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RESEARCH COMMUNICATION

An unexpected binding mode
for a Pol II CTD peptide
phosphorylated at Ser7

in the active site

of the CTD phosphatase Ssu72

Kehui Xiang, James L. Manley, and Liang Tong"

Department of Biological Sciences, Columbia University, New
York, New York 10027, USA

Ssu72, an RNA polymerase II C-terminal domain (CTD)
phospho-Ser5 (pSer5) phosphatase, was recently reported
to have pSer7 phosphatase activity as well. We report here
the crystal structure of a ternary complex of the N-ter-
minal domain of human symplekin, human Ssu72, and
a 10-mer pSer7 CTD peptide. Surprisingly, the peptide is
bound in the Ssu72 active site with its backbone running
in the opposite direction compared with a pSer5 peptide.
The pSer7 phosphatase activity of Ssu72 is ~4000-fold
lower than its pSer5 phosphatase activity toward a peptide
substrate, consistent with the structural observations.

Supplemental material is available for this article.

Received June 18, 2012; revised version accepted August 28,
2012.

Transcription of mRNA and noncoding RNA in eukary-
otes is carried out by RNA polymerase II (Pol II), the
activity of which is regulated in part by the phosphory-
lation state of the C-terminal domain (CTD) of its largest
subunit (Komarnitsky et al. 2000; Schroeder et al. 2000;
Meinhart et al. 2005; Phatnani and Greenleaf 2006;
Buratowski 2009; Kim et al. 2009, 2010; Mayer et al.
2010; Tietjen et al. 2010). The CTD contains the consen-
sus heptapeptide repeat Tyrl-Ser2-Pro3-Thr4-Ser5-
Pro6-Ser7 (YSPTSPS), and phosphorylation of Ser5 and
Ser2 has long been recognized for its importance in
transcription and coupled RNA processing events. Phos-
phorylation of Ser7 is involved in snRNA transcription
and 3’ end processing (Chapman et al. 2007; Egloff et al.
2007), and phosphorylation of Thr4 has been linked to
histone mRNA 3’ end processing (Hsin et al. 2011). CTD
kinases and phosphatases control the phosphorylation
state of the CTD and thereby regulate Pol II activity. For
example, Fcpl preferentially dephosphorylates pSer2 over
pSer5 (Hausmann and Shuman 2002; Hausmann et al.
2004; Ghosh et al. 2008), while Ssu72 is a pSer5 phospha-
tase (Krishnamurthy et al. 2004; Hausmann et al. 2005).
Both are essential for viability in yeast.

Recently, it was reported that Ssu72 also has pSer7
phosphatase activity (Bataille et al. 2012; Zhang et al.
2012). However, such an activity for Ssu72 is unexpected
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from a structural perspective. Ssu72 recognizes the cis
configuration of the pSer5-Pro6 peptide bond as a pSer5
phosphatase (Xiang et al. 2010; Werner-Allen et al. 2011).
In comparison, pSer7 is followed by Tyrl in the next
repeat of the CTD (designated Tyrl’). If Ssu72 were to
bind the pSer5 and pSer7 substrates in the same way, the
pSer7-Tyrl’ peptide bond would need to be in the cis con-
figuration, which is much less favorable energetically.
Moreover, the bulkier Tyr side chain would be placed in
the binding site for the Pro6 residue in the pSer5 sub-
strate, which would clash with the enzyme.

Results and Discussion

To understand the structural basis for how Ssu72 func-
tions as a pSer7 phosphatase, we determined the crystal
structure at 2.2 A resolution of a ternary complex of a
human symplekin N-terminal domain (NTD, residues
30-360), human Ssu72 (C12S mutant), and a 10-mer CTD
peptide phosphorylated at Ser7 (Ser2-Pro3-Thr4-Ser5-
Pro6-pSer7-Tyrl'-Ser2'-Pro3’-Thr4’, with the prime in-
dicating the next repeat of the CTD) (Fig. 1A). Symplekin
is a scaffold protein in the pre-mRNA 3’ end processing
machinery (Takagaki and Manley 2000) and is known to
interact with and enhance the activity of Ssu72 (Xiang
et al. 2010). It was included here because it is important
for the crystallization of human Ssu72 (Xiang et al. 2010).
Crystals of the symplekin NTD-Ssu72 binary complex
were soaked with the phosphopeptide, following the
same protocol as used earlier for the pSer5 peptide (Xiang
et al. 2010). Electron density was observed for most of
the peptide based on the crystallographic analysis, except
for one residue at either end of the peptide (Fig. 1B). In
addition, the side chain of Tyrl’ has weak electron
density.

