we co-immunolocalized YAP and Ser(P)''>-YAP in sparse
MEFs under cytoskeletal perturbations. This showed that even
in vehicle control, about half the Ser(P)**2-YAP was localized to
the nucleus (nuclear:cytoplasmic ratio of 1) (Fig. 3, Band C), in
agreement with Wada et al. (19). However, Ser(P)''">-YAP was
significantly excluded from the nucleus when the actin cyto-
skeleton was depolymerized with Lat-A (Fig. 3, B and C). In
contrast, treatment of cells with Y-27632 or a range of concen-
trations of blebbistatin had no effect on the nuclear:cytoplasmic
ratio of Ser(P)''>-YAP as compared with control (Fig. 3, B and
C). Results from immunofluorescence assays were further sup-
ported by biochemical fractionation of the nucleus and cyto-
plasm from sparse MEFs. This showed in control cells that
although YAP and Ser(P)''>-YAP were concentrated in the
nucleus, both were also present in the cytoplasm at low levels
(Fig. 3D). Depolymerizing actin filaments with Lat-A decreased
both YAP and Ser(P)**2-YAP in the nuclear fraction relative to
the cytoplasm (Fig. 3D). In contrast, in cells treated with bleb-
bistatin and Y-27632, although the cytoplasmic fraction of YAP
and Ser(P)''2-YAP increased relative to control, there was still a
substantial proportion of Ser(P)'*2-YAP in the nucleus (Fig.
3D). Furthermore, considerable Ser(P)''>-YAP was present in
the nuclear fraction across a range of blebbistatin doses (Fig.
3D). Taken together, these data show that neither lack of
contractility nor YAP phosphorylation at Ser''? are suffi-
cient for YAP nuclear exclusion in sparse cells, but loss of
F-actin is sufficient for nuclear exclusion of both YAP and
Ser(P)''*-YAP. Together our results indicate that in the
absence of cell-cell contact, nuclear localization of YAP is
promoted by F-actin cytoskeletal integrity, independent of
integrin activation and ligand binding, myosin II contractil-
ity, or Ser''>-YAP phosphorylation.

Mechanosensation of Stiff ECM Promotes Nuclear Localiza-
tion of YAP and Ser(P)''?-YAP in an F-actin-dependent
Manner—Mechanosensation of ECM stiffness is known to
modulate myosin II activity (21) and YAP nuclear localization
(8) such that soft ECMs down-regulate myosin II activity,
increase YAP phosphorylation, and retain YAP in the cyto-
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plasm, whereas stiff ECMs promote myosin II activity, YAP
dephosphorylation, and drive YAP into the nucleus (9, 36).
Given our observation that Ser(P)'*2-YAP can reside in the
nucleus during myosin II inhibition in sparse cells, we first
sought to determine the effects of ECM compliance on YAP
localization and phosphorylation, and then determine the role
of F-actin cytoskeletal integrity in these effects. We plated cells
sparsely on ECMs made of polyacrylamide substrates of defined
stiffness with fibronectin coupled to their surface, and per-
formed immunofluorescence and Western blot analysis of YAP
localization and phosphorylation, and analysis of F-actin integ-
rity. In agreement with previous reports (8, 9), in MEFs grown
on stiff substrates (50 kPa), cells were well spread and exhibited
stress fibers and strong nuclear localization of YAP, whereas on
soft substrates (0.5 kPa), cells were poorly spread and YAP was
excluded from the nucleus (Fig. 4, A and B). Western blot anal-
ysis showed that, consistent with previous studies (9),
Ser(P)'">-YAP was higher in cells on soft compared with that in
cells on stiff ECMs (Fig. 4, C and D). Phospho-immunolocaliza-
tion showed that in cells on soft ECMs, both YAP and Ser(P)**2-
YAP were significantly excluded from the nucleus (Fig. 4, E and
F). Together, these results show that ECM compliance and
myosin II inhibition both promote YAP phosphorylation at
Ser''?, but show differential effects on YAP and Ser(P)'*2-YAP
localization in sparse MEFs. Our results further show that the
effects of substrate compliance on both YAP and cell morphol-
ogy more closely resemble the effects of actin depolymerization
(Figs. 1Cand 4A) than they do the effects of myosin Il inhibition
(Fig. 1C), possibly implicating F-actin as a potential contractil-
ity-independent regulator of YAP during mechanosensation.

Whether stiffness sensing or cell-cell contacts modulate
F-actin integrity to regulate YAP localization is not known. We
thus sought to test whether F-actin regulates YAP nuclear
localization independent of contractility during mechanosen-
sation or cell-cell contact. To determine the effects of ECM
compliance or cell-cell contact on F-actin integrity, we used
either biochemical fractionation or localization-based (25)
assays to quantify the F-actin to globular-actin (G-actin) ratio
(F:G) in cells. We first validated the assays by determining the
F:G ratio in cells treated with Lat-A. Fractionation of the deter-
gent-soluble G-actin from the insoluble F-actin or direct stain-
ing of F-actin by fluorescent phalloidin and G-actin by fluores-
cent deoxyribonuclease-I (25) in individual cells both showed
that Lat-A treatment significantly reduced the F:G ratio com-
pared with vehicle control (Fig. 5, A-D), as expected. In con-
trast, treatment of cells with blebbistatin to inhibit myosin II
contractility had no effect on the F:G ratio (Fig. 5, A-D).

We then determined how substrate compliance affected the
F:G-actin ratio in cells plated sparsely on ECMs of different
stiffness. Surprisingly, both detergent fractionation and local-
ization-based assays showed that the F:G-actin ratio in cells
grown on soft substrates was significantly lower compared with
cells grown on stiff substrates (Fig. 5, E-H). This shows that
ECM mechanosensing regulates both contractility (20, 21) and
F-actin integrity. Together with our aforementioned results,
this shows that the high F:G-actin ratio correlates with YAP
nuclear localization, but contractility and YAP phosphoryla-
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FIGURE 3.In sparse cells, nuclear localization of YAP is promoted by F-actin independent of myosin Il contractility and is not fully dependent on Ser''2

phosphorylation. A, /eft, representative Western blots of whole cell lysates from MEFs grown on fibronectin-coated culture dishes and treated with DMSO,
Lat-A (2 um), and blebbistatin (50 um) for 2 h and probed with antibodies to YAP or YAP phosphorylated on Ser''? (pS112-YAP). Right, quantification represents
the ratio of integrated band intensity between Ser(P)''2-YAP and YAP from background subtracted images and normalized with respect to DMSO control ratio.
B, maximum intensity projections of confocal Z-stack immunofluorescence images of sparsely plated MEFs treated with the indicated agents for 2 h. YAP was
immunostained with a-YAP (red), a-Ser(P)''2-YAP (green), and DNA with DAPI (blue). Note that Ser(P)''2-YAP was better detected with methanol fixation (used
here), however, YAP was better detected with paraformaldehyde fixation (used in Fig. 1). C, quantification of the nuclear/cytoplasmic ratio of pS112-YAP in the
middle confocal slice of the nucleus. D, representative Western blots of the nucleus (Nuc) and cytoplasmic (Cyt) fractions from MEFs grown on fibronectin-
coated culture dishes with the indicated treatments for 2 h for the indicated proteins and probed with antibodies to YAP, Ser(P)''>-YAP, and Histone H3. Scale
bars 30 um. Error bars are S.E. Statistical comparison done with Student’s t test between pair of samples connected with lines on the column plots: *, p value <
0.05; **, p value < 0.005; ns, p value > 0.05. One-way ANOVA tests were performed on group of data containing three or more data sets, p values from ANOVA
tests are listed in Table 1.

tion do not. This further suggests that F-actin may be respon-  Similar to 50 uM blebbistatin treatment, YAP was still partially
sible for YAP nuclear localization in blebbistatin-treated cells.  localized to the nucleus even in the presence of 100 um blebbi-

To test the hypothesis that F-actin regulates YAP localization  statin (Fig. 5, I and /). Importantly, however, Lat-A mediated
when myosin Il is inhibited, we used a high dose of blebbistatin  actin depolymerization in blebbistatin-treated cells caused
(100 M) for 2 h to completely inhibit myosin contractility (37), YAP to be excluded from the nucleus (Fig. 5, I and /). Coupled
then subsequently depolymerized actin filaments with Lat-A. with the results from low-stiffness substrates, these results sug-
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FIGURE 4. Mechanosensation of soft ECM promotes nuclear exclusion of YAP and phospho-Ser''2-YAP. A-F, MEFs were grown on fibronectin-coupled

polyacrylamide hydrogels of 50.0 (stiff) and 0.5 kPa (soft) stiffness. A, maximum intensity projections of confocal Z-stack immunofluorescence images of YAP
(red), phalloidin staining of F-actin (green), and DAPI staining of DNA (blue). B, quantification of the nuclear/cytoplasmic ratio of YAP in the middle confocal slice
of the nucleus. G, representative Western blots from whole cell lysates of MEFs grown on fibronectin-coated soft and stiff substrates and probed with
antibodies to YAP and YAP phosphorylated on Ser''? (pS112-YAP). D, quantification of the ratio of integrated band intensity between Ser(P)''2-YAP and YAP
from background-subtracted Western blot images and normalized with respect to 50.0 kPa. £, maximum intensity projections of confocal Z-stack immuno-
fluorescence images of sparsely plated MEFs grown on fibronectin-coated stiff and soft substrates and fixed with methanol and immunostained to detect YAP

(red), Ser(P)"'"2-YAP (green), and stained with DAPI for DNA (blue). F, quantification of the nuclear/cytoplasmic ratio of Ser(P)

"2.YAP in the middle confocal slice

of the nucleus. Scale bars 30 um. Error bars are S.E., Statistical comparison done with Student’s t test: *, p value < 0.05; **, p value < 0.005.

gest that F-actin is responsible for YAP nuclear localization in
cells under low contractility conditions.

To test whether cell-cell contact-mediated inhibition of YAP
nuclear localization also occurs through actin disassembly, we
compared the actin assembly state in dense and sparse cultures.
This showed that the F:G-actin ratio was not effected by cell
confluence (Fig. 5, K and L), suggesting that signaling from
adherens junctions during contact inhibition dominates over
cytoskeletal integrity in regulation of YAP nuclear localization.
However, it is also possible that changes in F-actin architecture
in dense culture compared with sparse culture (Fig. 1, A—C and
E) may contribute to YAP regulation. Together, these data sup-
port the notion that in the absence of cell-cell contact, F-actin,
and not myosin II contraction, is the critical regulator of YAP
nuclear localization during mechanosensation.

Two Pathways Regulate YAP Localization in Sparse Cells: an
F-actin-dependent, Phosphorylation-independent Pathway,
and a Myosin II- and Phosphorylation-dependent Pathway—
Our results suggest that F-actin can override the canonical
phosphoregulation of YAP localization to promote nuclear

6104 JOURNAL OF BIOLOGICAL CHEMISTRY

localization of phospho-YAP. We sought to test this by assaying
the effects of cytoskeletal perturbation on constitutively active
mutants of tagged YAP constructs (FLAG-YAP", GFP-
YAPI™) that cannot be regulated by Lats1/2 kinase by using
FLAG-YAP** that has all the known Lats phosphorylation
sites mutated to alanines, or GFP-YAPI5'/?4, which carries a
mutation at the Lats phosphorylation site that has been shown
to be the most potent regulator of YAP nuclear localization (12,
38). To first validate the functionality of the YAP constructs, we
examined their localization in MEFs where phosphorylation by
Lats kinase is known to be key for YAP nuclear exclusion (12,
39). This showed under sparse culture conditions where YAP
phosphorylation is known to be low (12), both the FLAG-
tagged and GFP-tagged YAP wild-type constructs and both
FLAG-YAP*** and GFP-YAPI®''** localized to the nucleus
(Fig. 6, A, I, and K), as expected. In dense culture conditions
where YAP is known to become phosphorylated (12), FLAG-
YAP" and GFP-YAPI1"* were reduced in the nucleus, whereas
FLAG-YAP%* and GFP-YAPI5'*?* were significantly enriched
in the nucleus (Fig. 6, D and F-H). Thus, tagged YAP constructs
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localize in a manner that is consistent with that described for
Lats-mediated phosphoregulation of endogenous YAP in
sparse and dense culture.

We next examined the localization of the phosphomutants in
response to cytoskeletal perturbations. This showed that in
sparse culture, treatment with Lat-A to depolymerize F-actin
induced nuclear exclusion of all of the constructs (Fig. 6, B, C,
and I-L), significantly decreasing the nuclear:cytoplasmic ratio
of the YAP signal, albeit to a lesser extent for the 8SA mutant
relative to the S112A mutant or for the 8SA mutant relative to
the wild-types (Fig. 6, A-C and K-L). In dense culture, although
actin depolymerization did not affect FLAG-YAP"*localization,

MARCH 18,2016 +VOLUME 291 +-NUMBER 12

this treatment surprisingly caused exclusion of FLAG-YAP%5*
from the nucleus (Fig. 6, D—F). Together, these results support
the notion of a phosphorylation-independent but actin cyto-
skeleton-dependent pathway for YAP nuclear exclusion, even
in contact-inhibited cells.

We then determined the role of YAP Ser''? phosphorylation
in myosin-dependent regulation of YAP localization. We found
that inhibition of myosin II caused GFP-YAPI"" to behave sim-
ilarly to that of the endogenous protein with a partial decrease
in the nuclear localization compared with untreated cells (Figs.
6,1and J, and 1, C and D). However, the non-phosphorylatable
GFP-YAPI*'*?# remained strongly localized to the nucleus,
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with no significant difference in nuclear:cytoplasmic signal
ratio compared with the same construct in controls (Fig. 6, K
and L). These data, along with endogenous YAP data, suggest
that in the absence of contact inhibition, two distinct pathways
act to regulate YAP localization in MEFs, an F-actin-mediated
pathway that is Ser(P)"'>-YAP-independent, and a myosin II-
mediated pathway that requires phosphoregulation of Ser''?.

ECM Compliance-mediated Regulation of YAP Nuclear
Localization Occurs via an F-actin-dependent, Phosphoryla-
tion-independent Pathway—We then examined the role of
Ser''? phosphorylation in F-actin-dependent nuclear localiza-
tion of YAP during mechanosensation in MEFs. We expressed
either YAPI"*-GFP or YAP15''24-GFP in sparse cells grown on
stiff and soft ECMs. This showed that on stiff ECMs YAPI"*-
GFP or YAP1%'"?*-GFP constructs all localized to the nucleus.
In contrast, on soft ECMs cells formed small clusters and could
not spread effectively,and YAPI"*-GFP or YAP1%'**-GFP con-
structs were excluded from the nucleus, and exhibited a signif-
icantly reduced nuclear:cytoplasmic localization ratio (Fig. 7,
A-D). Together with our observation of reduced F-actin con-
tent in cells plated on soft ECMs, this shows ECM compliance-
mediated regulation of YAP nuclear localization occurs
through an F-actin-dependent but phospho-Ser'!*-indepen-
dent pathway.

Discussion

Our study shows that in both mouse embryonic fibroblasts
and in human mammary epithelial cells, contact inhibition pro-
motes nuclear exclusion of YAP, overriding actomyosin cyto-
skeletal regulation of YAP. However, in the absence of cell-cell
contact, integrity of the actin filament cytoskeleton becomes
the dominant regulator of YAP nuclear localization, indepen-
dent of ROCK-mediated myosin II contractility. A detailed
characterization in MEFs revealed that actomyosin contractil-
ity suppresses YAP phosphorylation at Ser''?, yet in the
absence of cell-cell contact and contractility, Ser''* phospho-
regulation is overridden by actin cytoskeletal integrity leading
to nuclear localization of both phospho- and non-phospho-
YAP. These data along with YAP phosphomutant data show the
existence of two mechanisms for cytoskeleton-mediated YAP
regulation; one actomyosin contractility-mediated regulation

of YAP phosphorylation, and a second cytoskeletal integrity-
mediated dominant mechanism that overrides phosphoregula-
tion. This actin-mediated YAP regulation is also conserved
during mechanotransduction, where we found YAP nuclear lo-
calization through ECM stiffness sensation occurs through an
F-actin-dependent but phospho-Ser''?-independent manner.

Hippo signaling-mediated YAP phosphorylation and nuclear
exclusion have been well documented in animal tissue and in
vitro dense cell culture systems (12, 40 —43). Phosphorylation
mediated YAP nuclear exclusion is largely dependent on cell-
cell A, as YAP is sequestered at the AJ by a-catenin and in vitro
assay showed Ser(P)''2-YAP binding to 14-3-3 also depends on
a-catenin (40). In the absence of a-catenin, this complex breaks
apart and YAP gets into the nucleus independent of Hippo sig-
naling (40). In sparse culture conditions there is no AJ, possibly
leading to the disassembly of the a-catenin-YAP and 14-3-
3-Ser(P)'">-YAP-a-catenin complex, which could provide a
possible mechanism for the observed YAP and Ser(P)''*-YAP
localization in the nucleus independent of contractility. In addi-
tion, a recent report showed that even under activation of the
Hippo signaling cascade and YAP phosphorylation (Ser''?),
YAP localizes to the nucleus of intestinal epithelial cells via the
Src family kinase Yes, causing more cell proliferation (44). This
also suggests the existence of additional mechanisms in regula-
tion of YAP nuclear localization other than phosphorylation of
the Ser' ' residue.

Our data provides a step forward in understanding actin-
mediated YAP nuclear localization beyond the requirement of
actomyosin contractility and Ser' "> phosphorylation of YAP. A
possible molecular player for such actin-mediated YAP regula-
tion is through angiomotin-like proteins (24). Angiomotins
bind the WW domain of YAP independent of its phosphoryla-
tion at Ser''? residue, and overexpression of angiomotin could
sequester constitutively active YAP (YAP'?%) in the cyto-
plasm (45). Angiomotins competitively bind to both F-actin
and YAP, and overexpression of an actin binding mutant of
angiomotin sequesters more YAP in the cytoplasm than over-
expression of wild-type protein (24). This mechanism could
underlie our observations that a high F:G-actin ratio in control
and myosin-inhibited cells was associated with both YAP and

FIGURE 5. F-actin promotes YAP nuclear localization in the absence of actomyosin contractility. A and E are representative Western blots of the Triton-
insoluble (F-actin) and Triton-soluble (G-actin) fractions extracted from MEFs grown on fibronectin-coated culture dish treated with DMSO, Lat-A (2 um), and
blebbistatin (50 um) for 2 h (A) or grown on fibronectin-coupled polyacrylamide hydrogels of 50.0 (stiff) and 0.5 kPa (soft) stiffness (E) and probed with
antibodies to actin. B and F, quantification represents the ratio of integrated band intensity between the F-actin and G-actin from background-subtracted
Western blot images. The proportions of F- and G-actin were determined relative to the total actin content (total actin content = F, + G, signal = 100%; F =
FJ/F,+ G; G = G/F, + G,),and these values were used to determine the F:Gratio (F/G = (F/F, + G,)/(G/F, + G,)). The F:G ratio for the DMSO condition was then
used as the normalization control to compare the effects of perturbations (B) or to 50-kPa control ratio (F). Cand G, sum projections of confocal Z-stacks of MEFs
grown on fibronectin-coated culture dishes and treated with DMSO, Lat-A (2 uMm), and blebbistatin (50 wm) for 2 h (C) or grown on fibronectin-coupled
polyacrylamide hydrogels of 55.0 kPa (stiff) and 0.7 kPa (soft) stiffness (G) and stained for F-actin (phalloidin-488, green) and G-actin (DNase |-594, red). The
F:G-actin ratio images were generated using ImageJ as explained in (48). D and H, quantification represents the ratio of integrated fluorescence intensity
measured from the background subtracted sum-projection of F- and G-actin images, normalized with respect to the average ratio of DMSO control (D) or 55
kPa control (H). S.E. and p values were measured from the non-normalized data set. /, above, experimental scheme for examining YAP localization in MEFs first
treated with 100 um blebbistatin for 2 h followed by Lat-A (2 um) treatment for another 2 h (blebbistatin then Lat-A), and compared with 100 um blebbistatin
treatment for 2 h alone. Maximum intensity projections of confocal Z-stackimmunofluorescence images of sparsely plated MEFs grown on fibronectin-coated
coverslips and were treated as explained above. F-actin was stained with phalloidin-488 (green), YAP with immunolocalization of a-YAP (red), and DNA with
DAPI (blue). J, quantification of the nuclear/cytoplasmic ratio of YAP in the middle confocal slice of the nucleus. DMSO and Lat-A data are from Fig. 1D. K,
representative Western blot of the Triton-insoluble (F-actin) and Triton-soluble (G-actin) fractions extracted from MEFs grown sparsely and densely on
fibronectin coated culture dish. L, quantification represents the ratio of integrated band intensity between the F-actin and G-actin from background-sub-
tracted Western blot images and normalized with respect to sparse ratio. Scale bars 30 um. Error bars are S.E., Statistical comparison was done with Student’s
t test between pair of samples connected with lines on the column plots: *, p value < 0.05; **, p value < 0.005; ns, p value > 0.05. One-way ANOVA tests were
performed on a group of data containing three or more data sets, p values from ANOVA tests are listed in Table 1.
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FIGURE 7. ECM compliance-mediated regulation of YAP nuclear localization is predominantly regulated by F-actin-dependent, phosphorylation-
independent pathway. MEFs were grown on fibronectin-coupled polyacrylamide hydrogels of 50.0 (stiff) and 0.5 kPa (soft) stiffness. YAP1"*-GFP (A, green) or
non-phosphorylatable YAP1°""?A-GFP (C, green) was detected by the GFP signal, actin by red fluorescent protein mApple (red), and DNA stained with DAPI
(blue). * in C, marks the nuclei of an adjacent untransfected cell. Band D, quantification of the nuclear/cytoplasmic ratio of YAP1-GFP constructs in the middle

confocal slice of the nucleus. Scale bars 30 wm. Error bars are S.E., Statistical comparison was done with Student’s t test: **, p value < 0.005.

Ser(P)''2-YAP nuclear localization. A high level of F-actin
could sequester angiomotins, leaving YAP and Ser(P)''>-YAP
free to be imported into the nucleus. In support to this notion,
it was also reported that knocking down angiomotins signifi-
cantly rescued YAP nuclear localization in blebbistatin-treated
cells (24). In support of our findings of an F-actin-dependent
pathway of YAP nuclear localization, it was shown that knock-
ing down the actin depolymerization factor cofilin, which is
known to increase the F:G-actin ratio (28), rescued YAP tran-
scriptional activity on soft substrates (10). Promoting more
F-actin by knocking down cofilin or capping protein in animal
tissue was also found to increase YAP nuclear localization and
tissue growth (22, 23). In agreement with our findings, it was
also reported that overexpressing actin increases F-actin, pro-
moting cell spreading and thus overriding the small cell shape
phenotype seen with cells plated on soft substrates (46). F-ac-
tin-mediated YAP regulation could have a physiologically
importantrole as it was shown that promoting F-actin polymer-
ization increased ovarian follicle growth mediated by YAP (47).

Our study suggests a model where in cells at low density, YAP
is nuclear and has low levels of phosphorylation because of the
lack of adherens junctions and the high level of myosin II con-
tractile activity. Also at low cell density, F-actin structures pro-
mote YAP nuclear localization. Inhibition of myosin II contrac-
tility in cells in sparse culture increases YAP phosphorylation,
but not sufficiently to trigger cytoplasmic accumulation of
YAP. However, F-actin disruption can trigger cytoplasmic
localization of YAP. At high cell density, YAP is highly phos-
phorylated and out of the nucleus, presumably because of sig-
naling from adherens junctions. The observation that non-
phosphorylatable YAP localizes to the nucleus in cells at high
density is consistent with an essential role for phosphorylation
in YAP nuclear exclusion under these conditions. One question
that remains is why myosin II inhibition in cells at low density
triggers YAP phosphorylation, but not nuclear exclusion,
whereas at high cell density, YAP phosphorylation appears to
effectively promote YAP nuclear exclusion. One possibility is
that YAP is much more highly phosphorylated on Ser''? and

FIGURE 6. Loss of cytoskeletal integrity significantly excludes constitutively active YAP from the nucleus. Maximum intensity projections of confocal
Z-stacks of MEFs transfected with plasmids expressing FLAG-YAP and FLAG-YAP-8SA, cultured sparsely (A and B) or middle confocal slice of densely plated
MEFs (D and E) on fibronectin-coated coverslips and treated with DMSO and Lat-A (2 um) as indicated. C and F, quantification of the nuclear/cytoplasmic ratio
of FLAG in the middle confocal slice of the nucleus. F-actin stained with phalloidin-488 (green), FLAG-YAP with a-FLAG (red), and DNA with DAPI (blue). G-L,
confocal images of MEFs transfected with plasmids expressing YAP1-GFP, or non-phosphorylatable YAP1°""?A-GFP (green) of mouse origin and mApple-actin
(red) that were densely plated on fibronectin coated coverslips for 18 h and fixed with paraformaldehyde (G). MEFs were transfected with plasmids expressing
YAP1-GFP (I, green), non-phosphorylatable YAP75'?A-GFP (K, green) of mouse origin and mApple-actin (red) and grown on fibronectin-coated coverslips
sparsely for 18 h followed by DMSO, Lat-A (2 um), blebbistatin (50 wm), and Y-27632 (50 um) treatment for 2 h and formaldehyde fixation. YAP1 was detected
by the GFP signal (green), actin by red fluorescent protein mApple (red), and DNA stained with DAPI (blue). H, J, and L, quantification of the nuclear/cytoplasmic
ratio of YAP1-GFP in the middle confocal slice of the nucleus. Scale bars 30 um. Error bars are S.E., Statistical comparison done with Student’s t test between pairs
of samples connected with lines on the column plots: *, p value < 0.05; **, p value < 0.005; ns, p value > 0.05. One-way ANOVA tests were performed on group
of data containing three or more data sets, p values from ANOVA tests are listed in Table 1.
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other LATS sites in cells at high density compared with cells at
low density treated with myosin inhibitors. This prediction
awaits future experimentation.

Contractility- and phosphorylation (Ser''?)-independent
localization of YAP in the nucleus, especially in the absence of
cell-cell contact, may reflect a cellular adaptation for cancer
cells. Cancer cells during metastasis often lose cell-cell contact
and migrate through tissues of different stiffness. Having con-
tractility and phosphorylation-independent nuclear localiza-
tion of YAP might promote cancer cell proliferation and main-
tenance in soft tissue.

Author Contributions—A. D. performed experiments and quantifi-
cation, A. D,,R. S. F, D. P,,and C. M. W. interpreted data and wrote
the manuscript.

Acknowledgments—We thank Mary Beckerle for the kind gift of
MEFs, William Shin for maintenance of the Waterman Lab micro-
scopes, and Schwanna Thacker for administrative assistance.

References

1. Wu, S., Huang, J., Dong, J., and Pan, D. (2003) Hippo encodes a Ste-20
family protein kinase that restricts cell proliferation and promotes apo-
ptosis in conjunction with salvador and warts. Cel/ 114, 445—456

2. Lian, L, Kim, J., Okazawa, H., Zhao, J., Zhao, B., Yu, J., Chinnaiyan, A.,
Israel, M. A., Goldstein, L. S., Abujarour, R., Ding, S., and Guan, K. L.
(2010) The role of YAP transcription coactivator in regulating stem cell
self-renewal and differentiation. Genes Dev. 24, 1106 -1118

3. Pan, D. (2010) The hippo signaling pathway in development and cancer.
Dev. Cell 19, 491-505

4. Polesello, C., and Tapon, N. (2007) Salvador-warts-hippo signaling pro-
motes Drosophila posterior follicle cell maturation downstream of notch.
Curr. Biol. 17, 18641870

5. Lu, L, Li, Y, Kim, S. M., Bossuyt, W., Liu, P., Qiu, Q., Wang, Y., Halder, G.,
Finegold, M. J., Lee, J. S., and Johnson, R. L. (2010) Hippo signaling is a
potent in vivo growth and tumor suppressor pathway in the mammalian
liver. Proc. Natl. Acad. Sci. U.S.A. 107, 1437-1442

6. Yu, F. X, Zhao, B., Panupinthu, N., Jewell, ]. L., Lian, I., Wang, L. H., Zhao,
J., Yuan, H., Tumaneng, K,, Li, H,, Fu, X. D., Mills, G. B., and Guan, K. L.
(2012) Regulation of the Hippo-YAP pathway by G-protein-coupled re-
ceptor signaling. Cell 150, 780-791

7. Hirate, Y., Hirahara, S., Inoue, K., Suzuki, A., Alarcon, V. B., Akimoto, K.,
Hirai, T, Hara, T., Adachi, M., Chida, K., Ohno, S., Marikawa, Y., Nakao,
K., Shimono, A., and Sasaki, H. (2013) Polarity-dependent distribution of
angiomotin localizes Hippo signaling in preimplantation embryos. Curr.
Biol. 23,1181-1194

8. Dupont, S., Morsut, L., Aragona, M., Enzo, E., Giulitti, S., Cordenonsi, M.,
Zanconato, F., Le Digabel, J., Forcato, M., Bicciato, S., Elvassore, N., and
Piccolo, S. (2011) Role of YAP/TAZ in mechanotransduction. Nature 474,
179-183

9. Codelia, V. A,, Sun, G., and Irvine, K. D. (2014) Regulation of YAP by
mechanical strain through Jnk and Hippo signaling. Curr. Biol. 24,
2012-2017

10. Aragona, M., Panciera, T., Manfrin, A., Giulitti, S., Michielin, F., Elvassore,
N., Dupont, S., and Piccolo, S. (2013) A mechanical checkpoint controls
multicellular growth through YAP/TAZ regulation by actin-processing
factors. Cell 154, 10471059

11. Dong, J., Feldmann, G., Huang, J., Wu, S., Zhang, N., Comerford, S. A.,
Gayyed, M. F.,, Anders, R. A., Maitra, A., and Pan, D. (2007) Elucidation of
a universal size-control mechanism in Drosophila and mammals. Cell
130, 1120-1133

12. Zhao, B., Wei, X,, Li, W., Udan, R. S, Yang, Q., Kim, J., Xie, J., Ikenoue, T.,
Yu, J, Li, L., Zheng, P., Ye, K., Chinnaiyan, A., Halder, G., Lai, Z. C., and
Guan, K. L. (2007) Inactivation of YAP oncoprotein by the Hippo pathway

MARCH 18,2016 +VOLUME 291 +-NUMBER 12

13.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

is involved in cell contact inhibition and tissue growth control. Genes Dev.
21, 2747-2761

Chan, E. H., Nousiainen, M., Chalamalasetty, R. B., Schafer, A, Nigg, E. A.,
and Silljé, H. H. (2005) The Ste20-like kinase Mst2 activates the human
large tumor suppressor kinase Lats1. Oncogene 24, 2076 —2086
McClatchey, A. I, and Yap, A. S. (2012) Contact inhibition (of prolifera-
tion) redux. Curr. Opin. Cell Biol. 24, 685— 694

Rauskolb, C,, Sun, S., Sun, G, Pan, Y., and Irvine, K. D. (2014) Cytoskeletal
tension inhibits Hippo signaling through an Ajuba-Warts complex. Cell
158, 143-156

Piccolo, S., Dupont, S., and Cordenonsi, M. (2014) The biology of YAP/
TAZ: hippo signaling and beyond. Physiol. Rev. 94, 1287-1312

Zhong, W., Tian, K., Zheng, X., Li, L., Zhang, W., Wang, S., and Qin, J.
(2013) Mesenchymal stem cell and chondrocyte fates in a multishear mi-
crodevice are regulated by Yes-associated protein. Stem Cells Dev. 22,
2083-2093

Zhao, B, Li, L., Wang, L., Wang, C. Y., Yu, J., and Guan, K. L. (2012) Cell
detachment activates the Hippo pathway via cytoskeleton reorganization
to induce anoikis. Genes Dev. 26, 54— 68

. Wada, K., Itoga, K., Okano, T., Yonemura, S., and Sasaki, H. (2011) Hippo

pathway regulation by cell morphology and stress fibers. Development
138, 3907-3914

Discher, D. E., Janmey, P., and Wang, Y. L. (2005) Tissue cells feel and
respond to the stiffness of their substrate. Science 310, 1139 -1143
Paszek, M. J., Zahir, N, Johnson, K. R,, Lakins, J. N., Rozenberg, G. L,
Gefen, A., Reinhart-King, C. A., Margulies, S. S., Dembo, M., Boettiger, D.,
Hammer, D. A., and Weaver, V. M. (2005) Tensional homeostasis and the
malignant phenotype. Cancer Cell 8, 241-254

Fernéndez, B. G., Gaspar, P., Brés-Pereira, C., Jezowska, B., Rebelo, S. R.,
and Janody, F. (2011) Actin-capping protein and the Hippo pathway reg-
ulate F-actin and tissue growth in Drosophila. Development 138,
2337-2346

Sansores-Garcia, L., Bossuyt, W., Wada, K., Yonemura, S., Tao, C., Sasaki,
H., and Halder, G. (2011) Modulating F-actin organization induces organ
growth by affecting the Hippo pathway. EMBO J. 30, 2325-2335
Mana-Capelli, S., Paramasivam, M., Dutta, S., and McCollum, D. (2014)
Angiomotins link F-actin architecture to Hippo pathway signaling. Mol.
Biol. Cell 25, 1676 1685

Cramer, L. P, Briggs, L. J., and Dawe, H. R. (2002) Use of fluorescently
labelled deoxyribonuclease I to spatially measure G-actin levels in migrat-
ing and non-migrating cells. Cell Motil Cytoskeleton 51, 27-38

Shin, W. D, Fischer, R.S., Kanchanawong, P., Kim, Y., Lim, ., Myers, K.A.,
Nishimura, Y., Plotnikov, S.V., Thievessen, I., Yarar, D., Sabass, B., and
Waterman, C. M. (2010) A Versatile, Multicolor Total Internal Reflection
Fluorescence and Spinning-Disk Confocal Microscope System for High-Res-
olution Live Cell Imaging, 2nd Ed., Cold Spring Harbor Laboratory, Cold
Spring Harbor, NY

Dignam, J. D., Lebovitz, R. M., and Roeder, R. G. (1983) Accurate tran-
scription initiation by RNA polymerase Il in a soluble extract from isolated
mammalian nuclei. Nucleic Acids Res. 11, 1475-1489

Rasmussen, I, Pedersen, L. H., Byg, L., Suzuki, K., Sumimoto, H., and
Vilhardt, F. (2010) Effects of F/G-actin ratio and actin turn-over rate on
NADPH oxidase activity in microglia. BMC Immunol. 11, 44
Abercrombie, M. (1970) Contact inhibition in tissue culture. In Vitro 6,
128 -142

Kim, N. G., and Gumbiner, B. M. (2015) Adhesion to fibronectin regulates
Hippo signaling via the FAK-Src-PI3K pathway. J. Cell Biol. 210, 503-515
Aoudjit, F., and Vuori, K. (2001) Integrin signaling inhibits paclitaxel-
induced apoptosis in breast cancer cells. Oncogene 20, 4995-5004
Cluzel, C., Saltel, F., Lussi, ., Paulhe, F., Imhof, B. A., and Wehrle-Haller, B.
(2005) The mechanisms and dynamics of (alpha)v(beta)3 integrin cluster-
ing in living cells. /. Cell Biol. 171, 383—392

Hao, Y., Chun, A., Cheung, K., Rashidi, B., and Yang, X. (2008) Tumor
suppressor LATSI is a negative regulator of oncogene YAP. J. Biol. Chem.
283, 5496 -5509

Mo, J. S., Meng, Z.,, Kim, Y. C., Park, H. W., Hansen, C. G., Kim, S., Lim,
D.S., and Guan, K. L. (2015) Cellular energy stress induces AMPK-medi-
ated regulation of YAP and the Hippo pathway. Nat. Cell. Biol. 17,

JOURNAL OF BIOLOGICAL CHEMISTRY 6109



Yap Localization during Mechanosensing Requires Filamentous Actin

35.

36.

37.

38.

39.

40.

41.

500-510

Calvo, F., Ege, N, Grande-Garcia, A., Hooper, S., Jenkins, R. P., Chaudhry,
S. L, Harrington, K., Williamson, P., Moeendarbary, E., Charras, G., and
Sahai, E. (2013) Mechanotransduction and YAP-dependent matrix re-
modelling is required for the generation and maintenance of cancer-asso-
ciated fibroblasts. Nat. Cell. Biol. 15, 637— 646

Sun, Y., Yong, K. M., Villa-Diaz, L. G., Zhang, X., Chen, W., Philson, R,,
Weng, S., Xu, H., Krebsbach, P. H., and Fu, J. (2014) Hippo/YAP-mediated
rigidity-dependent motor neuron differentiation of human pluripotent
stem cells. Nat. Mater. 13, 599 — 604

Shutova, M. S., Spessott, W. A., Giraudo, C. G., and Svitkina, T. (2014)
Endogenous species of mammalian nonmuscle myosin IIA and IIB include
activated monomers and heteropolymers. Curr. Biol. 24, 1958 -1968
Chen, Q., Zhang, N, Xie, R., Wang, W., Cai, J., Choi, K. S., David, K. K,,
Huang, B., Yabuta, N., Nojima, H., Anders, R. A, and Pan, D. (2015) Ho-
meostatic control of Hippo signaling activity revealed by an endogenous
activating mutation in YAP. Genes Dev. 29, 1285-1297

Zhou, D., Conrad, C,, Xia, F., Park, J. S., Payer, B., Yin, Y., Lauwers, G. Y.,
Thasler, W., Lee, ]. T., Avruch, J., and Bardeesy, N. (2009) Mst1 and Mst2
maintain hepatocyte quiescence and suppress hepatocellular carcinoma
development through inactivation of the Yap1 oncogene. Cancer Cell 16,
425-438

Schlegelmilch, K., Mohseni, M., Kirak, O., Pruszak, J., Rodriguez, J. R,,
Zhou, D., Kreger, B. T., Vasioukhin, V., Avruch, J., Brummelkamp, T. R,,
and Camargo, F. D. (2011) Yap1 acts downstream of a-catenin to control
epidermal proliferation. Cell 144, 782-795

Harvey, K. F., Pfleger, C. M., and Hariharan, L. K. (2003) The Drosophila

6110 JOURNAL OF BIOLOGICAL CHEMISTRY

42.

43.

45.

46.

47.

48.

Mst ortholog, hippo, restricts growth and cell proliferation and promotes
apoptosis. Cell 114, 457-467

Lai, Z. C., Wei, X., Shimizu, T., Ramos, E., Rohrbaugh, M., Nikolaidis, N.,
Ho, L. L., and Li, Y. (2005) Control of cell proliferation and apoptosis by
mob as tumor suppressor, mats. Cell 120, 675— 685

Huang, J., Wu, S., Barrera, J., Matthews, K., and Pan, D. (2005) The Hippo
signaling pathway coordinately regulates cell proliferation and apoptosis
by inactivating Yorkie, the Drosophila Homolog of YAP. Cell 122,
421-434

Taniguchi, K., Wu, L. W., Grivennikov, S. I, de Jong, P. R, Lian, L, Yu,
F. X., Wang, K,, Ho, S. B,, Boland, B. S., Chang, J. T., Sandborn, W. J.,
Hardiman, G., Raz, E., Maehara, Y., Yoshimura, A., Zucman-Rossi, J.,
Guan, K. L., and Karin, M. (2015) A gp130-Src-YAP module links inflam-
mation to epithelial regeneration. Nature 519, 57— 62

Wang, W., Huang, J., and Chen, J. (2011) Angiomotin-like proteins asso-
ciate with and negatively regulate YAP1. /. Biol. Chem. 286, 4364 —4370
Engler, A., Bacakova, L., Newman, C., Hategan, A., Griffin, M., and Dis-
cher, D. (2004) Substrate compliance versus ligand density in cell on gel
responses. Biophys. J. 86, 617—628

Cheng, Y., Feng, Y., Jansson, L., Sato, Y., Deguchi, M., Kawamura, K., and
Hsueh, A.J. (2015) Actin polymerization-enhancing drugs promote ovar-
ian follicle growth mediated by the Hippo signaling effector YAP. FASEB .
29, 2423-2430

Kardash, E., Bandemer, J., and Raz, E. (2011) Imaging protein activity in
live embryos using fluorescence resonance energy transfer biosensors.
Nat. Protoc. 6, 1835—1846

VOLUME 291+NUMBER 12-MARCH 18,2016



CrossMark

&dlick for updates

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 291, NO. 37, pp. 19474 -19486, September 9, 2016
© 2016 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

An Organic Anion Transporter 1 (OAT1)-centered Metabolic

Network™

Received for publication, June 24, 2016, and in revised form, July 18,2016 Published, JBC Papers in Press, July 20,2016, DOI 10.1074/jbcM116.745216
Henry C. Liu®, Neema Jamshidi, Yuchen Chen®, Satish A. Eraly®, Sai Yee Chol, Vibha Bhatnagar**, Wei Wu",

Kevin T. Bush**, Ruben Abagyan®®, Bernhard O. Palsson®, and Sanjay K. Nigam

997

From the Departments of *Bioengineering, "Medicine, “Chemistry and Biochemistry, **Family and Preventative Medicine,
#pediatrics, and MCellular and Molecular Medicine, *Bioinformatics and Systems Biology Graduate Program, 5°Skaggs School of
Pharmacy and Pharmaceutical Sciences, University of California, San Diego, La Jolla, California 92093

There has been a recent interest in the broader physiological
importance of multispecific “drug” transporters of the SLC and
ABC transporter families. Here, a novel multi-tiered systems biol-
ogy approach was used to predict metabolites and signaling mole-
cules potentially affected by the in vivo deletion of organic anion
transporter 1 (Oatl, Slc22a6, originally NKT), a major kidney-ex-
pressed drug transporter. Validation of some predictions in wet-
lab assays, together with re-evaluation of existing transport and
knock-out metabolomics data, generated an experimentally vali-
dated, confidence ranked set of OAT1-interacting endogenous
compounds enabling construction of an “OAT1-centered meta-
bolic interaction network.” Pathway and enrichment analysis indi-
cated an important role for OAT1 in metabolism involving: the
TCA cycle, tryptophan and other amino acids, fatty acids, prosta-
glandins, cyclic nucleotides, odorants, polyamines, and vitamins.
The partly validated reconstructed network is also consistent with
a major role for OAT1 in modulating metabolic and signaling
pathways involving uric acid, gut microbiome products, and so-
called uremic toxins accumulating in chronic kidney disease.
Together, the findings are compatible with the hypothesized role of
drug transporters in remote inter-organ and inter-organismal
communication: The Remote Sensing and Signaling Hypothesis
(Nigam, S. K. (2015) Nat. Rev. Drug Disc. 14, 29). The fact that
OAT]1 can affect many systemic biological pathways suggests that
drug-metabolite interactions need to be considered beyond simple
competition for the drug transporter itself and may explain aspects
of drug-induced metabolic syndrome. Our approach should pro-
vide novel mechanistic insights into the role of OAT1 and other
drug transporters implicated in metabolic diseases like gout, dia-
betes, and chronic kidney disease.

A great deal of recent evidence suggests that solute carriers
(SLC)? play a much broader role in physiology, including sig-
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naling and metabolism, than has been previously appreciated
(1, 2). Indeed, there has been a recent call for more systematic
analysis of the roles of SLCs in metabolism and signaling (1).
Perhaps due to heavy emphasis on their key role in pharmaco-
kinetics, members of the SLC (and ABC as well) “drug” trans-
porter families are not generally depicted in biochemical path-
ways involving the endogenous metabolites they transport (2).
Such an omission could have clinical consequences, because
drugs directly or indirectly affect pathways normally involved
in the movement of key metabolites, pathway intermediates,
and signaling molecules, thereby fundamentally affecting cell
and organ physiology in normal, pathophysiological, and devel-
opmental situations (1, 2).

According to the remote sensing and signaling hypothesis,
SLC and ABC drug transporters are important in regulating the
movement of small endogenous molecules such as key metab-
olites (e.g. a-ketoglutarate, tryptophan metabolites), signaling
molecules (e.g. cAMP, prostaglandins, polyamines), vitamins,
antioxidants (e.g uric acid), and certain hormones (e.g. thyrox-
ine) between tissues, organs, and even organisms (2-11).
According to this theory, the SLC and ABC transporters
form an integrated network allowing remote communica-
tion between different tissues via small endogenous mole-
cules. This integrated network functions in a manner similar
to the neuroendocrine system and is, in fact, interlinked with
it. The ability of SLC and ABC drug and other transporters to
regulate or modulate broad aspects of systemic physiology sug-
gests that drug-metabolite interactions might extend well
beyond simple competition for transport at the binding site(s)
and provide an explanation for aspects of certain drug-induced
metabolic syndromes (e.g those seen with diuretic use or
chronic HIV antiviral treatment (12, 13)). Furthermore, eluci-
dation of their physiological role is likely to be useful for further
defining the roles of drug transporters in modulating common
metabolic diseases, such as diabetes, gout, and chronic kidney
disease (2, 4, 14, 15).