Surprisingly, the pSer7 peptide is bound in the Ssu72
active site with its peptide backbone running in the
opposite direction compared with the pSer5 peptide
(Fig. 1C). As a result, the binding sites for Pro6 and pSer7
are equivalent to those for Pro6 and pSer5 in the pSer5
peptide (Xiang et al. 2010). Residues Ser5-Pro6-pSer7-
Tyrl’ assume the conformation of a type I B reverse turn,
so that the overall shapes of the pSer7 and pSer5 peptides
are similar when bound to Ssu72 (Fig. 1C). However,
such a turn is wider than the cis proline structure, and a
difference was observed in the conformation and position
of Pro6 in the two peptides. On the other hand, the Pro6-
pSer7 peptide bond and, in fact, all of the peptide bonds in
the pSer7 peptide are in the trans configuration. The
Tyrl’ residue in the pSer5 substrate is important for
phosphatase activity (Hausmann et al. 2005) and shows
interactions with Ssu72 (Fig. 1D; Xiang et al. 2010).
Equivalent interactions are absent in the pSer7 substrate
complex (Fig. 1D).

Recognition of both orientations of peptide substrates
or ligands has rarely been observed with other proteins.
Reported examples include the SH3 domain (Feng et al.
1994; Lim et al. 1994), stromelysin-1 (Becker et al. 1995),
thioredoxin (Qin et al. 1996), and the adaptor protein SspB
of the AAA™ protease CIpXP (Levchenko et al. 2005). As
far as we are aware, this is the first time that a protein
phosphatase has been shown to bind both orientations of
its peptide substrate.
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Symplekin

Figure 1. The Pol I CTD pSer7 peptide has a novel binding mode in the active site of Ssu72. (A) Schematic drawing of the structure of the
ternary complex of the human symplekin NTD (cyan), human Ssu72 (C12S mutant; yellow), and the pSer7 CTD peptide (green). (B) Omit 2F, —
F. electron density for the pSer7 peptide at 2.2 A resolution, contoured at 0.8c. (C) Overlay of the binding modes of the pSer7 peptide (in green)
and the pSer5 peptide (in gray) (Xiang et al. 2010) in the active site of Ssu72. The directions of the peptide backbone are indicated by the arrows.
(D) Overlay of the active site region of Ssu72 in the pSer7 complex (yellow) and the pSer5 complex (in gray). (E) Close-up of the active site region
showing the structural differences in the pSer residues and Aspl43. All of the structure figures were produced with PyMOL (http://
www.pymol.org).
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The pSer7 residue is anchored in the catalytic site and
shows interactions with Ssu72 similar to those of the
pSer5 residue (Fig. 1D; Xiang et al. 2010). Most of the
Ssu72 residues in the active site have the same confor-
mation in the pSer7 and pSer5 peptide complexes. One
notable difference is in the side chain of Aspl43, the
general acid of the phosphatase reaction. The oxygen
atom that should donate a proton to the leaving group (O,
of Ser7) is instead hydrogen-bonded to the main chain
amide of Ser7 (Fig. 1E). In contrast, such a hydrogen bond
is not possible with the pSer5 substrate, as the pSer5-Pro6
peptide bond does not have an amide hydrogen. More-
over, the Cg—O, bond of Ser7 is at a right angle to the
Aspl43 side chain (Fig. 1E), possibly due to the reversal of
the backbone direction, and therefore the O, atom may
not be in the optimal conformation for receiving the
proton from Aspl43. Both of these differences may be
detrimental for the phosphatase activity with the pSer7
substrate.

To understand how Ssu72 distinguishes between pSer2,
pSer5, and pSer7 in the same CTD repeat, we determined
the crystal structure at 2.0 A resolution of another
ternary complex using a 10-mer CTD peptide phosphor-
ylated at all three positions, Ser7’-Tyrl-pSer2-Pro3-Thr4—
pSer5-Pro6-pSer7-Tyrl'-Ser2’. The structure reveals bind-
ing of pSer5 in the catalytic site, while there is no
evidence for pSer7 binding into this site (Fig. 2A). Instead,
the phosphate group on Ser7 is exposed to the solvent,
having no interactions with Ssu72 (Fig. 2B). The phos-
phate group on Ser2 may have ionic interactions with the
side chain of Argll4 (Fig. 2B), although the electron
density for pSer2 is rather weak (Fig. 2A). Overall, the
binding mode of this triply phosphorylated peptide is
similar to that of the pSer5 peptide reported earlier (Fig.
2B; Xiang et al. 2010). A conformational difference in the
Pro3 residue of the peptide was observed, possibly linked
to the interaction of pSer2 with the enzyme. We used
another peptide with pSer7 in the center, Ser2-Pro3-Thr4—
pSer5-Pro6-pSer7-Tyrl'—pSer2'-Pro3'-Thr4'-Ser5’, and the
observed electron density at 2.6 A resolution was also
consistent with pSer5 binding in the active site (data not
shown). These observations indicate that Ssu72 prefers the
binding of pSer5 and suggest that Ssu72 has higher affinity
for pSer5 in the active site than for pSer7. This may also be
detrimental for the phosphatase activity with the pSer7
substrate.

We next characterized the pSer7 phosphatase activity
of Ssu72 using in vitro assays. We first used an assay that
monitored the release of free phosphate from CTD
phosphopeptides, which we previously used successfully
with the pSer5 peptide (Xiang et al. 2010). Very low
activity was observed in this assay using the 10-mer
pSer7 peptide as substrate. Appreciable phosphate pro-
duction was observed only after overnight incubation of
purified His-tagged Ssu72 (Supplemental Fig. 1) with the
phosphopeptide (40 wuM phosphate was released after 12 h
of incubation of 200 uM Ssu72 with 2 mM peptide at
room temperature). The low activity did not appear to be
affected by the presence of the symplekin NTD (results
not shown). Parallel experiments with the 10-mer pSer5
peptide (Xiang et al. 2010) showed that the pSer5 phos-
phatase activity was ~4000-fold higher than the pSer7
phosphatase activity (160 uM phosphate was released
after 45 min of incubation of 5 pM Ssu72 with 1 mM
peptide at room temperature) (Fig. 3A, left panel). As

A novel mode of Pol II CTD recognition

Figure 2. Ssu72 prefers pSer5 in the active site. (A) Omit 2F, — Fc
electron density for the CTD peptide phosphorylated at Ser2, Ser5,
and Ser7 at 2.0 A resolution, contoured at 1o. There is no indication
of the binding of pSer7 into the catalytic site. (B) Overlay of the
active site region of Ssu72 in the triply phosphorylated peptide
complex (yellow) and the pSer5 complex (in gray) (Xiang et al. 2010).

a comparison, purified yeast Fcpl (Supplemental Fig. 1)
displayed high activity with both the pSer5 and pSer7
peptides (Fig. 3A, right panel). While the physiological
role of Fepl in pSer7 dephosphorylation is unclear (e.g.,
see Bataille et al. 2012), this result at a minimum in-
dicates that the pSer7 peptide used in our assays can be
effectively dephosphorylated in vitro, strengthening the
conclusion that Ssu72 activity toward this peptide sub-
strate is low.

We next tested whether the pSer7 peptide can compete
with the pSer5 peptide for binding to Ssu72 and thereby
inhibit its dephosphorylation. We included up to 20-fold
higher concentration of the pSer7 peptide (2 mM) than the
pSer5 peptide (0.1 mM) in the assay but did not observe
any appreciable effect on the dephosphorylation of the
pSer5 peptide (results not shown). This supports our
structural observation that the affinity of Ssu72 for the
pSer5 peptide is substantially higher than that of the
pSer7 peptide.

Phosphorylation of CTD Tyrl in yeast was recently
reported to inhibit the recruitment of Pol II termination
factors (Mayer et al. 2012). We tested the activity of Ssu72
toward a pSer7, pTyrl doubly phosphorylated peptide, Ser2—
Pro3-Thr4-Ser5-Pro6-pSer7—pTyrl’'-Ser2'-Pro3’-Thr4'—
Ser5’, and found that Tyr1 phosphorylation had essentially
no effect on pSer7 dephosphorylation even though pTyrl
directly follows pSer7 in the primary sequence. This is
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Figure 3. Phosphatase activity of Ssu72 toward pSer5 and pSer7
substrates. (A) Relative phosphatase activity for human Ssu72 (black
bars) and yeast Fcpl (gray bars) toward the pSer5 and pSer7 CTD
peptide substrates. The amount of phosphate released in each
reaction is normalized by the reaction time, substrate concentration,
and enzyme concentration. The activity for Ssu72 with the pSer7
substrate is set at 1. The vertical axis is shown in log scale. (B)
Phosphatase activity for human Ssu72 and yeast Fcpl toward the
GST-CTD substrate phosphorylated with Cdk7. (C) Symplekin NTD
stimulates Ssu72 phosphatase activity toward both pSer7 and pSer5.
(D) The prolyl isomerase Pinl stimulates Ssu72 phosphatase activity
toward pSer7 and pSer5 in the GST-CTD substrate.