Among the aforementioned transporters, organic anion
transporter 1 (OAT1/SLC22A6, originally identified as NKT
(16, 17)), likely the main basolateral probenecid-sensitive
organic anion drug transporter of the kidney, mediates rate-
limiting steps in the renal elimination of organic anionic drugs
and a few cationic drugs (7, 18 —22). This drug transporter has
also long been suggested to play a role in key endogenous func-
tions (21, 23-25), whereas analysis of Oatl knock-out mice
have provided critical information about its potential role in
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basal physiology (23, 26, 27). For example, targeted and untar-
geted metabolomics analyses have revealed significant changes
in the concentrations of a number of endogenous metabolites
in the knock-out animal, including key biochemical pathway
intermediates and signaling molecules (23, 27). Moreover,
OAT1 (as well as other SLC22 transporters) has also been asso-
ciated with metabolic abnormalities and disease (2, 3, 7, 11, 25,
26, 28, 29). Taken together, this suggests an important, if
underappreciated, role for SLC drug transporters in metabolic
processes and signaling.

Taking a cue from our previous systems biology efforts to
analyze the physiological role of OAT1 (11), we sought to build
a detailed map of metabolic and signaling pathways modulated
by “drug” transporters such as OAT1. A systems biology
approach involving integration of OAT1 knock-out and wild
type gene expression data into a genome-scale metabolic recon-
struction (GEM) together with constraint-based modeling (i.e.
flux variability analysis (FVA)) was used to predict metabolites
affected by the absence of OAT1. Pharmacophore-based virtual
screening, re-evaluation of existing transport, and knock-out
metabolomics data, as well as wet-lab validation were then used
to constrain and rank the predicted compounds based on their
potential to directly interact with OAT1. Input of this data into
the Cytoscape plug-in, MetScape, enabled the generation of a
largely experimentally validated, confidence-ranked OAT1-
centered metabolic interaction network. Pathway and enrich-
ment analysis supported an important role for OAT1 in several
key metabolic and signaling pathways. Moreover, the results
indicate the feasibility of this novel hierarchical, integrative
approach in the context of generally understanding drug trans-
porter-related metabolism, as well as other biological processes
involving SLC and ABC transporters. The results appear con-
sistent with the Remote Sensing and Signaling Hypothesis
(2-11).

Results

We have previously used GEMs to identify non-obvious,
novel OAT1 substrates that were experimentally validated (3,
11). However, it was also noted that the GEMs failed to detect
some of the known OAT1 substrates. Thus we hypothesized
that by using constraint-based modeling (to capture systems
level interactions) in conjunction with pharmacophore model-
ing (to capture molecular substrate-receptor (transporter)
binding interactions), the strengths of each methodology could
be leveraged to overcome their respective weakness. We per-
formed a loosely constrained, context-specific analysis of tran-
scriptomic data of a global metabolic model to catch all possible
metabolites potentially interacting with OAT1 (either directly
or indirectly) followed by pharmacophore-based virtual screen-
ing, along with comparison to in vivo/in vitro databases and
wet-lab assays to provide the specificity filters to differentiate
those metabolites that would directly interact with OAT1 from
those likely to indirectly be part of the pathway (but not an
OAT1 substrate). Ultimately, this multi-tiered systems level
analysis, together with metabolomics (from knock-out and wild
type animals) and transport data from OAT1-expressing cells
was used to build a detailed confidence-ranked OAT1-centered
metabolic interaction network that includes many small mol-
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ecules with well established functions in metabolic and sig-
naling pathways (Fig. 1). We arrived at the final network by
working through 5 stages:

Stage 1: Prediction of Metabolites Affected by the Deletion of
OATI—The first phase involved a systems biology approach in
which transcriptomic data derived from the Oatl-KO mouse
was integrated into the mouse GEM, iMM1415 (30), to predict
metabolites potentially affected by the absence of this trans-
porter (supplemental Fig. S1 and Table S1). Context-specific
wild type (WT) and knock-out (KO) models were constructed
from kidney gene expression data using the Gene Inactivity
Moderated by Metabolism and Expression (GIMME) algo-
rithm (31) with iMM1415. This systems biology approach sim-
ulates the metabolic state of a tissue/organ based on transcrip-
tomic data and the execution of specific biological processes by
converting the metabolic network into mathematical equations
followed by the application of linear programming to calculate
a solution of fluxes (i.e. measurement of rate of production or
depletion of metabolites) for each of the reactions. We con-
firmed that the generated models could produce many of the
small molecules requisite for the normal physiologic function
of kidneys.

FVA (32), which calculates the boundary points of the steady
state solution space, is one of most common constraint-based
approaches used in investigations of the effects of gene deletion
on a system (33); however, it requires an appropriate objective
function (e.g. biomass production, ATP production, substrate
uptake) that yields realistic flux distributions (34). However, the
current metabolic models do not adequately encapsulate the in
vivo metabolic alterations likely resulting from the loss of the
drug transporter (OAT1) in a complex organ, and we were
forced to apply approximations to the data to gain some under-
standing of the in vivo role of OAT1 in metabolism. Thus,
whereas several objective functions were considered, including
the biomass objective function, the ATP objective function and
the renal objective function (35), we ultimately decided to
use the biomass objective function because it is: 1) comprised of
many metabolites involved in core cellular processes including
those involved in regulating/modulating cell maintenance; and
2) applicable to non-proliferative cells, which either produce or
consume these metabolites. Furthermore, many of the essential
metabolites involved in regulating/modulating cell mainte-
nance (e.g. Krebs cycle intermediates, prostaglandins, vitamins,
uric acid, and polyamines) are transported by OAT1 and/or
other closely related SLC22 family members (2, 36, 37). (Note
that, in the simulations and comparative analyses between the
wild type and knock-out models, we are not optimizing for
growth, thus we are not assuming that biomass is being maxi-
mized, but rather only that the biomass components can be
produced by the cells, which we know to be the case,
biologically.)

To increase the sensitivity of model predictions, we used
broad constraints at this initial stage of investigation allowing
the inclusion of all possible metabolites that were then ranked
in confidence based on the application of pharmacophore
screens, as well as available data on their ability to directly inter-
act with OAT1 (from either in vivo metabolomics data or phar-
macokinetic data). The resulting WT and KO models consisted
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FIGURE 1. Overall strategy employed. A diagram of the overall multi-tiered hierarchal approach employed in this study. As described under “Results,” the
approach is comprised of 5 stages: 1) systems biology analysis of transcriptomic data for the prediction of metabolites altered by the absence of OAT1
(supplemental Fig. S1 and Table S1); 2) validation of predictions using metabolomics and kinetic data (supplemental Fig. S1); 3) computational chemistry
analysis, generation of pharmacophore hypotheses, and the application of pharmacophore filtering (supplemental Fig. S2 and Table S2); 4) wet-lab validation
and identification of new OAT1 metabolites/signaling molecules (Fig. 3); and 5) construction of a substantially validated OAT1-centered metabolic network
(Fig. 4, supplemental Fig. S3).

of 2233 and 2143 reactions, respectively (supplemental Fig. S1). over WT for each reaction. Reactions with flux span ratios
FVA was used to compare metabolic differences and to find the  equal to 1 indicated no change in reaction activities due to the
maximum and minimum flux values for each reaction in the deletion of OatI; flux span ratios less than 1 implied decreased
network, enabling the calculation of flux span ratios of the KO reaction activities, whereas ratios greater than 1 indicated
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increased reaction activities. It was assumed that reactions that
require transport of metabolites would change in the OAT1
KO, and 1026 reactions with altered activities were identified,
including 321 exchange/transport reactions, which were respon-
sible for the handling of 177 metabolites. After excluding water
and other uninformative molecules (see “Experimental Proce-
dures”), 146 metabolites remained (supplemental Table S1), which
were predicted to be linked to OAT1-mediated transport.

Stage 2: Validation of the Models Using in Vivo Data from the
Oatl-KO, as Well as with in Vitro/ex Vivo Transport Data—
Multiple approaches were used to validate the metabolic recon-
struction, as well as to provide a measure of confidence in the
ability of the predicted metabolites to interact with OAT1. Ini-
tially, metabolomics data from the Oat1-KO were interrogated
to determine whether experimental observations corresponded
with computational predictions. Previous metabolomics pro-
files identified 36 metabolites (some of which are also signaling
molecules), with significantly altered plasma and/or urine con-
centrations between the WT and Oat1-KO (Fig. 1, supplemen-
tal Fig. S1 and Table S1) (23, 27). Among these 36 metabolites,
only 19 were actually included in the iMM1415 GEM (supple-
mental Table S1), and direct comparison with this metabolo-
mics data revealed that 10 of these 19 metabolites were pre-
dicted by the GEM analysis (supplemental Table S1). Applying
a hypergeometric test to this sample clearly indicates statisti-
cally significant enrichment in such metabolites in our pop-
ulation of 146 predicted metabolites (p < 0.01), which sug-
gests that the systems biology approach integrating
transcriptomics data together with loosely constrained FVA
modeling makes reasonable predictions of the in vivo meta-
bolic differences between WT and KO.

In addition, because metabolites that interact with OAT1
would be expected to be affected by the absence of this trans-
porter, a search of the literature was performed and a list of 108
metabolites for which kinetic data exists (i.e. K, and/or K))
indicating interaction with OAT1 was identified. Among these
108 metabolites, 56 are present in the iMM1415 GEM, of which
21 were found within the 146 GEM-predicted metabolites (sup-
plemental Table S1). Once again, applying a hypergeometric
test to this sample reveals statistically significant enrichment in
OAT1-interacting metabolites in our population of 146 pre-
dicted metabolites (p < 0.01). Moreover, combining the
metabolomics results with the kinetic data generated a list of 65
non-overlapping metabolites with wet-lab support (either in
vivo metabolomics or in vitro/ex vivo kinetic data) for interac-
tion with OAT1 in the iMM1415 GEM and out of these 65
metabolites 24 were predicted by the systems biology analysis
and applying the hypergeometric test indicates significant enrich-
ment in OAT1-interacting metabolites among the 146 GEM-pre-
dicted metabolites (p < 0.01). Taken together, the significant
enrichment of the 146 GEM-predicted metabolites in OAT1-in-
teracting metabolites indicates the utility of the loosely con-
strained systems biology approach utilized in our study.

Stage 3: Pharmacophore Analysis of Metabolites’ Potential to
Interact with OAT1—As described above, the broad constraints
were applied in Stage 1 to identify all possible reactions and
maximize the prediction of potential endogenous metabolites
and signaling molecules likely affected by the absence of this
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drug transporter. To generate an OAT1-centered interaction
network, this broad list of metabolites was then filtered and
ranked by their potential to interact with OAT1. QSAR and
pharmacophore modeling have been used to analyze limited
sets of OAT drugs/substrates (6, 9, 18, 38, 39). Although many
drugs appear to be related to metabolites and signaling mole-
cules (40, 41), the availability of chemical libraries and compu-
tational tools have led to more systematic comparisons of
metabolites, natural compounds, and drugs (42-45). Indeed,
pharmacophores based on OAT1 metabolites have previously
been used to virtually screen chemical libraries and identify
potential inhibitors that have been experimentally validated
(27, 46). We thus reasoned that the chemical features of known
OAT1-transported drugs might be used to rank the predicted
metabolites for their potential to interact with OAT1. In addi-
tion, some of these metabolites could then be prioritized for
later wet-lab validation to assess direct interaction with OAT1.
Therefore, OAT1 pharmacophore models based on a large set
of well established drug ligands were built.

To construct pharmacophore models for OAT1, 61 drugs
having a published K, or K; less than 100 um for OAT1 were
selected as “actives” for model building and model validation;
two-thirds of the drugs in this group (41 drugs) were used
to build the pharmacophore models (training set), and one-
third (20 drugs) of the actives was used as a validating set
(supplemental Fig. S2A and Table S2). Because the drugs pos-
sess diverse chemical structures (consistent with the known
multispecific nature of OAT1), they were first clustered into
groups using their atomic property fields (APF) (e.g. hydrogen
bond donors, hydrogen bond acceptors, SP2 hybridization,
lipophilicity, sizes of large atoms, positive and negative charges,
etc.) as discriminators (47—-48). Thus, the training actives were
grouped into 7 distinct clusters (Fig. 2A4), and pharmacophore
models were then built for each cluster based upon the align-
ment of its members (Fig. 2, B and C). Fig. 2B demonstrates
how members of cluster 1 were first aligned, and “pharmaco-
phore model 1”7 was built to represent the three-dimensional
atomic properties shared among the members of that cluster.
Then, the pharmacophore models were validated based on the
validating set (known positives) and drugs from Drugbank
database (serving as true negatives), and a ROC curve was gen-
erated (supplemental Fig. S2B). The calculated area under
curve was 80.58, which supports the utility of these pharmaco-
phores to identify OAT1-interacting compounds.

The 7 pharmacophores (Fig. 2C) were then used as three-
dimensional chemical space constraints for virtual screening of
the predicted molecules that revealed that 74 of the 146 pre-
dicted metabolites satisfied the constraints (supplemental
Table S1) and were therefore predicted to have direct interac-
tion with OAT1. Of these 74 metabolites, 18 are known to have
direct interaction with OAT1 based on previous experimental
in vitro observations (supplemental Table S1). Thus, compared
with the original list of 146 metabolites that had 21 metabolites
with kinetic data indicating interaction with OAT1 (prior to
pharmacophore filtering), the percentage of metabolites known
to have direct interactions was enriched about 2-fold (from
14.4% (21 of 146) to 24.3% (18 of 74) after filtering) and this
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FIGURE 2. Pharmacophore generation for characterization of metabolites. A, clustering of 41 OAT1 drugs based on APF (supplemental Table S2 and Fig.
S2). Seven clusters of 3 or more drugs were created and each cluster was used for the generation of a single pharmacophore hypothesis. B, the alignment of
drugs from Cluster 1 and the creation of the pharmacophore model: (a) the chemical structures of the drugs in the cluster were aligned; (b) chemical
determinants are superimposed on the cluster alignment as three-dimensional pharmacophore features; (c) three-dimensional pharmacophore model of the
aligned drugs created and used for virtual screening. C, pharmacophore models that were generated from each of the 7 drug clusters; blue, hydrogen bond
donor; red, hydrogen bond acceptor; white, aromaticity; yellow, hydrophobicity; light red, negative charges; light blue, positive charges.

enrichment in OAT1-interacting metabolites was found to be
statistically significant by the hypergeometric test (p < 0.01).
Stage 4: Wet-lab Validation and Identification of Novel OAT1
Ligands—Based on their ability to fit the pharmacophore mod-
els, a subset of 8 commercially available metabolites out of the
remaining 56 metabolites predicted to directly interact with
OAT1 in the pharmacophore screen, but for which there is no
wet-lab kinetic data indicating actual interaction with this
transporter, were then randomly selected for validation in wet-
lab transport assays. Of these 8 metabolites/signaling mole-
cules, four were found to interact with OAT1 in transfected
cells (Fig. 3, Supplemental Table S1). These metabolites/signal-
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ing molecules were dihydrofolic acid, palmitoleic acid, 16-hy-
droxy-hexadecanoic acid, and prostaglandin E, with calculated
K; values of 93, 200, 13, and 12 um, respectively (Fig. 3); values
that are well within the documented range for many com-
pounds shown to interact with OAT1 (supplemental Table S2).
These metabolites are important in whole-body physiology,
signaling, and cellular metabolism. For example, prostaglandin
E,, an endogenous vasodilator, serves to increase peripheral
blood flow (48), whereas dihydrofolic acid is required to syn-
thesize both purines and pyrimidines. Palmitoleic acid, a long-
chained fatty acid serving as a potential lipokine, is important in
the regulation of lipid metabolism (49).
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FIGURE 3. Wet-lab validation of predicted metabolites and the identification of novel OAT1 metabolites. The IC;, curves for the metabolites character-
ized in the in vitro uptake inhibition assay using OAT1-expressing CHO cells. The assay was done by testing for inhibition of uptake of 10 um 6-carboxyfluo-
rescein, a fluorescent tracer that is also an OAT1 substrate (35, 36) (K,,, = 3.9 um).

Taken together with the metabolomics and existing kinetic
data described above, the number of wet-lab supported metab-
olites was increased and the application of a hypergeometric
statistical test to the overall method for prediction and identi-
fication of novel OAT1 metabolites (the combined in silico and
in vitro approach), indicates significant enrichment in the num-
ber of OAT1-interacting metabolites (p < 0.01).

Stage 5: Construction of an OAT1-centered Metabolic Inter-
action Network—The next phase of this study involved con-
struction and analysis of a substantially validated, confidence
ranked OAT1-centered metabolite interaction network (Figs.
4, 5, supplemental Fig. S3 and Table S3). To link OAT1 to mul-
tiple metabolic pathways, an interaction network was built
based on the results of the aforementioned systems biology/
pharmacophore approach and the wet-lab data (validated here
or published previously), using Metscape, a Cytoscape plug-in
used to construct and visualize metabolic networks based on
the KEGG database (50). The resulting broader OAT1-cen-
tered metabolic network (see “Experimental Procedures”)
consisted of a total of 253 metabolites, including 176 experi-
mentally validated and/or computationally predicted and 77
“plus-one” (directly connected) metabolites (Fig. 4). Of these
176 metabolites, 73 had wet-lab support for interactions with
OAT]1 either by in vivo metabolomics from the knock-out or in
vitro assays that were performed in this study or published. More-
over, ~3% of the 2272 (i.e. 78/2272) metabolites comprising the
MetScape database at the time of analysis were among those for
which OAT1-interaction data were available; however, within the
253 metabolites comprising the OAT1-interaction network more
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than 28% (i.e. 73/253) have been shown to interact with OAT1.
This represented a significant enrichment for OAT1-interacting
metabolites in the OAT1-centered interaction network (p < 0.01).
These metabolites were thus placed in the group termed “wet-lab”
support (supplemental Table S3) and had the highest level of con-
fidence for being part of an OAT1-centered metabolic network
based on their ability to interact with OAT1.

Three other groups of metabolites were included, in order of
level of confidence (supplemental Table S3). The metabolites
with the next level of confidence were those first predicted by
GEM and which also passed pharmacophore filters; these were
termed “metabolites with high confidence of interacting with
OAT1” (supplemental Table S3). Metabolites only predicted by
GEM (but having structures such that they did not pass the
drug-based pharmacophore filters with high confidence) were
classified as “metabolites likely to be affected indirectly.”
Finally, the remaining plus-one metabolites were termed
“OAT1-first neighbor compounds” (Fig. 4). The network
revealed that, in the revised OAT1-centered metabolite path-
ways, the majority of metabolites were interconnected to con-
stitute a main component, and there were also a number of
small self-connected components (Fig. 4); network parameters
were measured and some are shown in supplemental Fig. S4.
The metabolites within the network participated in more than
20 different canonical metabolic pathways, suggesting the
broad importance of OAT1 in metabolism. Pathway enrich-
ment analysis of these 253 metabolites was performed using the
online bioinformatics resource, Metaboanalyst (51). This over-
representation analysis provides statistical information on the
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FIGURE 4. An OAT1-centered metabolicinteraction network contains several essential biochemical pathways. Interaction network consisting of metab-
olites classified according to the level of confidence for OAT1 interaction: 1) wet-lab supported; 2) predicted to interact with high confidence; 3) predicted to
be affected indirectly; and 4) first neighbor (plus-one) (supplemental Table S3). The level of confidence of metabolites is reflected by the size and color of nodes
(larger and darker nodes have a higher ranking). In the network, some well represented metabolic pathways are shown. For example, purine metabolism is
shown as 25 nodes: 5 wet-lab supported (urate, GMP, hypoxanthine, inosine, 3',5'-cyclic GMP); 7 predicted to interact with high confidence (guanosine,
deoxyguanosine, deoxyinosine, dGDP, deoxyadenosine, dADP, L-glutamine); 2 predicted to be affected indirectly (3’, 5'-cyclic AMP, L-aspartate); and 10 first
neighbors (guanine, dGMP, reduced glutaredoxin, dAMP, adenine, AMP, IMP, xanthosine 5’-phosphate, GMP, 5-phospho-alpha-D-ribose 1-diphosphate).

impact of the metabolites on various pathways (Table 1 and
Fig. 5). The affected metabolite/signaling pathways included
carbohydrate (e.g. Kreb’s cycle, galactose metabolism, etc.),
lipid (glycosphingolipid metabolism, bile acid biosynthesis,
etc.), amino acid (alanine, aspartate and glutamate, etc.), nucle-
otide (purine and pyrimidine), and cofactor and vitamin (vita-
min A, B2, B3, B5, B6, and B9) metabolism (Table 1; Fig. 5).
The most highly represented metabolic pathways having at
least 7 metabolites are shown and ranked according to the val-
idation percentage in Table 1 (validation percentage is equal to
the number of “wet-lab supported” metabolites of the pathway
divided by the total number of metabolites in the pathway).
Among these pathways, the two with the highest “hits with
wet-lab support” were tyrosine metabolism and TCA cycle
(58.8 and 71.4%, respectively). The TCA cycle is noteworthy,
because it includes metabolites known to be classical substrates
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of OAT], such as a-ketoglutarate, citrate, fumarate, and succi-
nate (2,9, 22, 52). Also included among these top-ranked path-
ways was tryptophan metabolism, which had considerable
wet-lab support for 8 of 15 metabolites (53.3%), including
anthranilate, xanthurenic acid, kynurenine, and indole-acetic
acid, which are also putative uremic toxins associated with
chronic kidney disease (CKD) (27, 53, 54).

Discussion

As previously described, systemic deletion of OAT1 was
accomplished using a standard homologous recombination
approach and thus resulted in the generalized loss of the trans-
porter (23). OAT1 is largely responsible for the uptake of ani-
onic substrates from the blood, and from the viewpoint of organ
physiology, any change in the function of OAT1 (e.g Oatl
knock-out) would concomitantly alter the concentration of
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TABLE 1

OAT1 and Metabolism: A Systems Level Analysis

Top pathways affected by OAT1 deficiency as determined by pathway analysis and ranked by the number of hits (%) with wet-lab support
The represented metabolic pathways are ranked according to their percentage of hits with wet-lab support. TCA cycle, tyrosine, and tryptophan metabolism are some of

the most well validated pathways represented in the network.

Hits with Hits with
Top pathways Total Hits p Value FDR wet-lab support wet-lab support
%
TCA cycle 20 7 0.001972 0.011266 5 714
Tyrosine metabolism 76 17 0.000728 0.004852 10 58.8
Alanine, aspartate, and glutamate metabolism 24 12 5.34E-07 1.42E-05 7 58.3
Butanoate metabolism 40 12 0.000264 0.002344 7 58.3
Arginine and proline metabolism 77 13 0.032714 0.084423 7 53.8
Tryptophan metabolism 79 15 0.007898 0.033253 8 53.3
Nicotinate and nicotinamide metabolism 44 12 0.000697 0.004852 5 41.7
Valine, leucine, and isoleucine degradation 40 10 0.003935 0.018519 4 40.0
Nitrogen metabolism 39 13 4.24E-05 0.000565 5 38.5
Glyoxylate and dicarboxylate metabolism 50 12 0.002356 0.012563 4 33.3
Propanoate metabolism 35 10 0.001322 0.008134 3 30.0
Glycine, serine, and threonine metabolism 48 13 0.00045 0.003598 3 23.1
Purine metabolism 92 27 5.52E-08 2.21E-06 5 185
Pyrimidine metabolism 60 22 1.11E-08 8.85E-07 3 13.6

FIGURE 5. Pathway enrichment analysis of the OAT1-centered metabolic interaction network identifies several essential biochemical pathways
affected by the absence of OAT1. A, graph of pathway enrichment analysis comparing the -log(p) to the impact on the various pathways for the network
metabolites. Some of the affected pathways are indicated with circles colored based on the p value (darker red indicates a lower p value, whereas yellow
indicates less significance) and sized based on the impact on the pathway (larger circles have a greater impact). Pathway impact accounts for both the number
of affected nodes and its importance with the maximum importance of each pathway being 1. B, the TCA cycle pathway is shown as an example of an affected
pathway as it has the highest percentage of hits with wet-lab support (see Table 1). Affected pathway metabolites are highlighted in red and those with wet-lab
support for OAT1 interaction have a green border. The number within the rectangle is the KEGG ID for each metabolite, the seven metabolites shown in red are:
C00022-pyruvate, C00149-malate, C00042-succinate, C00122-fumarate, C00158-citrate, C00311-isocitrate, C00026-2-oxoglutarate.

metabolites cleared by this transporter not only in the blood-
stream, but also in the cells of the tissue in which it is expressed.

In the mouse, the kidney is the predominant site of OAT1
expression and Northern blot and immunohistochemical anal-
yses of kidneys from OAT1 knock-out animals revealed unde-
tectable levels of gene products (i.e. RNA and protein) (23).
OAT1 isalso found, albeit at much lower levels of expression, in
some other mouse tissues, including the choroid plexus, inner
ear, eye, brain, and spleen. Thus, whereas we cannot completely
eliminate the possibility that these other tissues contribute to
the observed metabolic alterations seen in OAT1-KO animals,
based on the relatively minor contributions expected from
these other tissues, it would seem likely that the observed met-
abolic alterations in the blood are driven mainly by the lack
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of kidney-specific expression of the transporter. Moreover,
despite the generalized deletion of this important drug trans-
porter, mutant animals are born at expected sex ratios and both
male and female mice are viable, appear healthy, and have a
normal life expectancy (23).

The OAT1 drug transporter is a focus of regulatory agencies
concerned about side effects of drugs due to interaction at the
level of the transporter (55, 56). For some time, it has been clear
that OAT1 and other drug transporters play key roles in regu-
lating levels of endogenous metabolites and signaling molecules
(11, 21, 27, 57). For example, the high but shifting embryonic
expression of OAT1 and other SLC22 transporters (OATS3,
OCT1, URAT]I) in the developing nervous system and other
developing tissues led to the hypothesis in 2000 that these drug
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transporters transported endogenous small molecules that
could affect morphogenesis (21). There has recently been a call
for more systematic analyses of the roles of these transporters,
particularly the SLCs, in metabolism and signaling (1). There is
also growing evidence showing relevance of OAT1 to metabolic
disease, including chronic kidney disease (15, 25, 58). Taken
together with the finding that these highly conserved drug
transporters are differentially and highly expressed in various
epithelial tissues lining body fluid compartments, it has been
hypothesized that they potentially participate in remote com-
munication (“remote sensing and signaling”) between organs
and organisms (2—4, 7, 9, 10, 27). This may apply to other SLC
families as well (1).

The remote sensing and signaling hypothesis for SLC and
ABC drug transporters, which are mainly found on the apical
and basolateral surfaces of epithelial cells lining body fluid com-
partments (e.g. blood, CSF, bile, amniotic fluid), theorizes that,
together, these transporters function analogously to the endo-
crine system (2,4, 7, 10). As we show here, they play a key role in
regulating or modulating biochemical pathways involving a
wide variety of small endogenous molecules with high informa-
tional content from the perspective of systemic or local metab-
olism and signaling. Our analysis thus builds upon prior work
(7, 11, 23, 27) implicating OAT1 in the in vivo regulation of
pathways involving essential metabolites (e.g. TCA cycle inter-
mediates, tryptophan metabolites derived from the gut micro-
biome), key signaling molecules (e.g prostaglandins, poly-
amines, cyclic nucleotides), molecules with antioxidant activity
(e.g. ascorbic acid, urate), hormones (e.g. thyroxine), vitamins,
and cofactors (e.g. panthothenic acid) (Fig. 5, Table 1). Cru-
cially, from our analyses we are able to construct a partly vali-
dated OAT1-centered metabolic network (Figs. 4, 5; Table 1).

The molecules in the network are central to classical metab-
olism and signaling pathways, as well as organ and systemic
physiology. Moreover, they are important in pathophysiologi-
cal states like hyperuricemia, metabolic syndrome, diabetes,
and chronic kidney disease. For example, some metabolites
known to be transported by OAT1 are potential classical ure-
mic toxins (e.g. indoxyl sulfate, kynurenate, polyamines, and
uric acid), which accumulate as renal function declines in CKD
(53, 54). Moreover, many of these pathophysiological states
have been linked to SNPs or altered expression and/or function
of members of the OAT subfamily of SLC22 (2, 4, 7, 10, 14, 15,
25,58-61).

An important corollary has to do with the role of OATs in
drug-metabolite interactions due to competition for transport.
This may also be important in chronic kidney disease, where
uremic toxins such as those mentioned above are transported
by OAT1. For example, polyamines can inhibit transport of the
drug methotrexate by OAT1 (11). If the competition is more
substantial, as might occur with the drug probenecid (which
binds OAT1 with high affinity), our data suggests that the met-
abolic changes could be quite significant, potentially resulting
in many metabolic alterations that substantially overlap with
the OAT1 knock-out noted here. In this regard, it is worth
noting that there are a number of drug-induced metabolic syn-
dromes that are associated with OAT1-transported drugs
(12, 13).
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Furthermore, the complexity of the OAT1-centered network
points to the possibility of unexpected metabolic changes that
could go well beyond the relatively straightforward concept of
transporter-level competition for the ligand binding site. For
example, in this study, we were able to separate likely direct
versus indirect interactions of metabolites with OAT1; thus, a
drug that tightly binds OAT1 may not only alter metabolites
that directly compete for transport but also others in the
OAT1-centered network that are not directly transported by
OAT]1. Because thiazide diuretics and HIV antivirals are trans-
ported by OAT1 (6, 62, 63), the OAT1-centered network may
help in understanding the drug-induced metabolic syndromes
associated with chronic treatment with these drugs (64— 67).

In summary, we have described and validated a novel
approach for systems driven discovery through integration of
distinct and complementary systems biology, computational
and wet-lab approaches to gain further insight into the sub-
strate specificity and function of the OAT1 transporter in basal
physiology (Fig. 1). As more wet lab transport data accumulates,
and with further improvement of pathway analysis and other
computational tools—including metabolic reconstruction ap-
proaches (particularly with respect to mammalian transport-
ers), it should be possible to further refine and validate the
OAT1-centered network proposed here. Furthermore, based
on our results, we suggest that the types of multifaceted analy-
ses described here for OAT1, enabling the construction of a
“drug transporter”’-centered metabolic network (Figs. 4, 5;
Table 1), can be applied to other SLC and ABC drug transport-
ers to generate a more comprehensive picture of the role that
these transporters play in metabolism. Eventually, this ap-
proach could potentially connect cellular metabolism in dif-
ferent organs via molecules transported by multispecific drug
transporters (as well as other transport systems such as those
involving other types of transporters or channels) as proposed
in the remote sensing and signaling hypothesis (2, 4, 7, 9, 10).

Importantly, once drug-transporter metabolic networks are
created for other SLC and ABC multispecific transporters, the
systems biology approach employed here may be useful for
explicitly predicting the metabolic alterations expected for new
drugs in healthy or diseased populations with globally altered
metabolism (e.g. CKD, liver disease, metabolic syndrome, dia-
betes, multiorgan injury).

Experimental Procedures

The overall approach taken in the study is depicted in sche-
matic flow charts (Fig. 1), which consists of the following stages:
1) systems biology analysis to predict metabolites affected by
the deletion of OAT1 (supplemental Fig. S1); 2) validation of
models using in vivo and in vitro data (Fig. 1); 3) computational
chemistry analysis (Fig. 2, supplemental Fig. S2); 4) wet-lab val-
idation (Fig. 3); and 5) construction of an OAT1-centered met-
abolic interaction network (Fig. 4, supplemental Fig. S3).

Materials—Water-soluble probenecid was purchased from
Molecular Probes. The fluorescent tracer (6-carboxyfluores-
cein), tested metabolites, and signaling molecules (prostaglan-
din E,, pristanic acid, elaidic acid, trans-vaccenic acid, dihydro-
folic acid, palmitoleic acid, B-nicotinamide mononucleotide,
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and 16-hydroxy-hexadecanoic acid) were purchased from
Sigma.

Analysis of Transcriptomic Data with Mouse GEM
Network—The transcriptomic and metabolomics data from
previous studies (23, 27, 63, 68 —70) were used for the context-
specific analysis. The mouse GEM, iMM1415 (30), which con-
tains the biochemical transformations for numerous tissues
and cells in mice, was utilized (see supplemental Fig. S1 for
more details). To create context-specific models, gene expres-
sion data from wild type (WT) and Oatl knock-out (KO) mice
were analyzed by Microarray Suite version 5.0 to assign pres-
ent/absent calls. A minimum of 3 sets of microarray data for
each condition (WT and KO) was analyzed separately, and for a
gene to be considered present, it had to be present in at least 2 of
3 sets of data. In this way, the gene expression data were con-
verted into a “binary” classification (i.e. either absent or pres-
ent). This binary data without regard to actual expression val-
ues was then integrated into the genome-scale metabolic
reconstruction model using the GIMME algorithm using the
default setting of 90% for the percentage of the objective func-
tion needed to be met to generate the model (31).

GEM reconstructions and the application of constraint-
based analysis of metabolic networks are widely used in systems
biology approaches. The initial planned approach for this study
described here was to apply statistical analysis or sampling of
the networks with FVA. Unfortunately, the use of strictly con-
strained FVA models not only resulted in the prediction of a
limited number of metabolites with which to work, but they
also failed to capture some important interactions known to
involve the transporter. Although this is not an uncommon
occurrence, it is particularly problematic for this study when
one takes into account the fact that our current understanding
and the scope of the current metabolic models do not ade-
quately encapsulate the metabolic interactions/alterations
resulting from the deletion of SLC drug transporter. In other
words, the initial approach was limited by a metabolic model
that was not specifically designed to address the questions that
were being asked and thus required a modified approach
described below.

Sensitivity Filter Through Comparison of the Metabolic
Differences between KO and WT with FVA and Model
Validation—FVA was used to compare functional differences
between the WT and KO mice based on maximal achievable
reaction flux ranges (32). A reduced model was created by
removing those reactions classified as absent based on gene
expression data from the WT and KO conditions. When estab-
lishing the lower and upper bound for exchange reactions,
uptake constraints for WT and KO models were set to be the
same (10 wmol/h) for most metabolites, and to make the model
more renal-specific, a few metabolites that were listed for the
previously published renal objective function, which was used
to analyze blood pressure regulation (35), were set to be either
secreted or absorbed accordingly. In our analysis, a biomass
maintenance function, which was defined to represent the met-
abolic composition necessary for the maintenance of mouse
tissues, was used as the constraint to generate the context-spe-
cific models using the GIMME algorithm. We also considered
the ATP objective function, as well as the so-called “renal objec-
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tive function” (35). As with the biomass objective function,
application of these other objective functions to the data
requires some degree of approximation. Although the ATP
objective function produced similar results to the biomass
objective function, the application of the later produced a
broader range of results. Interestingly, despite its name, the
application of the renal objective function resulted in a more
limited set of metabolites for subsequent analysis. This is likely
due to the fact that it was designed for the analysis of the role of
the kidney in regulating/modulating blood pressure.

The biomass pseudoreaction was ultimately selected to
ensure that the cells could produce the complement of small
molecules requisite for its function and cellular maintenance as
well as metabolites/signaling molecules known to be trans-
ported by OAT1 have roles in cell maintenance and growth.
Flux spans were then calculated as the differences between the
maximum and minimum of reaction fluxes and the pairwise
ratio between the KO and WT flux spans were calculated (i.e.
[(max flux WT) — (min flux KO)] + [(max flux WT) — (min flux
WT)]), resulting in a set of flux span ratios for the set of reac-
tions shared between the two models. Flux span ratios with a
value of 1 were considered to be unchanged; in this loosely
constrained model, any variation from 1 was considered to be
affected by the absence of OAT1 and a successful model was
expected to generate a list of “GEM-predicted OAT1 metabo-
lites” that could be further evaluated (supplemental Table S4).

Specificity Filter through Pharmacophore Model Building
and Validation Based on Drugs Known to Interact with OAT1—
Computational chemistry analysis was performed with ICM
software developed by Molsoft L.L.C (San Diego, CA). The soft-
ware was used to perform clustering, alignment, and pharma-
cophore building based on the APF (47) of OAT1-interacting
drugs or tracers (pharmaceuticals) with known K, (substrate
affinity) or K; (inhibitory affinity) of less than 100 um were
selected. A total of 61 pharmaceuticals were selected; among
which two-thirds (41 drugs) were selected for a training set for
the model generation, and one-third (20 drugs) were placed in a
validating set. The structure-data files (pubchem.ncbi.nlm.nih.
gov) for the OAT]1-interacting drugs were input into ICM,
which superimposed and aligned the drugs based on using the
APF superimposition method. This method takes into consid-
eration a number of three-dimensional structural parameters,
hydrogen bond donors, hydrogen bond acceptors, SP2 hybrid-
ization, lipophilicity, size of large atoms, and positive and
negative charges (71, 72). Based upon these alignments, 7
pharmacophore hypotheses were generated. After the model
generation, the validating set (serving as true positives) and all
the drugs from the Drugbank database (serving as true nega-
tives) were screened against the pharmacophores. Using these
screening results, a ROC curve was generated (supplemental
Fig. S2).

Screening the List of Metabolites Predicted by the Metabolic
Networks with Pharmacophore Models—The GEM-predicted
OAT1 metabolites were compared with each of the 7 pharma-
cophore models and ranked by how well they fit with the three-
dimensional molecular space defined by the drugs known to
interact with OAT1. The 30 metabolites that best fit each of the
7 pharmacophores were selected as having potential to directly
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interact with OAT1. Many metabolites fit more than one phar-
macophore model. After eliminating overlaps, 74 metabolites
remained, and these were termed “top-ranked GEM-predicted
OAT1 metabolites” (passing OAT1 pharmacophore filter).

Uptake Inhibition Assay—QOatl-transfected CHO cells cul-
tured on 96-well plates were incubated in the presence of 10 um
6-carboxyfluorescein (6, 9, 62) with or without individual
metabolites (with controls treated with the OAT1 inhibitor
probenecid). The IC, curves for novel ligands were plotted in
Prism Software (GraphPad Inc., San Diego, CA), and the IC,,
values were converted to K; (inhibition affinity) using the
Cheng-Prusoff equation.

ICso
K,’ =
[S]

4+ —=
1 K,

(Eq. 1)

Construction of an OATI-centered Metabolic Interaction
Network—The OAT1-centered metabolic interaction network
was generated based on the categorization and ranking of
metabolites according to the confidence for their interaction
with OAT1. Those metabolites for which kinetic data exists
indicating the ability to interact with OAT1 were merged
together and labeled as “wet-lab supported” metabolites.
Metabolites predicted by the GEM analysis, which also fit the
pharmacophore filtering were designated as “metabolites pre-
dicted to interact with high confidence.” Metabolites that were
predicted by the GEM analysis but which did not fit the phar-
macophore screen were designated as “metabolites predicted to
be affected indirectly.” The KEGG IDs for all of these metabo-
lites were input then into Metscape, a Cytoscape plug-in (50).
Metabolites present in Metscape were used as “input metabo-
lites” to build a metabolic network. The construction of the
network also introduced many “plus-one” or “first-neighbor”
metabolites, and because there is currently no evidence sup-
porting their interactions with OAT1, they were deemed to
have the lowest confidence for interacting with OAT1. The
network was then trimmed to eliminate uninformative nodes
using the following criteria: small molecules (such as water,
carbon dioxide, etc), energy-related molecules (NADH, ATP,
etc.), and large peptides not known to interact with OAT1 or
related transporters (somatostatin, kinetensin, etc.) were
removed; unnecessary “dead-ended” and “inter-connecting”
plus-ones were removed to create a more concise network (in
other words, dead-ended plus-one nodes, which connected
only to one node, were removed, as were inter-connecting
plus-ones that did not affect connections between wet-lab val-
idated or predicted nodes). The final network thus consisted of
metabolites that fell into four categories, which in the order of
level of confidence of their potential to interact with OAT1, the
categories were: 1) wet-lab supported; 2) predicted to interact
with high confidence; 3) predicted to be affected indirectly; and
4) plus-one after trimming.

Metabolic Pathway Analysis—Pathway and enrichment
analyses were performed using Metaboanalyst 3.0 for pathway
analysis and visualization (51). Lists of the KEGG IDs for the
metabolites were input into this online bioinformatics resource
to either the Pathway Analysis or Enrichment Analysis func-
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tionalities on the MetaboAnalyst 3.0 website. For the pathway
analysis, the Homo sapiens (human) pathway library was
selected and all compounds in the selected pathway were used.
The algorithms specified were the hypergeometric test for the
over-representation analysis and the relative betweeness cen-
trality for the pathway topology analysis. For enrichment analy-
sis, the pathway-associated metabolite set was selected as the
library and all compounds in the metabolite set library were used.

Statistics—To determine whether the overall in silico
approach results in significant enrichment of metabolites
known to have direct interaction with OAT1, a hypergeomet-
ric-based test was performed to calculate the various p values.
The hypergeometric calculation, which is based on certain
assumptions, has been used in systems biological analyses for
determining the probability of a result occurring just by chance
(73-75). The hypergeometric test can be used as a measure of
over-representation and takes into account the overall popula-
tion size, the number of successes within this population, the
sample size, and the number of successes within the sample
population.
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Differentiated cells can be reprogrammed by transcription
factors, and these factors that are responsible for successful
reprogramming need to be further identified. Here, we show
that the neuronal repressor RE1-silencing transcription factor
(REST) is rich in porcine oocytes and requires for nuclear trans-
fer (NT)-mediated reprogramming through inhibiting TGFf
signaling pathway. REST was dramatically degraded after
oocyte activation, but the residual REST was incorporated into
the transferred donor nuclei during reprogramming in NT
embryos. Inhibition of REST function in oocytes compro-
mised the development of NT embryos but not that of IVF and
PA embryos. Bioinformation analysis of putative targets of
REST indicated that REST might function on reprogramming
in NT embryos by inhibiting TGF pathway. Further results
showed that the developmental failure of REST-inhibited NT
embryos could be rescued by treatment of SB431542, an
inhibitor of TGF pathway. Thus, REST is a newly discovered
transcription factor that is required for NT-mediated nuclear
reprogramming.

Embryonic cells differentiate into all three germ layers of the
body as development progresses. Once differentiated, the
reversion of the differentiated state to pluripotency is strictly
limited in normal development. However, experimentally the
differentiated state can be returned to the pluripotent state by
transcription factors (1, 2). Despite numerous attempts, the fac-
tors responsible for successful nuclear reprogramming still
need to elucidate. Transcription factors maintaining the pluri-
potency of embryonic stem cells (ESCs)? are called pluripotent
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factors, and they have an important role in nuclear reprogram-
ming, such as Oct4, Sox2, and Nanog (3, 4). Thus, we can iden-
tify and characterize reprogramming factors by screening the
pluripotent factors.

The repressor element 1 (RE1)-silencing transcription factor
(REST), as a zinc finger protein, binds 21-bp RE1 sites and func-
tions as a key negative regulator of neurogenesis, so it is also
called neuron-restrictive silencer element (5). Recently, REST
has been reported to induce gene expression by recruiting
TET3 to the DNA for directed 5hmC generation and Nuclear
SET domain-containing protein 3-mediated H3K36 trimethyl-
ation in neurons (6). Furthermore, REST has different roles in
different cellular contexts, such as oncogenic and tumor-su-
pressor functions and hematopoietic and cardiac differentia-
tion (7, 8). In 2008, REST was proved to maintain self-renewal
and pluripotency of mouse ESCs through suppression of
microRNAs and believed to be a major pluripotent factor (9,
10). However, it has not been elaborated in nuclear reprogram-
ming. Here, we provide evidence that REST plays a unique role
in NT-mediated reprogramming as a supressor of the TGFf3
signaling pathway in pig.