consistent with our structural observations that the Tyrl
side chain has weak electron density (Fig. 1B) and does not
make contact with Ssu72 (Fig. 1D).

We also used the entire Pol I CTD, purified as a GST
fusion protein and phosphorylated with purified Cdk7
(Akhtar et al. 2009; Glover-Cutter et al. 2009), as the
substrate in our assays. With this longer substrate and
using antibodies capable of recognizing pSer7 and pSer5
in Western blots to monitor dephosphorylation, Ssu72
demonstrated comparable activity toward pSer7 and
pSer5 (Fig. 3B), consistent with results reported earlier
(Bataille et al. 2012; Zhang et al. 2012). Moreover, the
symplekin NTD stimulated the pSer7 phosphatase activ-
ity of Ssu72 (Fig. 3C), as observed earlier with the pSer5
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phosphatase activity (Xiang et al. 2010). We also found
that the prolyl isomerase Pinl modestly (about twofold
based on reactivity with the anti-pSer7 antibody) (see the
Materials and Methods) stimulated dephosphorylation
of pSer7 in this GST-CTD substrate (Fig. 3D), consistent
with an earlier study in yeast cells (Bataille et al. 2012).
This apparent weak stimulation may reflect an indirect
effect by which Pinl promotes dephosphorylation of pSer5,
which in turn makes pSer7 more accessible for dephos-
phorylation by Ssu72. Similar to results with the peptide
substrates, Fcpl showed stronger activity toward both
pSer7 and pSer5 with the GST-CTD substrate than did
Ssu72 (Fig. 3B). The possible significance of this remains
to be determined.

The weak phosphatase activity of Ssu72 toward the
pSer7 peptide substrate is consistent with our structural
observations. The active site of Ssu72 likely has a higher
affinity for the CTD phosphorylated on Ser5, with the
pSer5-Pro6 peptide bond in the cis configuration. In the
presence of pSer5, the enzyme appears not to bind pSer7
in the active site. In addition, the Asp143 general acid is
misaligned in the pSer7 peptide complex, which would
further reduce the activity of Ssu72 toward this substrate.
On the other hand, with the full-length Pol II CTD sub-
strate, Ssu72 appears to have similar activity toward both
pSer5 and pSer7 (Bataille et al. 2012; Zhang et al. 2012). It
might be possible that other regions of the CTD can
indirectly affect the binding and/or catalysis of pSer7 in
the Ssu72 active site. It is also notable that activity to-
ward both pSer5 and pSer7, in the context of the intact
CTD, was strongly enhanced by the symplekin NTD.
This is consistent with the known requirement of this
interaction for Ssu72 function in yeast (Ghazy et al. 2009)
and may help to ensure that Ssu72 activity is constrained
until the appropriate time during the transcription cycle.
Overall, our results demonstrate a novel mode of sub-
strate recognition by Ssu72 and explain how the enzyme
can dephosphorylate both pSer5 and pSer7.

Materials and methods

Protein expression, purification, and crystallization

The experimental protocols followed those described earlier (Xiang et al.
2010). Briefly, human symplekin NTD and human Ssu72, both His-tagged,
were expressed in Escherichia coli and purified separately using nickel
affinity and gel filtration chromatography. The symplekin NTD-Ssu72
complex was purified by gel filtration after mixing the two proteins.
Crystals of this binary complex were transferred to a soaking solution
containing 100 mM Tris (pH 8.5), 10 mM NaCl, 25% (w/v) PEG 3000, and
either the pSer7 peptide (10 mM) for 48 h or the pSer2, pSer5, and pSer7
triply phosphorylated peptide (30 mM) for 16 h. The crystals were then
transferred to the same soaking solution supplemented with 25% (v/v)
ethylene glycol for 30 sec and flash-frozen in liquid nitrogen.