Results

Expression Pattern of REST—We first investigated the
expression of REST in porcine oocytes, nuclear transfer (NT),
and parthenogenetic activation (PA) embryos by real-time PCR
and Western blotting analysis. Porcine fetal fibroblasts (PFFs)
were used as donor cells to construct NT embryos, and REST
was observed in the cells by Western blotting. Large amounts of
REST mRNA and protein were stored in oocytes. After activa-
tion, REST mRNA was significantly decreased in NT and PA
embryos (p < 0.001) and maintained at a low level from the
four-cell to blastocyst stages (Fig. 14), and REST protein was
also degraded in one- and two-cell NT and PA embryos (Fig.
1B). We performed immunofluorescence analysis to locate
REST protein in oocytes and embryos. REST was dispersed in
the MII oocyte cytoplasm (Fig. 2, A and A’, n = 17), and was
incorporated into transferred donor nuclei in NT embryos
when the nuclei were condensed at 2 h post-NT (Fig. 2, B and
B’, n = 15) and decondensed at 6 h post-NT (Fig. 2, Cand C’,

locked nucleic acid; Q-PCR, quantitative PCR; iPS, induced pluripotent
stem; BisTris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-
1,3-diol.
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FIGURE 1. Expression pattern of REST in porcine oocytes and embryos. A,
mRNA expressions of REST in porcine embryos detected by Q-PCR. Asterisk (*)
indicates p < 0.001; B, protein expressions of REST in porcine oocytes, fibro-
blasts, and embryos checked by Western blotting. Mil, Mil oocytes; DC, donor
cells; 1C, one-cell embryos; 2C, two-cell embryos; 4C, four-cell embryos; M,
morula; B, blastocyst.

n = 10). In donor cells, REST was also incorporated into the
nuclei (Fig. 2, D and D'). To confirm whether maternal REST
could be incorporated into the transferred donor nuclei,
hREST-GFP mRNA was injected into oocytes at least 2 h
before NT. In control, GFP mRNA was injected and the GFP
signals were dispersed in the embryos at 2 (Fig. 2, E and E’,
n=10)and 6 h (Fig. 2, Gand G’, n = 12) post-NT. But in the
hREST-GFP mRNA-injected embryos GFP signals were
obviously observed in the transferred donor nuclei at 2 (Fig.
2,Fand F',n = 20) and 6 h (Fig. 2, Hand H', n = 16) post-NT.
In in vitro fertilization (IVF) and PA embryos, maternal
REST was not incorporated into the nuclei when they were
condensed (Fig. 2, I and I', n = 12; K and K, n = 14) and
incorporated with the nuclei when they were decondensed
(Fig. 2, Jand J', n = 14; L and L', n = 17). These results
demonstrate that maternal REST is incorporated into trans-
ferred donor nuclei, suggesting it may function in the pro-
cess of NT-mediated nuclear reprogramming.

Inhibition of REST in NT Embryos—To test the role of REST
in nuclear reprogramming, its function was inhibited by injec-
tion of anti-REST antibody into MII oocytes at least 2 h before
NT, PA, IVF, and intracytoplasmic sperm injection (ICSI). The
successful injection of the antibody used here was verified by
immunofluorescence analysis (Fig. 3,Aand A’, n = 15; Band B,
n = 15). In addition, no or a weak signal was detected by immu-
nostaining the anti-REST antibody-injected oocytes at 2 h post-
injection (Fig. 3, Cand C’, n = 16), indicating that the injected
antibody had been degraded and would not affect donor cell-
derived and zygotic REST; and, effectively matching the anti-
REST antibody to the porcine REST among whole oocyte pro-
teins was verified by Western blotting (Fig. 3D). Then the
in vitro developmental competency of porcine NT embryos,
regarded as a stringent test of reprogramming efficiency, was
examined. The rates of cleavage and cell numbers of blastocyst
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FIGURE 2. Location of REST in porcine embryos. A and A’, immunofluo-
rescence analysis of oocyte REST; Band B’, location of REST in NT embryos
at 2 h post-NT; Cand C’, location of REST in NT embryos at 6 h post-NT; D
and D’, expression pattern of REST in porcine fibroblasts; E and E’, detec-
tion of GFP expression pattern in NT embryos with GFP mRNA injection at
2 h post-NT; F and F’, detection of REST location in NT embryos with
hREST-GFP mRNA injection at 2 h post-NT; G and G’, detection of GFP
expression patternin NT embryos with GFP mRNA injection at 6 h post-NT;
Hand H’, detection of REST location in NT embryos with hREST-GFP mRNA
injection at 6 h post-NT; / and /', location of REST in IVF embryos at 2 h
post-fertilization; J and J’, location of REST in IVF embryos at 6 h post-
fertilization; Kand K’, location of REST in PA embryos at 2 h post-PA; L and
L', location of REST in PA embryos at 2 h post-PA. Green, REST or GFP; blue,
DNA. Scale bar, 50 um.

showed no significant difference among NT embryos with no
injection (Con-NT), anti-REST antibody injection (anti-REST-
NT), and IgG (IgG-NT) injection, but the proportion of anti-
REST-NT embryos that developed to blastocysts was signifi-
cantly lower than that of I[gG-NT and Con-NT embryos (7.27
versus 20.8 and 21.53%, respectively; p < 0.05; Table 1). More
anti-REST-NT embryos were arrested at the two- or four-cell
stage in comparison with IgG-NT and Con-NT embryos (54.39
versus 30.33 and 28.09%, respectively; p < 0.05; Table 1). To
further confirm the results, REST-specific locked nucleic acid
(REST-LNA) was injected into oocytes at 33 h of in vitro mat-
uration (IVM). Q-PCR and Western blotting analysis showed
REST mRNA and protein were effectively reduced in oocytes at
42 h of IVM by REST-LNA injection (p < 0.001; Fig. 3, E and F).
Consistent with anti-REST antibody, the proportion of NT
embryos developed to the blastocyst stage was significantly
decreased in the REST-LNA injection group (3.06 versus
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FIGURE 3. Anti-REST antibody injection and efficient knockdown of REST by REST-LNA. A and A’, immunostaining of anti-REST antibody injected oocytes
only by secondary antibody; B and B’, immunostaining of non-injected oocytes only by secondary antibody; C and C’, immunostaining of oocytes post-2 h of
anti-REST antibody injection only by secondary antibody. FITC-labeled donkey anti-rabbit IgG was used as secondary antibody, which was used to immuno-
stain anti-REST antibody. Green, anti-REST antibody; blue, DNA. Scale bar, 50 um. D, effectively match of anti-REST antibody to the porcine REST among whole
oocyte proteins was verified by Western blotting. E, efficient knockdown of REST mRNA by REST-LNA in porcine oocytes checked by Q-PCR. Significant
difference was found between the two groups by Student’s t test (p < 0.001). F, efficient knockdown of REST protein in porcine oocytes checked by Western

blotting analysis. CON, MIl oocytes; REST-LNA, REST-LNA injected Ml oocytes.

17.46 and 15.37%; p < 0.05; Table 2). We also overexpressed
REST by injection of hREST-GFP mRNA into oocytes, and it
had no significant effect on development of NT embryos. In
contrast to thatin NT embryos, injections of anti-REST anti-
body and hREST-GFP mRNA did not affect embryonic
development of IVF, ICSI, and PA embryos (Table 1). There-
fore, we suggest that REST is required for successful nuclear
reprogramming.

Inhibition of REST Up-regulates TGF Signaling Pathway in
NT Embryos—REST binds RE1 sites to repress gene expression
throughout the body (11). To determine how maternal REST
regulates NT-mediated nuclear reprogramming, we searched
REST-targeted genes in pig. A consensus RE1 based on the
sequences of 32 known RE1 elements, NT(T/C)AG(A/C)(A/
G)CCNN(A/G)G(A/C)(G/S)AG, was used to screen porcine in
the UCSC genome sequence database (susScr3) by using a
PERL script (11). The number of putative RE1s identified in the
porcine genome was 1,662, and there are 324 genes that have
RE1s within 10 kb from their transcriptional start site (supple-
mental Table S1). Pathway analysis showed that REST putative
targeted genes were widely involved in the TGE signaling
pathway (p < 0.001, FDR = 0.1642; Fig. 44). We therefore
decided to examine expression of several key genes of the TGF3
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pathway in NT embryos. By RT-PCR analysis, the expressions
of TGFBR1, ACVR2A, ACVR2B, Smad2, and Smad3 were not
detected in oocytes and were high in donor cell PFFs. In one-
cell NT embryos, the expressions of these genes were at rela-
tively low levels but dramatically up-regulated after REST defi-
ciency (Fig. 4B). Consistent with RT-PCR results, Q-PCR
showed that REST inhibition significantly enhanced the
expressions in NT embryos from the one- to four-cell stages
(Fig. 4C; p < 0.001). Moreover, we observed an increase of
Smad3 and phosphorylated Smad3 (Smad3-p) expressions in
two-cell REST-deficient NT embryos by Western blotting and
immunofluorescence analysis (Fig. 4, D and E). The results
show that inhibition of REST up-regulates the TGEf signaling
pathway in NT embryos.

Up-regulation of TGFB Pathway by Inhibition of REST Is
Involved in Reprogramming Failure—To determine whether
up-regulation of the TGFS pathway in REST-deficient NT
embryos leads to the failure of NT-mediated nuclear repro-
gramming, a specific TGF pathway inhibitor, SB431542, was
used. We found 0.1 um SB431542 treatment for 12 h post-acti-
vation had no negative effect on development of PA embryos
(Table 3), so NT embryos were treated as the method.
SB431542 treatment could dramatically decrease Smad3 and
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TABLE 1

REST Is Required for Nuclear Reprogramming

Effect of maternal REST on in vitro development of NT, IVF, ICSI, and PA porcine embryos
Note: values with different superscripts within columns denote significant differences (p < 0.05).

No. of Embryos arrested at
Groups Repeats Embryos Cleavage Blastocyst blastocyst cells two/four-cell stage
%

NT Con 3 122 86 (71.9 = 6.67) 25 (21.53 £ 3.15)* 38.33 = 8.33 33(28.07 = 3.43)*
IgG 3 131 100 (78.33 *+ 7.84) 26 (20.8 = 2.27)“ 39.43 * 10.56 40 (30.33 = 8.33)“
Anti-REST 3 137 104 (75.52 = 11.11) 9 (7.27 * 3.50)" 32.89 + 8.50 72 (54.39 + 4.11)”
Con + DMSO 3 169 136 (81.28 * 4.73) 30 (18.14 £ 5.72)* 35.25 = 8.38 54 (32.48 = 5.87)*
Con + SB 3 166 130 (79.31 * 5.25) 45 (28.93 =+ 4.33)¢ 41.26 + 7.64 40 (25.74 + 3.27)
Anti-REST + DMSO 3 164 126 (78.26 * 6.82) 9 (6.48 = 7.78)" 30.52 = 10.65 91 (56.84 + 5.21)
Anti-REST + SB 3 169 132 (79.10 = 5.08) 37 (22.94 = 5.09)*¢  37.41 * 9.62 42 (25.25 * 4.52)"
hREST-GFP mRNA 3 96 74 (78.13 = 10.95) 23(23.09 = 4.13)% 35.14 = 7.50 26 (27.52 *+ 3.88)“
GFP mRNA 3 87 64 (75.00 = 8.86) 16 (19.95 *+ 5.86)“ 32.25 +10.32 24 (29.32 = 3.53)a
Con 3 120 82 (70.08 = 6.67) 17 (15.7 = 4.08) 43.00 = 7.53 54 (45.26 = 7.92)

IVE IsG 3 120 88 (73.78 = 5.71) 17 (15.24 + 4.60) 39.33 + 8.52 61 (52.64 + 11.33)
Anti-REST 3 120 85(71.92 *+ 8.48) 16 (14.41 * 6.86) 41.67 *=10.48 55 (47.46 *= 4.27)
hREST-GFP mRNA 3 120 78 (66.67 = 7.86) 16 (14.17 * 8.17) 37.33 + 575 52 (43.61 = 6.15)
GFP mRNA 3 120 77 (65.52 + 7.24) 15 (12.67 = 5.70) 44.33 £ 6.67 60 (49.58 = 8.25)
Con 3 106 75 (70.65 * 4.20) 22 (21.55 = 10.92) 3641 + 4.21 27 (26.56 = 5.25)

ICSI IgG 3 99 77 (77.78 = 2.39) 19 (20.37 * 3.27) 34.37 = 4.52 24 (25.45 * 4.24)
Anti-REST 3 116 91 (78.45 *+ 6.88) 25 (21.58 = 2.66) 33.33 £ 8.33 32(28.24 = 4.32)
hREST-GFP mRNA 3 109 90 (82.57 + 5.52) 25 (23.35 *+ 8.33) 35.48 = 5.87 29 (27.43 = 7.92)
GFP mRNA 3 102 74 (73.69 = 7.05) 24 (22.67 = 4.11) 39.39 = 7.33 30 (30.26 = 5.52)
Con 3 120 105 (89.29 * 6.04) 50 (42.86 = 4.19) 4322 +5.15 17 (15.32 + 3.43)

PA IgG 3 120 110 (93.33 = 3.43) 55 (46.67 * 4.33) 43.88 £ 7.67 20(17.24 *= 4.67
Anti-REST 3 120 106 (89.10 = 7.39) 50 (43.33 = 5.05) 46.67 = 7.50 21 (18.61 = 4.34)
hREST-GFP mRNA 3 187 173 (93.58 * 7.46) 91 (49.73 + 7.33) 49.48 * 8.86 30 (16.92 = 2.74)
GFP mRNA 3 177 150 (85.31 *+ 7.34) 77 (44.24 *+ 8.81) 44.93 * 8.30 33(19.33 = 3.08

TABLE 2
Embryonic development after the microinjection of LNA
Note: values with different superscripts within columns denote significant differences (p < 0.05).
Embryos arrested at
Groups Repeats Embryos Blastocyst (%) two/four-cell stage (%)
NT Con 3 101 18 (17.46 * 4.55)" 31(32.76 = 5.78)*
REST-LNA 3 98 3(3.06 * 0.12)° 60 (60.39 * 5.21)
Con-LNA 3 102 16 (15.37 =+ 4.72) 29 (27.39 = 4.21)
Con 4 160 21 (12.24 * 4.08) 74 (44.25 = 11.78)
IVE REST-LNA 4 160 19 (10.38 =* 4.60) 75 (46.47 = 11.33)
Con-LNA 4 160 26 (15.82 * 6.86) 79 (50.35 * 8.33)
Con 3 98 24.(24.35 * 5.52) 20 (22.56 = 2.61)
ICSI REST-LNA 3 86 19 (22.86 + 2.98) 23 (27.32 * 2.22)
Con-LNA 3 92 22 (25.32 + 4,73) 22 (24.28 + 5.08)

Smad3-p in normal and REST-deficient NT embryos detected
by Western blotting and immunofluorescence analysis (Fig. 4,
D and E), indicating the TGF B pathway was efficiently inhibited
by SB431542. Then, we asked whether TGFf3 pathway inhibi-
tion in REST-deficient NT embryos can rescue the failure of
nuclear reprogramming. As expected, SB431542 treatment
successfully rescued the embryonic development to blastocysts
(anti-REST + DMSO-NT versus Con + DMSO-NT and anti-
REST + SB-NT, 6.48 versus 18.14 and 22.94%, respectively; p <
0.05; Table 1). Furthermore, the development of NT embryos
was significantly enhanced by SB431542 treatment (Con +
DMSO-NT versus Con + SB-NT, 18.14 versus 28.93%, respec-
tively; p < 0.05; Table 1). These results indicate that the failure
of NT-mediated reprogramming in REST-deficient NT
embryos can, at least to some extent, be attributed to TGFf3
pathway up-regulation and TGEB pathway may block nuclear
reprogramming. In induced pluripotent stem (iPS) cells tech-
nology, inhibition of TGF pathway promotes reprogramming
through inducing Nanog (12). Here, we also found that the
expressions of Nanog in one- and two-cell NT embryos were
remarkably enhanced after TGFf pathway inhibition checked
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by Q-PCR and Western blotting analysis (p < 0.001; Fig. 5, A
and B). Taken together, our results indicate the REST repress-
ing TGFB pathway regulates NT-mediated reprogramming
(Fig. 5C).

Discussion

Differentiated cell nuclei can be reprogrammed to a pluripo-
tent state by N'T into oocytes, iPS technology, and cell fusion
with ESCs (2, 3,13, 14). NT mediated-reprogramming has been
proven to be the most efficient way (15), and complex tran-
scription factors are significant in the process. Therefore, iden-
tification and characterization of these factors will provide us
important information on nuclear reprogramming. In the
study, we found that REST was rich in oocytes and required for
NT-mediated reprogramming through inhibiting TGE path-
way in pig.

REST is a zinc finger protein, and represses neuronal gene
transcription in nonneuronal cells (16 -18). Mice that lack
REST exhibit malformations in the developing nervous system
and die by embryonic day 11.5 of embryogenesis. However,
these mice appear normal until embryonic day 9.5 (16). This is
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FIGURE 4. Maternal REST suppresses the TGF signaling pathway in porcine NT embryos. A, putative REST-targeted genes in the TGFp signaling pathway.
Putative REST targeted genes were marked by red. B, expression of REST targeted genes in TGF 3 pathway checked by RT-PCR. 7, Mil oocytes; 2, donor cells; 3, one-cell
NT embryos; 4, anti-REST one-cell NT embryos. G, expression of REST targeted genes in the TGF pathway checked by Q-PCR. CON, NT embryos; anti-REST, anti-REST
NT embryo. Asterisk (*) indicates p < 0.001; D, Western blotting analysis of Smad3 and Smad3-P in NT embryos; £, immunofluorescence analysis of Smad3-P in porcine
two-cell NT embryos. aand a’, NT embryo (n = 14); band b’, anti-REST NT embryo (n = 15); cand ¢’, NT embryo treated by SB431542 (n = 14); dand d’, anti-REST NT
embryo treated by SB431542 (n = 17); e and e, IVF embryos (n = 8); fand ', PA embryos (n = 12). Green, Smad3-P; blue, DNA. Scale bar, 50 um.

TABLE 3
Effect of SB431542 with different concentrations on in vitro develop-
ment of porcine PA embryos

Note: values with different superscripts within columns denote significant differ-
ences (p < 0.05).

Groups Repeats Embryos Cleavage Blastocyst

%
Con. 3 121 98 (79.91 = 6.36)* 32 (27.64 = 7.09)*
1 pum 3 119 69 (56.38 = 3.19)” 16 (14.53 = 7.81)"
05um 3 124 84 (66.94 = 5.48)° 22 (18.42 * 4.53)”
0lum 3 131 96 (74.48 = 5.42)*° 34 (26.41 *+ 4.19)*

consistent with our observations that REST deficiency has
no obvious effect on early embryonic development of IVF
and PA embryos. REST was found to incorporate into the
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condensed and decondensed transferred donor nuclei in
one-cell NT embryos; and REST inhibition by anti-REST
antibody and REST-LNA injections remarkably decreased
the in vitro developmental competency of NT embryos. So,
we believe that REST is required for NT-mediated repro-
gramming. REST can bind RE1 sites to repress gene expres-
sion (5). In porcine genome, 1,662 RE1s and 324 correspond-
ing genes were identified. These numbers are comparable
with human and mouse (11). Pathway analysis showed that
TGE signaling pathway could be suppressed by REST. Con-
firming that, up-regulation of the TGFS pathway was
observed in REST-deficient NT embryos, revealing TGES
pathway is suppressed by REST in NT embryos.
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FIGURE 5. TGF B signaling pathway represses expression of Nanog in por-
cine NT embryos. A, mRNA expression pattern of Nanog in porcine embryos
checked by Q-PCR. MIl, MIl oocytes; IVF, IVF embryos; CON, NT embryos;
CON + SB,NT embryo treated by SB431542; anti-REST, anti-REST NT embryos;
anti-REST + SB, anti-REST NT embryo treated by SB431542. Asterisk (*) indi-
cates p < 0.001; B, Western blotting analysis of Nanog in porcine NT embryos
at the two-cell stage. C, proposed model of maternal REST on nuclear repro-
gramming. REST promotes nuclear reprogramming by suppressing TGF sig-
naling pathway.

TGEB pathway has been implicated in the development
and maintenance of various organs (19, 20), and is necessary
for the maintenance of self-renewal and pluripotency of both
human and mouse ESCs (21). During embryonic develop-
ment, the pathway is believed to play critical roles in the
specification of cell identities in embryonic and extra embry-
onic lineages of the post-implantation embryo (19, 22-24).
Before implantation, embryonic phenotypes for loss-of-
function mutation of the pathway are not detected (20).
Transcriptome sequencing and analyzing pig embryos in
vivo and in vitro also show that the TGFB pathway is not
active well before maternal zygotic transition at the four- to
eight-cell stages (25). Those data suggest the function of the
TGEFpB pathway is suppressed during early embryonic devel-
opment. In the study, activation of the TGF pathway at a
certain level was detected in NT embryos, but not in IVF and
PA embryos, and the activation in NT embryos could be
attributed to donor cell PFFs in which the TGFB pathway
activated. Here, we proposed that REST was required to
silence the TGFB pathway in NT embryos, and in IVF and PA
embryos, the pathway was unactivated and, in the regard,
REST was not needed. So, the function of REST is only nec-
essary for NT embryos, not for IVF and PA embryos. In
addition, inhibition of REST up-regulated the TGEf3 signal-
ing pathway in NT embryos. So, we believe inhibition of the
TGEB pathway by REST may be involved in successful
nuclear reprogramming.

To test the point, SB431542 was used to treat NT embryos.
SB431542 treatment could successfully rescue the development
failure of REST-deficient NT embryos and improve develop-
mental potential of normal NT embryos. The results reveal that
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the TGEB pathway may have a negative effect on NT-mediated
reprogramming. It has been demonstrated that TGF pathway
inhibition can replace Sox2 and promote the completion of iPS
reprogramming through induction of the reprogramming factor
Nanog (12). Coincidentally, high level Nanog expression was
observed in the TGF3 pathway-inhibited NT embryos. Previous
reports have been shown that inhibition of the TGF pathway by
SB431542 increases Bmp signaling (26) and Bmp signaling induces
Nanog expression (27). The cross-talk between TGFB and Bmp
signaling may result in Nanog induction. We conclude that inhi-
bition of the TGF pathway improves NT-mediated reprogram-
ming perhaps by up-regulation of Nanog.

So far, many studies have focused on identification of
reprogramming factors (28 -35). In the study, we demon-
strate that REST acts as a repressor of the TGF pathway and
is critical for NT-mediated nuclear reprogramming, and
inhibition of the TGF pathway by SB431542 treatment pro-
motes the reprogramming efficiency in pig. In addition to
better understanding the detailed mechanism of how TGFB
pathway inhibition contributes to increased reprogramming
efficiency, whether or not our observation can be generally
applied to other animal species warrants future investiga-
tion. The simplicity of SB431542 treatment during NT
makes the testing of our approach worthwhile. If so,
SB431542 treatment has the potential to enhance cloning
efficiency in a broad range of mammalian species, including
humans. Our method could hold great promise for human ther-
apeutic cloning (36).

Experimental Procedures

hREST-GFP mRNA in Vitro Transcription and Plasmid
Construction—pEGFP-C1 and hREST-GFP (RG211570, Ori-
gene) plasmids were linearized before in vitro transcription.
RNA synthesis and poly(A) tailing were carried out with a
MEGA script T7 Kit (Ambion, Carlsbad, CA) according to the
manufacturer’s instructions.

Oocyte and Embryo Manipulations—Before NT, IVF, ICSI,
and PA, 10 picoliters of 1 mg/ml of anti-REST antibody
(ab21635, Abcam), 100 ng/ul of GFP and hREST-GFP
mRNAs solution were injected into matured oocytes. After
injection, oocytes were kept for at least 2 h before manipu-
lations, which allows the antibody to bind endogenous
REST. Moreover, 10 picoliters of 10 um REST-LNA (Locked
Nucleic Acid, Exiqon) was injected into porcine oocytes with
the first polar body collected at 33 h of IVM (35), and the
oocytes matured at 42 h were used for NT, ICSI, and IVF.
The procedure for porcine NT, PA, and IVF has been
described previously (35). After fusion, 0.1 um SB431542 was
used to treat NT embryos for 12 h. Cumulus cell-free oocytes
were directly activated by the same parameters as for the
somatic cell nuclear transfer procedure to produce PA
embryos.

ICSI was performed by using an inverted microscope (Olym-
pus IX71, Olympus Optical Co. Ltd.) with a piezoactuated
micromanipulator (PMAS-CT150; Prime Tech Ltd, Tsuchiura,
Japan). A 100-ml drop of HEPES-M199 containing 0.5% (v/v)
FBS and a 20-ml drop of 4% (w/v) polyvinylpyrrolidone (M,
360,000; Sigma) were placed in a 35-mm dish and covered with
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TABLE 4
The primer list
Gene Primer sequence (5'-3") Length Accession number
bp

18S rRNA F: TCCAATGGATCCTCGCGGAA 149 NR002170
R: GGCTACCACATCCAAGGAAG

REST F: GAGCCGGAGT CTGAGGAGCAG 192 GU991112.1
R: GTGGTCGTAGCGGTTGGTGTTG

ACVR2A F: AGGTGCTATACTTGGTAGATCAGAAACTC 187 NM_001204765.1
R: CAGCCAACAACCTTGCTTCACTA

ACVR2B F: CACGCGGAGTGCATCTACTACAACGCC 165 NM_001005350.1
R: CGTCTAGCCAGCAGCCCTTCTTCAC

ACVRI1B F: GAGTTATGAGGCGCTCCCEGTG 112 NM_001195322.1
R: GCTGAGCTGGGACAGGGTCTTCTTG

TGFBR1 F: AGTAAGACATGATTCAGCCACAGATACAA 172 NM_001038639.1
R: AGCTATTTCCCAGAATACTAAGCCCATT

Smad2 F: GCTGCTCTTCTGGCTCAGT CCG 123 NM_001256148.1
R: TACTGTCTGCCTTCGGTATTCTGCTC

Smad3 F: CAGCGACCACCAGATGAACCACAG 145 NM_214137.1
R: CTCGTAGTAGGAGAT GGAGCACCAGAAG

Nanog F: CCTCCATGGATCTGCTTATTC 118 AY596464

R: CATCTGCTGGAGGCTGAGGT

mineral oil. Next, 20—30 oocytes were placed in the 100-ml
drop and the sperm suspension was transferred to the polyvi-
nylpyrrolidone drop. The oocyte was positioned with a holding
pipette so that the first polar body was at the 6 or 12 o’clock
positions. A single sperm was injected into the cytoplasm with a
micropipette. Activation of ICSI zygotes was induced with 2DC
pulses of 1.2 kV/cm for 30 ms on a BTX Elector-Cell Manipu-
lator 2001 (BTX, San Diego, CA).

The embryos were cultured in porcine zygote medium-3 at
39°Cin 5% CO, in air. The cleavage and blastocyst rates were
assessed at 48 and 156 h after activation, and the number of
blastocyst cells was examined by nuclear staining with 5 ug/ml
of Hoechst 33342.

REI Database Construction—A search was performed of
the porcine genome GenBank formatted DNA sequence flat
files (downloaded from UCSC susScr3 version) by using a
PERL script constrained by a core 17 nucleotide regular
expression pattern. This pattern represents an RE1 consen-
sus sequence, derived from alignment of 32 known RE1
sequences containing degeneracies reflecting known varia-
tions (12). The search output and corresponding annota-
tions or external references (SWISS-PROT Version 40.43
and TREMBL Version 22.13 protein sequence databases)
were used to assign gene description and determination of
annotated genes within 100 kb on either strand.

Q-PCR Analysis—Total RNA was extracted using the
PureLink TM Micro-to-Midi System (Invitrogen) according to
the manufacturer’s instructions, and reverse transcription was
used to generate cDNAs using the Prime Script TM RT Reagent
kit (TaKaRa). Real-time PCR was performed using SYBR Pre-
mix Ex Taq™ (TaKaRa) and the 7500 Real-time PCR System
(Applied Biosystems). The reaction parameters were 95 °C
for 30 s followed by 40 two-step cycles of 95 °C for 5 s and
60 °C for 34 s. All the primer pairs used for PCR amplifica-
tion are shown in Table 4. C, values were calculated using
Sequence Detection System software (Applied Biosystems),
and the amount of target sequence normalized to the refer-
ence sequence was calculated as 244,

Western Blotting—The procedure for Western blotting anal-
ysis has been described previously (11). Oocytes or embryos

27340 JOURNAL OF BIOLOGICAL CHEMISTRY

without zona pellucida were transferred to cold 40 mm sodium
phosphate, pH 7.6, containing 50 mm NaCl, 50 um sodium
orthovanadate, 10 mm sodium fluoride, 20 um MG132, 2 um
matrix metalloprotease inhibitor III (444264, Calbiochem), and
1% protease inhibitor mixture III (539134, Calbiochem).
Homogenization was carried out with a Tekmar homogenizer
by three 15-s bursts with a minute cooling between. Homoge-
nates were centrifuged for 1 h at 100,000 X g. The supernatant
solutions are referred to as “soluble” fractions. The pellets were
suspended in 0.2 ml of complete buffer containing 1% ASB-14
and were mixed every 15 min for 2 h with Radnoti glass pestles
(Unitek, Monrovia, CA). After centrifugation for 1 h at
100,000 X g, the supernatants, referred to as “membrane
extracts” were removed, and the pellets were discarded. About
50 embryos of each soluble and membrane extract for each gene
were separated by lithium dodecyl sulfate-polyacrylamide gel
electrophoresis on 4—12% BisTris NuPAGE gels (the gels have
been run under the same experimental conditions) and trans-
ferred to PVDF membranes (Invitrogen); nonspecific binding
was blocked by overnight incubation in 1% casein in PBS
at room temperature. Antibodies against REST (ab21635,
Abcam), Smad3 (ab40854, Abcam), Smad3-p (ab118825,
Abcam), and Nanog (500-P236, Peprotech) were used, and
B-actin (A1978, Sigma) served as a loading control. After a 2-h
incubation at room temperature with secondary antibodies,
protein bands were detected by enhanced chemiluminescence
with the RPN2108 kit (Amersham Biosciences) and BioMax
Light film (Eastman Kodak Co.).

Immunofluorescence Analysis—Oocytes and embryos with-
out zonae pellucidae were washed twice in PBS, then fixed in
freshly prepared 4% paraformaldehyde in PBS, permeabilized
in 1% Triton X-100 in PBS, and left in blocking solution (1%
BSA in PBS) for 1 h. For immunolabeling, the embryos were
incubated overnight with anti-REST (ab21635, Abcam), anti-
Nanog (500-P236, Peprotech), or anti-Smad3-p (ab118825,
Abcam) antibodies; washed three times, and incubated for 1 h
with secondary antibody FITC-labeled donkey anti-mouse IgG
(A21202, Invitrogen) diluted 1:1000 with blocking solution.
Immunofluorescence of injected oocytes and one-cell NT
embryos without anti-REST antibody (only secondary anti-
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body) was used to analyze REST antibody injection and degra-
dation. Samples were washed and counterstained with 5 pg/ml
of Hoechst 33342. Fluorescence was detected and imaged using
a Nikon fluorescence microscope.

Statistical Analysis—Statistical analysis was performed
using SPSS 13.0 for MicroSoft™ Windows. Data are shown
as the mean = S.D. One-way analysis of variance was used to
assess any differences between groups. The Duncan method
was used for pairwise comparisons followed by a Bonferroni
correction. p < 0.05 (two-tailed) was considered statistically
significant.
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The replication protein A (RPA) complex binds single-
stranded DNA generated at stalled replication forks and recruits
other DNA repair proteins to promote recovery of these forks.
Here, we identify Ewing tumor-associated antigen 1 (ETAA1),
which has been linked to susceptibility to pancreatic cancer,
as a new repair protein that is recruited to stalled forks by
RPA. We demonstrate that ETAA1 interacts with RPA
through two regions, each of which resembles two previously
identified RPA-binding domains, RPA70N-binding motif and
RPA32C-binding motif, respectively. In response to replication
stress, ETAAL is recruited to stalled forks where it colocalizes
with RPA, and this recruitment is diminished when RPA is
depleted. Notably, inactivation of the ETAA I gene increases the
collapse level of the stalled replication forks and decreases the
recovery efficiency of these forks. Moreover, epistasis analysis
shows that ETAAL1 stabilizes stalled replication forks in an
ataxia telangiectasia and Rad3-related protein (ATR)-indepen-
dent manner. Thus, our results reveal that ETAA1 is a novel
RPA-interacting protein that promotes restart of stalled repli-
cation forks.

The faithful replication of DNA is essential for the main-
tenance of genomic stability and the prevention of cancer-
promoting mutations. Replication forks can be stalled by
numerous obstacles on the DNA template, including unre-
paired DNA damage, DNA-bound proteins, and secondary
structures (1). Stalled replication forks are able to restart
once the obstacles are removed or become broken (collapse)
into DNA double strand breaks, which pose the most serious
threat to genome integrity when fork protection fails (2, 3).
However, how stalled replication forks are protected is not
well understood.
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The replication protein A (RPA)*® complex, which consists of
RPA1 (RPA70), RPA2 (RPA32), and RPA3 (RPA14), plays cru-
cial roles in a variety of DNA metabolic pathways, including
DNA replication, recombination, repair, and DNA damage
checkpoint (4-6). When replication forks stalled, single-
stranded DNA (ssDNA) is generated and extended by
minichromosome maintenance protein complex helicases (7,
8). The ssDNA is bound by RPA, which protects ssDNA from
cleavage by nucleases and recruits repair proteins to initiate
DNA damage responses. The RPA-ssDNA complex recruits
and activates ATR/ATRIP thereby eliciting checkpoint signal-
ing (9). In addition, RPA-ssDNA complex also recruits factors
necessary for the stabilization and resumption of stalled repli-
cation forks, such as RAD51 (10, 11) and SMARCAL1 (12-15).
Recently, several studies have also revealed a physical and func-
tional interaction between RPA and the ubiquitin E3 ligases
RFWD3 (16 -18) and PRP19 (19), which ubiquitinate RPA and
facilitate replication fork restart. Here, we identified a new RPA
interaction protein, ETAA1, whose gene variation has been
associated with susceptibility to pancreatic cancer (20). ETAA1
is recruited to stalled replication forks in response to replica-
tion stress, and the disruption of ETAA1 leads to fork collapse
in an ATR-independent manner. These results suggest that
ETAAL is a new player involved in the stabilization of stalled
replication forks.

Results

ETAAI Is a Novel RPA-associated Protein—We transiently
expressed FLAG-tagged RPA1 in HEK293 cells and immuno-
precipitated the complexes with an anti-FLAG antibody (Fig.
1A). Mass spectrometry analysis revealed that, in addition to
RPA2, RPA3, and the BLM complex, a novel protein, ETAAI,
also immunoprecipitated with RPA1 (Fig. 14). Immunoblot-
ting confirmed this finding (Fig. 1B). To verify that ETAA1
indeed associates with the RPA complex, we performed a recip-
rocal immunoprecipitation using HEK293 cells expressing
FLAG-tagged ETAAL; immunoblotting revealed that RPA was
present in the ETAA1-associated complexes (Fig. 1C). To fur-
ther confirm this interaction, we also performed immunopre-
cipitations with anti-RPA2 and anti-ETAA1 antibodies, and we
found that endogenous ETAA1 strongly associated with the
RPA complex in vivo (Fig. 1, D and E). Together, these data
suggest that ETAA1 is a bona fide RPA-associated protein.

To examine the interaction during the cell cycle, cells were
synchronized at the G;-S boundary by a double thymidine
treatment or at metaphase by a nocodazole treatment and then
released. ETAA1 showed the strongest interaction with RPA at
S phase and the lowest at G,/M phase (Fig. 1, F and G), suggest-
ing that ETAA1 may function with RPA in DNA replication.

3 The abbreviations used are: RPA, replication protein A; HU, hydroxyurea;
MBP, maltose-binding protein; ATR, ataxia telangiectasia and Rad3-related
protein; ssDNA, single-stranded DNA; IdU, 5-iodo-2'-deoxyuridine; QIBC,
quantitative image-based cytometry; WB, Western blot; IF, immunofluo-
rescence; CldU, 5-chloro-2'-deoxyuridine; CPT, camptothecin.
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FIGURE 1. ETAA1 associates with the RPA complex. A, silver-stained SDS-polyacrylamide gel showing the polypeptides that were immunopurified from
extracts of HEK293 cells expressing FLAG-tagged RPA1 using the anti-FLAG antibody. The major polypeptides on the gel (arrows) were identified by mass
spectrometry. Band C, immunoblot showing the immunoprecipitation (IP) of FLAG-tagged RPA1 (B) and ETAA1 (C). Asterisks indicate cross-reactive polypep-
tides. D and E,immunoblot showing the endogenous RPA2 (D) and ETAA1 (E) immunoprecipitation. HEK293 cells were treated with or without 4 mm HU for 3 h
before harvest in the RPA2 immunoprecipitation. F and G, interaction of ETAA1 with RPA during the cell cycle. HEK293 cells were synchronized at the G;-S
boundary by a double thymidine treatment (TT), released into fresh medium, and collected at the indicated times (F). Alternatively, cells were synchronized at
prometaphase by a nocodazole block, released into fresh medium, and harvested at the indicated times (G). The cell cycle profile was analyzed by flow
cytometry with the DNA content determined propidium iodide-staining (data not shown). Cell lysates and the anti-RPA immunoprecipitates (IP) were analyzed
by Western blotting. AS, asynchronous cells. The asterisk indicates a cross-reactive polypeptide. H, schematic representation of the different ETAA1 deletion
mutants (left) and their ability to coimmunoprecipitate with RPA from HEK293 extracts (right). | and J, sequence alignment of RBM1 and the RPA70N-binding
motif (/) or RBBM2 and the RPA32C-binding motif (J). K, immunoprecipitation and Western blotting to assess whether the various deletion mutants of ETAA1
described in H coimmunoprecipitated with RPA. L, direct binding between recombinant GST-tagged ETAA1 and MBP-tagged RPA. Upper panel, GST-ETAA1 was
detected by immunoblotting with anti-GST antibodies. Lower panel, purified MBP-fused proteins was visualized by Coomassie staining.

Additionally, the binding of RPA2 to ETAA1 was not changed
after cells were exposed to HU (Fig. 1D).

ETAAI Contains Two RPA-binding Motifs—ETAA1 is
expressed only in vertebrates. Sequence analyses showed that
ETAA1 contains three conserved regions (Fig. 1H) as follows.
The N-terminal conserved region contains no well known

OCTOBER 14, 2016+ VOLUME 291 -NUMBER 42

domains; the middle conserved region, RBM1, shows weak sim-
ilarity to the RPA70N-binding motifs of ATRIP, MRE11, RAD9,
and P53 (Fig. 1/) (21); and the C-terminal conserved region,
RBM2, is similar to the RPA32C-terminal binding motifs of
SMARCALL, TIPIN, XPA, and UNG2 (Fig. 1)) (22, 23). To
identify the region(s) of ETAA1 responsible for its interaction

JOURNAL OF BIOLOGICAL CHEMISTRY 21957



ACCELERATED COMMUNICATION: ETAAT Protects Replication Forks

FIGURE 2. ETAA1 colocalizes with RPA at stalled replication forks. A, ETAA1 localizes to stalled replication forks in response to replication stress. U20S cells
expressing FLAG-ETAA1 were mock-treated or treated with 5 mm HU for 6 h.Immunostaining was performed using anti-FLAG and anti-RPA2 antibodies. (Scale
bar, 5 wm.) B, localization of ETAA1 to stalled replication forks requires RPA. U20S cells expressing FLAG-ETAAT were transfected with control or RPA2 shRNA.
The cells were pulse-labeled with 20 um EdU for 30 min and then treated with 5 mm HU for 6 h. Scale bar, 5 wm. Immunoblotting shows knockdown efficiency
in the right panel. C, cells expressing wild-type or mutant GFP-ETAA1 were treated with laser microirradiation and monitored via live-cell imaging. The yellow

lines indicate the positions for laser microirradiation. (Scale bar, 5 um.)

with RPA, we generated a series of ETAA1 truncation mutants
(Fig. 1H). As shown in Fig. 1, H and K, the N-terminal region
(residues 1-438, containing the first conserved region) of
ETAAL1 is dispensable for its interaction with RPA. The mutant
lacking the RBM1 motif (ARBM1) or the RBM2 motif (ARBM2)
dramatically decreased the ETAA1-RPA interaction, thus indi-
cating that both RBM1 and RBM2 regions of ETAA1 are impor-
tant for binding to RPA. Moreover, deletion of both RBM1 and
RBM2 motifs (ARBM12) completely lost its interaction with
RPA. These results are consistent with the sequence analyses
that ETAA1 contains two RPA-binding motifs, RBM1 and
RBM2.

To determine whether the interaction between RPA and
ETAAL1 is direct, we expressed and purified recombinant MBP-
tagged RPA1, RPA2, RPA3, and GST-tagged ETAA1L from
Escherichia coli. Pulldown experiments revealed that ETAA1
binds strongly with RPA1 and RPA2 but not with RPA3 (Fig.
1L), indicating that two independent ETAA1-binding sites exist
on RPA1 and RPA2. Moreover, mapping analysis revealed that
the RPA1 N-terminal region (residues 1-120) and RPA2 C-
terminal region (residues 204-270) directly interacted with
ETAA1 (Fig. 1L), thus agreeing that RBM1 and RBM2 of
ETAA1 are RPA70N-terminal and RPA32C-terminal binding
motifs, respectively.

ETAAI Is Recruited to DNA Damage Sites by RPA—The RPA
complex binds to ssDNA generated at stalled replication forks

21958 JOURNAL OF BIOLOGICAL CHEMISTRY

or DNA damage sites and forms an RPA-ssDNA platform,
which facilitates the recruitment of many repair proteins. The
interaction of ETAA1 and RPA suggests that ETAA1 may colo-
calize with RPA at ssDNA regions in vivo. As shown in Fig. 24,
FLAG-ETAALI rarely formed foci in untreated cells. After HU
treatment, ETAA1 was recruited to nuclear foci, where it colo-
calized with RPA, thus suggesting that ETAA1 localizes to
stalled replication forks and may play a role in cellular
responses to replication stress.

We then determined whether the localization of ETAA1 at
stalled replication forks was dependent on the RPA complex. As
shown in Fig. 2B, ETAA1 exhibited dramatically decreased foci
formation in RPA2-depleted cells but not in control cells after
HU treatment, thereby indicating that ETAA1l is mainly
recruited to stalled replication forks by the RPA complex.

We then examined the dynamic recruitment of GFP-ETAA1
at microirradiation-induced DNA damage sites in time-lapse
experiments. GFP-ETAA1 accumulated at laser tracks very
quickly, within 1 s, and the signal peaked at ~2 min and then
persisted for more than 1 h (Fig. 2C and data not shown). To
determine whether this recruitment was also dependent on
RPA, we tested ETAA1 mutants lacking the RBM1 or RBM2
motif. Deletion of RBM1 or RBM2 did not affect ETAA1
recruitment at the early stage (<1 s) but significantly reduced
its recruitment to and (or) retention on DNA damage sites at
the late stage (Fig. 2C). The deletion of both RBM1 and RBM2
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completely abolished the localization of ETAA1 to DNA dam-
age sites (Fig. 2C). These results suggest that the localization of
ETAA1 at DNA damage sites is dependent on its interaction
with RPA through the RBM1 and RBM2 motifs.

ETAAI Is Required for Stalled Replication Fork Restart—The
RPA complex plays a key role in replication and in stalled
replication restart. Thus, we generated ETAA1-knock-out
HCT116 cells using two different CRISPR target sites (Fig. 34)
and performed single DNA fiber analysis. Cells were pulse-la-
beled with CldU for 30 min and then incubated with HU (5 mm)
and aphidicolin (5 uM) for 5 h to arrest replication forks. After a
washout step, cells were incubated with IdU for 20 min.
Restarted replication forks were visualized as tracks of CldU
incorporation followed by tracks of IdU incorporation, whereas
stalled or collapsed replication forks appeared as tracks of only
CldU incorporation. We found that two ETAA1~ "~ clones both
exhibited significantly decreased fork restart, as indicated by an
approximate 2-fold reduction (Fig. 3B). These results suggest
that ETAA1 promotes stalled fork restart upon replication
stress.

We also examined replication rate under normal conditions
by measuring IdU track length (Fig. 3C). The ETAAI 7~ cells
showed similar track length as that of wild-type cells, indicating
that ETAA1 is not required for normal replication.

ETAA1 Stabilizes Stalled Replication Forks—Combined
treatment with HU and an ATR inhibitor exhausts RPA and
triggers fork breakage, and it is accompanied by hallmarks of
ataxia telangiectasia-mutated (ATM) activity such as H2AX
hyperphosphorylation (24). We examined fork stability during
replication stress in ETAA1-defective cells by measuring H2AX
hyperphosphorylation using a previously described quantita-
tive image-based cytometry (QIBC) method (24). HU treat-
ment induced H2AX hyperphosphorylation in ETAAT "~ cells
but not in wild-type cells, a result similar to that induced in
wild-type cells after treatment with both HU and an ATR inhib-
itor (Fig. 3D). These results suggest that ETAA1 has a similar
function to that of ATR in preventing stalled fork collapse.
Indeed, the loss of ETAALI also caused hypersensitivity to HU
and CPT (Fig. 3E), a topoisomerase I inhibitor that induces
topoisomerase I-DNA adducts and blocks replication, thus fur-
ther supporting a role for ETAAL1 in fork protection upon rep-
lication stress. Although the expression of the wild-type
ETAA1 completely rescued stabilization of stalled replication
fork and CPT resistance in the ETAAI "~ cells, reconstitution
with ETAA1 mutants lacking RBM1, RBM2, or both failed to do
so (Fig. 3, F-H). This result suggests that the interaction of
ETAA1 with RPA is important for its function in response to
replication stress.

Moreover, the combination of the ATR inhibitor and HU
treatment induced a higher yH2AX signal in ETAAI "~ cells
than in wild-type cells, or in ETAAI "~ cells treated with HU
alone (Fig. 3D), suggesting that ETAA1 has an ATR-indepen-
dent role in protecting the stalled replication forks.

Discussion

The RPA complex is a key player in initiating DNA-damage
checkpoint signaling, replication fork stabilization, and DNA
repair. The binding of RPA to ssDNA not only protects ssDNA
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from degradation by nucleases but also forms a platform facil-
itating the recruitment of many binding partners for diverse
functions. Here, we identified a novel RPA-binding protein,
ETAAI, which is required for the stability of the stalled repli-
cation fork.

ETAAI contains two RPA-binding motifs, RBM1 and RBM2.
RBM1 shows weak similarity to the RPA70N-binding motif of
ATRIP, MRE11, RADY, and p53, whereas RBM2 is similar to
the RPA32C-binding motifs of SMARCALL, TIPIN, XPA, and
UNG?2. The presence of either RBM1 or RBM2 is sufficient for
ETAAI to bind RPA at ssDNA regions, although the signal is
weaker, thus allowing one RPA complex to bind other proteins
together with ETAA1. This implies that ETAA1 can be orches-
trated with other RPA-binding proteins on the RPA-ssDNA
platform, which coordinates different DNA damage responses.

RPA complexes protect stalled replication forks through at
least three mechanisms, First, RPA directly binds and protects
ssDNA generated at stalled replication forks from nucleolytic
digestion. ETAA1 probably does not contribute to this step
because ETAAL1 did not affect the ssDNA binding activity of
RPA, and ETAAI™"" cells even showed more ssDNA-bound
RPA under replication stress than did wild-type cells (Fig. 3D).
Second, RPA activates the ATR-dependent DNA replication
checkpoint to stabilize stalled replication forks. However, our
epistasis analysis using an ATR inhibitor in ETAAI-null cells
showed that ETAA1 and ATR function in two parallel pathways
that protect stalled replication forks. Third, RPA recruits repair
proteins, which remodel and protect stalled replication forks.
Whether ETAA1 facilitates remodeling of stalled replication
forks, thereby promoting fork stabilization, remains to be
determined.

Moreover, GFP-ETAA1 was recruited to laser-induced DNA
damage sites in both G, and G,/S phase cells (data not shown),
thus suggesting that ETAA1 functions not only in stalled repli-
cation fork restart but also in other DNA repair pathways.
Repair of the double strand breaks, which are commonly
induced by laser treatment, also recruits RPA after end resec-
tion, which normally takes more than a few seconds. ETAA1
was recruited quickly to DNA damage sites (within 1 s), a result
suggesting that ETAA1 may be recruited by RPA-independent
mechanisms in the early stage after laser-induced DNA dam-
age. The RPA-dependent and (or) independent functions of
ETAA1 in other DNA damage repair processes require further
study.

In summary, we identified ETAA1 as a novel RPA-binding
protein, which protects stalled replication forks and maintains
genomic stability. Our results provide insights into the function
of ETAA1 in preventing pancreatic cancer.

Experimental Procedures

Cell Culture—HeLa, U20S, and HEK293T cells were cul-
tured in Dulbecco’s modified Eagle’s medium containing 10%
fetal bovine serum (FBS; Invitrogen). HCT116 cells were cul-
tured in RPMI 1640 medium with 10% FBS (Invitrogen).
HEK293 suspension cells were cultured in Freestyle medium
(Invitrogen) supplemented with 1% FBS (Gibco) and 1% gluta-
mine in an incubator with shaking at 130 rpm.
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Coimmunoprecipitation—The immunoprecipitation of the
complexes was performed as described previously (25).

MBP Pulldown Assay—MBP-tagged RPA proteins were
expressed in E. coli. Cells were harvested and resuspended in
lysis buffer (20 mm Tris-HCI, pH 7.0, 300 mm NaCl, 1% Triton
X-100, and 1 ug/ml each of leupeptin, aprotinin, and pepstatin).
After sonicating, the extract was centrifuged at 18,000 rpm for
40 min. The supernatant was collected and incubated with
amylose resins for 2 h at 4 °C. After washing the beads with
washing buffer (20 mm Tris-HCI, 500 mm NaCl, 0.5% Nonidet
P-40, 1 mm DTT), the protein-bound beads were incubated
with the extract of E. coli cells expressing GST-ETAA1 for 2 hat
4 °C. After washing with binding buffer (20 mm Tris-HCI, pH
7.0, 150 mm NacCl, 0.5% Nonidet P-40, 1 mm DTT), the proteins
were eluted with sample buffer (63 mm Tris-HCI, pH 6.8, 10%
glycerol, 2% SDS, 0.0025% bromphenol blue) and analyzed with
SDS-PAGE.

Laser Microirradiation—U20S cells expressing GFP-
ETAA1 were cultured at 37 °C in CO,-independent medium
(Invitrogen) containing 10% FBS in a temperature-controlled
container in glass-bottom dishes (MatTek). Laser microirradia-
tion was carried out with the MicroPoint Laser Illumination
and Ablation System coupled to a Nikon eclipse Ti microscope
with a plan fluor 60 X 0.5-1.25 oil iris immersion objective.
Time-lapse images were acquired with ANDOR 1Q3 software
through an ANDOR IXON camera.

Generation of ETAAI Knock-out Cells—ETAA1-deficient
HCT116 cells were generated using CRISPR. Briefly, two guide
sequences, AGGAAACACCAAGATATCTG and GCTAC-
AAAAAAGCCAATCAA, targeting two different sites of the
human ETAAI gene were inserted into the pX330 vector (26).
The guide sequence containing pX330 plasmids were trans-
fected into HCT116 cells. Single colonies were picked after
8-10days of incubation. The genomic fragments of the ETAA 1
gene were amplified by PCR using the following primers:
GAGCTAGATGTGATTCAAGAGC and CTGTCCGCTAC-
ATTTCTGAG. The products were digested with EcoRV and
Bsll, respectively. Colonies containing the expected PCR frag-
ments were then sequenced and examined by Western blotting.

DNA Fiber Assay—The restart efficiency of stalled replica-
tion forks was determined by using DNA fiber assays as
described previously (27). Cells were first labeled with CIdU
(100 um) for 30 min and then treated with HU (5 mm) and
aphidicolin (5 um) for 5 h. After being washed with PBS, cells
were recovered in fresh medium with IdU (20 um) for 20 min.
Cells were then trypsinized and resuspended in PBS to a con-
centration of 2.5 X 10° cells/ml. Then the cells were diluted 1:4
with unlabeled cells at the same concentration, and 2.5 ul of
cells was mixed with 7.5 ul of lysis buffer (200 mm Tris-HCI, pH

7.5,50 mM EDTA, and 0.5% SDS) on a clean glass slide. After the
edges were dried for 3—5 min, the slides were tilted at 15° to
horizontal, allowing the DNA to slowly flow down along the
slide. The slides were then air-dried, fixed in 3:1 methanol/
acetic acid, and refrigerated overnight. The slides were treated
with 2.5 M HCl for 1 h, neutralized in 0.1 m Na;B,0., pH 8.5,
and rinsed three times in PBST (PBS buffer with 0.1% Tween
20). The slides were then blocked in blocking buffer (PBST
buffer containing 1% BSA) for 20 min and incubated with rat
anti-BrdU antibody (Abcam BU1/75, 1:200) in blocking buffer
at 37 °C for 1 h. After three washes, with PBST, slides were
incubated with Alexa Fluor 488-conjugated anti-rat (Molecular
Probes, 1:200 dilution) for 45 min. After additional washes, the
slides were incubated with mouse anti-BrdU (BD Biosciences,
B44, 1:40) for 1 h and then washed once with high-salt PBST
(0.5 M NaCl) and three times with PBST. Then the slides were
incubated with Alexa Fluor 549-conjugated anti-mouse
(Molecular Probes, 1:200 dilution) for 45 min. After three
washes with PBST, the slides were mounted in SlowFade Gold
antifade reagent (Invitrogen). The slides were imaged on a Zeiss
Axiovert microscope with a 100X objective.

Immunostaining and Immunoblotting—U20S or HCT16
cells were cultured on polylysine-coated coverslips 24 h before
the experiments. After washing with PBS, the cells were pre-
extracted with 0.5% Triton X-100 in CSK buffer (20 mm HEPES,
pH 7.0, 100 mm NaCl, 300 mm sucrose, and 3 mm MgCl,). The
cells were then washed three times with PBS and fixed with 3%
paraformaldehyde for 10 min at room temperature. Before
staining, the cells were permeabilized for 10 min with PBS, 0.5%
Triton X-100, and washed three times. For EAU staining, the
cells were incubated with Click-iT reaction buffer (PBS with 50
M Alexa Fluor® 488 azide, 10 mm sodium ascorbate, and 2 mm
CuSO,) for 30 min at room temperature. After washing, the
cells were blocked with 5% BSA (Sigma) in PBS for 15 min. The
primary antibodies were diluted in PBS containing 1% BSA and
incubated with the cells for 90 min. After washing, secondary
antibodies diluted in PBS containing 1% BSA were added to the
cells for 30 min. The cells were washed three times and
mounted with ProLong Gold antifade reagent with DAPI
(Invitrogen). Images were acquired with an LSM710 confocal
microscope (Zeiss) using a 100X/1.4 NA objector. For immu-
noblotting, primary antibodies were incubated for 1.5 h at room
temperature in PBST containing 5% powder milk. Secondary
peroxidase-coupled antibodies (Jackson ImmunoResearch)
were incubated at room temperature for 45 min. ECL-based
chemiluminescence was detected by using film. Primary anti-
bodies were used at the following dilutions: RPA2/RPA32
(Bethyl, A300-244A, WB, 1:2000; IF, 1:500), ETAA1 (Abcam,

FIGURE 3. ETAA1 stabilizes stalled replication forks. A, immunoblot shows that ETAAT protein is absent in two ETAA™~ HCT116 cell clones. B-Actin is
included as a control. The asterisk indicates a cross-reactive polypeptide. B, ETAAT1 is required for stalled replication restart. Cells were pulse-labeled and treated
as outlined in the top panel. DNA fibers were stained with antibodies recognizing IdU (red) and CldU (green). Restarted forks are indicated by green tracts
followed by red tracts. Data represent the mean and S.D. G, ETAA1 is not required for normal replication. Cells were pulse-labeled as outlined in the top panel.
The lengths of the IdU tracks were measured and are presented in the graph. D, QIBC of immunolabeled wild-type or ETAAT "~ HCT116 cells. Cells were treated
with/without HU (2 mm) and the ATR inhibitor VE821 (10 um) for 3 h, pre-extracted, and immunostained with the indicated antibodies. Mean nuclear intensities
for RPA2 and y-H2AX were determined for each of >5000 individual cells and are plotted in a scatter diagram. E, cell survival assay of the wild-type and
ETAA1~/~ HCT116 cells to HU and CPT. F-H, complementation experiments show that RPA-binding motifs of ETAA1 are required for its function in response to
replication stress. The expression levels of ETAA1 in different cells were determined by immunoblotting (F). yH2AX intensity per nucleus was determined by
QIBC (G). CPT sensitivity was measured by colony formation assay (H). EV, empty vector.
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ab192402, WB, 1:1000), H2AX-pS139 (Millipore, 05-636, IF,
1:5000), FLAG (MBL, M185-3L, WB, 1:2500; IF, 1:250).

QIBC—QIBC was performed as described previously (24).
Briefly, images were acquired in an unbiased fashion with an
Image Xpress Micro XL microscope (Molecular Devices) with a
10X/0.3 NA objective and a scientific CMOS camera. For every
sample, 30 —50 images were acquired, containing a total of 5000
to 10,000 cells per condition. After acquisition, the images were
processed for automated analysis with the MetaXpress High
Content Image Acquisition and Analysis software.

Cell Survival Assay—Cell survival curves for HCT116 cells
treated with HU and CPT were generated as described previ-
ously (28). An appropriate number of cells were plated in 6-well
plates and cultured for 24 h, and then the indicated dose of HU
or CPT was added to the medium. After an additional 9-14
days of incubation, the colonies were stained with methylene
blue and counted.
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The radical S-adenosylmethionine (SAM) protein PqqE is
predicted to function in the pyrroloquinoline quinone (PQQ)
biosynthetic pathway via catalysis of carbon-carbon bond for-
mation between a glutamate and tyrosine side chain within the
small peptide substrate PqqA. We report here that PqqE activity
is dependent on the accessory protein PqqD, which was recently
shown to bind PqqA tightly. In addition, PqqE activity in vitro
requires the presence of a flavodoxin- and flavodoxin reductase-
based reduction system, with other reductants leading to an
uncoupled cleavage of the co-substrate SAM. These results indi-
cate that PqqE, in conjunction with PqqD, carries out the first
step in PQQ biosynthesis: a radical-mediated formation of a
new carbon-carbon bond between two amino acid side chains on
PqqA.

Pyrroloquinoline quinone (PQQ)? is employed by a wide
variety of bacteria, where it functions as a redox cofactor in
substrate oxidation via an alternate (non-glycolytic) pathway
for production of cellular ATP (1). Hundreds of bacterial spe-
cies are thought to produce PQQ, based on the presence in their
genomes of the strongly conserved pgq operon (2) (Fig. 1A).
Although the existence of this important redox cofactor has
been known for decades, knowledge of the biosynthetic path-
way for PQQ has remained scant (3, 4). The PQQ molecule
derives from the evolutionarily conserved glutamate and tyro-
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sine side chains within a ribosomally produced peptide sub-
strate PqqA (Fig. 1, B and C). To produce PQQ), a large number
of chemical modifications are required: (i) the formation of a
new carbon-carbon bond between the y-carbon of glutamate
and the 3-position of tyrosine (labeled in green in Fig. 1C); (ii)
the addition of two additional hydroxyl groups to the tyrosine
ring; (iii) a condensation between the 4-OH of tyrosine and the
backbone amine of glutamate to produce a heterocyclic ring;
and (iv) an 8-electron oxidation catalyzed by PqqC, a cofactor-
less enzyme that converts 3a-(2-amino-2-carboxyethyl)-4,5-di-
0x0-4,5,6,7,8,9-hexahydroquinoline-7,9-dicarboxylic acid (AHQQ)
to PQQ in the final step of the pathway (5-7).

The radical SAM enzyme PqqE has been the primary candi-
date as the catalyst for the formation of the new carbon-carbon
bond between glutamate and tyrosine. Radical SAM proteins
use the reductive cleavage of S-adenosyl methionine to initiate
free radical chemistry, and can accomplish a wide variety of
reactions, including carbon-carbon bond formation (8, 9).
PqqE is a founding member of the SPASM domain-containing
radical SAM proteins, which contain one or more auxiliary
clusters in their C-terminal regions, and of which several are
known to modify small peptides or proteins (10, 11). Recently, a
small (~10 kDa) protein, PqqD, has been shown to form a
strong, sub-micromolar K, complex with the peptide substrate
PqqA. This complex was further demonstrated to associate
with PqqE (12). These findings suggested that PqqD would
serve as a chaperone to deliver PqqA to PqqE, functioning as a
necessary and heretofore missing component of the subsequent
radical-based chemistry. This connects PqqD and the PQQ bio-
synthesis pathway to a growing class of proteins involved in
binding and modifying small, ribosomally produced peptides,
of which many are radical SAM proteins (13—15). We now show
that PqqE, in association with the complex, PqqA/D, generates
a functional catalyst for the cross-linking of glutamate and tyro-
sine within PqqA.

Experimental Procedures

Methylobacterium extorquens AM1 PqqD, a C-terminal do-
main of the longer PqqCD gene fusion (12), was cloned into the
pGEX-6p-1 vector using the Notl and BamHI restriction sites.
Purification was carried out over a glutathione-Sepharose col-
umn, followed by cleavage of the GST tag with PreScission pro-
tease overnight at 4 °C. The GST tag was removed by passing
cleaved protein through a glutathione-Sepharose column.
PqqA was made synthetically by CPC Scientific. A non-con-
served cysteine was mutated to serine to increase the stability of
the peptide. PqqE was expressed in the presence of oxygen, in
TB medium supplemented with 100 wMm ferric citrate. The incu-
bation was started at 31 °C for 4 h, and then the temperature
was decreased to 20 °C. An hour later, isopropyl-1-thio-3-p-
galactopyranoside was added to a final concentration of 100
1M, and cysteine was added to a concentration of 50 uM. Cells
were harvested 18 h later. UV-visible absorbance spectroscopy
of PqqE was performed on a Cary 50 spectrophotometer (spectral
bandwidth 1.5 nm), in a septum-sealed cuvette. Flavodoxin A
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REPORT: Carbon-Carbon Bond Formation in PqqA by PqqE Protein
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Acinetobacter baumannii MQWIKPA!
Pseudomonas putida -MWIEKP.
Klebsiella pneumoniae -MWKKPA
Pseudomonas aeruginosa -MWIBKPS
Burkholderia cepacia MQWITPS
Bradyrhizobium japonicum MAWKAPK!
Gluconobacter oxydans MAWNTPK!

Methylobacterium extorquens MKWAAPI

FIGURE 1. A, the pgq operon contains, at a minimum, the genes PqgA, PqqB,
PqqC, PgqD, and PqqE. PqgF, a protease, is often present as well, but is not
uniformly conserved. The gene order is strictly conserved. In M. extorquens
AM1, there is a gene fusion between PqqC and PqqD. B, alignment of PqqA
from PQQ producing organisms. Asterisks denote conserved residues. The
conserved glutamate and tyrosine near the C terminus are modified to form
PQQ. C, PQQ, showing the origin of the atoms that make its backbone. The
bond highlighted in green is the carbon-carbon bond hypothesized to be
made by PqqE.

(FIdA) and flavodoxin reductase (FNR) from Escherichia coli were
grown essentially as described previously (16, 17). Purification em-
ployed a DEAE-Sepharose column at pH 7.5, 50 mm Tris, with
an elution gradient from 50 to 500 mm NaCl over 10 column
volumes. The protein was then passed over a preparatory
gel filtration column to remove high molecular weight
contaminants, exchanged into oxygen-free buffer in the glove
box, and frozen in small aliquots. FNR from M. extorquens
AM1 was cloned from genomic DNA (ATCC 14718) using the
primers CCATTCATATGCCCAAGATCACCTTCGT and
CCATTCTCGAGTCAGCCCTGGCGGG, and then ligated
into the plasmid pET-28a between the Ndel and Xhol restric-
tion sites. This plasmid was used to transform BL21 (DE3)
cells, which were grown overnight in LB medium supple-
mented with 100 um riboflavin at 31 °C. Protein was purified
over a nickel-nitrilotriacetic acid column. Azotobacter vinelan-
dii (ATCC 478) FIdA was cloned from genomic DNA using the
primers GATTGGATCCATGAGCGTAACCATTGTTTAT-
GGGTCC and ATTGCGGCCGCCTACATGAGCTGAGCA-
AGCCATGC and ligated into the pGEX-6p-1 plasmid between
the BamHI and Notl restriction sites. This was grown as
described for FNR, with the exception that 50 um FMN was
added to the medium instead of riboflavin. Protein was purified
over a glutathione-Sepharose column and cleaved with PreScis-
sion protease, and the final product was separated on a size-
exclusion column.

For °’Fe labeling of PqqE, the protein was expressed in M9
medium supplemented with 5 g/liter casamino acids and 20 um
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iron-57 citrate. The casamino acids were passed through a
Chelex column prior to addition to broth. Iron-57 was pur-
chased as the iron oxide (Cambridge Isotopes) and reacted with
10 M HCl at 80 °C to form *”FeCl,. This was diluted 10-fold and
mixed with a 2-fold excess of citric acid. Trace minerals were
added, and the medium was supplemented with 10 um pyridox-
ine HCl and 100 uM cysteine after the addition of isopropyl-1-
thio-B-p-galactopyranoside. Purification and reconstitution
were carried out as with the native form of PqqE.

Iron and Sulfide Quantification of PgqgE—The method of
Crack et al. (18) was used for both, with ferrozine substituting
for ferene in the iron assay. The sample absorbance was com-
pared with an iron standard, and then determined in triplicate.
The ferrozine assay was found to be unperturbed by the pres-
ence of protein through the method of standard addition. For
the sulfide quantification, the standard was generated from a
sodium sulfide solution dissolved in 10 mm NaOH. In this case,
the method of standard addition was used to correct for inter-
ference from the protein (19).

Protein Quantification Assay—PqqE was mixed with 6 M gua-
nidinium HCI plus 0.1 M citric acid and allowed to react for 1 h
to fully denature the protein. The citric acid was added to
destroy the Fe-S clusters and chelate free iron. The protein was
then exchanged into 6 M guanidinium HCI using a PD-10 col-
umn, and the concentration of protein was determined by
absorbance at 280 nm using the method of Pace et al. (20).
Protein concentration of the same sample was determined
using a Bradford assay where the BSA standard curve was lin-
earized by dividing the 590 nm absorbance by the 450 nm ab-
sorbance, according to the method of Zor and Selinger (21).
The comparison of these two values provides a conversion fac-
tor for PqqE of 0.855 (i.e. the true protein concentration is the
Bradford-determined value multiplied by 0.855) that was used
to correct for systematic error in the Bradford assay. This con-
version factor was then used to determine the concentration of
subsequent PqqE preparations.

Mossbauer Spectroscopy—Zero-field, >’Fe Mossbauer spec-
tra were recorded in a constant acceleration spectrometer (SEE
Co., Edina, MN) at 4 K using a Janis Research Co. cryostat
(Woburn, MA). Collected spectra were analyzed with the
WMOSS software package (See Co., Edina, MN). Isomer shifts
are reported relative to a-iron (27-um foil) at room tempera-
ture. Samples of PqqE were prepared by freezing solutions in a
Teflon sample holder (thickness 0.2 inch) under an inert atmo-
sphere. The sample holder was placed snuggly in the sample rod
holder and wrapped in Kapton® tape prior to introduction into
the spectrometer.

Reconstitution of PqgE—The as-isolated PqqE was diluted to
100-200 uM in a buffer containing 2 mm DTT, 50 mm Tris, pH
7.9, 300 mm KCl, and 10% (v/v) glycerol in a glovebox contain-
ing <5 ppm of O,. While stirring, aliquots of Na,S and ammo-
nium iron(II) sulfate were added to the sample in 100 um doses
every 30 min. The sample was kept at room temperature. The
protein was then passed over a PD-10 column to remove excess
iron and sulfide, and the protein was diluted 1:1 with water and
bound to a DEAE column. Using 50 mm Tris, pH 7.9, 500 mm
KCl, 10% glycerol as eluent, a black aggregate remained on the
column, while soluble protein eluted as a brown fraction.
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Peptide Modification Assay—Assays contained 50 um PqqE,
50 uMm PqqD, 50 uM PqqA, and 500 um SAM, and were carried
out in the glove box. The buffering system was 50 mm Tris, pH
7.9, 200 mm KCl, 10% (v/v) glycerol. For reducing reagents, the
assay had either 500 um sodium dithionite, 500 uM titanium-
(TII) citrate, or a mixture of 1 mm NADPH, 5 uM FNR, and 20
uM FIdA. FNR concentration was maintained at a concentra-
tion less than FIdA concentration to ensure that FIdA binding
to FNR did not out-compete association of FIdA with PqqE.
The reaction was quenched with 5% formic acid.

Mass Spectrometric Assay for Conversion of PqqA into Its
Cross-linked Product—Samples were quenched with formic
acid (5%) and analyzed by an Agilent 1200 LC that was con-
nected in-line with a Thermo LTQ-Orbitrap-XL mass spec-
trometer equipped with an electrospray ionization source and
operated in the positive ion mode. The LC was equipped with a
C4 column (Restek), and analytes were eluted using a linear
water/acetonitrile gradient. Data acquisition and analysis were
performed using the Xcalibur software (version 2.0.7, Thermo).
The extent of cross-linking of the PqqA peptide was deter-
mined by integrating extracted ion chromatograms for the
[M+2H]>" ions of cross-linked and unmodified forms of PqqA
(occurring at m/z = 1536.7 and 1537.7, respectively). Tandem
mass spectrometry (MS/MS) measurements were performed
using collision-induced dissociation (CID). Mass-to-charge
ratios (m/z) of theoretical fragment ions of a given amino acid
sequence were calculated using the MS-Product tool of the Pro-
teinProspector software. Mass envelopes were simulated using
the MassXpert software.

Results

As-isolated PqqE Contains Incomplete Fe-S Centers—As
reported previously, we have expressed M. extorquens AM1
PqqE as a Hisq tag fusion in E. coli, and the protein is found to be
very soluble and to express in high yield (12). Quantification of
iron shows that there are roughly 7—10 iron atoms per polypep-
tide, which, although varying among enzyme preparations, sug-
gested multiple 4Fe-4S clusters (22). Due to a persistent lack of
activity in the as-purified PqqE, we turned to Mossbauer spec-
troscopy to assess the status of its iron-sulfur centers. The zero-
field spectrum of oxidized PqqE shows only two significant
doublets: one being a [4Fe-4S]*" signal (§ = 0.478, AE =
1.214), comprising 66% of the total iron, and the other being a
[2Fe-2S]*" or [3Fe-4S]™ signal (8§ = 0.324, AE, = 0.499), com-
prising 33% of the total iron (Fig. 2A). Taken together, this
suggests that protein as-isolated contains a mixture of 2Fe-2S
and 4Fe-4S clusters as recently reported by Saichana et al. (23).

In an effort to obtain active forms of PqqE, we turned to
reconstitution of the as-purified M. extorquens PqqE, initially
adding in 4 eq of iron and sulfide. Following dialysis to remove
any adventitiously bound iron, an increase in both the 4Fe-4S
Mossbauer signal and the total iron loading is observed, yield-
ing 13.0 = 0.1 total irons per polypeptide (average of four
reconstituted enzyme preparations), whereas sulfide quantifi-
cation shows 12.2 * 0.5 sulfurs per polypeptide. This result,
together with the fact that PqqE contains seven conserved cys-
teines in its C-terminal region, suggested the presence of three
4Fe-4S clusters, analogous to the SPASM domain-containing

APRIL 22,2016+VOLUME 291+-NUMBER 17

A.

Absorption (%)

-4 2 0 2 4
Velocity (mm/s)

Absorption (%)

Velocity (mm/s)

Abs.

0.0

400 500 600 700

Wavelength (nm)

300

FIGURE 2. Reconstitution of M. extorquens PqqE shows a 4Fe-4S protein.
A, zero-field Mossbauer spectrum of PqqE at 4 K, as recombinantly expressed
in the presence of *’Fe and purified from E. coli. Black circles show the raw
data, which have been offset from the axis by 0.5% for ease of interpretation.
These data are decomposed into 4Fe-4S (solid line) and 2Fe-2S (dotted line)
components. B, Mossbauer spectrum of as-isolated PqqE reconstituted with
additional *’Fe and sulfide; the 4Fe-4S component comprises 80% of all iron
inthe sample. C,absorbance (Abs.) spectrum of PqqE before (dashed lines) and
after (solid lines) reconstitution of the as-isolated protein.
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FIGURE 3. Modification of PqqA by PqqE and PqqD monitored by LC-MS. A, the initial 2+ ion mass envelope of unmodified PqgA. B, the 2+ mass envelope
of a minor peak, eluting 1 min earlier, seen following a 24-h reaction under anaerobic conditions. A noticeable shift in mass by 2 Da is observed, consistent with
cross-linking of residues in PqgA according to Fig. 5. In both A and B, the red spectra are calculated mass envelopes for PqgA (A) and modified PqgA (B), offset
slightly for ease of comparison. Arrows indicate the most abundant ions, which were used to quantify the relative amount of modified PqqA. C, chromatograph
showing the elution profile of 1537.7 (black) and 1536.7 (blue) ions in an unreacted PqgA sample. D, chromatograph showing the elution profile of 1537.7
(black) and 1536.7 (blue) ions in a 24-h reaction mixture; a small peak containing cross-linked PqgA is seen to elute earlier than the unreacted PqgA.

radical SAM enzyme anSME described by Drennan and co-
workers (25). We then turned to the analysis of Mossbauer
spectra of such reconstituted PqqE at 4 K and zero field (Fig.
2B). These data show a 4Fe-4S signal that represents ~80% of
the total iron detected. The Mdssbauer spectrum of the remain-
ing 20% irons implicates either [2Fe-2S]*>" or [3Fe-4S] ™" states;
the latter, which has a spectroscopic signature similar to [2Fe-
2S]?*, could result from loss of a labile iron at one (or more)
[4Fe-4S] clusters (24). UV-visible absorbance spectra of the
reconstituted PqqE (Fig. 2C) display a spectrum more in line
with known 4Fe-4S clusters: a broad, flat absorbance shoulder
at ~405 nm without the distinct absorbance peaks seen in the
as-purified form (Fig. 2C). Based on the combined iron binding
and spectroscopic data, we conclude that functional PqqE con-
tains three Fe-S centers, at least two of which are present as
[4Fe-4S]. Further structural and spectroscopic analyses of
PqqE, and their relationship to function, are needed before the
structure of the third site can be unambiguously assigned.

A Flavin-containing Reductase Is Necessary to Obtain Peptide
Modification by PqqE—It has been observed in several in-
stances that radical SAM enzymes are unable to be activated

8880 JOURNAL OF BIOLOGICAL CHEMISTRY

using strong reducing reagents such as sodium dithionite as an
electron source. The presence of such reagents leads instead to
an uncoupled reaction that produces 5'-deoxyadenosine and
methionine, but no modification of the substrate. We have pre-
viously reported the uncoupled production of 5'-deoxyadenos-
ine (dA) by Klebsiella pneumoniae PqqE using sodium dithio-
nite as the reducing reagent (22). As an alternative to such a
non-physiological reductant, researchers have employed the
flavodoxin (FIdA)/flavodoxin reductase (FNR) system from
E. coli. In this system, NADPH functions as a source of elec-
trons: FNR binds to NADPH and its FAD cofactor is reduced by
two electrons; these electrons are then transferred to the FMN
cofactor of FIdA, and finally to the radical SAM enzyme itself.
For the enzyme ThiH, this reduction method was found to be
the sole method for productive cleavage of SAM (26), with
dithionite leading to uncoupled SAM cleavage as the sole path-
way. Bruender et al. (27) found that flavodoxin homologues
increased the activity of 7-carboxy-7-deazaguanine (CDG) syn-
thase 75-fold, and in this case, flavodoxin was able to accept
electrons from sodium dithionite and increase the reaction rate
relative to dithionite alone. Notably, the most effective reduc-
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FIGURE 4. MS-MS analysis of modified (top) and unmodified (bottom) PqqA. The modified peptide shows cleavage protection between E and Y; few or
none of the fragments detected in the parent PqqA are observed. Mass fragments are labeled according to the sequence of PqgA shown in the top panel. b ions

that are not present in the cross-linked sample are outlined in the dashed box.

tion rate came from using the native flavodoxins, suggesting
that there may be specific interactions between the radical
SAM enzyme and flavodoxin, or that a highly tuned redox
potential is required for productive turnover. With these results
in mind, we set up reactions between PqqE, PqqD, and PqqA
using different reducing reagents that utilize FNR/FIdA, so-
dium dithionite, or titanium(III) citrate as the sole electron
source. We examined both the E. coli FIdA/FNR pair and a sec-
ond reducing system composed of an FNR from M. extorquens
ENR and an FIdA from A. vinelandii. Although a flavodoxin
from M. extorquens would have been preferable, we were
unable to locate an open reading frame for such a gene product
in the genome of M. extorquens; further, the FNR of A. vinelan-
dii is 67% identical to that from M. extorquens. LC-MS mea-
surements were used to analyze the products of the enzymatic
reactions, to identify any mass changes that occur as a result of
modification of PqqA. The most abundant peak of unmodified
PqqA appears at m/z = 1537.7, with z = +2 (Fig. 3A). The
elution profile of the unmodified PqqA appears as a broad peak
beginning at around 13 min in the chromatogram (Fig. 3C).
Upon reaction at room temperature overnight, a new, broader
fraction eluted from the LC, which contained a mixture of
unmodified and modified PqqA, with the latter observed in the
leading edge of the fraction (Fig. 3D), and exhibiting a —2-Da
molecular mass shift relative to unmodified PqqA (Fig. 3B).
This mass shift is as expected for a cross-linking reaction
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between glutamate and tyrosine in PqqA, in which formation of
the new carbon-carbon bond is followed by re-aromatization of
the tyrosine ring and concomitant elimination of two hydrogen
atoms (see below). Use of either titanium(III) citrate or sodium
dithionite as reductant failed to lead to modified PqqA. Use of
sodium dithionite resulted in complete formation of dA
through an uncoupling reaction, both in the absence and in the
presence of PqqA and PqqD. Surprisingly, despite the low yield
of modified PqqA (estimated as ~4% at 24 h), no uncoupled
production of dA could be detected using FIdA/FNR/NADPH
as reductant. Reaction mixtures in which PqqD is omitted are
unreactive and show no change in PqqA mass relative to start-
ing material. This was also recently found in another radical
SAM protein that contains a PqqD-like domain and modifies a
small peptide (28). The slow turnover of PqqE may be related to
the use of a less than optimal flavodoxin as electron carrier or
PqqE inactivation in the course of reaction, and there is clearly
room for further optimization. Importantly, these results indi-
cate for the first time that an intramolecular cross-linking reac-
tion occurs between PqqA residues, and that this process is
critically dependent on PqqE, PqqD, and the flavodoxin reduc-
tase system.

MS/MS Supports Cross-linking of Glu'® to a C-terminal Side
Chain of PggA—The [M+2H]*" ions of unmodified PqqA and
modified PqqA were selected for analysis by MS/MS using CID.
CID of peptide ions typically results in cleavage of peptide
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FIGURE 5. Scheme for the formation of PQQ from glutamate and tyrosine of PqqA. PqqA’s conserved glutamate undergoes a hydrogen abstraction on the
y-carbon, forming a carbon radical that reacts with the 3-position of tyrosine to form a carbon-carbon bond. At this point, re-aromatization is favored, and the
modified tyrosine loses a proton and electron, potentially to either the radical SAM cluster or an auxiliary cluster.

bonds to form b-type and/or y-type fragment ions (29). The
particular fragment ions that are observed in an MS/MS spec-
trum depend on several factors, including the primary se-
quence, the precursor ion charge state, the locations of charges
(i.e. ionizing protons) in the peptide precursor ions, the internal
energy of the precursor ions, etc. The MS/MS spectrum of
unmodified PqqA exhibits a series of consecutive b-type frag-
ment ions, b, through b (Fig. 4, lower panel). For comparison,
in the MS/MS spectrum of modified PqqA, fragment ions b, 5
through b, are observed at markedly lower abundance (high-
lighted in the orange dashed box in the upper panel of Fig. 4).
Formation of fragment ions b, ; through b, 4 results from cleav-
age of peptide bonds in the region of PqqA encompassed by
Glu'® and Tyr'®, and separation of the resulting, complemen-
tary N-terminal and C-terminal fragments. In the case of a
modified PqqA, formation of fragment ions b, through b is
hindered by the covalent, intramolecular cross-link between
Glu'® and Tyr'?, which prevents detection of fragments result-
ing from peptide bond cleavage within this region of the pep-
tide. Moreover, in the MS/MS spectrum of unmodified PqqA,
the b,, fragment ion (m/z = 1281.72) is the base peak (i.e. the
peak of highest abundance) and residual precursor ion is not
observed, indicating that the precursor ion of unmodified PqqA
was completely fragmented under CID. In contrast, the base
peak in the MS/MS spectrum of the modified PqqA is residual
precursor ion (m1/z = 1536.74), indicating incomplete fragmen-
tation of the modified PqqA under CID. The collision energy
settings used for CID of unmodified and modified PqqA were
identical. The incomplete fragmentation of modified PqqA is
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consistent with a modification that stabilizes the precursor
peptide ions against fragmentation. In summary, the incom-
plete precursor ion fragmentation and lowered abundance of
fragment ions resulting from peptide backbone cleavage within
the region between Glu'® and Tyr'® strongly support the pres-
ence of a covalent cross-link between Glu'®> and Tyr'? in the
modified PqqA.

Discussion

Among the three major classes of enzymatic redox cofactors
(flavins, nicotinamides, and quinones), there has been a singu-
lar lack of understanding regarding the biosynthetic pathway
for PQQ production. The operon encoding PQQ biosynthesis
(Fig. 1A) was identified more than 25 years ago (4, 30), and more
recent bioinformatics studies demonstrated a conservation of
gene order that includes an occasional gene fusion between
PqqD with either the C terminus of PqqC or the N terminus of
PqqE (2). However, the description of function for each gene
product from this operon has lagged considerably, with PqqC
representing the only enzyme within the pathway successfully
characterized with regard to structural, spectroscopic, and
kinetic properties (5, 6, 31). Although PqqE had been shown to
be a radical SAM enzyme (22), it had not been possible to dem-
onstrate a reaction between the peptide substrate PqqA and
PqqE, suggesting either that PqqA must be modified before it
can interact with PqqE or that key components of the PqqE
system were missing (7). In a recent breakthrough, PqqD was
shown to bind tightly to PqqA and to enter into a ternary com-
plex with PqqE (12). The resulting suggestion that PqqD was a
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missing component for productive PqqE activity is verified in
the present study. Two additional features of a functional PqqE
not previously defined are the requirements for reconstitution
of enzyme with additional iron equivalents, as well as the
uncovering of suitable reductant systems that can support cou-
pling between SAM cleavage and the subsequent functionaliza-
tion of PqqA.

With this study, both the initial step in PQQ production,
catalyzed by PqqE, and the ultimate step, catalyzed by PqqC,
have been identified Further, with a function assigned to PqqD,
PqqB remains the sole gene product without any clearly estab-
lished catalytic role. Although hints to the function of PqqE
came with its demonstration as a radical SAM enzyme, it was
uncertain whether the reaction would involve simply the for-
mation of a new carbon-carbon bond formation or, perhaps,
more drastic modifications. Based on the present work and its
relationship to the recently published work on the StrB protein,
a radical SAM enzyme that catalyzes carbon-carbon bond for-
mation between lysine and tryptophan residues in a small, ribo-
somally produced peptide (32), we conclude that the principal
role of PqqE is to catalyze formation of a new carbon-carbon
bond between the y-carbon of a glutamate and the ring of a
tyrosine residue (Fig. 5). A great deal of fascinating biochemis-
try remains to be determined that includes determining the
manner in which PqqD controls the interaction between PqqA
and PqqE, the catalytic function of PqqB, and the process that
liberates the cross-linked Glu-Tyr product from its parent pep-
tide. The data presented herein, demonstrating that the initial
step in PQQ biosynthesis is carried out by the combined action
of PqqE and PqqD, provide a critical clarification of the mech-
anistic underpinnings of PQQ production as well as a defined
direction for future studies of this unique member of the family
of ribosomally encoded, post-translationally modified peptides
(13-15).
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RNA polymerase II (RNAPII) undergoes structural changes
during the transitions from initiation, elongation, and termina-
tion, which are aided by a collection of proteins called elonga-
tion factors. NusG/Spt5 is the only elongation factor conserved
in all domains of life. Although much information exists about
the interactions between NusG/Spt5 and RNA polymerase in
prokaryotes, little is known about how the binding of eukaryotic
Spt4/5 affects the biochemical activities of RNAPII. We charac-
terized the activities of Spt4/5 and interrogated the structural
features of Spt5 required for it to interact with elongation com-
plexes, bind nucleic acids, and promote transcription elonga-
tion. The eukaryotic specific regions of Spt5 containing the
Kyrpides, Ouzounis, Woese domains are involved in stabilizing
the association with the RNAPII elongation complex, which also
requires the presence of the nascent transcript. Interestingly, we
identify a region within the conserved NusG N-terminal (NGN)
domain of Spt5 that contacts the non-template strand of DNA
both upstream of RNAPII and in the transcription bubble.
Mutating charged residues in this region of Spt5 did not prevent
Spt4/5 binding to elongation complexes, but abrogated the
cross-linking of Spt5 to DNA and the anti-arrest properties of
Spt4/5, thus suggesting that contact between Spt5 (NGN) and
DNA is required for Spt4/5 to promote elongation. We propose
that the mechanism of how Spt5/NGN promotes elongation
is fundamentally conserved; however, the eukaryotic specific
regions of the protein evolved so that it can serve as a platform
for other elongation factors and maintain its association with
RNAPII as it navigates genomes packaged into chromatin.

The conversion of DNA to RNA is a fundamental aspect of all
life, and this process is carried out by RNA polymerases
(RNAPs).” These enzymatic powerhouses must maintain both
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high levels of fidelity and processivity over long distances to
ensure that RNAs are accurately produced on a time scale ame-
nable to life. Families of proteins called elongation factors have
evolved to assist RNA polymerases during transcription elon-
gation. The oldest and most conserved of these factors is the
NusG/suppressor of Ty element (Spt) 5 family (1, 2). NusG is
the eubacterial version of Spt5 and functions as a single poly-
peptide; however, archaea and eukaryotic Spt5 associate with
an additional small protein, Spt4. In yeast, SPT35 is essential, but
SPT4 is not. Deleting the gene encoding Spt4 impairs elonga-
tion, transcription-coupled repair, and mRNA processing
(2-5). Some of the functions of Spt4 may be partially dependent
on its ability to prevent degradation of Spt5 in cells (4).

The NusG/Spt5 family of proteins has been shown to
enhance RNA polymerase transcription elongation in all
domains of life (6 —10). NusG regulates RNAP activity by stabi-
lizing the post-translocated state thereby inhibiting backtrack-
ing and reducing long lifetime pauses (6, 11). The NusG homo-
log RfaH has also been implicated in regulating movement of
the RNAP bridge helix suggesting that NusG and RfaH may
function to alter RNAP conformational dynamics (6, 12). In
fact, the movement of the trigger loop and bridge helix in the
active site is a fundamental process in nucleotide incorporation
and regulates arrest of active elongation complexes in both pro-
karyotes and eukaryotes (12-15). In prokaryotes, the move-
ment of the trigger loop and bridge helix is linked to the forma-
tion of RNA hairpins, which regulate RNAP pausing (13, 16,
17). Although this method of pausing is not known to exist in
eukaryotes, x-ray crystal structures of yeast RNAPII in different
stages of elongation have generated a model in which the move-
ment of the bridge helix and trigger loop can be coupled to
translocation through the non-template strand of DNA (18).
This information implies that the nucleic acid scaffold is critical
in maintaining active RNAP during elongation.

Using a combination of crystal structures, cryo-EM, and
model building of archaeal Spt4/5 bound to RNAP, it has been
proposed that Spt4/5 closes the “crab claw”-like clamp of RNAP
(8, 10) by binding across the jaws and interacting with a coiled-
coil domain of RpoA (7). This binding may prevent the dissoci-
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ation of the RNA polymerase from the template by encircling
DNA and enhancing processivity (7, 8, 10). “Bridging” of the
two lobes of RNAP occurs through the universally conserved
NGN domain (NusG N-terminal region), and all known bio-
mechanical properties of Spt5 are linked to this domain (1, 7,
19, 20).

Much of what we know about the biochemical activities of
eukaryotic Spt4/5 arose from its identification as the DRB-sen-
sitive inducing factor (DSIF) in HeLa cell extracts and was later
found to be required to stably pause RNAPII in promoter prox-
imal regions (9, 21). In this latter case, DSIF acts as a negative
elongation factor working with the negative elongation factor
(22). Conversion to a positive elongation factor requires the
phosphorylation of Spt5 by positive transcription elongation
factor b (P-TEFb) (23). Human Spt5 suppresses the arrest of
RNAPII at poly(A) tracts (24), and the zebrafish version of Spt5
stimulated transcription elongation in extracts (25). In these
two examples, eukaryotic Spt4/5 has been shown to function in
a positive manner to support transcription elongation. Because
the ability to induce promoter proximal pausing is unique to
higher eukaryotes, much of the focus to understand DSIF func-
tion has been carried out in metazoans using depleted extracts
or crude fractions. What is lacking is a highly defined biochem-
ical reconstitution system to study eukaryotic Spt4/5 that can
provide a deeper mechanistic understanding of how it affects
RNAPII activity and promotes elongation. Studying yeast
Spt4/5 provides an opportunity to understand the positive
effect of Spt4/5 on transcription elongation, as yeast lacks pro-
moter proximal pausing. Furthermore, genetic assays indicate
that Spt4/5 functions in a purely positive function (3, 26, 27).