His-tagged yeast Fcpl (168-606) was overexpressed in E. coli BL21 (DE3)
Star cells and purified by nickel affinity and gel filtration chromatography,
following a published protocol (Kamenski et al. 2004).

Data collection and structure determination

X-ray diffraction data were collected on an ADSC charge-coupled device at
the X29A beamline of National Synchrotron Light Source (NSLS). The
diffraction images were processed and scaled with the HKL package
(Otwinowski and Minor 1997). The structure refinement was carried
out with the program Refmac (Murshudov et al. 1997), and manual
rebuilding of the model was performed with the program Coot (Emsley
and Cowtan 2004). The statistics on the structure refinement are summa-
rized in Table 1.
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Table 1. Summary of crystallographic information

A novel mode of Pol II CTD recognition

Structure

pSer7 peptide complex

pSer2, pSer5, pSer7 peptide complex

Resolution range®

Number of observations 248,943
Redundancy 3.7 (3.7)
Rumerge 6.7% (38.0%)
1/ol 19.7 (3.7)
Number of reflections 63,783
Completeness 99.7% (99.1%)
R factor 19.7% (22.7%)
Free R factor 22.7% (27.4%)
RMSD in bond lengths 0.018 A
RMSD in bond angles 1.6°

50 A-2.2 A (2.28 A-2.2 A)

50 A-2.0 A (2.07 A-2.0 A)
320,952
3.6 (3.5

5.3% (44.3%)
22.5 (2.9)
83,323
96.1% (89.0%)
19.9% (22.5%)
23.3% (25.0%)
0.016 A
1.5°

#The numbers in parentheses are for the highest-resolution shell.

(RMSD) Root mean square deviation.

CTD peptide phosphatase assays

Reaction mixtures (25 pL) containing 50 mM HEPES (pH 7.0}, 100 mM
NaCl, 10 mM MgCl,, 500 uM to 2 mM CTD peptide, and 5 pM to 200 p.M
Ssu72 were incubated for 45 min (for pSer5 peptide) or 12 h (for pSer7
peptide) at room temperature and then quenched by adding 0.5 mL of
malachite green reagent (BIOMOL Research Laboratories). Assays with
Fepl were performed similarly, using 5 pM Fcpl and 500 wM peptides.
Phosphate release was determined by measuring Agyo and comparing it
with a phosphate standard curve.

GST-CTD phosphatase assays

Purified GST-CTD fusion protein was phosphorylated in vitro by Cdk7
complex as described (Glover-Cutter et al. 2009). CTD phosphatase assays
were performed in a total volume of 20 wL under the standard phosphatase
condition (50 mM Bis-Tris at pH 6.5, 20 mM KCl, 10 mM MgCl,, 5 mM
DTT) containing 200 ng of phosphorylated GST-CTD and the indicated
amount of Ssu72 or Fcpl. Reaction mixtures were incubated for 1 h at
30°C and stopped by adding 5 pL of 5X SDS loading buffer, and 2.5 pL from
each reaction was resolved on an 8% SDS-PAGE gel. pSer7 levels were
detected by Western blot using the 4E12 antibody (Millipore), and pSer5
levels were detected using the H14 antibody (Covance).

Pinl stimulation assay

GST-Pinl was prepared as previously described (Xiang et al. 2010). A 35-pL
reaction containing 100 uM Ssu72 with or without 200 nM GST-Pinl
was incubated at 10°C. Eight microliters was taken out at the indicated
time points, mixed with 2 pL of 5X SDS sample buffer, and boiled for 5
min. Two microliters was resolved in an 8% SDS-PAGE gel. pSer5 and
pSer7 levels were detected by Western blot with 3E8 (Millipore) and
4E12 antibodies, respectively, and quantitated with LI-COR. The same
experiment was also performed at room temperature, with similar
results.

pSer7 peptide inhibition of pSer5 peptide dephosphorylation

Ssu72 (10 M) was preincubated with 0, 100 uM, 200 M, 500 uM, 1 mM,
or 2 mM pSer7 CTD peptide in a buffer containing 50 mM HEPES (pH 7.0),
100 mM NaCl, and 20 mM MgCl, for 5 min at room temperature. A final
concentration of 100 pM pSer5 CTD peptide was added in each reaction.
The reaction was incubated for 45 min at 37°C and stopped by adding
malachite green reagent. After another 30 min, ODgyo was recorded for
each reaction to determine phosphatase release.
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