In prokaryotes, NusG of eubacteria and Spt4/5 from archaea
bind to RNAP (7, 20). However, the association between fly and
human DSIF and RNAPII is facilitated by the emergence of the
nascent transcript (28, 29). Eukaryotic Spt5 contains an
extended C terminus containing five Kyrpides, Ouzounis,
Woese (KOW) domains that theoretically can reach anywhere
on the surface of RNAPIL. KOW domains are generally part of
larger Tudor domains that are known to interact with nucleic
acids (30, 31). In fact, a crystal structure of an isolated KOW1-
linker (K1L1) fragment of Spt5 and biochemical analysis using
isolated K1L1 provided evidence that it binds to nucleic acids
(32). Furthermore, in vivo cross-linking data conducted on
yeast Spt5 revealed that KOW domains 4 and 5 interact with
surfaces on RNAPIIL, including the Rpb4/7 sub-module.
Although more information is being gained on the functions of
these KOW domains, how they affect RNAPII binding and
activity is not clear. Eukaryotic Spt5 also contains an extended
intrinsically disordered modifiable C-terminal region (CTR)
that has been shown to be phosphorylated during transcription,
which in turn recruits elongation and RNA-processing factors
(4, 33—37). This raised the possibility that the elongation activ-
ity associated with Spt5 may have been delegated to other elon-
gation factors during the course of evolution. The CTR of Spt5
does not contribute to the essential function of the protein
because a CTR-less mutant of Spt5 is viable and displays minor
phenotypes (36, 37); however, systematic deletion of KOW
domains and the linker regions of Spt5 in yeast are lethal and
result in reduced affinity for both RNAPI and RNAPII (38).
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Spt4/5 likely associates with several regions of RNAPII and
nucleic acids in the elongation complex. The consequences of
these interactions with polymerase are not well understood.
We show that the emerging RNA transcript is critical for the
binding of yeast Spt4/5 to the elongation complex. Addition-
ally, eukaryotic specific regions of Spt5 are required for stable
binding to RNAPII elongation complexes. Furthermore, we
provide direct evidence that interaction of the NGN domain of
Spt5 with the non-template strand of DNA in the elongation
complex is required for Spt4/5 to promote elongation.
Together, these findings suggest a eukaryotic specific mode of
binding to polymerase but a universally conserved mechanism
of action to promote elongation. It also suggests an elongation
promoting activity for Spt4/5 different from its ability to encir-
cle the DNA and retain RNAP on DNA.

Experimental Procedures

Plasmid Construction—The coding sequences of SPT4 and
SPT5 were amplified by PCR from genomic DNA with primers
that introduced BamHI and BsrGI or BamHI and NgoMIV sites
into the ends, respectively. The products were then ligated into
the shuttle vectors pST50-N-term-Strep tag (39) and pST66-C-
terminal His, tag. The expression modules were then excised
using unique restriction sites and ligated into the pST69 co-ex-
pression plasmid (a kind gift from Song Tan). Details are avail-
able upon request. The SPT5-HA; sequence was amplified by
PCR from pHQ1494 (a kind gift from Allen Hinnebusch) and
then inserted into pRS313 plasmids using the In-fusion cloning
method (Clontech). Mutations were constructed using the In-
fusion mutagenesis procedure. Constructs were confirmed by
sequencing.

Yeast Strains—Homologous recombination was used to fuse
the FRB sequences in-frame with the endogenous SPT5 coding
sequence in the anchor-away strain Y40343 (Euroscarf)
as described previously (40). The strain, JR1734, genotype
is MATa torl-1 fpri:NAT RPLI13A-2xFKBPI12:TRPI
SPT5xFRB:KANMX. Spotting of strains was performed by
growing yeast cells transformed with pRS313 containing SPT5-
HA,, and its mutant derivatives, to an OD of 1.0 and then spot-
ting 10-fold serial dilutions onto synthetic media (—HIS) plates
*+1 pg/ml rapamycin. For preparing extracts for Western blot-
ting, cells were grown to an Ay, of 0.7—0.8; rapamycin was
added to 1 pg/ml, and after 1.5 h the cells were harvested, and
whole cell extracts were prepared using the trichloroacetic acid
method (41). Whole cell extract was then run on SDS-PAGE
and subjected to Western blotting with anti-HA (Pierce) or
anti-H2B (Active Motif) antibodies. Signals were detected
using chemiluminescence detected on x-ray film.

Purification of Recombinant Sptd/5 and Yeast RNAPII—
BL21 codon plus cells transformed with a plasmid co-express-
ing Strep-Spt4 and Spt5-His, were grown to an OD of 0.4.
Spt4/5 was induced by the addition of 0.1 mm isopropyl 1-thio-
B-p-galactopyranoside and 0.3 mm ZnSO, overnight at 18 °C.
Cells were then harvested, washed in lysis buffer (20 mm Tris-
Cl, pH 8.0, 500 mm KCl, 0.010 mm ZnCl,, 5 mm imidazole, and
10% glycerol), lysed by adding lysozyme, and sonicated. The
lysate was cleared by centrifugation at 14,000 rpm and incu-
bated in Talon resin (Clontech) for 1 h at 4°C. Resin was
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washed with lysis buffer and then eluted in lysis buffer contain-
ing 200 mMm imidazole. The peak fractions were pooled and
diluted to 200 mm salt in heparin buffer (20 mm Tris-Cl, pH 6.8,
100 mm NaCl, 8% glycerol). Protein was purified on heparin-
agarose using step elution fractions of 0.5, 1.0, 1.5, and 2.0 M
NaCl. Peak fractions were pooled and diluted to 100 mm NaCl
and then passed over a Q-Sepharose column. Protein was
eluted with step gradients from 200 to 800 mm KCl in 100 mm
steps in Q buffer (20 mm HEPES, pH 7.5, 5 mm MgCl,, 1 mm
B-mercaptoethanol, 0.01 mm ZnCl,, 10% glycerol). Peak frac-
tions were pooled and dialyzed against 20 mm HEPES, pH 7.5,
200 mm KCl, 5 mm MgCl,, 1 mm B-mercaptoethanol, 0.01 mm
ZnCl,, 10% glycerol. Protein was stored at —80 °C. Yeast RNA-
PII was purified as described previously (42).

Elongation Complex Reconstitution and Runoff Experi-
ments—DNA templates for EC42 runoff experiments were pre-
pared by annealing two chemically synthesized oligos corre-
sponding to the non-template and template strands, producing
a template with a 3’ overhang. The DNA template was gel-
purified. The sequences are as follows: EC42 template strand,
5'-GCCACCGCGGTCTAGAGGATCCCCGGGAGTGG-
AATGAGAAATGAGTGTGAAGATAGAGGAGAGATCA-
AAAAAATTA-3’, and EC42 non-template strand, 5'-CTC-
CTCTATCTTCACACTCATTTCTCATTCCACTCCCGGG-
GATCCTCTAGACCGCGGTGGC-3'. EC70 templates were
prepared using a PCR and tail ligation strategy (28, 43, 44)

Elongation complexes (ECs) were formed as described pre-
viously (28, 43, 44). Briefly, reactions were formed in 15 ul of
transcription buffer (50 mm HEPES, pH 7.5, 100 mm KCl, 1 mm
MnCl,, and 0.5 mm DTT, 10% glycerol, 0.5 mm UpG, 20 units of
RNasin (Promega), 100 ng/ul BSA). Approximately 150 fmol of
RNAPII was pre-incubated with DNA template, and then 5 ul
of 0.1 mMm ATP, 0.1 mm CTP, 0.005 mm UTP, and 8 uCi of
[@-*?P]UTP(6000 Ci/mmol) was added. For the anti-arrest
assays, ECs were formed on EC42 templates in the presence of
0.1 mm ATP, 0.1 mm CTP, 0.005 mm UTP, and 8 uCi of
[a-*?P]JUTP (6000 Ci/mmol) for 2.5 min, and then Spt4/5 was
added to the reaction along with 100 uM UTP and 250 ng/ul
salmon sperm DNA. ECs were then incubated for 5, 7.5, 10, and
20 min. After each time point, ECs were chased with 100 um
ATP, CTP, and GTP for 10 min. Reactions were terminated by
transcription stop mix (20 mm EDTA, pH 8.0, 200 mm NaCl, 1%
SDS, 0.5 pg/ml yeast total RNA). Samples were treated with 1
pg/ml proteinase K, and the RNA was purified by phenol/chlo-
roform/isoamyl alcohol (25:24:1) extraction and ethanol pre-
cipitation. RNA was resuspended in formamide dye solution
(90% formamide, 1 mm EDTA, bromphenol blue, and xylene
cyanol), heated, separated on 10% denaturing polyacrylamide
gels, dried, and exposed to a phosphorimaging screen. Images
were recorded using a Typhoon system (GE Healthcare) and
analyzed using Image]. Percent (%) active complex was calcu-
lated by the following formula: % RNA runoff = (full-length
RNA + EC RNA), plotted on the y axis versus time (x axis), and
the data were then fit to an exponential decay curve for com-
parison using Excel.

RNA Cross-linking and Footprinting—RNA cross-linking was
performed as described previously (28, 43), except that 3-O-
MeGTP was omitted. Briefly, ECs were formed on DNA tem-
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plates using ~500 fmol of RNAPII in transcription buffer with
0.03 mm bromo-UTP, 0.03 mm ATP, 0.005 mm CTP, and 4 nCi
of [a-3?P]CTP (6000 Ci/mmol). ECs were formed for 20 min,
and then Spt4/5 was added with 500 ng of competitor yeast total
RNA. Samples were then UV-irradiated for 10 min at 308 nm,
and 1 ug of RNase A and 10 units of DNase I (Roche Applied
Science) were added and the samples incubated at 37 °C for 1 h.
Samples were resolved on SDS-PAGE, dried, and exposed to a
phosphorimaging screen.

For RNase protection, footprinting experiments were con-
ducted on ECs formed on DNA templates immobilized on
streptavidin M-280 Dynabeads. ECs were formed in transcrip-
tion buffer using ~100 fmol of RNAPII plus 0.1 mm ATP, 0.1
mM CTP, 0.1 mum for 20 min. Nucleotides and free protein were
removed by magnetic collection and three washes in wash
buffer (20 mm HEPES, pH 7.5, 100 mm KCI, 1 mm DTT, 0.02%
Nonidet P-40, 100 ng/ul BSA). Afterward, the beads were
resuspended in reaction buffer (20 mm HEPES, pH 7.5, 100 mm
KCl, 5 mm MgCl,, 1 mm DTT, 0.01 mm ZnCl,, 100 ng/ul BSA,
10% glycerol), and [a-**P]GTP (6000 Ci/mmol) was added and
incubated for 5 min to end label the RNA, and then cold GTP
was added to 100 um and incubated for an additional 5 min. The
complexes were then collected and washed three times with
wash buffer and resuspended in reaction buffer. Spt4/5 was
then titrated into the binding buffer, and RNase I (New England
Biolabs) was added to 1 unit/ul and incubated for 3 min. The
reaction was terminated by the addition of transcription stop
mixture, and then phenol/chloroform/isoamyl alcohol (25:
24:1) was extracted and ethanol-precipitated. Samples were
resuspended in formamide dye and run on 15% denaturing
polyacrylamide gels.

DNA Gel Shift and Exolll Footprinting—Transcription tem-
plates for EMSA and Exolll nuclease footprinting were gener-
ating by annealing complementary gel-purified oligos. The top
strand was end-labeled with [**P]ATP using polynucleotide
kinase. EC formation was performed as described above, except
no radiolabeled nucleotides were added, and 10 nmM RNAPII for
Exolll footprinting the scale of the reaction was increased to
100 nm RNAPIL ECs (*Spt4/5) were loaded on a 4.5% native
PAGE in 0.5X TBE and electrophoresed at room temperature
for 2 h. For Exolll footprinting, Exolll was added to a final
concentration of 10 units/ul and allowed to digest for varying
amounts of time. Samples were quenched with 20 mm Tris-Cl,
pH 7.5, 200 mm NaCl, 1% SDS, and 100 ng/pul single-stranded
DNA. Samples were then treated with proteinase K; phenol/
chloroform/isoamyl (25:24:1) was extracted, ethanol-precipi-
tated, resuspended, and run on a 10% denaturing polyacryl-
amide gel. Quantification of the Exolll footprinting was
performed by taking the sum total of the bands comprising the
RNAPII footprint at nucleotides +18, +17, +16,and +15. The
signal in the free DNA digestion samples was considered back-
ground and was subtracted out. The sum of these four bands
was then calculated, and each individual band was divided by
the total (+18/2+18,+17,+16,+15), and this generated a frac-
tion of the total population.

Immobilization of RNAPII and KMnO,, Footprinting—Pro-
tein A-Sepharose magnetic beads (GE Healthcare) were
blocked with 20 mm Na-HEPES, pH 7.8, 150 mm NaCl, 10%
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glycerol, 250 ng/ul BSA and then bound to 8WG16 IgG for 1 h
at room temperature. Beads were then washed three times with
10 bed volumes of bead wash buffer (50 mm Tris-HCL, pH 7.4,
250 mm KCl, and 100 ng/ul BSA) and then three times with IgG
Wash buffer (50 mm Tris-HCI, pH 7.4, 100 mm NaCl). RNAPII
was then immobilized through the CTD of Rpb1 on protein A
magnetic beads in transcription buffer for 1 h at 4 °C, washed
three times with IgG wash buffer, and finally resuspended in
transcription buffer. End-labeled DNA was added to form ECs
for 20 min in the presence of 100 um CTP, ATP, and UTP.
Beads were washed two times with 20 mm HEPES, pH 7.5, 500
mMm KCI, 5 mm MgCl,, 0.001 mMm ZnCl,, 10% glycerol, and 100
ng/ul BSA and then two times with the same buffer except that
the KCI was reduced to 100 mm. The immobilized ECs were
resuspended in transcription reaction buffer supplemented
with 2 mm CaCl,. Competitor salmon sperm DNA was added to
aconcentration of 100 ng/ul. For RNAPII walking experiments,
complexes were eluted using a GST-CTD recombinant protein.
Spt4/5 was either added or not, and either 100 um CTP, GTP, or
100 um CTP ATP was added back. 3-Fold molar excess of TFIIS
was added back. Complexes were then treated with 5 mm
KMnO, for 2 min at room temperature and quenched with 20
mMm EDTA, 250 mm B-mercaptoethanol, 300 ng/ul salmon
sperm DNA, and 10% piperidine. Samples were then heated to
90 °C for 10 min and extracted once with water-saturated n-bu-
tanol, precipitated with ethanol, resuspended in 90% formam-
ide buffer, and run on 10% denaturing polyacrylamide gels.

DNase I Footprinting—Elongation complexes were formed
on immobilized RNAPII as described above. After washing,
elongation complexes were eluted from the magnetic beads
using 1 pg of recombinant GST-CTD in DNase I reaction
buffer (20 mm HEPES, pH 7.5, 100 mMm KCl, 5 mm MgCl,, 1 mm
DTT, 0.01 mm ZnCl,, 100 ng/ul BSA, 1 mm CaCl,, 10% glyc-
erol). Spt4/5 or buffer was added for 5 min, and then 200 ng of
salmon sperm DNA was added, and samples were treated with
0.0006 units of DNase I for 1 min at room temperature. Samples
were then quenched with 10 mm EDTA and immediately
loaded on 0.5X TBE, 4.5% native PAGE. After separation, the
gel was exposed to x-ray film, and the bands corresponding to
free DNA, ECs, and EC-Spt4/5 complexes were excised, and the
DNA was recovered. The DNA was then purified and separated
on 10% denaturing PAGE. Quantification of the DNase I foot-
print was performed using ImageQuant software (GE Health-
care). A trace of each individual lane was taken and adjusted for
the total counts in each lane using Excel. Then the traces were
generated in Excel and overlaid.

Generation of Photo-probes and 5-Iodo-CTP Photo-cross-
linking—Photoreactive nucleotide was incorporated at unique
positions by hybridizing an oligo to a long template strand
immediately upstream of CA pairs. 10 uMm 5-iodo-dCTP
(Sigma) and 5 uCi of [a-**P]dATP (6000 wCi/mmol) were
added along with Klenow exo— (New England Biolabs) and
incubated for 10 min at 37 °C. Afterward, all ANTPs were added
to a final concentration of 100 uMm, and the reaction was allowed
to extend for 30 min. Double-stranded modified probes were
gel-purified on 10% native PAGE. ECs were formed as
described above (EC42), and then Spt4/5 was added followed by
200 ng of carrier salmon sperm DNA. Samples were then irra-
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diated using a 308 nm UV light source for 10 min. After irradi-
ation, the samples were digested with DNase I (10 units) and
RNase A (2.5 ug) at 37 °C for 60 min. SDS-loading buffer was
then added, and samples were separated on SDS-polyacryl-
amide gels, dried, and exposed to phosphorimaging screens.

Results

Characterization of Elongation Complexes Formed from End-
initiated Templates—We use a minimal system for assembling
ECs from highly purified components (28, 43—46). RNAPII
elongation was initiated from a 3’ single strand extension on a
duplex template to assemble an EC with a defined transcript
produced from a G-less cassette (Fig. 14). ECs were formed
with RNA transcripts between 35 and 70 nucleotides in length,
where indicated. These lengths of RNA are sufficient to bind
Spt4/5 (see below) (28, 29). To produce ECs with different
length transcripts, the DNA sequence in the template between
the initiation site and the first G was shortened. The sequences
immediately upstream of the arrest site and the single strand-
double strand junction were always identical. Previous studies
have shown that initiating transcription from some 3'-ex-
tended templates produced aberrant ECs with extended RNA-
DNA hybrids caused by the hybridization of the transcript to
the template strand and a displacement of the non-template
strand (NTS) from DNA (47-49). However, it was later found
that the extent to which this occurs is dependent on a number
of factors, including the source of RNAPII, the sequences of the
3’ tail, and the region encompassing the single strand-double
strand junction on the template (47). Previously, it has been
shown that templates using the same 3’ tail and duplex region
as that described here produced transcripts that are resistant to
RNase H (cuts RNA-DNA hybrids) and sensitive to RNase A,
suggesting extended DNA-RNA hybrids are not produced (44).
Nonetheless, because one of the goals of this study was to char-
acterize interaction between Spt4/5 and the nucleic acid scaf-
fold, we further characterized ECs built from this template to
validate that a proper nucleic acid scaffold was forming.

We first tested whether the ECs produced here had a prop-
erly formed transcription bubble. Potassium permanganate
(KMnO,) was used to interrogate the structure and location of
the transcription bubble in RNAP (50, 51). The thymidine (T)
bases in single-stranded DNA are prone to oxidation by
KMnO,, whereas those located in double-stranded nucleic
acids were resistant. If the NTS was being displaced and the
transcription bubble failed to close, thymidines in the NTS
behind RNAPII would be highly reactive to permanganate. This
was not observed. ECs formed by this method resulted in strong
permanganate reactivity immediately upstream of the G-tract
(+1) at T—4, T—9, and T—10, which are expected to be in the
transcription bubble when RNAPII arrests at the first G (Fig.
1B, compare lanes 2 and 3). Weaker activity is also observed at
T+5 and T+7, which lie just on the downstream edge of the
expected location of the transcription bubble. The weaker reac-
tivity just ahead of the bubble of RNAPII ECs may be caused by
bending of the template and enhanced base flipping in this
region. Importantly, thymidines in the NTS immediately
behind RNAPII are resistant to KnMO, indicating bubble clo-
sure. Weak RNAPII-dependent reactivity of T—27, T—35, and
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FIGURE 1. Characterization of ECs. A, schematic diagram of the formation of RNAPII ECs using 3’ end initiated templates. Radiolabeled UTP is incorporated
into the transcript during the transcription of the G-less cassette. B, KMnO, footprint of the non-template strand. ECs (EC70) were prepared on immobilized
RNAPII (see under “Experimental Procedures”). DNA sequence is indicated on the right of the gel. The four G bases (+1 to +4) are equivalent to the G-tract
shown in A. The reactive Ts are marked with an asterisk. Heparin and TFIIS was added to the samples shown in lanes 4 and 5, respectively. All samples were run
on the same gel, but irrelevant lanes were removed between lanes 4 and 5. C, RNase | footprinting of the transcript in ECs. ECs were formed on a template that
produced a 35-nucleotide (NT) transcript with radiolabeled GTP incorporated into the 3’ end of the transcript in the active site of RNAPII. Left, schematic
representation of RNA protection experiment. Right, gel image of the labeled RNA produced with and without RNase | digestion.

T—36 was observed. However, these T's are flanked by a C-tract
found in the template. RNAPII stalls or arrests at polynucle-
otide tracts (52), and this reactivity may be caused by a fraction
of RNAPII becoming arrested over this region due to back-
tracking. To test this hypothesis, the elongation factor TFIIS
was added to the reaction. TFIIS would rescue the arrested
complexes over the C-tract and lead to a loss of reactivity at
these T bases. This was indeed the case; adding TFIIS elimi-
nated the permanganate reactivity at these thymidines (Fig. 1B,
compare lanes 3 and 5). Finally, we demonstrated the KMnO,
reactivity was resistant to heparin, suggesting that this was not
due to a nonspecific interaction between RNAPII and the DNA
(Fig. 1B, lanes 3 versus 4). Thus, KMnO, reactivity indicates
that a transcription bubble is produced and that the NTS is
re-annealing with the template strand behind RNAPII.
Previous EC complex mapping revealed that RNAP protects
16 -19 nucleotides of RNA from digestion by single-stranded
RNases (53, 54). The structure and location of the emerging
transcript in the ECs prepared by this method were examined.
RNAPII ECs were formed on immobilized DNA templates by
transcribing up to the G-tract using “cold” nucleotides lacking
GTP; the complexes were washed to remove nucleotides, and
then [a-**P]GTP was added to produce a 3’ end-labeled tran-
script. RNase I digested the transcript down to 17—-19 nucleo-
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tides, a length expected if the RNA was threaded through the
RNA exit channel (Fig. 1C). If it emerged aberrantly, such as
through the main channel, the size of the protected transcript
should be different. Additionally, the sensitivity of the tran-
script to single-stranded specific RNase indicates that extended
RNA-DNA hybrids were not formed on the vast majority of the
templates. All of the data described here, and elsewhere (28,
43-46), indicate that this template produces ECs with the
expected nucleic acid scaffold.

Sptd/5 Reduces or Prevents RNAPII Arrest—After validating
the structure of the ECs, we tested how Spt4/5 bound to ECs
and affected the activity of RNAPII. Until now, it has been
shown that human Spt4/5 (DSIF) stimulates elongation and
mediates 5,6-dichloro-1-3-p-ribofuranosylbenzimidazole sen-
sitivity of RNAPII in extracts (9, 24, 55, 56), but how Spt4/5
affects RNAPII activity is still unclear. We produced recombi-
nant yeast Spt4/5 complex in Escherichia coli using a polycis-
tronic co-expression system (39). Spt4/5 complexes containing
a full-length Spt5 and another lacking the C-terminal region
(ACTR) were isolated to high purity (Fig. 24). Removing the
disordered CTR increased expression of the complex and
allowed for its separation from Rpb2 in gels in subsequent
experiments (see below). Because the CTR is not required for
viability in yeast or binding to RNAPII in vitro (36, 38), we
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FIGURE 2. Biochemical analysis of recombinant Spt4/5. A, Coomassie Blue-stained SDS-PAGE of recombinant of Spt4/5 and Spt4/5(ACTR). An arrow shows
Spt4. The asterisk indicates a contaminating protein migrating just above Spt4 found in the preparation of full-length Spt4/5. B, EMSA of Spt4/5 and Spt4/Spt5
(ACTR) binding to RNAPII EC prepared on end-labeled DNA templates. The ratio of Spt4/5 to RNAPIl was 0.75, 1.5, and 3.0. Free DNA migrated at the bottom of
the gel and was cropped out of the image. C, RNAPII arrest assay comparing intact Spt4/5 and Spt4/5(ACTR). Saturating amounts of Spt4/5 were used in the
assay, which was determined by shifting all of the ECin EMSA. D, RNAPII arrest assays were quantified as described under “Experimental Procedures” and are
plotted as a fraction of active RNAPII as a function of time. The data were fit to an exponential decay curve. The data represent the averages and standard

deviations of three independent assays.

suspected it might be dispensable for the elongation promoting
activities of the complex, but this was not known. So the bio-
chemical activities of these two forms were compared.

We tested the ability of intact Spt4/5 and the CTR-less deriv-
ative to bind to ECs. Although it was known that the CTR-less
version of Spt5 interacts with RNAPI and RNAPII (38), it was
not known whether the CTR played a role in the binding of
Spt4/5 to ECs. ECs (EC42) were assembled onto an end-labeled
DNA template; Spt4/5 and Spt4/5(ACTR) were titrated into the
binding assay, and the complexes were resolved on native gels.
The results shown in Fig. 2B indicate that Spt4/5 complexes
containing intact and CTR-less Spt5 bound to ECs to the same
extent, indicating that the CTR region of Spt5 is not required
for Spt4/5 to bind RNAPII ECs in vitro.

The bacterial homolog of Spt5, NusG, has been shown to
reduce long lifetime pauses of RNAP and promote elongation
(6, 57). Archaea Spt4/5 has been shown to enhance general
processivity through interactions with the coiled-coil domain
of RNAP (7). To determine whether yeast Spt4/5 promotes
elongation, we established a transcription assay to measure the
activity of Spt4/5 that relies on the propensity of RNAPII to
become paused or arrested during prolonged periods of nucle-
otide depletion. In this assay, radiolabeled ECs are formed for
2.5 min in the absence of GTP, allowing RNAPII to transcribe
up to the G-tract in the template (pulse). At that point, cold
UTP and Spt4/5 or buffer was added; the excess cold UTP pre-
vented the detection of newly formed ECs during the chase.
The ECs were then incubated for increasing amounts of time
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before GTP was added to initiate the chase (Fig. 2C, upper
panel). The fraction of full-length transcript (active RNAPII)
was plotted as a function of time. As expected, the longer GTP
was withheld from the reaction, the smaller the fraction of ECs
converted into active complexes that produced runoff product
(Fig. 2, C and D). When intact Spt4/5 (WT) or the CTR-less
Spt4/5 (ACTR) was added, the amount of arrested complexes
detected at the 5-, 7.5-, 10-, and 20-min time points was
reduced compared when Spt4/5 was omitted. The percentage
of runoff over time was fit to an exponential decay curve, and
the slope of these lines was compared. This analysis indicated
Spt4/5 reduced arrest by about half, and the CTR-less version
showed the same level of activity (Fig. 2D). Complete runoff was
not observed, however, even in the presence of Spt4/5. The
fraction of ECs refractory to Spt4/5 activity (~30%) likely rep-
resents RNAPII that reached the G-tract and arrested during
the 2.5-min pulse before Spt4/5 was added, suggesting that
Spt4/5 prevented arrest but cannot rescue pre-arrested com-
plexes. In support of this hypothesis, if Spt4/5 was added after
20 min of GTP starvation, it could not rescue the pre-arrested
RNAPII complexes.®> We conclude from these results that
Spt4/5 reduces or prevents arrest of RNAPII, and the CTR of
Spt5 is not required for its biochemical activities. Because we
could generate higher quality complexes from the CTR-less
Spt4/5, it was used for the remaining experiments unless noted

3 ). B. Crickard and J. C. Reese, unpublished results.
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FIGURE 3. Spt4/5 contacts the emerging transcript. A, EMSA analysis of
EC42 treated with (lanes 7-12) and without RNase | (lanes 1-6). Spt4/5 ACTR
was titrated in and complexes were resolved on native polyacrylamide gels. B,
RNase | footprint of the emerging transcript. Spt4/5 (ACTR) was titrated in
prior to digestion. The experiment was conducted as described in the legend
of Fig. 1C. G, ECs were prepared with body-labeled transcripts using [**P]CTP
and bromo-UTP. After exposure to UV, where indicated, samples were
digested with DNase | and RNase A and separated on SDS-PAGE. Labeled
proteins were visualized by exposing dried gels to a phosphorimager screen.
Two different amounts (1- and 3-fold molar excess) of Spt4/5 were added. The
locations of the bands corresponding to Rpb1, Rpb2, and Spt5(ACTR) are
indicated on the right.

otherwise. Following this section, the Spt4/5(ACTR) version
will be referred to as Spt4/5 in the text for simplicity.

Nascent RNA Transcript Is Required for Yeast Spt4/5 to Bind
to ECs—Previous studies indicated that the stable association of
metazoan DSIF (Spt4/5) with ECs required RNA to emerge
from RNAPII (28, 29). To test whether this was also the case for
yeast Spt4/5, we measured the binding of Spt4/5 to ECs before
and after digesting the transcript with RNase I. RNAPII ECs
were formed on end-labeled DNA templates and then split into
two pools; one pool was treated with RNase I to digest the
emerging transcript, and the other was left untreated. Spt4/5
bound to the untreated ECs but not to those treated with RNase
I (Fig. 3A). Even the small amount of binding observed in some
lanes in this experiment could be attributed to a small fraction
of ECs not digested with RNase.

It was estimated that PDB DSIF requires ~4 nucleotides of
RNA to associate with RNAPII ECs, suggesting that Spt4/5 con-
tacts the transcript near the RNA exit channel (28). We con-
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ducted RNase I protection assay on ECs containing 3" end-
labeled transcripts in the presence and absence of Spt4/5 (Fig.
3B). As described above, RNAPII protected ~17-19 nucleo-
tides of the transcript from digestion (Fig. 3B); however, adding
Spt4/5 to the assay extended the protection by ~2-4 nucleo-
tides (Fig. 3B). This result suggests that, like its Drosophila
counterpart, yeast Spt4/5 interacts with RNA as it emerges
from RNAPIL

UV cross-linking was performed to determine whether the
RNase I protection is caused by direct contact between Spt5
and RNA. ECs were prepared in the presence of radiolabeled
CTP and a photoreactive UTP analog, bromo-UTP, to prepare
body-labeled transcripts. Complexes were then UV-irradiated
and digested with nucleases, and the transfer of labeled RNA to
proteins was detected by SDS-PAGE followed by autoradiogra-
phy. The strongest cross-linking occurred between Rpb1 and
RNA, with lower levels detected for Rpb2 (Fig. 3C). This is in
agreement with other studies (28, 43, 58). Adding Spt4/5
resulted in the appearance of an additional radiolabeled band
migrating at the expected position of Spt5 (Fig. 3C).

C-terminal KOW Domains of Spt5 Are Required for Spt4/5
Binding to RNAPII—Prokaryotic NusG or Spt4/5 contains a
minimal NGN-KOW1 region, and this is sufficient for it to
associate with RNAP (7, 20). A previous study using glutathione
S-transferase-Spt5 fusion proteins (GST-Spt5) determined that
deleting several of the KOW domains resulted in a loss of Spt5
binding to RNAPI and RNAPII (38). Furthermore, in vivo cross-
linking studies suggest that the region around KOW domains 4
and 5 cross-link to RNAPII (19). When these cross-link sites
were modeled onto existing structures of RNAPII elongation
complexes, KOW domains 4 and 5 fit between the Rpb4/7 sub-
units of RNAPII and the base of the Rpb1 clamp domain (19).
Importantly, this model would position Spt5 to protect and
physically interact with the emerging transcript. We next
wanted to determine how removal of these eukaryotic specific
domains would affect the association of Spt4/5 with ECs.
Mutants lacking the eukaryotic specific regions of the C termi-
nus of Spt5(A419-1063) and another that removed linkers 3
and 4 and KOW domains 4 and 5 (A666-901) (Fig. 4A) were
produced. A gel showing the purified complexes is displayed as
Fig. 4B. The AKOW4 and 5 mutant can only be expressed if the
CTR region was included,® so this construct contained the
CTR. Because the effect of deleting these regions on the inter-
action between Spt4/5 and ECs is unknown, this was examined
by EMSA. In these experiments, a range of Spt4/5 concentra-
tions was used so that a K, value for the association of Spt4/5
with RNAPII ECs can be estimated. Spt4/5 bound to RNAPII
ECs with high affinity (K, 8.9 = 2.5 nm). However, deleting
most of the C terminus of the Spt4/5(A419-1063) abolished
the association of Spt4/5 with RNAPII ECs, and deleting
KOW4 and 5 (A666 —901) reduced the binding of the complex
more than 10-fold (Fig. 4, C and D). When the RNA cross-
linking was conducted on these binding mutants, no obvious
bands arising from Spt5 were observed (Fig. 4E). These results
confirm that the eukaryotic specific regions of Spt5 are required
for Spt4/5 to bind to ECs. Additionally, to further confirm that
the labeled protein detected in the RNA cross-linking experi-
ments was indeed Spt5, we produced an Spt4/5 complex con-
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FIGURE 4. C-terminal KOW domains of Spt5 are required for the binding to RNAPII ECs. A, schematic representation of Spt5 deletion mutants that were
used in the figure. The area shaded in black is an acidic region in the N terminus; the white box is the NGN domain, and the diamonds are the KOW domains. B,
Coomassie Blue-stained gel of the mutant complexes. C, EMSA comparing the binding of Spt4/5(ACTR), Spt4/5(A666-901), and Spt4/5(A419-1063) to ECs
formed from 10 nm RNAPII. Increasing amounts of complex were titrated in and then resolved by native PAGE. D, quantification of EMSA experiments. Percent
binding was plotted on the y axis as a function of Spt4/5 concentration. The data were then fit to a logarithmic binding curve, and a K, value was estimated.
Values represent the averages and standard deviations of three independent experiments (E). RNA cross-linking assay. The assay was conducted as described
in Fig. 3C. A sample of RNAPII alone was untreated with UV (lane 1) (—UV) and all others were exposed to UV (lanes 2-10). Two amounts of each of the Spt4/5
complexes were titrated in. “+" indicates the amount of Spt4/5 required to shift ECs in EMSA assays and “+ +" is twice that amount (3- and 6-fold molar excess
relative to RNAPII). Lane 1, —UV; lane 2, +UV; lanes 3 and 4, Spt4/5(ACTR); lanes 5 and 6, Spt4/5(A666-901); lanes 7 and 8, Spt4/5(284-931); and lanes 9and 10,

Spt4/5(A419-1063). The asterisk (Spt5*) marks a breakdown product in the Spt4/5 preparation. The dots mark the migration of the mutants in the gel.

taining Spt5 lacking the N terminus (283-932). Cross-linking
assays using this mutant resulted in a faster migrating band at
the size expected of the Spt5 mutant lacking the N terminus,
confirming that the labeled protein is Spt5 (Fig. 4E).

Probing the Nucleic Acid Scaffold in Spt4/5-containing ECs—
Next, we analyzed interactions between Spt4/5 and DNA in the
EC. Current structural models generated from x-ray crystallo-
graphic data of archaeal Spt4/5 fused to the clamp domain
of RNAP suggest that eukaryotic Spt4/5 may interact with
upstream DNA exiting RNAPII. Additionally, two other struc-
tures, one of RNAPII including both strands of DNA (18) and
another of the isolated KOW1-Linker1 region of Spt5(372-508,
K1L1) (32), also suggest that Spt4/5 binds to upstream DNA. In
addition, structural modeling of Spt4/5 in ECs suggests that
Spt5 could contact the non-template strand of DNA. Although
this function has not been documented for Spt5, it was recently
reported that Bacillus subtilis NusG interacts with the non-
template strand of DNA to promote sequence-specific pausing
(59). Additionally, the recruitment of RfaH requires exposure of
the operon polarity suppressor element within the non-tem-
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plate strand of DNA (60). Although it has been widely specu-
lated that Spt4/5 binds DNA in the ECs, direct evidence for this
is lacking.

To identify contacts between Spt4/5 and DNA, DNase I foot-
printing of RNAPII ECs was conducted in the presence and
absence of Spt4/5. Because only a fraction of the DNA tem-
plates will form ECs, ECs were formed on RNAPII immobilized
on protein-A magnetic beads coated with 8WG16 antibody
that binds the CTD of Rpb1. This allowed enrichment for RNA-
PII-engaged templates from the more abundant free templates.
Complexes were then eluted from the beads with the recombi-
nant glutathione S-transferase C-terminal domain (GST-
CTD), treated with DNase I, and then resolved on preparative
native gels to separate free DNA, ECs, and Spt4/5-containing
ECs (Fig. 54, left). The DNA contained in each band was puri-
fied and run on a denaturing gel (Fig. 54, right). Consistent with
published DNase I footprints of RNAPII, elongation complexes
showed a region of protection of ~35—40 bases (Fig. 54, lanes 3
versus 4) (51, 61). Importantly, Spt4/5 extended the footprint
upstream of RNAPII, and protection was extended to bases
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FIGURE 5. Footprinting of Spt4/5 containing ECs. A, DNase | footprinting experiment. ECs were formed on RNAPIl immobilized on 8WG16 antibody beads.
Washed ECs were eluted with recombinant GST-CTD; Spt4/5 was added or not and then treated with DNase |. The samples were resolved native gels, and the
DNA in the bands was gel-purified and analyzed by denaturing PAGE. Letters above the panel in the denaturing PAGE (right) correspond to lettered bands in the
native gel (left). Numbers on the left of the denaturing polyacrylamide gel indicate the sizes of the DNA marker (GA) in base pairs. The numbers on the right mark
the location of the bases in the template relative to the first G (+1). B, quantitative analysis of the DNase | footprinting gel plotted as intensity versus distance
migrated on the gel. Analysis and normalization are described under “Experimental Procedures.” The scan of the entire gel is show in the inset, and the region
on the upstream side of RNAPIl is shown in the main panel. Free DNA trace is shown in gray; RNAPIl alone is shown in black, and RNAPII+Spt4/5 is shown in red.

—19 to —21 or 22 (Fig. 5A, lanes 4 versus 5) when visualized on
the gel. The footprinting result was presented graphically by
scanning the gel, normalizing for the signal in the entire lane,
and plotting it as a distance from the parental band (Fig. 5B). A
close-up of the gel near the upstream side of polymerase reveals
protection at —20 in the presence of Spt4/5 and weaker protec-
tion at —19 and upstream (Fig. 5B, compare the red versus black
trace). The footprint is not strong but was observed in three
experiments and on two different templates.® This suggests
Spt4/5 contacts DNA behind RNAPII, and additional evidence
is presented below to support this claim.

Next, we examined the effect of Spt4/5 on the size and struc-
ture of the transcription bubble by permanganate footprinting.
Previous models of eukaryotic and archaeal Spt4/5 suggest it
may play a role in maintaining bubble integrity by aiding in the
closing of the bubble as DNA exits RNA polymerase (8, 10, 18,
32). The experiment was conducted under two conditions in
the presence and absence of Spt4/5. In both cases, ECs were
formed on immobilized RNAPII, washed of nucleotides, and
then eluted from the protein A beads (Fig. 6A4). At this point,
ECs were separated into two pools. One pool was given ATP
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and CTP, which left RNAPII arrested at the G-tract, and
allowed for the examination of the effect of Spt4/5 on the
“static” EC (Fig. 6B, lanes 3 and 4). The other pool was given
GTP and CTP, which allowed RNAPII to “walk” across the four
G-nucleotides (Fig. 6B, lanes 5 and 6). This condition may
reveal changes in the bubble brought about by Spt4/5 during/
after movement of RNAPII.

As stated above, T—4, T—9, and T—10 lie within the tran-
scription bubble when RNAPII arrests at the first G in the tem-
plate. As observed in other experiments using RNAPIIL, T—4,
T—9, and T—10 were the primary reactive species when only
CTP and ATP were added, and RNAPII remained arrested at
the first G (compare Figs. 1B and 6B, lanes 3 and 4). Adding
Spt4/5 did not alter the footprinting pattern, suggesting that
Spt4/5 did not change the transcription bubble under these
conditions (Fig. 6B, compare lanes 3 and 4). Walking RNAPII
forward by four bases across the G-tract by adding GTP would
place T—9 and T—10 in the upstream edge of the duplex of the
transcription bubble, reducing their reactivity to permanga-
nate. Furthermore, T+5 would now be placed within the sin-
gle-stranded region of the bubble and become more reactive.
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FIGURE 6. Footprinting elongation complexes with permanganate and exonuclease Ill. A, flow diagram explaining the experimental design. Details are
given under “Experimental Procedures.” Briefly, immobilized RNAPII ECs were provided ATP and CTP (AC, lanes 3 and 4 in B) or provided CTP and GTP to allow
transcription through the 4-base G-tract (CG, lanes 5 and 6 in B). Spt4/5(ACTD) was added where indicated. TFIIS was added after nucleotide addition to reduce
the potential effects of backtracking on bubble progression. B, denaturing polyacrylamide gel showing the end-labeled non-template strand. Ts in the
sequence are indicated on the right of the gel and labeled relative to the first G. C, Exolll protection experiment to map the leading edge of RNAPII along the
DNA. Denaturing PAGE comparing 6 and 9 min of cleavage by Exolll. Free DNA (lanes 1-3) was compared with DNA + RNAPII-Spt4/5 (lanes 4 and 5) and DNA
+ RNAPII with Spt4/5(ACTD) (lanes 6 and 7). Positions of the bands are labeled to the right of the gel and represent the distance downstream from G+1. D,
quantification of the Exolll data from four independent experiments presented as the averages and S.E. The numbers on the left indicate the size of the band

in nucleotides and correspond to those indicated in C.

These changes were observed (Fig. 6B, compare lanes 3 versus
5), although it appears that not all of the RNAPII walked to the
new location, because the increase in the reactivity of T+5
and reduction in reactivity of the —9 and —10 positions were
not quantitative. Importantly, there were no differences in
the reactivity of these locations in the presence of Spt4/5
(Fig. 6B, compare lanes 5 and 6). Although we cannot rule
out that Spt4/5 may kinetically affect the opening or closing
of the transcription bubble, we conclude that under equilib-
rium conditions Spt4/5 does not alter the size of the tran-
scription bubble.

The results above suggest that Spt4/5 protects bases
upstream of RNAPIL It is possible that Spt4/5 contacts DNA
downstream (ahead of polymerase). Furthermore, nothing is
known about how Spt4/5 affects the tracking of RNAPII along
DNA. NusG causes the lateral movement of RNAP down-
stream by one nucleotide, which may represent the post-trans-
located state of RNAP (11). Either of these two changes brought
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about by Spt4/5 can be revealed by Exolll footprinting of the
leading edge of RNAPIL. RNAPII ECs were formed on end-
labeled DNA templates and incubated with or without Spt4/5,
followed by digestion with ExolII Probing ECs with ExollI gen-
erated an RNAPII-dependent footprint, as shown by the pro-
tection of the DNA compared with digestion of naked DNA
(Fig. 6C, lanes 2 and 3 versus lanes 4 and 5). Adding Spt4/5
extended the footprint compared with RNAPII alone by
approximately one or two nucleotides downstream (Fig. 6C,
compare lanes 4 and 5 versus lanes 6 and 7). The shift in the
distribution of Exolll stops was quantified, and the data from
multiple experiments are presented in Fig. 6B. This footprint-
ing result argues against extensive protection of downstream
DNA by Spt4/5, but it is strikingly similar to the lateral move-
ment of RNAP caused by NusG (11). A conservative interpre-
tation of this result is that Spt4/5 extends the leading edge of
RNAPII downstream, which may be caused by a structural
change in RNAPIL
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FIGURE 7. Spt5 cross-links to the non-template strand in ECs. A, schematic outline of the strategy used to generate site-specific labeled DNA probes on the
non-template strand of the EC42 DNA template. A short oligo complementary to the template strand was annealed and used to prime synthesis of the NTS. In
the first step, [>?PIdATP and 5-iodo-dCTP were incorporated using the Klenow (—exo) fragment of DNA polymerase. In a second step, cold dNTPs were added
to complete the top strand (B). A model derived from overlaid crystal structures of RNAPII with the non-template strand, yeast Spt4/5, and archaeal RpoA fused
to Spt5 (PDB codes 5C4X, 2EXU, and 3QQC) using PyMOL (version 1.7.4 Schrédinger, LLC). Highlighted in red are bases representing the position of photore-
active 5-iodo-dCTP nucleotide analog in the non-template strand of RNAPII. + 1 is the site of NTP incorporation. C, SDS-PAGE analysis of cross-linked products.
The location of the photoreactive nucleotide in each template is indicated above. The presence of Spt4/5(ACTD) (3-fold molar excess relative to RNAPII) is
indicated in the panel. Arrows on the left of the gel indicate the migration of Rpb1, Rpb2, and Spt5(ACTD). Spt5* indicates the position of a breakdown product
of Spt5 that cross-links to DNA. The band above Rpb1 marked with an asterisk may result from incomplete digestion of the nucleic acid template or products
formed by protein-protein cross-links. D, SDS-PAGE comparing cross-linking of RNAPII only (lane 2), Spt4/5 (ACTR) (lane 3), and Spt4/5(A666-901) (lane 4)

mutant to the —12 probe.

Spt5 Contacts the Non-template Strand in the Transcription
Bubble and DNA Upstream of RNAPII—To provide further evi-
dence that Spt4/5 contacts DNA within the nucleic acid scaf-
fold, we turned to site-specific cross-linking. Using the findings
from our DNase I footprinting experiments (Fig. 5) and the
model of the Spt5(NGN)-Spt4 in the RNAPII EC (10), we
selected locations to incorporate the photoreactive nucleotide
analog 5-iodo-2"-dCTP adjacent to radiolabeled adenine nucle-
otide in the NTS (Fig. 7A). The photoreactive probes were
placed into the NTS because structural models predicted that
the NTS would be in close proximity to Spt4/5 and because
incorporating the probes in the template strand could impede
transcription of RNAPII up to the G-tract. Photoreactive nucle-
otides were incorporated at positions —21/23, —19, —12, —5,
and +14 (+1 is the first G in the G-tract) (Fig. 7B). —21/23 and
—19 are located upstream of RNAPII (14, 51); —12 is located
near the expected site of strand re-annealing; —5 is located in
the transcription bubble, and +14 is located downstream of
RNAPII and is a control because we would expect lower levels
of cross-linking of RNAPII at this location. The strategy to
incorporate the radiolabeled and photoactive nucleotides pro-
duced templates with photoreactive nucleotides at both the
—21 and —23 positions because of the DNA sequence. Rpb2
cross-linked to the DNA with the highest efficiency, with lower
levels of Rpbl cross-linking detected (Fig. 7C). The strong
cross-linking of the NTS to Rpb2 is consistent with the recently
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published crystal structure of RNAPII with an intact transcrip-
tion bubble, which revealed that the NTS passes along the sur-
face of Rpb2 (18). A diffuse band above Rpb1 was also observed.
It is unclear what this band is, but it may represent undigested
DNA-protein products or UV-induced aggregates. As
expected, low levels of Rpbl and Rpb2 cross-linking were
observed at the + 14 site, which should be positioned just ahead
of RNAPIL. Spt5 cross-linked at —21/23, —19, —12,and —5. No
cross-linking of Spt5 was detected at position +14 (Fig. 7C),
suggesting that the cross-linking of Spt5 to DNA requires it to
be properly positioned in the RNAPII EC. Weaker bands
migrating faster than Spt5 were also observed in the lanes con-
taining Spt4/5. These bands may be truncated forms of Spt5
contained in the preparations or breakdown of Spt5 during
cross-linking. Interestingly, even though Spt4 is in close prox-
imity to DNA in the model (Fig. 7B), we failed to conclusively
identify a labeled band of the size of Spt4 in high percentage
gels.> However, this negative result does not definitely rule out
the possibility that Spt4 interacts with another region of the
nucleic acid scaffold. Furthermore, as a control, we performed
cross-linking at the —12 position using a mutant form of Spt4/
5(A666-901) that binds poorly to RNAPII ECs (see Fig. 4C),
and we found that no cross-linking was observed (Fig. 7D).
These data are the first evidence that eukaryotic Spt5 physically
interacts with DNA upstream of RNAPII and contacts the non-
template strand of the transcription bubble.
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FIGURE 8. Conserved KOW1-linker region is dispensable for the biochem-
ical activities of Spt4/5. A, EMSA comparing the binding of Spt4/5(ACTR)
and Spt4/5AK1L1 to ECs. Assays were conducted as described in the legend
of Fig. 2B. The Spt4/5AK1L1 mutants also have the CTR removed, but it is
labeled more simply in the figure. B, RNAPII arrest assay comparing the activ-
ity of RNAPII alone or RNAPII plus Spt4/5(ACTR) or Spt4/5AK1L1. Data are
plotted as the fraction of active ECs as a function of time. The data were fit to
an exponential decay curve. Error bars represent the standard deviation of
three independent experiments. C, DNA photo-cross-linking of Spt4/5 to the
—5 (lanes 1-4) and —21/—23 (lanes 5- 8) positions.

KOW1 Linker of Spt5 Is Dispensable for the Biochemical
Activities of Spt4/5— A high resolution x-ray crystal structure of
the KOW1-linker (K1L1) region of Spt5 was solved, and this
fragment of the protein bound single- and double-stranded
nucleic acids (32). However, the importance of this region,
which is believed to be the counterpart of the KOW domain in
prokaryotic Spt5 homologs, for the biochemical activities of the
complex is not known. We examined the association of an
Spt4/5 complex containing Spt5 lacking the K1L1 region
(AK1L1) with ECs. Fig. 84 shows that the mutant complex
bound to ECs, and a titration of different amounts of the com-
plex suggests that it has a slightly reduced affinity compared
with the intact complex (about 2-fold). Thus, the K1L1 region
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plays a minor role in the binding of Spt4/5 to RNAPII elonga-
tion complexes in vitro.

The anti-arrest activity of the K1L1 mutant was examined
using the EC arrest assay described above. The results show that
the Spt5 K1L1 mutant can prevent arrest but may not be as
effective as the wild type complex (Fig. 8B). The slight reduction
in activity, which is reproducible, may be related to the small
decrease in binding observed in the EMSA experiments. None-
theless, although the K1L1 region may be required for optimal
interaction with RNAPII ECs, it is not essential for the bio-
chemical activities of Spt4/5 examined here.

One potential function of the K1L1 region in Spt5 is binding
to DNA in the transcription scaffold. DNA cross-linking assays
were conducted using the Spt4/5(AK1L1) mutant under satu-
rated binding conditions. We examined cross-linking within
the transcription bubble (—5) and upstream DNA (—21/—23).
It was proposed that the K1L1 of Spt5, together with Spt4, “cra-
dles” upstream DNA (32). However, the results show that the
K1L1 mutant cross-linked at the —5 and —21/—23 positions
(Fig. 8C). This does not rule out the possibility that K1L1 binds
to DNA, but deleting it does not affect Spt5 cross-linking in the
regions tested here.

Highly Conserved Basic Surface on the NGN Domain of Spt5
Contacts the Non-template Strand and Is Required for Spt4/5 to
Prevent RNAPII Arrest—The recent publication of the struc-
ture of an RNAPII EC with the complete transcription bubble
provided an opportunity to more precisely position Spt4/5
within the RNAPII EC (18). Based on this model, we identified
two regions within the NGN domain of Spt5 that contained
stretches of positively charged amino acids that could form a
DNA-binding surface. One of these surfaces (302-308) is
highly conserved in all Spt5 homologs and is predicted to face
the transcription bubble (Fig. 94, green residues), whereas the
other (316 —321) is not universally conserved and projects away
from the NTS (Fig. 94, orange). Spt4/5 complexes containing
Spt5 with alanine substitutions in the basic residues on these
surfaces, 302-308A and 316-321A, were purified and
analyzed.

The mutants were subjected to site-specific DNA cross-link-
ing on ECs with 5-iodo-2'-dC at the —5 and —12 positions in
the NTS. Consistent with our modeling results, mutating the
highly conserved patch of basic residues (302—308) prevented
the cross-linking of Spt5 to the NTS, whereas the mutant with
substitutions in the non-conserved patch facing away from the
transcription bubble (316 -321) cross-linked to both positions
(Fig. 9B). These results indicate that the NTS binds to this basic
surface of the NGN domain of Spt5 and provides stronger evi-
dence that eukaryotic Spt5 binds to DNA in the EC. The 302-
308A Spt5 mutant was able to form a complex with Spt4,? sug-
gesting the mutations did not cause gross structural changes to
the NGN domain. However, a trivial explanation for why the
Spt4/5(302-308A) derivative failed to cross-link to the NTS is
that the mutations prevented the binding of the mutant com-
plex to ECs. However, this was not the case as the mutant com-
plex bound as well as the wild type version (Fig. 9C).

We next wanted to understand the significance of the bind-
ing of the NTS to the NGN domain. Based on work on NGN
homologs from prokaryotes (60), interaction between the NGN
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FIGURE 9. Charged surface on the NGN domain is required for the anti-arrest activity of Spt4/5. A, model derived as in Fig. 7B of Spt4/5(NGN) with the
transcription bubble. Spt4 is colored in yellow and Spt5-NGN in blue. The region of Spt5-NGN encompassing the conserved basic patch (302-308) is colored in
green, and the region Spt5-NGN containing the non-conserved patch (316-321) is colored in orange. B, SDS-PAGE of DNA cross-linking products using a
template with a probe at positions —5 (lanes 1-8) and —12 (lanes 9-16). Note, each of the point mutations contained the CTR removed like the “wild type”
Spt4/5 but is labeled only to indicate the amino acid changes in the NGN. C, EMSA testing binding of Spt4/5(ACTR) and Spt4/5(302-308A) to RNAPII ECs. D,
RNAPII arrest assay comparing RNAPII alone and RNAPII plus the Spt4/5 derivatives indicated in the panel. The assay was conducted with saturating amounts
of Spt4/5, estimated by the results of the EMSA. Data were plotted as the fraction of active RNAPII as a function of time and fit to an exponential decay curve
for comparison. Error bars represent the standard deviation of four independent experiments.

domain and DNA may be necessary for Spt4/5 to prevent arrest
of RNAPIIL As described above, Spt4/5 prevented the pausing
or arrest of RNAPII over the G-tract during prolonged GTP
omission (Fig. 9D). However, the Spt4/5(302-308A) mutant
lost this activity. Because this mutant associated with RNAPII
ECs (Fig. 9C), we conclude that contact between this conserved
surface of Spt5 and the NTS is required for Spt4/5 to prevent
arrest of RNAPII The significance of this interaction will be
addressed under the “Discussion.”

Phenotypic Effects of 302-308A and K1L1 Mutations—SPT5
isan essential gene (27). The ability of the K1L1 deletion and the
NGN 302-308A mutant to support viability was examined. To
do so, we utilized the “anchor-away” approach (62) to condi-
tionally deplete Spt5 from the nucleus. A strain whose only
copy of SPT5 contains an in-frame fusion with the FRB frag-
ment (SPT5-FRB) and expressing an FKBP12 fusion of the ribo-
somal protein Rpll3 was constructed. Rapamycin induced
dimerization of Spt5-FRB, and FKBP12-Rpl13 conditionally
sequesters Spt5 in the cytoplasm, and cells transformed with
the empty vector (pRS313) were not viable on rapamycin plates
(Fig. 10A). However, a plasmid containing a wild type copy
SPT5 fully complemented the growth defect (Fig. 104). The
spt5 KILIA mutant did not support viability (Fig. 104). Inter-
estingly, expression of the K1L1 mutant caused slightly slowed
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growth of the strain even in the absence of rapamycin. This can
be explained by competition between the mutant and the Spt5-
FRB protein that supported the functions. Thus, even though
this mutant displayed only mild biochemical defects, it could
not complement the loss of Spt5 from the nucleus. This sug-
gests it has additional functions in the cell. In contrast, the
spt5(302—-308A) mutant was viable but displayed temperature-
sensitive growth. The viability of this mutant suggests that the
essential functions of Spt5 are not impacted by mutation of
these residues (see under “Discussion”).

The plasmid copy of the SPT5 derivatives contained an
epitope tag (HA) at the C terminus to allow for the measure-
ment of protein levels by Western blotting. When Spt4/5 is
recruited to genes, the CTR of Spt5 is phosphorylated by Kin28
and Burl, thereby changing its migration in gels (36). Analyzing
the phosphorylation state of the Spt5 derivatives can provide
information on its incorporation into elongation complexes in
vivo. Spt5 migrated as two species, a lower un-phosphorylated
form and a slower migrating phosphorylated form (Fig. 10B).
Previous studies confirmed that the upper species is phosphor-
ylated Spt5 (36, 37, 63). As a control, extracts from cells
expressing a version of Spt5 with all the phosphorylation sites in
the CTR (CTR Ser — Ala) mutated were included to help iden-
tify the un-phosphorylated form of Spt5 in gels (37). A few
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FIGURE 10. Analysis of the growth properties of Spt5 mutants. A, anchor-away yeast strains (SPT5-FRB) containing either pRS313, pRS313-SPT5-HA; (WT),
pRS313-spt5(302-308A)-HA,, or pRS313-spt5(AKTL1)-HA; were spotted onto synthetic media-His = rapamycin (1 wg/ml) and incubated at either 30 or 37 °C for
3 days. B, Western blot analysis of yeast extracts from cells grown in the absence or presence of 1 ug/ml rapamycin. Cells were grown to an Ao, 0f 0.7, and then
rapamycin was added for 1.5 h. Yeast bearing a plasmid containing an SPT5 mutant with the phosphorylated serine residues changed to alanines (spt5-CTR Ser
—> Ala) was used to discriminate the phosphorylated from the un-phosphorylated forms of Spt5 in the blot. C, analysis of H2B ubiquitylation. Western blot of
cell extracts using an antibody to yeast H2B. A light exposure panel (below) serves as a control for total histone levels. Extracts from a rad6A mutant was run on

the gel as a control to identify the ubiquitylated form of H2B.

interesting things were noted. First, when rapamycin was added
the proportion of the phosphorylated species increased. This
makes sense because as the Spt5-FRB leaves the nucleus, it no
longer competes with the plasmid copy of Spt5. This increases
the proportion of Spt5-HA recruited to genes where it can
become phosphorylated. Second, the mutants were expressed
to similar levels as the wild type cells. Finally, both mutants
were phosphorylated. This suggests that these mutants are
incorporated into ECs in vivo. This is consistent with the data
showing that both mutants bound to RNAPII ECs in vitro (Figs.
8and9).

The phosphorylation of the CTR of Spt5 recruits Paflc (RNA
polymerase-associated factor 1), which in turn leads to the co-
transcriptional ubiquitylation of histone H2B by Rad6 (35,
63—65). H2B ubiquitylation is a mark of active transcription
elongation and is used as an indicator of ongoing transcription
elongation on a global scale. Ubiquitylated H2B appears as a
slower migrating species in Western blots that is dependent on
the RADG6 gene. The Spt5 anchor-away strain containing plas-
mid copies of wild type or Spt5 mutants were grown to log
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phase and then rapamycin was added to half of the culture. Cell
extracts were prepared after 90 min and analyzed by Western
blotting using an antibody to H2B (Fig. 10C). Treating cells
transformed with an empty vector (pRS313) with rapamycin
caused a dramatic reduction of H2B ubiquitylation (Fig. 10C,
lanes 1 versus 2), but introducing a plasmid containing a wild
type copy of SPTS5 fully restored H2B ubiquitylation levels.
However, the 302-308A and the AK1L1 mutants only partially
complemented the loss of H2B ubiquitylation (Fig. 10C, lanes 5
versus 6 and lanes 7 versus 8). The reduced H2B ubiquitylation
suggests that transcription elongation is impaired in these SPT5
mutants and that the basic patch in the NGN of Spt5(302-308)
contributes to elongation in vivo. As controls, a strain expressing
an Spt5 derivative where all of the serines in the CTR were changed
to alanines (spt5 Ser — Ala) was analyzed. As expected, this
mutant caused reduced H2B ubiquitylation (35, 63).

Discussion

Changes occur to RNAPII as it transitions from the pre-ini-
tiation complex into a productive elongation complex. One
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such change is its association with elongation factors, including
the primordial elongation factor Spt4/5 (66). The recruitment
of DSIF (metazoan Spt4/5 complex) requires a minimal length
of mRNA emerging from RNAPII, and this event is thought to
be among the earliest changes in the elongation complex during
the transition from initiation to elongation into the body of
genes. Although it has been shown that Spt5 can bind across the
jaw and the clamp of archaeal RNAP, which may close the
clamp to encircle DNA to enhance processivity (67), little was
known about how the binding of Spt4/5 to the nucleic acid
scaffold in ECs affects elongation. The interaction between
Spt5 and upstream DNA was predicted from structural model-
ing studies based on x-ray crystal structures and high resolution
cryo-EM of Spt5 homologs (8, 10); however, prior to our study
no direct evidence for the binding of Spt5 to the DNA has been
presented nor has the significance of these interactions been
tested. Here, we used a defined, highly purified system to dem-
onstrate that a surface on the NGN domain of Spt5 contacts the
non-template strand in the transcription bubble and that this
interaction is important for Spt4/5 to promote elongation by
reducing arrest or pausing of RNAPIIL

Importance of Spt5-DNA Interactions—It has been shown
that RfaH, a NusG homolog, and NusG from eubacteria inter-
act with the NTS of DNA in a sequence-specific manner, where
it controls pausing of RNAP (59, 60). Whether or not the inter-
action between NGN domains of Spt5 and the non-template
strand is important for function was unknown, especially
because sequence-specific pausing is not known to occur in
eukaryotes. We used site-specific photoreactive DNA cross-
linking to show for the first time that a highly conserved basic
patch on the NGN domain of Spt5 contacts the NTS in the
transcription bubble. Contact between the NGN domain of
eukaryotic Spt5 and the NTS strongly suggests that this func-
tion is conserved throughout evolution, and we propose that it
may be a fundamental requirement for Spt5 homologs to regu-
late RNAP elongation. Recently, Spt4/5 from the archaea
Methanocaldococcus jannaschii was shown to bind to double-
stranded DNA. They described a region of the NGN domain as
containing an alkaline surface that is responsible for binding to
free DNA that overlaps with residues 302—308 of yeast Spt5
(68). Additionally, mutations of basic amino acids in this region
affect the activity of RfaH (69). Thus, the DNA binding proper-
ties of the NGN domain and that of its paralog appear to be
conserved.

It has been speculated that Spt4/5 plays a role in stabilizing
the upstream duplex, assisting in bubble closure (8, 10, 18, 32).
Until recently, DNA upstream of the RNAPII elongation com-
plex was a virtual unknown, which lacked structural definition.
This led many to view it as a semi-stable region of duplexed
DNA, which could be stabilized by Spt4/5. Recent crystalliza-
tion of the RNAPII complete transcription bubble seems to
indicate all of the structural requirements to promote strand
re-annealing is located within Rpb1 and Rpb2. In particular, the
wedge/hairpin loop within Rpb2 was shown to contact the
upstream duplex and likely works with “the arch,” composed of
the rudder and FL1 residues, to close the bubble. Mutations in
the tip of the loop reduce transcription elongation rates in vitro,
and the mutants display a number of phenotypes consistent
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FIGURE 11. Bubble chaperone model of Spt4/5 action on ECs. A model
illustrating the bubble chaperone mechanism. Model was generated by over-
laying crystal structures of the archaeal clamp fused to archaeal Spt5 (data
not shown, PDB code 3QQC), RNAPII with template and non-template strand
(PDB code 5C4X) (18), and yeast Spt4/5 (PDB code 2EXU) (74). Spt4 and Spt5
are shown in electrostatic space-filling mode. Gray indicates all subunits of
RNAPII except for Rpb2. Rpb2 was omitted from this structure except the Arch
domain, which is shown in black. The template and non-template strand are
shown as orange, and the RNA is in yellow. Hypothetical DNA path in the
presence of Spt4/5 was drawn manually in red over the existing structure.

with impaired elongation in cells (18). Clearly, RNAPII can
close the bubble on its own without Spt4/5, and our permanga-
nate footprinting experiment failed to detect changes in the size
and/or closure of the transcription bubble in the presence of
Spt4/5 (Fig. 6B). However, as stated under the “Results,” such
experiments can only provide a static picture of the bubble.
Whether or not Spt4/5 stabilizes upstream of DNA during the
dynamic act of transcription remains to be tested.

So what is the role of the interaction between the basic patch
on the NGN domain of Spt5 and the non-template strand? We
propose a modification of the bubble closure models proposed
by others, called the bubble chaperone mechanism. In RNAPII,
the NTS passes over the arch (rudder and FL1) and rejoins the
template strand behind it (18). The basic patch on the NGN
provides an additional surface to guide the NTS around the
arch, in essence “taming” the NTS to ensure it proceeds along
the most productive path to rejoin the NTS (Fig. 11). Addition-
ally, the binding of the NGN domain to the NTS could also
prevent the association of the NTS with surfaces on the wall or
arch that stabilize a paused/arrested state, thus reducing the
pausing/arrest of RNAPII. This could explain why mutating the
residues on the basic patch (302-308) of the NGN abolished
the anti-arrest properties of Spt4/5. This model also suggests a
role for Spt4/5 beyond encircling the DNA and closing the
clamp and suggests that Spt4/5 plays a more extensive role in
promoting elongation.

Modeling, footprinting, and cross-linking data suggest
Spt4/5 contacts DNA as it exits RNAPII, so binding to the NTS
strand in the transcription bubble is one part of the equation.
Contact between Spt5 and upstream DNA may stabilize the
association of RNAPII with DNA. A recent crystal structure of
the KOW1-Linkerl (K1L1) region of yeast Spt5 identified a
nucleic acid interaction surface, called the positively charged
patch (32). The authors proposed, based on genetic evidence
that showed mutations in the positively charged patch of K1L1
are synthetically lethal when Spt4 was absent, that the K1L1
wraps up along the DNA on the opposite side of the helix where
Spt4 is positioned to act like pinchers in a claw to stabilize the
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interaction of Spt4/5 in the EC (32). We found that deleting the
entire K1L1 region had a modest ~2-fold effect on the binding
of the mutant Spt4/5 complex to ECs (Fig. 84), which generally
supports a role for this domain in stabilizing the interaction of
Spt4/5 with elongation complexes. Surprisingly, this mutant
displayed very little reduction in anti-pausing/arrest activity
and still interacted with the NTS in the transcription bubble.
Thus, its appears that the K1L1 is dispensable for most known
biochemical activities of the Spt4/5 complex. Interestingly, the
AKI1L1 mutant is expressed and phosphorylated in vivo but is
unable to support viability (Fig. 10A). These results suggest that
the K1L1 has functions in cells beyond preventing RNAPII
arrest. Further characterization of the AK1L1 mutant in vivo
would be interesting but is beyond the scope of our study. Com-
pare that with the NGN(302-308A) mutant, which could sup-
port viability. The ability of the SPT5(302—-308A) mutant to
support viability seems at odds with its inability to prevent
arrest in vitro. However, most bona fide elongation factors are
non-essential in yeast; SPT5 is the exception because it partic-
ipates in a number of essential functions such as splicing, cap-
ping, and ribosomal RNA production (5, 34, 38, 70, 71). The
elongation promoting activity of Spt4/5 may not be an essential
function for cell survival under idealized growth conditions, but
it imparts a competitive advantage to the organism or is more
important during stress. The latter explanation would be con-
sistent with the temperature-sensitive phenotype of the
SPT5(302—-308A) mutant and the H2B ubiquitylation defects
observed in both Spt4/5 mutants.

Extended Regions of Eukaryotic Spt5 May Coordinate
Changes in RNAPII Structure—We provide evidence that con-
tact between the NGN and the NTS is important for the activity
of Spt4/5. However, this is not likely the only way Spt4/5 pro-
motes elongation. NusG and archaeal Spt5 completely bridge
the two lobes of RNAP, interacting with the clamp coil of
Rpb1/B" and the B gate loop of B and RpoB. Mutation of these
surfaces compromises the activity of NusG/Spt5 (7, 20). From
this study and other data, a model has been proposed that
NusG/Spt5 acts to reduce “fluttering” of the two subunits,
which in turn controls the movement of the RNAP trigger loop
(12,13,17). Nus@ acts to stabilizes RNAP in a post-translocated
state (11). Likewise, the binding of Spt4/5 to the clamp could
affect structures such as the trigger loop or increase pro-
cessivity by binding across the jaws of RNAPII.

In the case of prokaryotes, the NGN domain is sufficient for
association with the elongation complex and controlling elon-
gation activity (7, 72). Our data, and that of others (38), suggest
that this is not the case in eukaryotes and that additional
domains in Spt5 are required for its association with RNAPIIL.
Elegant in vivo site-specific cross-linking studies found that a
region of Spt5 containing KOW domains 4 and 5 cross-linked
to Rpb4/7, the stalk, of RNAPII (19, 58, 73). Our biochemical
data support the important role that KOW domains 4 and 5,
and other regions in the C terminus, play in the binding of
Spt4/5 to RNAPII (Fig. 4). It is interesting that KOW domains 4
and 5 contact Rpb4/7, because Spt5 cross-links to RNA near the
exit channel (this study), and the binding of the emerging tran-
script to Rpb7 has been observed (58, 73). Interactions between
Spt4/5 and ECs may be stabilized through contact with Rpb4/7
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and the emerging transcript. Because these regions are physi-
cally linked to the NGN domain, this could allow “communica-
tion” between the clamp, the stalk of RNAPII, and the emerging
transcript.

Spt5 Links Different Features of the EC Complex to the Elon-
gation Process—Our data show that Spt4/5 makes contact with
several different structural features of the RNAPII elongation
complex required for it to bind to ECs and prevent arrest. It
could simply be that Spt4/5 requires additional binding sur-
faces contributed by the eukaryotic specific regions of Spt5 to
stabilize its interaction with elongating RNAPII as it navigates
the chromatin barrier or as different co-transcriptional RNA
and chromatin-modifying factors are exchanged during elon-
gation. A more interesting idea is that Spt5 serves as a sensor of
multiple steps in the transcription process. Spt5 contacts
upstream DNA, the transcription bubble, the clamp, the
Rpb4/7 module, and the emerging transcript. Spt4/5 may coor-
dinate the translocation of RNAPII with the growth of the
emerging transcript, the movement of the Rpb4/7 and clamp,
and the tracking of the DNA in the transcription bubble. Con-
ceptually, the ability of the Spt4/5 complex to interact with all of
the “moving parts” of the ECs (nucleic acids and RNAPII) pro-
vides a mechanical rationale for Spt4/5 to stabilize the RNAPII
ground state after each translocation event during elongation.
This could prevent arrest by preventing non-productive, unco-
ordinated movements among the different structures that
would cause arrest.
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How histone post-translational modifications (PTMs) are
inherited through the cell cycle remains poorly understood.
Canonical histones are made in the S phase of the cell cycle.
Combining mass spectrometry-based technologies and stable
isotope labeling by amino acids in cell culture, we question the
distribution of multiple histone PTMs on old versus new his-
tones in synchronized human cells. We show that histone PTMs
can be grouped into three categories according to their distribu-
tions. Most lysine mono-methylation and acetylation PTMs are
either symmetrically distributed on old and new histones or are
enriched on new histones. In contrast, most di- and tri-methyl-
ation PTMs are enriched on old histones, suggesting that the
inheritance of different PTMs is regulated distinctly. Intrigu-
ingly, old and new histones are distinct in their phosphorylation
status during early mitosis in the following three human cell
types: HeLa, 293T, and human foreskin fibroblast cells. The
mitotic hallmark H3S10ph is predominantly associated with old
H3 at early mitosis and becomes symmetric with the progression
of mitosis. This same distribution was observed with other
mitotic phosphorylation marks, including H3T3/T6ph, H3.1/
2S28ph, and H1.4S26ph but not S28/S31ph on the H3 variant
H3.3. Although H3S10ph often associates with the neighboring
Lys-9 di- or tri-methylations, they are not required for the asym-
metric distribution of Ser-10 phosphorylation on the same H3
tail. Inhibition of the kinase Aurora B does not change the dis-
tribution despite significant reduction of H3S10ph levels. How-
ever, K9me?2 abundance on the new H3 is significantly reduced
after Aurora B inhibition, suggesting a cross-talk between
H3S10ph and H3K9me2.

In eukaryotes, histone proteins facilitate the packaging of
DNA molecules. The DNA double helix wraps around histone
octamers to form nucleosomes. A histone octamer contains
two copies of each core histone H3, H4, H2A, and H2B. A 5th
histone, histone H1, is associated with the linker DNA which
lies between the nucleosomes. Canonical histone proteins are
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cell cycle-dependent and are produced in S phase (1, 2),
whereas cell cycle-independent histone variants (e.g. H3.3) are
synthesized throughout the cell cycle (3). Histone proteins
carry numerous post-translational modifications (PTMs)? that
are involved in multiple functions such as epigenetic regulation
of transcription, DNA damage repair, and cell cycle progression
(4, 5). To maintain lineage identity and to guide proper tran-
scription, cells must replicate PTMs from old histones onto
new histones at each cell division. Major efforts have been
devoted to understanding how histones themselves are trans-
mitted through the DNA replication fork in S phase (6). In
principle, the newly deposited nucleosomes could contain
entirely old or newly synthesized histone proteins, or a mixture
of both. Accumulating evidence suggests that most H3/H4
tetramers remain intact, with the exception of some H3.3/H4
tetramers, indicating that nucleosomes should contain either
new or old H3 and H4 rather than a mixture. Conversely, H2A/
H2B dimers exchange freely during replication (6 —8).

Determining the PTM profiles of newly deposited nucleo-
somes after replication, and how these profiles differ between
old and new histone proteins, will help elucidate the mecha-
nisms of histone PTM inheritance during the cell cycle. We and
others have reported histone lysine methylation kinetics
throughout the human cell cycle (9, 10). Although histone PTM
inheritance is completed after one cell cycle, important repres-
sive marks like H3K9me3 and H3K27me3 are not fully replen-
ished until the next G, phase(9). Groth and co-workers (11)
reported an overview of multiple histone PTM:s at the replica-
tion fork and made very similar observations. However, much
remains unclear about how different histone PTMs are trans-
mitted through mitosis.

Interestingly, a number of histone PTMs regulate cell cycle
stage-specific processes and therefore may not need to be
inherited from the old histones to new histones. For example,
histone H3K56ac was shown to be added onto new histones
during S phase and rapidly erased in G, phase (12, 13). Mono-
methylation of H4K20 is temporally added by G, and M phase-
specific activities of the methyltransferase PR-Set7/SET8 and is
linked to cell cycle progression (14). Furthermore, a handful of
histone phosphorylation (ph) marks are highly abundant in
mitosis and are present at very low levels in the interphase,
including H3S10ph, H3S28ph, H3T3ph, H1.4526ph, etc. (15—

3 The abbreviations used are: PTM, post-translational modification; SILAC,
stable isotope labeling by amino acids in cell culture; HFF, human fore-
skin fibroblast; ACN, acetonitrile; Hes, hesperadin; GSC, germ line stem
cell; ac, acetylation; ph, phosphorylation; PI, propidium iodide; AdoMet,
S-adenosylmethionine.
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21). The major kinase for these histone phosphorylation marks
is Aurora B, which is part of the chromosomal passenger com-
plex and plays essential roles in chromosome condensation,
segregation, and cytokinesis during mitotic progression (22).
Aurora B phosphorylates histones directly (17, 21, 23-26) or
indirectly through activation of another kinase Haspin (27).
The levels of these phosphorylation marks peak after the new
histones are synthesized in S phase; therefore, they are not
likely being transmitted from old to new histones. However, it
remains unclear whether these histone phosphorylation marks
play a role in facilitating epigenetic inheritance of other PTMs.

We report here a systematic analysis of the distribution of
histone PTMs in mitosis. We show that most histone Kme2/3s
were biased toward old histones, consistent with previous stud-
ies (9-11). H3K4me2/3, however, was symmetrically distrib-
uted on old and new H3. We also show that most Kmel and Kac
events were either symmetric or enriched on new histones, with
the exception of H4K5acK8acK12acKl6ac (H4 4-17 4-ac).
Surprisingly, although the mitotic histone phosphorylation
marks do not need to be inherited, they were predominantly
associated with the old histones in early mitosis and only
became more symmetrically distributed in late mitosis. This
phenomenon was observed for four histone phosphorylation
marks, including H3S10ph on both canonical histone H3.1/2
and the variant H3.3, S28ph on H3.1/2, H3T3/T6ph, and S26ph
on a linker histone H1.4. In contrast, S28/S31ph on H3.3 was
distributed symmetrically on old and new histones. We addi-
tionally demonstrate that the H3K9 residue is not required for
the asymmetric distribution of Ser-10 phosphorylation on the
same H3 tail.

Results

Systematic Analysis of the Distribution of Histone PTMs in
Mitosis—To investigate the distribution of histone PTMs on
old versus new histones during mitosis, we used pulse-SILAC
(stable isotope labeling by amino acids in cell culture) (28) fol-
lowed by mass spectrometry techniques. HeLa cells were syn-
chronized at the G,/S boundary by double thymidine block
(Fig. 1A). Typically, the majority of HeLa cells entered G,/M by
7-8 h after release (Fig. 1, D and E). Upon release, we cultured
the cells with SILAC media containing **C- and "*N-labeled
arginine. Because canonical histone proteins are only synthe-
sized in S phase (1, 2), any heavy Arg-labeled histones were
therefore newly synthesized histones and could be detected by
the subsequent mass spectrometry analysis. In addition, we
included L-[methyl-'>C,D,]methionine in some experiments to
enable characterization of new methylation events. Methionine
can be converted into S-adenosylmethionine (AdoMet), the
only methyl donor in the cell (29). Therefore, heavy-labeled
methionine can mark both new methylation events as well as
new proteins (9). Incorporation of the supplemented heavy-
labeled amino acids may not happen immediately because they
take time to enter the cell and get incorporated into proteins.
To test whether the cells can utilize supplemented stable iso-
tope-labeled amino acids rapidly enough, we performed
metabolomics analysis in one pulse-SILAC experiment. As
shown in Fig. 1C, the majority of cellular arginine and AdoMet
was already heavy-labeled by 2 h. By 4.5 h, both of them had
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reached a plateau of 98.9 and 90.8%, respectively. Minimum
increase of extra labeling was achieved after 4.5 h. The maxi-
mum labeling efficiency was 99.1% for heavy arginine and 93.8%
for heavy AdoMet. We also monitored heavy proline levels in
addition to supplementing extra light proline in the medium
because arginine can be converted into proline (30). Only a
trace amount (<0.3%) of heavy proline was detected through-
out the labeling time course, which would not likely affect our
data analyses. Based on these data, we concluded that the pulse-
SILAC was fast enough for labeling G,/M histones.

As shown in Fig. 24, all canonical histone proteins quanti-
fied, including H3.1/2, H4, and H1.4, showed very similar label-
ing between 8.5 and 11 h, suggesting the majority of histone
protein synthesis had finished by 8.5 h in our experimental par-
adigm. Consistently, flow cytometry measurements of DNA
contents showed the majority of cells had finished S phase
and entered G,/M phase by 8.5 h (Fig. 1D). However, the cell
cycle-independent H3 variant H3.3 had a lower labeling rate
compared with other histones, and the labeling continued to
increase from 8.5 to 11 h (Fig. 24), in agreement with the fact
that H3.3 protein synthesis happens throughout the cell
cycle (3). In general, old histones were over-represented in
these pulse-SILAC experiments, likely due to recycling of
cellular metabolites during histone synthesis (9). Taking the
protein labeling efficiencies into consideration, we pre-
sented data in a normalized distribution manner as shown in
Equation 1.

normalized PTM distribution

_ PTM on old histone/PTM on new histone
N old histone/new histone

(Eq. 1)

The larger the number, the more asymmetric a particular PTM
is biased toward the old histones. Fig. 2B shows a distribution
map for a total of 57 histone PTM statuses (including unmod-
ified) and their relative abundance in mitosis. The PTM sta-
tuses could be clustered into three categories according to their
normalized distributions (Table 1) as follows: symmetrically
distributed (29 statuses), enriched on new histones (8 statuses),
and enriched on old histones (20 statuses). For PTMs requiring
inheritance from the old histones to new histones, symmetric
distributions implied that the inheritance had been completed
before onset of mitosis. In contrast, enrichments on the old
histones indicated that inheritance of such PTMs persisted into
mitosis and even the next G;.

Interestingly, the same type of histone PTMs tended to have
a similar distribution. As listed in Table 1, most lysine mono-
methylations and acetylations were either symmetrically dis-
tributed or enriched on the new histones. In contrast, most
lysine di- and tri-methylations were enriched on the old his-
tones, including H4K20me2/3, H3K79me2/3, H3K9me3, H3.1/
2K27me2/3, H3.1/2K36me2/3, H3.3K27me3, and H3.3K36me2/
3. These results extended previous findings from us and others
demonstrating that new H3K9me3 and H3K27me3 are synthe-
sized rather slowly and do not complete until next G; (9-11).
However, a few histone PTMs did not follow the general rules.
For instance, K4me2 and me3 were symmetrically distributed,
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FIGURE 1. Cell synchronization and SILAC. A, pulse-SILAC experimental paradigm for HeLa cells. B, pulse-SILAC experimental paradigm for HFF and
293T cells. C, metabolite analysis of one pulse-SILAC experiment in Hela cells. Relative abundance of heavy arginine, light proline, and heavy
AdoMet (SAM) was shown in a time course manner. Sum of both light and heavy forms of the same metabolite was set to be 100%. D, example flow
cytometry data of a Hela cell synchronization experiment shown in Fig. 2. £, example flow cytometry data showing HeLa cell synchronization and DMSO
and Hes treatments; no apparent defects were found in Hes-treated cells. F, example flow cytometry data showing HFF cell synchronization. G, flow
cytometry data showing synchronization experiment conducted in 293T cells transfected with either wild type or K9M H3.3 transgenes. Both cell
lines had very similar DNA content distribution across different time points. * shows time points when cells were harvested for mass spectrometry

analyses.

whereas H3K4mel was enriched on old H3 (Table 1). This
result demonstrates for the first time that me2/3 marks could
be restored before mitosis and suggests that the mechanisms
underlying the inheritance of H3K4me and other Kme marks
are distinct. Another example is that H3K79me1/2/3s were all
asymmetrically distributed on the old H3 in mitosis (Table 1),
suggesting that the sole methyltransferase for H3K79, Dot1l
(31), was preferentially recruited to old histone H3. Interest-
ingly, Dot1/Dotll deficiency causes various cell cycle defects in
human cells and in other organisms (32), which might be
related to its enrichment on the old H3. In addition, although
K27me2 was asymmetrically distributed on the old histone
H3.1/2, its counterpart was symmetrically distributed on H3.3.
Finally, we found that H4K5acK8acK12acK16ac was enriched
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on old H4 at both time points, in contrast to most lysine acety-
lation marks (Table 1).

Enrichment of Histone Phosphorylation Marks on Old His-
tones in Mitosis—We also investigated the distribution of ser-
ine/threonine phosphorylations, which in principle do not re-
quire inheritance as they are mostly mitosis-specific (15-21).
Surprisingly, four out of five Ser/Thr phosphorylations ana-
lyzed, namely H3S10ph, H3.1/2S28ph, H3T3/T6ph, and
H1.4S26ph, were enriched on the old histones in early mitosis
(Table 1 and Fig. 2B). The only exception was H3.3528/S31ph,
which was symmetrically distributed at both time points (Table
1 and Fig. 2B).

As H3S10ph was the most abundant form of histone Ser/Thr
phosphorylation (Table 1 and Fig. 2B), we first confirmed the
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FIGURE 2. Distribution pattern of histone PTMs in mitosis. A, labeling of histone proteins by pulse-SILAC experiment. For the relative abundance of old versus
new histone H3 (total H3, H3.1/2, and H3.3), H4 and H1.4 were generated from two time points, 8.5 and 11 h, respectively. Fig. 1D shows that cells had finished
S phase and entered G,/M phase at both time points. Numbers above each bar show average of three MS runs. Error bars show standard error. B, dynamic
distribution of 57 histone PTM statuses in mitosis, including 16 unmodified statuses and 41 PTMs. All values used in this figure are listed in Table 1. The x and
y axes show normalized distribution of histone PTM statuses at 8.5 and 11 h, respectively. The data were collected from the same Hela cell pulse-SILAC
experiment shown in A. The diagonal line indicates identical normalized distribution between the two time points. Each data dots were color-coded based on
their averaged relative abundance between the two time points (Table 1). The color bar on the right was generated by log(2) value of the relative abundance
(%). Square, asymmetric phosphorylation (ph) marks; star, H3.3528ph; rhombus, H3K9me2/3 and H3.1/2 K27me2/3; circle, other PTMs. The arrowheads show the

positions of five ph marks.

temporal pattern of its distribution in HeLa cells. Fig. 34 shows
aclear inverse correlation of the asymmetry of H3S10ph against
harvesting time, from six independent experiments with a total
of 12 time points from the onset of mitosis. One of these exper-
iments was conducted using heavy-to-light pulse labeling and
produced a similar result as the other light-to-heavy experi-
ments, ruling out any potential artifacts from SILAC labeling.
In late G, phase and early mitosis (6 —7 h) when the H3S10ph
signal first appears (15), a much smaller proportion of the
new H3 than the old H3 was phosphorylated (Fig. 3B). As
mitosis progresses, the level of H3S10ph increased on both
old and new H3 with a clear delay on the new H3 (Fig. 3, B
and C). Eventually the level of Ser-10 phosphorylation
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reached the same proportion on both old and new H3 (11 h
and beyond, Fig. 3B).

In addition to HeLa cells, we examined the distribution of
H3S10ph in two additional cell lines, 293T cells and the primary
cell line human foreskin fibroblast (HFF) cells (33). Fig. 1, Fand
G, shows that the majority of 293T and HFF cells were synchro-
nized, although to a less extent than the HelLa cells (Fig. 1D).
Because of the incomplete synchronization of these two cell
types, we only collected samples in early time points. As shown
in Figs. 3 and 4, we performed two independent synchroniza-
tion experiments for HFF cells and collected samples at 6 and
7 h, respectively. We performed one synchronization experi-
ment for 293T cells and collected samples at 7 h. Importantly,
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TABLE 1
Abundance and distribution pattern of histone PTMs in mitosis

Listed are data used to generate Fig. 2B. Data were collected from the same pulse-SILAC experiment shown in Fig. 2, A and B, and Fig. 3, A-F. 3rd and 4th columns show
relative abundance of each PTM status at 8.5 and 11 h, respectively. The standard errors of multiple MS runs are also shown. 5th column shows average relative abundance

between 8.5 and 11 h. 6th and 7th columns show normalized distributions of PTM
normalized distribution of a PTM status = (% on old histone/% on new histone)/(old
arbitrary cutoff; statuses falling between —1,—1 and 1,1 were considered to be symmetr

statuses. All normalized distributions were calculated by the following formula:
histone/new histone. The categories (shown in 1st column) were generated using
ic. Among the rest, the ones fell in the first quadrant were considered to be enriched

on old histone, and the ones that fell in the fourth quadrant were considered to be enriched on new histone. The PTM statues were listed in a descending order according

to the value in the 4th column, normalized distribution at 8.5 h (log2).

Normalized
Relative abundance (%) distribution (log2)
Category PTM status 85h 11h Average 8.5h 11h
Enriched on old histone H4K20me3 2.29 = 0.06 1.90 £ 0.08 2.09 7.00% 4.12
H3K79me3 0.16 = 0.01 0.67 £ 0.04 0.41 6.69 5.60
H3.1/2K36me3 3.70 = 0.06 3.94 = 0.07 3.82 4.38 3.42
H3K79me2 1.75 = 0.15 1.98 = 0.06 1.86 3.87 3.13
H3.1/2K27me3 16.11 = 0.22 15.47 £ 0.21 15.79 3.63 2.89
H3.3K36me3 7.83 £0.25 8.29 = 0.22 8.06 3.20 3.38
H3T3/T6ph 0.39 £0.03 0.40 = 0.09 0.39 2.88 0.44
H3.1/2S28ph 4.51 £ 0.02 7.47 = 0.22 5.99 2.63 0.83
H3.3K27me3 16.12 *+ 2.63 11.80 = 1.75 13.96 2.48 2.04
H4K20me2 94.69 = 0.09 95.44 *+ 0.26 95.06 2.43 1.04
H3K9me3 33.29 = 0.39 31.39 = 0.24 32.34 2.27 1.48
H1.4S26ph 543 * 0.49 18.51 = 0.87 11.97 2.22 0.24
H3K79mel 20.49 = 0.23 16.74 £ 0.71 18.61 2.18 2.06
H3.3K36me2 37.27 = 2.23 32.00 = 1.98 34.63 2.07 1.59
H3K18mel 0.66 = 0.07 0.70 £0.11 0.68 1.98 2.89
H4(4-17) four-ac 0.40 £ 0.04 0.14 = 0.02 0.27 1.97 1.67
H3S10ph 13.79 £ 1.17 26.96 = 0.54 20.38 191 0.44
H3K4mel 1.92 = 0.04 2.28 £0.05 2.10 1.61 1.50
H3.1/2K27me2 46.90 = 1.11 45.03 = 0.98 45.96 1.52 0.94
H3.1/2 K36me2 37.68 = 0.71 34.51 = 091 36.10 1.51 0.97
Symmetric H3K9me2 50.80 = 0.64 51.28 = 0.58 51.04 0.85 0.45
H3.1/2K36mel 17.29 = 0.14 19.34 £ 0.15 18.31 0.80 0.46
H3K14un 7349 = 1.11 81.97 = 0.82 77.73 0.78 0.43
H3S10un 86.21 = 1.17 73.04 = 0.54 79.62 0.56 0.35
H3K14ac 26.50 = 1.11 17.90 = 0.82 22.20 0.56 0.21
H3.3528/S31ph 2.46 £ 0.03 6.37 £ 0.29 4.41 0.55 0.27
H3.3K27me2 50.72 = 3.45 47.76 = 1.20 49.24 0.52 0.35
H3.3K27mel 21.68 = 0.56 26.14 * 0.64 2391 0.47 0.71
H3K23mel 0.70 = 0.05 0.36 = 0.04 0.53 0.42 0.21
H3K4me2 4.70 £ 0.20 0.85 £0.19 2.77 0.39 0.30
H3.1/2528un 95.49 = 0.02 92.53 = 0.22 94.01 0.38 0.12
H1.4K25mel 7.20 £ 0.37 2.72 £ 0.06 4.96 0.33 0.38
H4(4-17) un 61.30 = 0.76 67.21 = 2.34 64.25 0.23 0.05
H3(18-26) un 67.93 * 1.63 72.02 = 1.19 69.97 0.17 0.11
H3.3K36mel 24.59 = 1.23 26.63 = 1.40 25.61 0.13 —0.16
H3.3528/S31un 97.54 = 0.03 93.63 = 0.29 95.59 —0.01 —0.08
HI1. K25un 92.80 = 0.37 97.28 = 0.06 95.04 —0.02 —0.01
H3T3/T6un 99.61 = 0.03 99.60 = 0.09 99.61 —0.04 —0.06
H3K4un 92.23 = 0.25 95.16 = 0.52 93.70 —0.07 —0.10
H1.4S26un 94.57 = 0.49 81.49 *= 0.87 88.03 —0.07 0.00
H3K79un 77.61 = 0.35 80.62 = 0.64 79.11 —0.12 —0.12
H3.1/2K27mel 21.65 = 0.69 23.64 = 0.54 22.65 —0.15 —0.30
H4(4-17) one-ac 28.66 = 0.87 26.11 = 2.09 27.39 —0.46 —0.51
H3.1/2K36un 41.33 £0.77 42.21 = 0.90 41.77 —0.49 —0.62
H3K18/23ac 29.49 = 1.53 26.17 = 1.13 27.83 —0.64 —0.63
H3K9%ac 0.53 = 0.05 0.38 = 0.09 0.45 —0.68 —0.45
H3K9mel 4.94 £ 0.23 5.40 = 0.05 5.17 —0.68 —-0.71
H3K4me3 0.77 £ 0.04 1.32 £0.22 1.04 —0.78 0.97
H3K18ac23ac 1.54 = 0.01 0.86 = 0.08 1.20 —0.82 —0.87
Enriched on new histone H4(4-17) two-ac 7.45 = 0.30 5.45 *+ 0.33 6.45 —-1.33 —1.08
H4(4-17) three-ac 2.19 £ 0.04 1.08 = 0.05 1.64 —1.49 —1.18
H3.3K36un 30.32 = 1.08 33.08 = 0.41 31.70 —1.54 —-1.16
H3K9%un 10.45 = 0.80 11.54 = 0.75 11.00 —1.71 —1.38
H4K20mel 0.94 = 0.04 145 *+ 0.13 1.19 —1.74 —2.27
H3.1/2K27un 15.35 £ 0.41 15.74 £ 0.76 15.55 —241 —2.34
H3.3K27un 11.48 = 1.04 14.29 = 0.70 12.88 —-3.15 —2.57
H4K20un 2.08 £0.03 1.21 = 0.10 1.65 —3.71 —3.49

“ The H4K20me3 was 100% on the old H4 at 8.5 h so the normalized distribution was co.
the table) for plotting in Fig. 2B.

even with the less efficient cell cycle synchronization, H3S10ph
was predominantly associated with the old H3 in both 293T
cells and HFF cells (Fig. 3A). Taken together, we showed that
Ser-10 phosphorylation was biased toward old histone H3 at
early mitosis in all three cell lines tested and was likely common
in other human cell types.
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It was arbitrarily assigned with a log2 value of 7 (larger than all the other values in

The other three asymmetrically distributed Ser/Thr phos-
phorylation marks shared the same temporal pattern as
H3S10ph in HeLa cells. As shown in Fig. 3D, H3T3/T6ph, H3.1/
2528ph, and H1.4S26ph were enriched on old histones at ear-
lier time points (6 — 8.5 h) and became more symmetric at 11 h.
In contrast, Ser-28/Ser-31 phosphorylation on a cell cycle-inde-
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FIGURE 3. Histone phosphorylation marks were enriched on old histones in early mitosis. A, normalized H3S10ph distribution from three cell types:
rhombus, sixindependent pulse-SILAC experiments with a total of 12 time points from Hela cells; square, two independent pulse-SILAC experiments from HFF
cells; triangle, one pulse-SILAC experiment from 293T cells. Normalized Ser-10 phosphorylation distribution = (S10ph on old H3/S10ph on new H3)/(old
H3/new H3).y axis is in log2 scale. B, Ser-10 phosphorylation on new H3 had a lagged phase compared with Ser-10 phosphorylation on old H3. y axis is in log10
scale. G, relative abundance of histone phosphorylation marks in the pulse-SILAC experiments. C, all five phosphorylation marks are shown; C’, three less
abundant phosphorylation marks are shown. D, normalized distribution of four additional histone phosphorylation marks. H3T3/T6ph, H3.1/2528ph, and
H1.4526ph were enriched on old histones in early mitosis and became more symmetric in late mitosis, very similar to the distribution pattern of H3510ph as
shown in A. In contrast, distribution of H3.3528/31ph was symmetric throughout mitosis. B-D, data for H3S10ph were from the same HelLa experiments shown
in A. The data for H3T3/T6ph and H1.4526ph were from four independent HelLa experiments with a total of six time points. The data for H3.1/2528ph and
H3.3528/S31ph were from two experiments with three time points. H3.3528/31ph was only detected in TiO2-enriched samples but not in input samples.
Therefore the relative abundance was set to be 0% in C.

pendent histone H3 variant, H3.3, was symmetric throughout Fig. 44, the majority of the Lys-9 residue next to a phosphory-
mitosis (Figs. 2B and 3D). We concluded that the time-depen- lated Ser-10 phosphorylation was di- or tri-methylated in all
dent asymmetric distribution of histone phosphorylations was three cell types we examined. We therefore sought to test
universal among canonical histones, including both core his- whether the methylation status of the lysine residues could
tone (H3) and linker histone (H1.4), although the abundance of  affect the phosphorylation status of the serine residues next to
these phosphorylation events was very different in mitosis them.
(Table 1 and Figs. 2B and 3C). These findings suggested the To test whether H3K9 methylation affects the asymmetric
existence of a mechanism that distinguished old versus new Ser-10 phosphorylation distribution, we performed pulse-
histones at early mitosis, which led to enrichment of Ser/Thr  SILAC experiments in a 293T cell line carrying an H3.3K9M
phosphorylation on old histones. mutant transgene (34). As shown in Fig. 4, B and C, the distri-
H3K9 Was Not Required for Asymmetric Distribution of the bution of Ser-10 phosphorylation on the mutant protein
Neighboring Ser-10 Phosphorylation on the Same H3 Tail—The ~ (MS10ph) was also enriched on the old mutant H3.3, strongly
enrichment of serine phosphorylation on old histone resem-  suggesting that the Lys-9 residue was not required for asym-
bled the pattern of di- and tri-methylations on lysine residues metric distribution of Ser-10 phosphorylation on the same H3
(Fig. 2B and Table 1). Interestingly, the me2/3 on Lys-9 often  tail. Furthermore, this result also suggested that Ser-10 phos-
coexists with H3S10ph on the same histone tails. As shown in  phorylation on both H3.1/2 and H3.3 were enriched on old H3,
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from two pulse-SILAC experiments. 293T cells were collected from one pulse-SILAC experiment. The error bars show standard error of multiple MS runs. Band
G, H3K9 residue was not required for asymmetric distribution of its neighboring Ser-10 phosphorylation on a transgenic H3.3K9M protein in 293T cells. Bar
graphs show H3.3K9M protein synthesis (B) and distribution of Ser-10 phosphorylation on the mutant protein (C). The number below B shows level of H3.3K9M
protein is 0.74% of total H3. The number below Cindicates 0.81% of the mutant protein had Ser-10 phosphorylation. The numbers above each bar show average
of three MS runs. Error bars show standard error. D-F, H3510ph level and distribution remained the same in 293T cells expressing H3.3K9M transgenic protein.
Bar graphs showing relative abundance of the following items in 293T cells expressing either HA- and FLAG-tagged H3.3 wild type (WT) protein or H3.3K9M
mutant protein. D, K9me2/3; E, new and old WT H3 protein, including endogenous protein; F, Ser-10 phosphorylation on old and new H3. The numbers above
each bar show the average. Error bars show standard error. The numbers below (F) show the percentage of Ser-10 phosphorylation from the wild type H3

protein. *, p < 0.05; **, p < 0.01.

contrary to the symmetric distribution of H3.3528/S31ph (Fig.
2B and 3D). Interestingly, there is only one amino acid differ-
ence (residue 31) in the N-terminal tails of canonical H3 and
H3.3. The distribution of these phosphorylation marks was
thereby regulated site-specifically even for the same histone
variant.

The K9M mutant protein has been shown to have a domi-
nant negative effect on global K9me2/3 levels (34). As shown in
Fig. 4D, a total of 14% drop of K9me2/3 levels were observed in
K9M transgenic cells, compared with a 293T cell line carryinga
WT H3.3 transgene (p < 0.05). However, essentially no differ-
ence on both the level and the distribution of Ser-10 phosphor-
ylation on the wild type protein was observed, further support-
ing our conclusion that K9me2/3 did not affect the distribution
of the neighboring Ser-10 phosphorylation (Fig. 4, E and F). Our
results were consistent with previous in vitro biochemical stud-
ies, which showed that Aurora B does not have substrate pref-

15348 JOURNAL OF BIOLOGICAL CHEMISTRY

erence for a trimethylated form of H3K9 peptide, among other
modified forms of the same peptide (35-37).

Crosstalk between H3S10ph and H3K9me2—As previously
mentioned, the majority of the K9 residue next to a phosphor-
ylated Ser-10 phosphorylation was di- or tri-methylated (Fig.
4A). Intriguingly, the appearance of H3S10ph coincides with
the dissociation of HP1, a K9me2/3-binding protein, from
mitotic chromosomes, both of which are Aurora B-dependent
(36, 38). These observations raised the hypothesis that a func-
tional cross-talk existed between Ser-10 phosphorylation and
the neighboring K9me2/3 that is usually bound by HP1 during
interphase (39, 40).

To investigate the roles of histone phosphorylation in mitosis
and its interaction with other histone PTMs (e.g. H3K9me2/3),
we inhibited the mitotic kinase Aurora B using hesperadin
(Hes) (26, 41). As shown in Fig. 54, treating cells with 100 nm
Hes (Fig. 1A) drastically reduced H3S10ph level in mitotic HeLa
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experiments were performed, and data were collected from the following time points: experiment 1, 8.5 and 11 h; experiment 2, 11 h; experiment 3,6, 11, 12,
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pulse-SILAC experiment, namely experiment 3.

cells (harvested 11 h and beyond), without obviously delaying
mitotic entrance (Fig. 1E). An average of 37.1% of H3 from
DMSO-treated HeLa cells carried the Ser-10 phosphorylation
mark, whereas only 1.0% of H3 from Hes-treated cells had
Ser-10 phosphorylation (Fig. 5A4). Interestingly, a small but sig-
nificant reduction of H3K9me2 level was observed in Hes-
treated cells (51.9%), compared with DMSO-treated cells
(56.0%) (Fig. 5A). In contrast, no significant difference in the
abundance of other lysine PTMs on the same peptide (Lys-9 or
Lys-14) was seen. Surprisingly, the difference in K9me2 abun-
dance between DMSO and Hes treatments was only seen on the
new H3. As shown in Fig. 5B, K9me2 on the new H3 increased
in a time-dependent manner in both DMSO- and Hes-treated
cells. The increase in the Hes sample was less compared with
DMSO (p < 0.05). In contrast, K9me2 on the old H3 stayed
rather stable and did not differ between DMSO and Hes treat-
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ments (Fig. 5C, p > 0.05). These results suggested that
H3S10ph/Aurora B cross-talk specifically with K9me2 and
were involved in either promoting new K9me2 events or the
maintenance of the pre-existing K9me2 in mitosis, or both. We
did not observe a significant difference of pre-existing K9me2
levels between DMSO- and Hes-treated cells (data not shown),
arguing for the latter. Additionally, DMSO- and Hes-treated
cells had similar amounts of new K9me?2 on the old H3 (data not
shown), suggesting that H3S10ph/Aurora B’s role was only lim-
ited to the new H3. The effect of inhibiting Aurora B is specific
to the H3K9me2 mark, as very little changes in abundance of
overall histone PTMs were observed (Fig. 6). In addition, given
the observation that the abundance of all asymmetric his-
tone phosphorylation marks was drastically reduced when
Aurora B was inhibited (Fig. 7, A—C), we conclude that the
absolute abundance of histone phosphorylation did not
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affect epigenetic inheritance of other PTMs under the time
points tested here.

Inhibiting Aurora B Does Not Affect the Asymmetry of Histone
Phosphorylations—Next, we sought to investigate the impact of
inhibiting Aurora B on the distribution of H3S10ph and other
phosphorylation marks. Fig. 5, D—F, shows DMSO- and Hes-
treated HeLa cells, respectively, from the same pulse-SILAC
experiment with four time points. As shown in Fig. 5D, essen-
tially no difference was seen in the distribution of H3S10ph
between DMSO- and Hes-treated HeLa cells. Both populations
showed enrichment of H3S10ph on the old H3 in an earlier time
point (6 h) and symmetric distribution at later time points (11-13
h). In both samples, the percentage of Ser-10 phosphorylation on
the new H3 lagged behind in the early 6-h time point, but ulti-
mately it reached a similar level as the old H3 (11-13 h) (Fig. 5, E
and F). In addition, the asymmetric distribution of other asymmet-
ric histone phosphorylation marks was not affected by Hes treat-
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ment despite an overall decrease in their levels (Fig. 7, D and E).
Thus, as the enzymatic activity of Aurora B was inhibited, the
reduction in substrate phosphorylation manifested proportion-
ally. These results suggested that Aurora B functioned down-
stream of the marker distinguishing old versus new histones.

Discussion

Mass Spectrometry Provides a Powerful Tool to Study Dy-
namics of Histone PTMs—Traditional antibody-based tech-
niques are limited to recognize only one or a few PTMs at a time.
They also suffer from potential off-target issues and epitope mask-
ing effects. Indeed, both of these issues have been reported with
commercially available antibodies against H3S10ph (42, 43). Anti-
body-related issues may therefore contribute to some discrepan-
cies in the literature regarding the function of Ser-10 phosphory-
lation (44.—46). Over the last decade, mass spectrometry has
become a powerful and unbiased tool for histone PTM analysis.
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Using MS-based technologies, we not only can identify multiple
PTMs simultaneously but also perform pulse-chase experiments
on histone proteins. Combining MS and SILAC, we have shown
that histone serine and threonine phosphorylations have asym-
metric distributions in mitosis.

We used pulse-SILAC to label new histone synthesis. In the-
ory, after one cell cycle division, the canonical histone protein
abundance should double in the cells, and half of them should
be labeled with SILAC media. However, we have never achieved
greater than 40% labeling of canonical histones (Figs. 24, 4, B
and E, and 7, D and E). A number of factors could contribute to
the incomplete labeling, including incomplete synchronization,
impurities in the stable isotope-labeled compounds, and most
importantly, the fact that cells recycle cellular metabolites to
make new histones in S phase. Similar labeling efficiencies have
been reported by us and others (9-11).

To rule out any potential artifacts that were linked to the
heavy isotope labeling, one of our pulse-SILAC experiments
was performed in a reverse fashion. HeLa cells were first cul-
tured in heavy media for an extended period of time (more than
1 week with at least seven passages) to get complete labeling
of the heavy-isotope amino acids (Arg and Met). Subse-
quently, these cells were subjected to a double thymidine
block and were pulse-labeled in light media. These results,
shown in Fig. 3, were highly consistent with light-to-heavy
pulse-SILAC experiments.

H3.1/2 and H3.3 Show Different PTM Dynamics—To be
noted, our analyses of histone H3 synthesis, H3S10ph, and Thr-
3/Thr-6 phosphorylation include both the canonical histone
H3.1/2 and H3.3 because we could not distinguish the variants
in bottom-up mass spectrometry based on the peptides used
(supplemental Tables S1-S3 and S5). In our experiments, the
only peptide that can be used to distinguish between H3.1/2
and H3.3 levels was the H3(27-40) peptide as the 31st amino
acid residue is different (H3.1/2, KSAPATGGVKKPHR; H3.3,
KSAPSTGGVKKPHR) (Fig. 8B8). However, this peptide has no
less than 50 forms on each protein (supplemental Table S7)
when labeled with heavy-Arg. The number of possible forms is
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even larger when using both heavy-Arg and heavy-Met in the
media, making it impractical to analyze from a technical stand-
point. We therefore only showed data for this peptide from
pulse-SILAC experiments that have solely heavy-Arg labeling
(Figs. 2B, 3, C and D, and 7, B and D). Importantly, although
H3.3 synthesis occurs throughout the cell cycle (3), its relative
level remained to be a small portion of total H3. For example,
H3.3 was 5.4 and 5.5% of total H3 in a HeLa cell pulse-SILAC
experiment at two different time points (8.5 and 11 h), respec-
tively. When we used the H3(27-40) peptide to estimate pro-
tein synthesis in our experiments (supplemental Table S7), we
obtained very similar relative abundance of old and new H3
(difference <1%) between H3.1/2(27-40) peptide and four
unmodified peptides that are shared by H3.1/2/3 (Fig. 24).

Our examination of the H3(27-40) peptide in both H3.1/2
and H3.3 demonstrated that the distributions of PTMs on
H3.1/2 and H3.3 were highly similar with only two exceptions,
Ser-28 phosphorylation and K27me2. Although both were
enriched on the old histone H3.1/2, their counterparts were
symmetrically distributed on H3.3 (Table 1 and Fig. 8B).

Histone H3T80ph and H4S47ph Were Not Detected in
Mitosis—We did not identify any H3T80 phosphorylation in
our samples, despite the recent report about mitosis-specific
Thr-80 phosphorylation (43). Additionally, we did not detect
any histone H4S47ph in any of our samples. This result was not
surprising because H4S47ph is catalyzed by the Pak2 kinase,
which is not mitosis-specific (47).

Relative Abundance and Normalized Distribution—Because
of technical limitations, including inconsistency in cell cycle
synchronization and SILAC media incorporation, we observed
a relatively large variation in the relative abundance measure-
ments of mitosis-specific PTMs across different pulse-SILAC
experiments. For example, the relative abundance of H3S10ph
levels varied from ~20 to ~50% at the 11-h time point across
four experiments (Fig. 3C). To address this issue, we introduced
the normalized distribution of PTMs in this study. As shown in
Fig. 3A, the normalized distributions of H3S10ph at the four
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11-h time points were more similar to each other than the rel-
ative abundances (Fig. 3C).

In addition, we provide a snapshot of the normalized distri-
butions of 57 histone PTM statuses in Fig. 2B. We also showed
the relative abundances of these PTM statuses in Fig. 2B and
Table 1. The higher the abundance of a particular PTM was, the
more confident we were. In general, we saw good reproducibil-
ity among experiments for any PTM status having a relative
abundance above 1%.

Possible Mechanisms That Distinguish Old and New His-
tones—It was intriguing to discover the asymmetric distribu-
tion of histone phosphorylation events on old and new histones
in mitosis (Fig. 84). Based on our observations, we hypothe-
sized that there was one or more marker(s) associated with
either the old or new copies of histone proteins. The marker(s)
should be added onto histones at S phase, either marking the
old or newly synthesized histones. Subsequently, the marker(s)
should remain associated with the old or new histones until late
G, and/or M phase as the histone phosphorylation events start.
The marker(s) should be recognized by mitotic kinases that are
responsible for histone phosphorylation. Finally, the marker(s)
should be highly abundant, at least as abundant as the phos-
phorylation marks. We found asymmetric phosphorylation
marks on both core histone H3 and linker histone H1.4, sug-
gesting a common mechanism for all histone phosphorylation
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marks. Interestingly, Ser-10 phosphorylation but not Ser-28
phosphorylation on H3.3 is asymmetrically distributed (Figs.
3D and 4C), suggesting an alternative model that site-specific
markers function locally. Our results suggested both mecha-
nisms could exist and function coherently. Further investiga-
tion is needed to identify the molecular identity of the
marker(s).

Our first candidate for the local marker of H3S10ph was
H3K9me3 given its distribution pattern in mitosis (Fig. 2B), as
well as the fact that H3S10ph is often associated with a neigh-
boring K9me3 (Fig. 4A4). Surprisingly, we showed in Fig. 4C that
the Lys-9 residue was dispensable for the asymmetric distribu-
tion of Ser-10 phosphorylation. In addition, reduction in
K9me2/3 levels did not change the global level of Ser-10 phos-
phorylation (Fig. 4, D—F). Therefore, K9me3 was unlikely to
function as the marker for the asymmetric distribution of the
neighboring Ser-10 phosphorylation on the same H3 tail.

Our data, however, did not rule out the possibility that the
K9me3 on the other H3 molecule within the same nucleosome
served as the marker for Ser-10 phosphorylation. Because the
majority of H3/H4 tetramers (including most H3.3/H4 tetra-
mers) do not split after replication (6 —8), the H3/H4 tetramers
are either old or new. Thus, H3K9me3 might still serve as the
local marker for the distribution of the H3S10ph in the same
nucleosome. Similarly, K27me2/3 might be the local marker for
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H3.1/2S28ph because the K27me2/3-Ser(P)-28 pair resembled
many features of K9me3-Ser(P)-10. In contrast, K9me2/3 and
K27me2/3 were not likely to be the markers for H3T3/6ph or
the linker histone H1.4S26ph, especially given that H1.4 did not
reside in the nucleosomes. Further investigation is required to
test these ideas.

Intriguingly, a similar phenomenon was recently reported in
the Drosophila male germ line (48, 49), where the germ line
stem cells (GSCs) undergo asymmetric cell division to generate
one GSC and one differentiating daughter cell. Chen and co-
workers (48) discovered that old/pre-existing canonical histone
H3 but not H3.3 were selectively segregated to the daughter
GSC. They further showed that H3T3ph was required for the
asymmetric inheritance of H3, and they suggested it was
required in a specific time window (prophase to metaphase)
(49). The asymmetric cell division is only limited to Drosophila
GSCs and is not seen in surrounding somatic tissues, so is the
asymmetric distribution of H3T3ph and directional inheri-
tance of histone H3 (48, 49). However, the observations are
highly similar to ours in this study that mitotic histone ph
mark(s) is(are) enriched on the old histones in early mitosis,
suggesting the underlying mechanism is conserved between
Drosophila and humans.

Epigenetic Inheritance of Histone PTMs—Two distinct mod-
els have been proposed regarding how the epigenetic informa-
tion of histone PTMs is carried through DNA replication as
follows: either the enzymes or the PTMs are associated with chro-
matin and presumably will guide the inheritance after replication.
Mazo and co-workers (50, 51) have shown in Drosophila embryos
that the H3K4me3 and H3K27me3 are lost during replication,
whereas the methyltransferases responsible are retained on
chromosome, suggesting the former mechanism. Contradict-
ing results from Strome and co-workers (52) showed that the
H3K27me3 remains on chromatin in Caenorhabditis elegans
from germline to the next generation. We and others (9-11)
have previously studied histone methylation kinetics in the
human cell cycle, revealing that overall levels of H3K9me2/3
and H3K27me2/3 are not significantly reduced in S phase. The
decreases in relative abundance can be explained by dilution
effects from the newly synthesized histones. In this study we
further showed that many other histone PTMs, including
H3K36me2/3 and H3K79mel/2/3, were enriched on old his-
tones during mitosis (Figs. 24 and 8B and Table 1), supporting
the observations seen in C. elegans that histone PTMs them-
selves are maintained for epigenetic inheritance. In addition,
our results also suggested that the corresponding enzymes
responsible for these PTMs would propagate the information
from old histones to new histones after histone synthesis in S
phase. The differences in the spatial and temporal activities of
these enzymes might be responsible for the distributions we
observed in this study. For example, H3K9me2/3 and
H3K27me2/3 do not recover to their original level until the end
of the next G, phase, suggesting that the responsible enzymes
are mainly active during G,.

Histone acetylations are another major category of PTMs
commonly seen on histones. It is long established that newly
synthesized H3 and H4 carry acetylation (ac) marks and that
deacetylation is essential for the assembly process (6), although
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it remains unclear how the cell manages both deacetylation and
epigenetic inheritance of acetylation at the same time. We
showed in this study that most H3 and H4 ac marks, including
H3K9ac, H3K14ac, H3K18/23ac, H3K18acK23ac, and H4(4 -
17) one-ac, were symmetrically distributed (Fig. 2B and Table
1). Two ac marks, namely H4(4-17) two-ac and H4(4-17)
three-ac were enriched on new histones (Fig. 2B and Table 1).
These two ac marks were of rather low abundance (<10%) and
showed a decreasing trend from the 8.5-h time point to the 11-h
time point, which suggested that they were from a small per-
centage of S phase cells (53, 54). Interestingly, H4(4-17)
four-ac (K5acK8acK12acK16ac) was enriched on the old his-
tones at both time points (Table 1 and Fig. 8B), suggesting that
the epigenetic inheritance of this highly acetylated form (four-
ac) of H4 was regulated differently from its less acetylated forms
(one- to three-ac).

Biological Function of Histone Phosphorylations—Extensive
work has been conducted to uncover the biological functions of
histone phosphorylation marks (45, 46, 55-57). A common
view is that they play distinct roles in interphase and mitosis.
Several phosphorylation marks are implicated in transcrip-
tional regulation of individual genes during interphase (58—
63). However, their roles in mitosis remain elusive, despite the
fact that the abundance of these marks is generally much higher
in mitosis than in interphase (15-21). Our discovery about the
asymmetric distribution of these marks might provide the first
step toward understanding their function in mitosis. We origi-
nally hypothesized that histone phosphorylation marks served
as indicators for distinguishing new versus old histones and
were involved in guiding the inheritance of other histone
PTMs. The reason that phosphorylation levels peak in mitosis
may be because this is the only period during which the cell
must differentiate old from new. However, H3K9me2 was the
only other PTM affected by inhibiting Aurora B in mitosis,
despite the fact that all four asymmetric histone phosphoryla-
tion marks were reduced drastically (Figs. 54 and 7, A-C).
These results suggested that histone phosphorylation marks
were not directly involved in epigenetic inheritance of most
PTMs, with the caveat that the time frame of our experiments
might have been too short to reveal the impact.

Although most Kme2/3s were enriched on the old histones in
mitosis, H3K9me2 showed a symmetric distribution (Fig. 2B
and Table 1). Therefore, it was surprising that H3K9me2, but
not H3K9me3, was affected by Aurora B inhibition (Fig. 54). As
discussed previously, H3S10ph and/or Aurora B might be
involved in either maintenance of old K9me2 or generation of
new K9me2. Our results favored the latter model as we showed
a significant difference in K9me?2 levels on the new H3 but not
the old H3 between DMSO and Hes treatments (Fig. 5, B and
C). This observation was contradictory to previous work that
showed Suv39hl was incapable of methylating a Ser-10 phos-
phorylation peptide in vitro (35). The discrepancy may be due
to either indirect interaction of H3K9me2-S10ph/Aurora B (i.e.
mediated by other proteins) or technical limitations in the in
vitro methyltransferase assay. In addition, the reduction in
H3K9me2 levels was rather small, compared with the drop
in H3S10ph and other phosphorylation mark levels. This could
be due to an indirect impact of Hes treatments and therefore
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did not represent a cross-talk between H3S10ph/Aurora B and
H3K9me2. Further work is required to investigate this potential
cross-talk.

Experimental Procedures

Tissue Culture and Synchronization—HeLa S3 cells were cul-
tured and maintained in suspension as described previously
(64). In brief, HeLa cells were cultured in Minimum Essential
Medium Eagle’s Joklik Modification with L-glutamine (Sigma)
supplemented with 10% Hyclone® new calf serum (GE Health-
care) and 100 units/ml penicillin/streptomycin (Life Technol-
ogies, Inc.). HeLa cells were maintained in a density between
1 X 10° and 1 X 10° cells/ml. The cell synchronization proce-
dureisillustrated in Fig. 1A. For the double thymidine block, 2.5
mM thymidine (Acros Organics) was added to the media. The
first block was 18 -19 h. Cells were subsequently released for
8.5-10 h in media without thymidine and subjected to a second
block with 2.5 mm thymidine for 15-17 h. For experiments with
nocodazole, 0.1 pg/ml nocodazole (EMD Millipore) was supple-
mented with normal media after the double thymidine block. For
experiments with the Aurora B inhibitor hesperadin, 100 nM hes-
peradin (EMD Millipore) or equivalent DMSO solvent was added
to the media at 2 h after the double thymidine block. For different
time points collected from the same experiment, a portion was
removed from the suspension culture at each time point and ana-
lyzed by flow cytometry or mass spectrometry.

HFF cells and 293T cells were cultured and maintained as
described previously (33, 34). Briefly, HFF and 293T cells were
cultured in Dulbecco’s modification of Eagle’s medium (DMEM)
with high glucose (Life Technologies, Inc.), supplemented with
10% fetal bovine serum (FBS) (Sigma). HFF cells were cultured
below ~80% confluency to avoid a contact inhibition-induced
quiescence state. Cells below 13 passages were used. 293T cells
were supplemented with 3 pug/ml puromycin (Santa Cruz Bio-
technology) to maintain the HA- and FLAG-tagged H3.3 (WT
or K9M) transgene. For synchronization of HFF and 293T cells,
cells were plated at 20-25% confluency and subjected to serum
starvation with 0.1% FBS for 24 h. Subsequently media with 10%
FBS and 2 mm hydroxyurea were added for 18 h. Normal growth
media with 0.1 ug/ml nocodazole was subsequently introduced
for releasing. G/2 M cells were collected 6 -7 h after releasing (Fig.
1B). For different time points collected from the same experiment,
cells were plated separately in different tissue culture wells/plates
but at identical densities and treated the same.

SILAC Medium Preparation—DMEM lacking L-arginine and
L-methionine was purchased (AthenaES or Thermo Fisher Sci-
entific Inc.). Joklik medium lacking 1-arginine and r-methio-
nine was made from powdered Joklik mixture (Sigma) and sup-
plemented with all the necessary vitamins and amino acids
(excluding L-arginine and L-methionine) based on the standard
recipe. The SILAC medium was supplemented with 10% dia-
lyzed FBS (Thermo Fisher Scientific Inc.), as well as L-arginine-
13C,, **N,-HCl (Cambridge Isotope Labs.) and L-methionine-
(methyl-'C,D,) (Sigma), or regular light L-methionine (Sigma)
according to the standard recipe. Light L-proline (Sigma) was
also added to the medium at 200 mg/liter to prevent conversion
from the heavy arginine (30).
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Histone Extraction, Phosphorylated Peptide Enrichment—
Histones were acid-extracted from cells and processed with
two rounds of chemical derivatization, trypsin digestion, and
desalting by Stage-Tips as described previously (65). These
samples were either subjected directly to on-line nano-LC/
MS/MS (input samples) or were enriched for phosphorylated
peptides.

Phosphorylated peptide enrichment by TiO, was performed
as described previously (65—68). Briefly, propionylated and
desalted histone peptides were mixed with at least a 4-fold
excess of TiO, beads (GL Sciences) in 200 ul of loading buffer (2
M lactic acid (Sigma) in 50% acetonitrile (ACN)). TiO, micro-
columns are made in the same way as Stage-Tips with a C8
mini-disk plug at the bottom of the tip. The histone peptide and
TiO,/bead mixture were added onto the micro-column and
centrifuged at 200 X g for 10—20 min. The micro-column was
then rinsed with 200 ul of loading buffer and 2X 200 ul of wash
buffer (50% ACN with 0.1% trifluoroacetic acid) at 1000 X g.
Elution was performed twice with 200 ul of elution buffer (50
mm KH,PO, in 50% ACN, pH 10.0) at 200 X g. TiO,-enriched
samples were acidified with glacial acetic acid. The samples
were then desalted using Stage-Tips and subjected to on-line
nano-LC/MS/MS.

Nano-Liquid Chromatography Electrospray lonization Tan-
dem Mass Spectrometry (Nano-LC/MS/MS) and Data Anal-
ysis—The samples were loaded onto one of the three instru-
ment setups as shown in supplemental Table S1, all at 300
nl/min. Histone peptides were resolved on a two-step gradient
from 2% ACN to 30% ACN in 0.1% formic acid over 40 min and
then from 30 to 95% ACN in 0.1% formic acid over 20 min. The
mass spectrometers were operated in the data-dependent mode
with dynamic exclusion enabled (repeat count, 1; exclusion
duration, 0.5 min). MS instrument methods were set up as
reported previously (2). Settings for resolution, automatic gain
control, and normalized collision energy are listed in supple-
mental Table S1. For every cycle, one full MS scan (m/z 290 to
1600) was collected and followed by 10 MS/MS scans using
either high energy C-trap dissociation or collision-induced dis-
sociation in the ion trap (supplemental Table S1). All isolation
windows were set at 2.0 7/z. Ions with a charge state of 1 and a
rejection list of common contaminant ions (including keratin,
trypsin, and BSA) (exclusion width = 10 ppm) were excluded
from MS/MS.

For each MS run, 1-2 pug of input samples were loaded. For
TiO,-enriched samples, 20 -300 ug of equivalent were loaded.
A minimum of triplicates was performed for each sample,
except for one time point from a HeLa cell pulse-SILAC that
only two good quality runs were achieved. As illustrated previ-
ously (65), we targeted the m/z for the isobaric peptides and
quantified the relative abundance of their unique b or y ions at
the MS/MS level. Subsequently, we determined the relative
abundance at the MS1 level based on the ratios we obtained,
either manually or by a Matlab-based program, EpiProfile (69).
Data were corrected for differences in detection efficiencies
based on the correction factors generated by a synthetic peptide
library as described previously (70). For phosphorylated pep-
tides that were not included in the synthetic peptide library, an
average correction factor generated from all the peptides with
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the same histone backbone was used. For the histone H3.3(27—
40) peptide, the H1.4(25-32) peptide, and the KIM(9 -17) pep-
tide, no correction factors were available, and thus no correc-
tion was performed.

MH™ masses of peptides quantified are listed in supplemen-
tal Tables S2 to S8. Most pulse-SILAC experiments were per-
formed with the light-to-heavy media switch, with either both
heavy-Arg and heavy-Met labeling or just heavy-Arg labeling.
One pulse-SILAC experiment for HeLa cells was performed
with heavy-to-light media switch, with both heavy-Arg and
heavy-Met labeling in the original media. Histone H3(9-17)
peptides quantified are listed in supplemental Table S2 with
both heavy-Arg and heavy-Met labeling and supplemental
Table S3 with just heavy-Arg labeling. For quantification of old
versus new histone H3 and H4 proteins, four peptides from H3
and two peptides from H4 that are typically unmodified in
mitosis were used to generate an average number for new pro-
tein synthesis (supplemental Table S4). For each peptide, the
light and heavy peptides were quantified, and the sum was set to
be 100%. We also monitored all peptides in supplemental Table
S4 in this analysis for any potential PTMs but did not identify
any in our experiments as expected. The supplemental Tables
S§5-S7 show additional peptides quantified. For differentially
SILAC-labeled methylated peptides of the same modification
(e.g. Lys-9me3:0, Lys-9me3:1, Lys-9me3:2, and Lys-9me3:3),
the relative quantification of all these forms were combined and
summarized. An example is given in supplemental Table S9.

PTM Distribution Normalization—The SILAC labeling of
newly synthesized histone proteins was incomplete, i.e. we did
not get 50% labeling of histones, presumably because of recy-
cling of cellular amino acids. To account for this incomplete
labeling, we normalized the distribution of PTMs based on the
corresponding histone protein labeling efficiency. The normal-
ized distribution was calculated for each pulse-SILAC time
point as shown in Equation 2,

normalized PTM distribution

_ PTM on old histone/PTM on new histone
N old histone/new histone

(Eq.2)

For the K9me2 on old or new H3 shown in Fig. 5, B and C, the
normalized distribution was calculated as shown in Equations 3
and 4,

normalized distribution of K9me2 on old H3

~ K9me2on old H3

old H3 €a.3)
normalized distribution of K9me2 on new H3
K9me2 on new H3
= (Eq. 4)

new H3

Old and new H3 and H4 proteins were quantified based on
multiple peptides listed in supplemental Table S4. The H1.4
protein was quantified based on the 25-32 peptide shown in
supplemental Table S6. H3.1/2 and H3.3 proteins were quanti-
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fied based on the 27-40 peptide shown in supplemental Table
S7. H3.3K9M peptides were listed in supplemental Table S8.

Statistical Analysis—The p values were generated by Stu-
dent’s £ test (two-tailed).

Mass Spectrometry Data—The mass spectrometry proteo-
mics data have been deposited to the ProteomeXchange Con-
sortium via the PRIDE (71) partner repository with the dataset
identifier PXD003709 and 10.6019/PXD003709.

Propidium Iodide (PI) Staining and Flow Cytometry Anal-
ysis—As described previously (9), cells were fixed in 70-80%
ethanol and stained by PI for flow cytometry analysis. Briefly,
one to three million cells were collected and rinsed with phos-
phate-buffered saline (PBS). Cells were subsequently resus-
pended in 1 ml of 4 °C PBS. 100% ethanol (—20 °C) was then
added in a dropwise fashion to reach a total volume of >5 ml
with moderate vortexing. After fixation overnight at 4 °C, cells
were washed with PBS twice. Cells were then incubated with 0.08
mg/ml PI (EMD Millipore) and 0.02 mg/ml RNaseA (Roche
Applied Science) in PBS for >1 h in the dark at room tem-
perature. Flow cytometry was performed in either the Princ-
eton University Flow Cytometry Resource Facility or the Uni-
versity of Pennsylvania Flow Cytometry and Cell Sorting
Resource Laboratory. Data figures were generated using
Flow]Jo.

Metabolomics Analyses—As described previously (9), metab-
olites were extracted from frozen cell pellets with 40% ACN,
40% methanol, and 0.1% formic acid on ice and centrifuged at
5000 X g to collect the supernatant. The supernatant was clar-
ified by centrifugation at 16,000 X g prior to MS analyses.
['*Cy,"*N,]- and ['*C,,'°N,]arginine, ['*Cs,"*N]- and ["*C,
'>N]proline, and [**C,H,]- and [**C,D;]AdoMet were quanti-
fied as described previously (72).
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Toxoplasma gondii is a protist parasite of warm-blooded ani-
mals that causes disease by proliferating intracellularly in mus-
cle and the central nervous system. Previous studies showed that
a prolyl 4-hydroxylase related to animal HIF« prolyl hydroxy-
lases is required for optimal parasite proliferation, especially at
low O,. We also observed that Pro-154 of Skpl, a subunit of
the Skp1/Cullin-1/F-box protein (SCF)-class of E3-ubiquitin
ligases, is a natural substrate of this enzyme. In an unrelated
protist, Dictyostelium discoideum, Skp1 hydroxyproline is mod-
ified by five sugars via the action of three glycosyltransferases,
Gntl, PgtA, and AgtA, which are required for optimal O,-de-
pendent development. We show here that TgSkp1 hydroxypro-
line is modified by a similar pentasaccharide, based on mass
spectrometry, and that assembly of the first three sugars is de-
pendent on Toxoplasma homologs of Gnt1 and PgtA. Reconsti-
tution of the glycosyltransferase reactions in extracts with
radioactive sugar nucleotide substrates and appropriate Skpl
glycoforms, followed by chromatographic analysis of acid
hydrolysates of the reaction products, confirmed the predicted
sugar identities as GIcNAc, Gal, and Fuc. Disruptions of gnt! or
pgtA resulted in decreased parasite growth. Off target effects
were excluded based on restoration of the normal glycan chain
and growth upon genetic complementation. By analogy to Dic-
tyostelium Skpl, the mechanism may involve regulation of
assembly of the SCF complex. Understanding the mechanism of
Toxoplasma Skp1 glycosylation is expected to help develop it as
a drug target for control of the pathogen, as the glycosyltrans-
ferases are absent from mammalian hosts.

* This work was supported in part by Grant 14-140 from the Mizutani Foun-
dation for Glycoscience (to C. M. W. and I. J. B.), Oklahoma Center for the
Advancement of Science and Technology Grant HR10-0181 (to C. M. W.),
and National Institutes of Health Grants R01-GM084383 (to C. M. W. and
1. J. B.) and R01-Al069986 (to I. J. B.). The authors declare that they have no
conflicts of interest with the contents of this article. The content is solely
the responsibility of the authors and does not necessarily represent the
official views of the National Institutes of Health.

¢ This article was selected as a Paper of the Week.

I This article contains supplemental Table ST and Figs. S1 and S2.

" To whom correspondence should be addressed. Tel.: 706-542-4259; E-mail:
westcm@uga.edu

4268 JOURNAL OF BIOLOGICAL CHEMISTRY

Toxoplasma is a worldwide obligate intracellular apicompl-
exan parasite that infects most nucleated cells of warm-blooded
animals (1). Toxoplasmosis, the disease caused by Toxoplasma,
is an opportunistic infection in AIDS and other immune-sup-
pressed patients (2). In addition, in utero infections can cause
mental retardation, blindness, and death (3). Toxoplasma is
transmitted by digesting parasites from feline feces (as oocysts)
or undercooked meat (as tissue cysts). Once in the host, para-
sites convert to the tachyzoite form that disseminates to
peripheral tissues (e.g. brain, retina, and muscle). The resulting
immune response and/or drugs can control tachyzoite replica-
tion, but the parasite survives by converting into slow growing
bradyzoites that encyst. Cysts sporadically burst, and the
released parasites convert to tachyzoites whose unabated
growth, as can occur in immune suppressed hosts, results in cell
and tissue damage (4). Currently, no Toxoplasma vaccine
exists; anti-toxoplasmosis drugs have severe side effects, and
resistance to these drugs is occurring.

Recently, disruption of the gene for PhyA, the prolyl 4-hy-
droxylase that hydroxylates Pro-154 in Skpl, was observed to
reduce tachyzoite proliferation in cell culture and fitness in a
competition assay (5). Skp1 is an adaptor in the Skp1/Cullin-1/
F-box protein (SCF)? class of E3 ubiquitin ligases, and its hy-
droxylation was hypothesized to contribute to O,-dependent
proliferation. That study noted that loss of hydroxylation
resulted in increased migration in SDS-polyacrylamide gels
suggesting a decrease in M, of ~1000. Previous studies in an
unrelated protist, the social soil amoeba Dictyostelium, had
shown that the Skp1-hydroxyproline (Hyp) could be glycosy-
lated by five glycosyltransferase activities encoded by three
genes, resulting in assembly of a pentasaccharide at the equiv-
alent Pro residue (6, 7). Because two of these genes, gntl and
PpgtA, have apparent homologs in the Toxoplasma genome, we
suspected that the gel shift might result from inability of the

2 The abbreviations used are: SCF, Skp1/Cullin-1/FBP subcomplex of the Cul-
lin-1/RING ligase class of E3 ubiquitin ligases; GIcNACT, polypeptide
N-acetyl-a-glucosaminyltransferase; GT, glycosyltransferase; HFF, human
foreskin fibroblast; Hyp, 4R,2S-(trans)-hydroxyproline; S100, cytosolic
extract prepared as the supernatant after 100,000 X g centrifugation; SF-
tag, a 51-amino acid peptide including 2 Strep-tag Il epitopes and a FLAG
epitope; CID, collision-induced dissociation; MPA, mycophenolic acid;
dHex, deoxyhexose.
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glycosyltransferases to modify Skp1 in the absence of formation
of the Hyp anchor. In Dictyostelium, Ddgntl encodes a poly-
peptide aGlcNAc transferase that transfers GlcNAc from
UDP-GIcNAc to form GleNAcal-O-Skpl (8). Ddpgta encodes
a dual function diglycosyltransferase whose N-terminal domain
then transfers Gal from UDP-Gal to form a GalB1-3GlcNAc
linkage and whose C-terminal domain processively transfers
Fuc from GDP-Fuc to form a Fucal-2Gal linkage (9). However,
the two domains are switched in the Toxoplasma version of the
predicted protein (TGGT1_260650), and there is no evidence
for agtA, the Dictyostelium gene that is responsible for addition
of the final two sugars, both aGal residues.

If the Skpl Hyp of Toxoplasma can be glycosylated, the
importance of hydroxylation for proliferation might be due to
consequent loss of glycosylation rather than inability to
hydroxylate per se. In Dictyostelium, hydroxylation alone par-
tially rescues O,-dependent development (10). Full recovery
depends, however, on full glycosylation (11), and glycosylation
is required to promote efficient assembly of the Skpl/F-box
protein heterodimer, based on interactome studies (12). There-
fore, we sought direct evidence for Hyp-dependent glycosyla-
tion of Toxoplasma Skpl and the role of the predicted glycosyl-
transferases, and we used disruption strains of the predicted
glycosyltransferase genes to test their contribution to parasite
proliferation. The findings implicate Skp1 as the functional tar-
get of this novel post-translational modification pathway in
Toxoplasma and indicate that the Skp1 modification pathway is
evolutionarily conserved among protists.

Experimental Procedures

Parasites, Cell Culture, and Plaque Assays—Toxoplasma
strain RHAku80Ahxgprt (RHAA) was cultured in association
with human foreskin fibroblasts (HFFs) using Dulbecco’s mod-
ified Eagle’s medium (DMEM) supplemented with 10% (v/v)
fetal bovine serum, 2 mm L-glutamine, and 100 units/ml peni-
cillin/streptomycin (Complete medium) in a humidified CO,
(5%) incubator at 37 °C. RHAku80AphyA (RHphyAA),
RHAku80Agnt1 (RHgntiA), and RHAku80ApgtA (RHpgtAA)
strains were cultured in the same medium supplemented with
25 pg/ml mycophenolic acid (Sigma) and 25 pg/ml xanthine
(Sigma). RHA/SF and RHphyAA-1/SF strains, where TgSkpl
was tagged with the SF-tag and have the chloramphenicol
acetyltransferase marker, were cultured in DMEM supple-
mented with 20 um chloramphenicol (Sigma). Strains were
cloned by limiting dilution in 96-well plates.

To perform cell growth plaque assays, confluent HFF mono-
layers in 6-well tissue culture plates were infected with freshly
lysed-out (see below) parasites at 250 parasites/well, equivalent
to a multiplicity of infection of 0.002. After 3 h, unattached
parasites were removed by two rinses with phosphate-buffered
saline (15 mM sodium phosphate, pH 7.4, 135 mm NaCl). After
undisturbed incubation in Complete medium for 5.5 days,
monolayers were fixed with methanol and stained with crystal
violet to detect plaques. Plaques (» =50) from at least two wells
were manually encircled, and areas were calculated by Image]
software (National Institutes of Health). Data were presented
and statistically analyzed using GraphPad Prism version 6.
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TgphyA, Tggntl, and TgpgtA Disruption Strains—DNAs for
gene disruptions were generated from pminiGFP.ht (gift of Dr.
Gustavo Arrizabalaga, University of Idaho), in which the hxgprt
gene is flanked by multiple cloning sites. The approach was
modeled after that used for the TgphyA disruption strain
RHphyAA-1, in which exon 1 of TgphyA was replaced with
hxgprt (5). To generate an independent TgphyA disruption
strain, RHphyAA-2, the complete coding region was replaced
with hxgprt by double crossover homologous recombination.
First, the 5'- and 3’-flank targeting sequences of TgphyA from
RHAA were PCR-amplified with primer pairs a and a’ and pairs
b and b’, respectively (supplemental Table S1). The 5'-frag-
ment was digested with Kpnl and HindIII and inserted into
pminiGFP.ht between its Kpnl and HindIII sites. The resulting
plasmid was digested with Xbal and Notl and ligated to the
Xbal- and Notl-digested 3'-flank. The resulting vector was lin-
earized with Kpnl and electroporated into RHAA strain as
described (5). Drug-resistant transformants were selected in
the presence of 25 ug/ml MPA and 25 ug/ml xanthine and
cloned by limiting dilution. Genomic DNA from three clones
was screened by PCR to identify TgphyA disruption strain
RHPhyAA-2, as described under “Results.” The PCRs were per-
formed on extracts from 2 X 10° parasites, using Tag polymer-
ase, and primers as listed in supplemental Table S1. Standard
conditions included 1.5 mm MgCl,, and reactions were run for
30 cycles of the following standard scheme: 94 °C, 30 s; 60 °C, 1
min; 68 °C, 3 min. Exact conditions were adjusted for specific
reactions.

To disrupt Tggntl, the 5'-flank and 3'-flank targeting
sequences were PCR-amplified with primer pairs cand ¢’ and d
and d’ (supplemental Table S1), respectively, and inserted into
pminiGFP.ht as above. The vector was linearized with Sapl
and transfected into RHAA, and drug-resistant clones were
screened by PCR to generate the Tggntl disruption strain
(RHgnt1A). Similarly, the TgpgtA disruption construct was
generated by PCR amplification and insertion into pminiGF-
P.ht of 5'-flank and 3'-flank targeting sequences using primer
pairs e and e’ and f and f’, respectively. After digestion with
Pacl, the DNA was transfected into RHAA, and RHpgtAA
clones were screened by PCR.

Tggntl and TgpgtA Complemented Strains—pminiGFP.ht
was used as the backbone for constructing the Tggntl comple-
mentation construct after removing its HXGPRT cassette by
Kpnl and NotI digestion. A 7-kb DNA fragment containing the
Tggntl genomic region was PCR-amplified using primer pairs ¢
and d’ (supplemental Table S1), digested with KpnI and Not],
and ligated into the similarly digested pminiGFP.ht. The result-
ant vector was linearized with Kpnl and electroporated into
RHgnt1A. Transformants were selected under 300 ug/ml
6-thioxanthine (Matrix Scientific), and clones were screened by
PCR. To complement TgpgtA knock-out, the fosmid clone
Rfos01M21 (13), containing a 36-kb fragment of RH strain
chromosome VIIb (2039542-2076165), which includes the
TgpgtA gene (gift of Dr. Boris Striepen, University of Georgia),
was linearized with Scal and electroporated into RHpgtAA.
Complemented clones were isolated as described for Tggnt1.

Epitope Tagging of Endogenous TgSkpl—To modify the C
terminus of endogenous TgSkpl, the skpI genomic locus was
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TABLE 1
Toxoplasma strains used in this study
Strain Parental strain Genotype Gene targeted Selection marker Selection drug Ref.

KUSOAA RH(I) Aku80;Ahxgprt 2
RHAphyA-1 KU80AA phyAA;Aku80 phyA-exon 1 Hxgprt MPA, xanthine 5
RHAphyA-2 KUS0AA phyAA;Aku80 phyA-exons 1-9 (all) Hxgprt MPA, xanthine TR?
RHAgnt1 KU80AA gnt1A;Aku80 gntl-exon 1 (all) Hxgprt MPA, xanthine TR
RHAgnt1/complemented RHAgnt1 Aku80;Ahxgprt AHxgprt 6-Thioxanthine TR
RHApgtA KUB0AA PpgtAA;Aku80 PpgtA-exons 1-14 (all) Hxgprt MPA, xanthine TR
RHApgtA/complemented RHApgtA Aku80;Ahxgprt AHxgprt 6-Thioxanthine TR
RHAA/Skp1-SF KUS0AA Skp1°;Aku80; Ahxgprt; CAT*  Skpl C-terminus CAT Chloramphenicol TR
RHAphyA-1/Skp1-SF RHphyAA-1 Skp1%;phyAA; Aku80;CAT™* phyA-exon 1; Skp1 C terminus CAT Chloramphenicol TR

“ TR means this report.

modified by the insertion of SF-tag cDNA. A 1.5-kb region
upstream of the skpI stop codon was PCR-amplified using
primer pairs g and g’. Using a ligation-independent cloning
strategy (14), the product was inserted into Pacl-digested pSF-
TAP-LIC-HXGPRT and pSE-TAP-LIC-CAT vectors (from Dr.
Vern Carruthers, University of Michigan). 50 ug of the result-
ing constructs were linearized with EcoRV at position 527 of
the insert, and the DNAs were electroporated into RHAA
and RHphyAA-1, respectively. RHA/SF transformants were
selected under 25 ug/ml MPA/xanthine, and RHphyAA-1/SF
was selected under 20 um chloramphenicol. Site-specific
integration was confirmed by PCR of clones using the primer
pairs hand h'. DNA sequencing confirmed that the 3'-end of
the Skpl coding sequence encoded the native C terminus
(... VREENKWCEDA) followed by a peptide containing
two Strep-II tags and a FLAG tag (in boldface), AKIGSGGR-
EFWSHPQFEKGGGSGGGSGGGSWSHPQFEKGASGEDYK-
DDDDK?*. Characteristics of the above strains are summarized
in Table 1.

Purification of Endogenous TgSkpl—Tachyzoites from RHAA,
RHphyAA-1, RHgnt1A, and RHpgtAA strains were harvested
from infected HFF monolayers by scraping and passage
through a 27-gauge needle, centrifuged at 2000 X g for 8 min at
room temperature, resuspended in sterile phosphate-buffered
saline, and counted on a hemacytometer chamber as described
(15). 6 X 10® tachyzoites were pelleted, frozen at —80 °C, and
subsequently thawed and solubilized in 8 M urea, 50 mm
HEPES-NaOH, pH 7.4, supplemented with protease inhibitors
(1 mm PMSF, 10 pg/ml aprotinin and 10 ug/ml leupeptin) at
4 °C for 30 min. The lysates were centrifuged at 16,000 X g for
15 min at 4°C, and supernatants (S16) were collected and
diluted 8-fold in IP buffer (0.2% Nonidet P-40 (v/v) in 50 mM
HEPES-NaOH, pH 7.4, protease inhibitors) and incubated with
60 ul of rabbit polyclonal anti-TgSkpl UOK75-Sepharose
beads for 1 h at 4 °C. The UOK?75 antiserum (5) was first affin-
ity-purified against recombinant TgSkpl-Sepharose beads,
performed as described for affinity purification of anti-DdSkp1
(12), and then coupled to CNBr-activated Sepharose CL-4B.
After centrifuging and resuspending the beads three times with
IP buffer and three times with wash buffer (10 mm Tris-HCI, pH
7.5, 154 mM NaCl), bound material was eluted twice with 150 ul
of 133 mw triethylamine, pH 11.5, for 10 min and immediately
neutralized with 150 ul of 200 mm acetic acid, pH 2.7. The
pooled eluates (~400 wl) were divided into two equal parts,
concentrated by vacuum centrifugation to ~10 ul, and snap-
frozen in liquid nitrogen. To purify SF-tagged TgSkp1, soluble
S16 fractions were prepared from RHA/SF and RHp/hyAA-1/SF
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strains as described above and incubated with 100 ul of mouse
anti-FLAG M2-agarose beads (Sigma) for 1 h at 4 °C. The beads
were washed as above and eluted with 300 ul of 8 M urea in 25
mm NH,HCO, (natural pH), supplemented with 40 mg of urea,
and incubated for 15 min at room temperature, and the super-
natants harboring TgSkp1-SF were collected at 2400 X g for 5
min in room temperature.

Mass Spectrometry of TgSkp1 Peptides—The untagged TgSkpl
samples were taken to dryness and solubilized in 100 ul of 8 M
urea in 25 mm NH,HCO,. The untagged and SF-tagged TgSkp1l
samples were reduced by addition of 0.5 M tris(2-carboxyethyl-
)phosphine to a final concentration of 5 mm for 20 min at 22 °C
and alkylated by the addition of 0.5 M iodoacetamide to a final
concentration of 10 mm for 15 min in the dark. Tris(2-carboxy-
ethyl)phosphine was then added to a final concentration of 10
mum, and 300 wl of 50 mm NH,HCO,, pH 7.8, was added to
dilute urea to 2 m. Samples were treated with 1 mg/ml mass
spectrometry grade trypsin (Promega) at a final concentration
8.0 pg/ml and incubated overnight at 37 °C. Peptides were
recovered by adsorption to a C18 Zip Tip (OMIX TIP C18 100
wul) and eluted with 0.1% trifluoroacetic acid in 50% (v/v)
acetonitrile.

Dry peptides were reconstituted in 15.6 ul of solvent A (0.1%
formic acid) and 0.4 ul of solvent B (0.1% formic acid in 80%
acetonitrile) and loaded onto a 75-um (inner diameter) X
115-mm C18 capillary column (YMC GEL ODS-AQ120AS-5,
Waters) packed in-house with a nitrogen bomb. Peptides were
eluted into the nanospray source of an LTQ Orbitrap™ mass
spectrometer (Thermo Fisher Scientific) with a 160-min linear
gradient consisting of 5-100% solvent B over 100 min at a flow
rate of 250 nl/min. The spray voltage was set to 2.0 kV, and the
temperature of the heated capillary was set to 210 °C. Full scan
MS spectra were acquired from m/z 300 to 2000 at 30,000 res-
olution, and MS2 scans following collision-induced fragmenta-
tion were collected in the ion trap for the 12 most intense ions.
The raw spectra were searched against a Toxoplasma gondii
protein database (UniProt ATCC 50611/Me49, Sept. 2013)
using SEQUEST (Proteome Discoverer 1.3, Thermo Fisher Sci-
entific) with full MS peptide tolerance of 50 ppm and MS2
peptide fragment tolerance of 0.5 Da and filtered to generate a
1% target decoy peptide-spectrum-match false discovery rate
for protein assignments. The spectra assigned as glycosylated
TgSkp1 peptides were manually validated.

Cytosolic (S100) Extracts—Parasites were permeabilized as
described (16) with slight modifications. Briefly, a pellet of
2.5 X 10° frozen tachyzoites was resuspended in 500 ul of ice-
cold water containing 10 ug/ml aprotinin, 10 ug/ml leupeptin,

VOLUME 291+-NUMBER 9-FEBRUARY 26, 2016



1 mm PMSE, and 0.1 mm N-a-p-tosyl-L-lysine chloromethyl
ketone and incubated for 10 min on ice. The suspension was
transferred to a Dounce homogenizer and sheared by 10
strokes, diluted with an equal volume of 100 mm HEPES-
NaOH, pH 7.4, 10 mm MgCl,, 10 mm MnCl,, 50 mm KCI, 10
png/ml aprotinin, 10 ug/ml leupeptin, 1 mm PMSEF, and sheared
by 20 additional strokes. After confirmation of lysis using phase
contrast microscopy, the lysate was centrifuged at 200,000 X g
at 5°C for 35 min; the supernatant (5100) was immediately
desalted over a PD10 column at 5 °C into 50 mm HEPES-NaOH,
pH 7.4, 5 mm MgCl,, 15% (v/v) glycerol, and 0.1 mm EDTA.
Fractions with highest A5, values (=1, 1-cm path length) were
snap-frozen at —80 °C for enzyme assays.

Glycosyltransferase Assays—Skpl-dependent GIcNAcT ac-
tivity was assayed in S100 fractions by the transfer of *H from
UDP-[°H]GIcNAc to exogenous Dictyostelium HO-DdSkpl
(17). Typically, a 50-ul reaction volume containing 30 ul of
$100 fraction, 50 pmol of HO-DdSkp1 (18), and 0.5-2.5 um
UDP-GIcNAc (including 1 uCi of UDP-[?H]GIcNAc at 37
Ci/mmol, PerkinElmer Life Sciences), in 50 mm HEPES-NaOH,
pH 7.4, 10 mm MgCl,, 2 mm DTT, 3 mm NaF, and protease
inhibitors, was incubated at 30 °C for 0, 1, or 3 h. Reactions were
stopped by addition of 4X Laemmli electrophoresis sample
buffer, supplemented with 2 ug of soybean trypsin inhibitor
(Sigma) as a marker that comigrates with DdSkp1, boiled for 5
min, and resolved by SDS-PAGE (see below). The gel was
stained for 1 h with 0.25% (w/v) Coomassie Blue in 45% (v/v)
methanol, destained overnight in 5% (v/v) methanol, 7.5% (v/v)
acetic acid, and rinsed in H,O for 1 h. Five ~1-mm gel slices
including and surrounding the soybean trypsin inhibitor band
were excised and incubated in 7 ml of a scintillation mixture
containing 100 ml of Soluene-350 (PerkinElmer Life Sciences)
and 900 ml of 0.6 g/liter 2,5-diphenyloxazole and 0.15 g/liter
dimethyl-1,4-bis(4-methyl-5-phenyl-2-oxazoyl)benzene in
scintillation grade toluene. After 5 days, >H was quantitated by
scintillation counting in a Beckman LSC6500 instrument.

GalT activity was assayed similarly except that the donor was
1 um UDP-[*H]Gal and prepared from a mixture of 1 uCi of
UDP-[*H]Gal (7) and unlabeled UDP-Gal, and the acceptor was
recombinantly prepared GlcNAc-DdSkpl (18). FucT activity
was similarly assayed except that 2 um GDP-[*H]Fuc, prepared
from a mixture of GDP-[*H]Fuc (1 uCi of 20 Ci/mmol,
PerkinElmer Life Sciences) and unlabeled GDP-Fuc, was used
in place of UDP-[?H]Gal, and 2 uMm unlabeled UDP-Gal was
added to generate Gal-GIcNAc-DdSkpl acceptor from the
added GIcNAc-DdSkpl.

Radioactive Sugar Analyses—The chemical form of the
radioactivity incorporated into DdSkpl was determined by
high pH anionic exchange chromatography analysis after acid
hydrolysis as described (17). Briefly, Gntl reaction products
were resolved by SDS-PAGE and electroblotted onto a 0.45-um
PVDF membrane (EMD Millipore). The membrane was
stained with 0.2% Ponceau S in 3% (w/v) TCA, and the Skpl
protein band was excised with a razor blade, submerged in 400
wl of 6 M HCI, and incubated at 100 °C for 4 h. Hydrolysates
were removed into microtubes, evaporated to dryness under
vacuum centrifugation, dissolved in 500 ul of H,O, dried again
twice, and reconstituted in 25 ul of H,O. A solution containing
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1 nmol of GalNH, and GIcNH, in 9 ul of H,O was added to the
hydrolysates and chromatographed on PA-1 column on a
DX-600 Dionex high pH anionic exchange chromatography
workstation in 16 mm NaOH at 1 ml/min with pulsed ampero-
metric detection. Fractions were collected into EconoSafe
(Research Products International) scintillation fluid and
counted for ®H incorporation on a liquid scintillation counter.
PgtA assay products were similarly hydrolyzed in 4 M TFA and
mixed with a standard solution containing 1.5 nmol each of Glc,
Gal, Man, and Fuc.

Western Blotting—Western blotting was performed as
described (5). Briefly, tachyzoite pellets were solubilized in lysis
buffer containing 8 M urea, 50 mm HEPES-NaOH, pH 7.4, sup-
plemented with protease inhibitors at 4 °C for 30 min and cen-
trifuged at 16,000 X g for 15 min at 4 °C to generate a soluble
S16 fraction. After combining with SDS-PAGE sample buffer,
proteins were resolved on a 4—12% gradient SDS-polyacryl-
amide gel (NuPAGE Novex, Invitrogen) and transferred to a
nitrocellulose membrane using an iBlot system (Invitrogen).
After probing with a 1:500-fold dilution of the UOK75 anti-
TgSkp1 antibody and a 1:10,000-fold dilution of Alexa-680-la-
beled goat anti-rabbit IgG secondary antibody (Invitrogen),
blots were imaged on a Li-Cor Odyssey infrared scanner.

Results

Toxoplasma Skpl Is Modified by a Pentasaccharide—Our
previous study showed that disruption of exon 1 of the Skpl
prolyl 4-hydroxylase gene (phyA) in the parental type 1 strain
RHAku80Ahxgprt (RHAA) resulted in greater mobility of Skpl
during SDS-PAGE, corresponding to an M, difference of about
1000 (5). To investigate the possibility that this was due to a loss
of hydroxylation-dependent glycosylation as occurs in Dictyo-
stelium (6), a previously described antiserum raised against
recombinant TgSkpl (5) was used to immunoprecipitate Skp1l
from tachyzoite extracts, and its tryptic peptides were analyzed
by conventional nano-LC/MS in an LTQ-XL Orbitrap mass
spectrometer. Peptides covering 75% of the 170-amino acid
sequence of Skpl, including ***IFNIVNDFTPEEEAQVR con-
taining unmodified Pro-154 (m/z 1011, [M + 2H]*") eluting at
88.7 min, were observed. Potential hydroxylated glycopeptides
were sought using a theoretical mass list of glycoforms of this
peptide containing any combination of 1-8 residues of Hex,
dHex, HexNAc, HexUA, and pentose. This search yielded, at
82.7 min elution time, a single glycopeptide (M + 2H]*",
1437.1464; [M + 3H]*", 958.09) with an exact match (within
0.56 ppm) to a glycoform containing 1 HexNAc, 3 Hex, and 1
dHex residues (Fig. 1A). Similar results were obtained for a
Skp1-SF preparation isolated by anti-FLAG immunoprecipita-
tion from a strain in which Skp1 was C-terminally modified by
an SF-tag (data not shown). The putative glycopeptide ion was
absent from the RHphyAA strain (summarized in Table 2), con-
sistent with its identity as the predicted Skp1 glycopeptide.

The putative glycopeptide ion was subjected to MS/MS anal-
ysis to confirm its composition and characterize its organiza-
tion. Fragmentation of the doubly charged parent ion by CID
yielded a series of ions whose mass differences corresponded to
loss of a combination of Hex, dHex, and/or HexNAc residues
(Fig. 1B), resulting ultimately in the expected hydroxypeptide

JOURNAL OF BIOLOGICAL CHEMISTRY 4271



Complex Glycosylation of Toxoplasma Skp 1

A 1437.6484 B x100 x5 x100
14371473 | z=2 100 _ — -
z=2 o) < '3
® ~ 1) n mn| +
[M+2H]+2= % = S N - i Sifial
m/z 1436.6469 80 = 3 @ =
— ~ — ~
1436.6469 AM=-0.56 ppm o : N g
7=2 70 o ' =
v B : <
g60 % A=HexNAc : A=H A=dH H H g
© o = ' =Hex = ex =He =Hex T
2 Y : <> PSS
1438.1521 350 é : =
— x
z=2 < = 3
240 -g\ T
E T 1193.30 <
1438.6545 &30 z
z=2 T
m
1439.1521 20 128245 %3
z=2 I
1435.8218 10 ] 1 l
z=? 1
0! 'l]i ¥ 1A PPRIY L. .:i..l. ot h- [P J :
et R e e e e e
1436 1437 1438 1439 900 950 1000 1050 1100 1150 /1200 1250 1300 1350 1400 1450
m/z
C HexNAc-Hex3-dHex
b4 b5 b6 b7 b8 b9 b13 b14 b15 b16
y14 y13 y12 y11 y10 y9 y8 y7 y6 y5 vy4 y3
10 0 S
I\ -
0.8 ~ N g 2 o ©
) N0 1) n ~ ~N
o ;m ® 9 N ~ o -
0.6 M N Ao n 3 o o0 -
I R _tg “ ) ~ . 2
04 ¢ L2 HE e N
< -4
0.2 2 l R} 1
0.0 !I IIII . IIll T .I. . Ill —
400 450 500 550 600 ,/, 650 700 750 800 850 900
o~ ~N
r x5 1 T L L x5 1
X (] v
o~ % T I
100 = *, 5 5 b
v o = z T < o ~
280 =
5 s < ° S8 Boo 2 % e . n I i
g D % ~ ¥ IS z Tin z m < a
S 60 N o -3 +o . + = % " Z <
2 o a oo o L2 o0 um — 3 -
= (<)) e o - = U= ) o N T < Ioo -
40 o 2 o xg & &= & i T S
2 o . 1 o > = S J §-":‘ N %m =
<20 I ! L ! " bR :
= ! 1 f k\l N ,I 1
950 1000 1050 1100 1150 iz 1200 1250 1300 1350 1400 1450
o ) X
1Y un
= < Y «w 3 S o I
O\' =z 2 O X x q‘ ©
X N o v 0 q
1.2 < AR X — M ) %
v o R T Vo N X x I~ 9 b u
- N B T N A o) ¥ +too X e o <
1.0 m < M Nunp— TN | — T T S, — T =
- © © —vfo mun | Qo S £ 3% © < <
08 > un — > - < - 4 Vo
- - < 1 fo e = Z el % T
) = 1 fe ! X0 Tm™ 1 29 + N
0.6 - FEEN A ‘s Le I = I )
2 N 2153 3 52
0.4 = QR [N — 0
\ R S >
0.2 \ ~<
1
0.0
1500 1550 1600 1650 1700 .,/ 1750 1800 1850 1900 1950 2000

FIGURE 1. Orbitrap MS analysis of the TgSkp1 glycopeptide. RHAA tachyzoites were lysed out of HFFs, urea-solubilized, and immunoprecipitated with
bead-bound affinity-purified anti-TgSkp1 (pAb UOK75). The enriched preparation of TgSkp1 was eluted with triethylamine, reduced and alkylated, trypsinized,
and analyzed by reverse phase-HPLC on an LTQ-XL Orbitrap MS. Extracted ion chromatograms showed coelution of a doubly charged (m/z 1436.6464) and a
triply charged ion (m/z 958.0983) corresponding with a A mass of 0.56 ppm, to the predicted tryptic TgSkp1 peptide '**IFNIVNDFT(HyP)EEEAQVR'®" bearing
a pentasaccharide with composition Hex3dHex1HexNAc1 (A). B, CID fragmentation of the doubly charged precursor ion yields a sequential loss of monosac-
charide residues corresponding to Hex, Hex, dHex, Hex, and HexNAc, indicating the presence of a linear pentasaccharide. C, inspection of the full CID
fragmentation spectrum shows b- (blue annotations) and y- (red annotations) ion series that match the predicted peptide sequence, as illustrated in the inset,
and demonstrate that the glycan is linked via a hydroxylated derivative of Pro-154. Peptides with residual sugars are annotated in green.
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TABLE 2
MS detection of Skp1 glycopeptides in strains

Complex Glycosylation of Toxoplasma Skp 1

Isoforms of the Skp1 peptide "**IFNIVNDFTPEEEAQVR were detected as described in Fig. 1. The distribution of raw ion counts among the detected isoforms are shown

for the strains analyzed.

* apparent occupancy based on raw spectral counts.
** values refer to [M-+2H]?>" ions.

ion. The predominant ions were consistent with the presence of
a linear pentasaccharide whose composition from the non-re-
ducing end is Hex-Hex-dHex-Hex-HexNAc-. Fragmentation
also yielded a series of a singly charged peptide and glycopep-
tide fragment b- and y-ions that confirmed the predicted amino
acid sequence of the parent ion and demonstrated the position
of the additional O atom as occurring on Pro (to yield Hyp) and
the attachment of all sugars via Pro-154 (Fig. 1C). These data
indicate that a fraction of Skp1l in Toxoplasma is modified by a
linear pentasaccharide reminiscent of the linear pentasaccha-
ride on DdSkp1.

Predicted TgSkpl-modifying Glycosyltransferases—BLASTP
and TBLASTN searches for sequences corresponding to the
three GT genes that catalyze formation of the pentasaccharide
on DdSkp1 in ToxoDB (Version 7.3) yielded high scoring hits
for DdGntl and DdPgtA. No candidates for a homolog of
DdAgtA were detected using these algorithms or PSI- or PHI-
BLAST toward either its catalytic or WD40 repeat domains.
The Toxoplasma Ddgnt1-like sequence is represented by a one-
exon gene model (Fig. 24) in three sequenced strains of Toxo-
plasma (GT1, ME49, and VEG). The GT1 (type 1 strain)
sequence (TGGT1_315885) exhibited 42% identity and 67%
similarity to DdGntl over 214 amino acids of the ~250 amino
acid catalytic domain (supplemental Fig. S1). Like DdGntl,
TGGT1_315885 is predicted to be a cytoplasmic protein
because of the absence of detectable membrane or nuclear tar-
geting motifs. However, at 1510 amino acids, TGGT1_315885
is substantially longer than DdGntl by 423 amino acids. As
revealed by the amino acid sequence alignment (supplemental
Fig. S1), and as illustrated in Fig. 2C, this results from multiple
insertions throughout the length of the protein, a common
occurrence in Toxoplasma genes as observed, e.g. in TgIF2Kb
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(19). In addition, a C-terminal sequence referred to as domain
A that lies outside of the predicted catalytic domain (10) but is
required for DdGntl activity is weakly conserved across these
predicted proteins (Fig. 2). The remaining intervening
sequences are poorly conserved even among coccidian apicom-
plexans that have PhyA-, Gntl-, and PgtA-like sequences (sup-
plemental Fig. S1). The coccidian Sarcosystis neurona is pre-
dicted to contain even longer insert sequences. In comparison,
sequences from Chromeravelia and Vitrella brassicaformis, rep-
resentatives of the closest known photosynthetic relatives of
apicomplexans in the alveolate superphylum (20), largely lack
these inserts and resemble the length of the Dictyostelium
sequence. Although the TgGntl-coding region remains to be
confirmed experimentally, two of the inserts are present in
expressed sequence tags derived from mRNA, and a third was
detected in a shotgun proteomics screen (Fig. 2C; supplemental
Fig. S1). Although the significance of these additional
sequences is enigmatic, their low conservation suggests that
they fulfill Toxoplasma-specific functions that are unlikely to
be related to the proposed enzymatic activity.

The Toxoplasma DdpgtA-like sequence is represented by a
14-exon gene model (Fig. 2B). The predicted amino acid
sequence of TGGT1_260650, from the type I GT1 strain, is 98
and 97% identical to that of the type II ME49 and type III VEG
strain sequences, and the protein is predicted to be cytoplasmic.
The Toxoplasma candidate is 1801 amino acids long, compared
with the 768 amino acid length of DdPgtA, and the order of the
two putative glycosyltransferase domains is reversed (Fig. 2D).
The N-terminal CAZy GT2 family sequence of DdPgtA, which
encodes a 33-GalT activity, has its sequence homolog in the
C-terminal half of the Toxoplasma protein, whereas the C-ter-
minal CAZy GT74 family sequence of DdPgtA, which encodes
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FIGURE 2. Comparative genomic and domain organization of Gnt1 and PgtA from Dictyostelium and Toxoplasma. A and B, exon-intron organization of
the gnt1 and pgtA genes. gnt1 (A) and pgtA (B) gene models from Dictyostelium discoideum are from Refs. 8, 9 and available at dictybase.org (27). The gene
models from T. gondii (GT1 (type 1) strain) are from Ref. 28. The length from the start codon to the stop codon in nucleotides is in parentheses. C and D, domain
organization of Gnt1 (C) and PgtA (D) proteins. Gnt1- and PgtA-like sequences from Toxoplasma and three other coccidian apicomplexans were aligned with
corresponding sequences from D. discoideum and three other amoebozoa, and sequences from two chromerid alveolates, as shown in supplemental Figs. S1
and S2. Regions of high conservation among all 10 sequences are shown in color for the glycosyltransferase-like sequences and in gray for non-GT-like
sequences. Toxoplasma sequences whose expression has been confirmed at the transcriptional (expressed sequence tags) or proteomic (MS) level are

indicated in Ref. 28. Diagrams are shown to scale.

an o2-FucT activity, has its homolog in the N-terminal half of
the Toxoplasma protein. The GT2-like domain of the predicted
TgPgtA is 22% identical and 60% similar to the DdPgtA-BGalT
domain over the 191 most conserved amino acids, and the
GT74-like domain is 33% identical and 66% similar to the
DdPgtA-aFucT domain over 190 amino acids. The amino acid
sequence alignment (supplemental Fig. S2) of the PgtA-like
sequences reveal that, as for DdGnt1, the predicted apicompl-
exan PgtA-like sequences have numerous multiple inserts rel-
ative to the Dictyostelium prototype, as illustrated in Fig. 2D.
These insert sequences, several of which occur in the protein
based on expressed sequence tags and MS data (Fig. 2D), tend to
diverge even within the coccidian apicomplexans and are min-
imal in the chromerids. Thus, they are unlikely to be critical for
enzymatic activity.

Tggntl and TgpgtA Are Required for TgSkpl Glycosylation—
To determine whether Tggntl and TgpgtA are involved in
TgSkpl glycosylation, their genes were disrupted by double-
crossover homologous recombination in the RHAA strain, as
described under “Experimental Procedures” and illustrated in
Fig. 3A for Gntl. Deletion of gnt1 in recovered clones was dem-
onstrated by loss of a PCR product for gntI-coding DNA, and
positive PCRs for the insertion of the selection marker hxgprt
between gntI-flanking sequences, as described in Fig. 3B. To
control for off-target genetic modifications, a gntI disruption
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clone was complemented with a version of the original disrup-
tion DNA in which /xgprt was replaced by the deleted coding
region and counter-selected for loss of hxgprt (Fig. 3A). The
same set of PCRs was used to confirm the desired gene restora-
tion in clonal isolates (Fig. 3C).

The effect of gnt1 deletion on Skp1 glycosylation was evalu-
ated initially by SDS-PAGE and Western blotting. As shown in
Fig. 4A, Skpl from parasites lacking gnt!l (lane 3) migrated
more rapidly than wild-type Skp1 (lane 1), and similarly to Skp1l
from parasites whose phyA had been disrupted (lane 2). MS
searches for the Skpl glycopeptide were negative, but a novel
hydroxypeptide corresponding to the hydroxylated but non-
glycosylated Skp1l was obtained, in addition to the unmodified
peptide (Table 2). Analysis of the complemented strain revealed
that normal mobility of Skp1 in SDS-PAGE was at least partially
restored. Thus, Skpl HexNAcylation depends on Gntl, and by
analogy with the Dictyostelium example, Gntl is expected to
directly catalyze addition of the first sugar in a-linkage onto
Hyp154.

A similar analysis was performed on PgtA, whose genetic
locus was manipulated as described in Fig. 3, D—F. In this case,
arecently prepared genomic fosmid (13) was utilized to restore
the genomic locus in the pgtA-disruption clone. Genomic DNA
was utilized because of the large number of predicted introns
and our difficulty in isolating a full-length cDNA using RT-PCR
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FIGURE 3. Disruption and complementation of Tggnt1 and TgpgtA. A, strategy for deletion of Tggnt1 and its subsequent complementation. The plasmid-
derived disruption of DNA with homologous targeting sequences was electroporated into parasites. Recovery of hxgprt-positive clones that were resistant to
MPA and xanthine and were GFP-negative were candidates for double crossover gene replacement. B, gene replacement was confirmed by PCR-1, which
demonstrated loss of gnt1 coding DNA, and PCR-2 and -3, which demonstrated that the inserted hxgprt DNA was flanked by neighboring gnt7 DNA. To
complement Tggnt1 in the disruption strain, a plasmid containing an ~7-kb genomic locus, including TggntT coding region and 5’- and 3’-untranslated
regions (A), was transfected. Complemented strains where the hxgprt is replaced by Tggnt1 locus were counter-selected under 6-thioxanthine. C, gnt1
replacement was confirmed by the positive PCR-1 and negative reactions for PCR-2 and PCR-3, which depended on the presence of hxgprt. D-F, TgpgtA was
similarly targeted for disruption and complementation. Characteristics of the above strains are summarized in Table 1.
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FIGURE 4. Disruption of Tggnt1 or TgpgtA affects TgSkp1 glycosylation.
Soluble S16 fractions from equivalent numbers (3 X 10° cells) of parental
RHAA (RH) and RHphyAA-1 (phyA™), RHgnt1A, RHpgtAA, and their comple-
mented cells were resolved by 4-12% SDS-PAGE, electroblotted, and probed
using anti-TgSkp1 (UOK75) antiserum. Changes in glycosylation inferred
from altered gel mobility were confirmed by mass spectrometry (Table 2).
Similar results were obtained for independently derived clones of RHgnt1A
and RHpgtAA.
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(data not shown), and the fosmid clone was used because of the
predicted large size (13.2 kb) of its genomic locus. As shown in
Fig. 4, lane 7, Skp1 glycosylation also appeared to be affected by
the loss of pgtA based on SDS-PAGE/Western blotting, and this
was confirmed by the accumulation of the HexNAc form of
Skp1, the expected acceptor substrate of PgtA, based on MS
analysis of tryptic peptides (Table 2). As expected, restoration
of the pgtA locus resulted in at least partial recovery of Skpl
glycosylation (Fig. 4, lane 8). At a minimum, PgtA is thus
required for addition of the second sugar to the Skp1 glycan.
TgGntl Has Properties of a Skpl Polypeptide UDP-GIcNAc:
HO-Skpl GIcNAcT—A previous study detected a Gntl-like
activity in tachyzoite cytosolic extracts, based on transfer of *°H
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FIGURE 5. TgGnt1 is a Skp1 GIcNACT. A, GIcNACT activity in S100 cytosolic parasite was assayed based on transfer of *H from 0.5 um UDP-[>H]GIcNAc to
exogenous HO-DdSkp1 for 1-3 h as described under “Experimental Procedures.” Reactions were loaded onto and separated on an SDS-polyacrylamide gel,and
the Coomassie Blue-stained DdSkp1 bands were excised and subjected to liquid scintillation spectroscopy. The reaction time, presence of HO-Skp1, and source
of the extract (RHAA or RH, or RHgnt7A or gnt1A) were varied as indicated. B, entire lane from a parallel 3-h reaction (RH, +HO-Skp1) from A was analyzed
for incorporation of 3H. Incorporation was only detected at the migration position of DdSkp1. C, donor substrate specificity of the GIcNACT activity was
examined by including a 9-fold excess of unlabeled UDP-GIcNAc or UDP-GalNAc to reactions containing 10 um UDP-[*H]GIcNAc. Incorporation was
measured as in A. Error bars show standard deviations of the mean of two replicates from each of two independent reactions. D, analysis of incorporated
3H. The reacted Skp1 band was excised from a PVDF membrane electroblot of the SDS-polyacrylamide gel, subjected to acid hydrolysis in 6 N HCI, and
analyzed by high pH anion exchange chromatography. The hydrolysate was supplemented with GIcNH, and GalNH, and chromatographed on a Dionex
PA-1 column. Elution of the sugar standards was monitored by a pulsed amperometric detector (nC), and fractions were collected to monitor the elution

of 3H by scintillation counting (dpm).

from UDP-[*H]GIcNAc to DdHis,,-Skp1 that was recovered
from an SDS-polyacrylamide gel (21). This activity depended
on addition of DdPhyA indicating dependence on Hyp. Repli-
cation of an optimized form of this assay (see “Experimental
Procedures”) revealed time-dependent transfer of *H to HO-
DdSkpl that was absent from gntIA extracts (Fig. 54). As
shown in Fig. 5B, no incorporation into endogenous proteins
was detected based on analysis of an entire SDS-polyacrylamide
gel lane, indicating absence of activity of endogenous GTs from
other sources, such as the Golgi, that modify other targets in
these cytosolic preparations. The lack of other radiolabeled
proteins is inconsistent with the existence of an intermediate
TgGntl substrate that itself mediates modification of Skpl.
Incorporation was reduced as expected after addition of a
10-fold excess of unlabeled UDP-GIcNAC, but not of unlabeled
UDP-GalNAc (Fig. 5C), indicating that the enzyme is selective
for the GlcNAc isomer. Because a homolog of Gnt1 that resides
in the Golgi transfers GalNAc to proteins (22), and Toxoplasma
possesses an epimerase that can interconvert UDP-GIcNAc
with UDP-GalNAc, the nature of the transferred >H was con-
firmed by another method. >H was found to be incorporated
as GIcNAc, based on co-chromatography of *H released by
HCI hydrolysis, which de-N-acetylates GIcNAc to GIcNH,,
with a GlcNH, standard (Fig. 5D). Although the evidence
that TgGntl modifies Skpl in this assay is indirect, its ho-
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mology with DdGntl, whose purified recombinant version
can aGlcNAcylate HO-DdASkpl in vitro (8), suggests that
TgGntl also directly aGlcNAcylates TgSkpl.

TgPgtA Is a Bifunctional Glycosyltransferase with GalT and
FucT Activities—To characterize the role of pgtA in extending
the Skpl glycan, the above assay was first modified by substi-
tuting UDP-[*H]Gal for UDP-[?H]GlcNAc and GlcNAc-Skpl
for HO-Skpl. Time-dependent incorporation of *H into
GlcNAc-Skpl was observed (Fig. 6A4). Incorporation into the
Skp1 band on the SDS-polyacrylamide gel required the inclu-
sion of Skp1l, and Skpl was the only protein that incorporated
detectable radioactivity (Fig. 6B). No incorporation was
detected in extracts of pgtAA cells. Recovery and analysis of the
®H after acid hydrolysis confirmed incorporation as Gal rather
than a derivative (Fig. 6C). Similar findings were observed in a
corresponding FucT assay, in which UDP-[?H]Gal was
replaced by GDP-[*H]Fuc (Fig. 6, D-F). However, incorpo-
ration of ®H depended on the inclusion of UDP-Gal (unla-
beled), in contrast to the GalT reaction that did not require
GDP-Fuc (Fig. 6A4). This indicated that TgPgtA is, like
DdPgtA (9), a processive diglycosyltransferase that catalyzes
the sequential addition of Gal and then Fuc, an order consis-
tent with the MS-MS data. Although >95% of incorporation
of [*H]Fuc into the Skpl band depended on Skp1 and pgtA
(Fig. 6, D and E), residual incorporation was observed at this
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FIGURE 6. PgtA is a Skp1 GalT and FucT. A, GalT activity directed toward GIcNAc-Skp1 was assayed as described for GICNACT activity in Fig. 5A, except that
GlcNAc-Skp1and UDP-[?H]Gal were used in place of HO-Skp1 and UDP-[®H]GIcNAc. The reaction time, inclusion of GIcNAc-Skp1 and GDP-Fuc, and source of the
extract (RHAA or RH, or RHpgtAA or pgtAA) were varied as indicated. B, entire lane from a parallel 3-h reaction (RH, +Gn-Skp1) from A was analyzed for
incorporation of *H. Incorporation was only detected at the migration position of DdSkp1. C, PH]IDdSkp1 from the 3-h GalT reaction in A was isolated as in Fig.
5D and hydrolyzed in 4 m TFA. The hydrolysate was chromatographed on a Dionex PA-1 column with internal standards of Gal, Glc, Man, and Fuc, and the
elution of 3H was monitored by scintillation counting of collected fractions. D-F, FucT activity assays. Reactions were conducted as above except that
GDP-[*H]Fuc replaced UDP-[>H]Gal, and the dependence of incorporation on a 10-fold concentration excess of UDP-Gal, GIcNAc-Skp1, and PgtA in the extract

and time was examined.

position and elsewhere in the gel indicative of additional
pgtA- and Skpl-independent FucT activity in the extract.
These results are consistent with accumulation of
GlcNAc-Skpl and the absence of higher glycosylation states
in pgtAA cells (Fig. 4 and Table 2).

TgGntl and TgPgtA Are Important for Toxoplasma Growth
in Cell Culture—Previous studies revealed that disruption of
exon 1 of phyA results in a parasite growth defect, which could
be detected as reduced plaque areas after 5 days of replication
on a fibroblast monolayer (5). To check that no residual phyA
activity was present, all nine exons were deleted (RHphyAA-2).
A similarly reduced ability to grow on monolayers was ob-
served, as illustrated in Fig. 7A and quantified in B. Further-
more, deletion of exon 1 in a strain in which Skp1 was C-termi-
nally modified with an SF-epitope tag, which itself did not affect
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growth, also resulted in slowed growth (Fig. 7C). To examine
the roles gntl and pgtA, the plaque-forming abilities of the
disruption strains described above were analyzed. As shown
in Fig. 7B, gnt1A cells exhibited slow growth that was statis-
tically indistinguishable from that of phyAA cells. pgtAA
cells also exhibited a slow growth phenotype, which was
intermediate between that of gntIA and parental (RHAA)
cells. Complementation of gntl and pgtA by gene replace-
ment at their original loci restored normal growth (Fig. 7D),
showing that the growth differences in the original disrup-
tion strains could be attributed to the GT targets. Although
these findings do not demonstrate directly that the altered
modif