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Structure and Mechanism of RNA Polymerase II
CTD Phosphatases

of a new phosphatase family with no sequence similarity
to other phosphatases, except for the signature motif
DXDX(T/V) that is shared within a superfamily of phos-
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Gene Center photransferases and phosphohydrolases (Collet et al.,

1998). The Fcp1 sequence comprises two conservedUniversity of Munich
Feodor-Lynen-Str. 25 regions. The N-terminal Fcp1 homology (FCPH) region

includes the DXDX(T/V) signature motif with residues81377 Munich
Germany important for catalysis. The C-terminal BRCT (breast

cancer protein-related carboxy-terminal) domain binds
to the phosphorylated CTD (Yu et al., 2003).

Fcp1 is conserved throughout eukaryotes and is es-Summary
sential for cell viability. Genome-wide expression analy-
sis of a temperature-sensitive Fcp1 mutant shows aRecycling of RNA polymerase II (Pol II) after transcrip-

tion requires dephosphorylation of the polymerase nearly global defect in Pol II transcription (Kobor et al.,
1999). Dephosphorylation of the Pol II CTD by Fcp1 canC-terminal domain (CTD) by the phosphatase Fcp1.

We report the X-ray structure of the small CTD phos- facilitate recycling of the hyperphosphorylated form of
the polymerase for a new round of transcription (Cho etphatase Scp1, which is homologous to the Fcp1 cata-

lytic domain. The structure shows a core fold and an al., 1999). Fcp1 dephosphorylates the CTD in solution
(Chambers et al., 1995; Cho et al., 1999) and when asso-active center similar to those of phosphotransferases

and phosphohydrolases that solely share a DXDX(V/T) ciated with a transcription elongation complex (Cho et
al., 1999; Lehmann and Dahmus, 2000). The phospha-signature motif with Fcp1/Scp1. We demonstrate that

the first aspartate in the signature motif undergoes tase activity of Fcp1 is stimulated by the general tran-
scription factor TFIIF, and the general factor TFIIB inhib-metal-assisted phosphorylation during catalysis, re-

sulting in a phosphoaspartate intermediate that was its this stimulation (Chambers et al., 1995). Taken
together, these results indicate that Fcp1 is a centralstructurally mimicked with the inhibitor beryllofluo-

ride. Specificity may result from CTD binding to a con- regulator of the mRNA transcription cycle, but its struc-
ture and mechanism remained unclear.served hydrophobic pocket between the active site

and an insertion domain that is unique to Fcp1/Scp1. Recently, a second CTD phosphatase in higher eu-
karyotes, the small CTD phosphatase Scp1, was de-Fcp1 specificity may additionally arise from phospha-

tase recruitment near the CTD via the Pol II subcom- scribed (Yeo et al., 2003). Scp1 shows homology to the
catalytic FCPH domain of Fcp1 but lacks the BRCTplex Rpb4/7, which is shown to be required for binding

of Fcp1 to the polymerase in vitro. domain. Here, we present the high-resolution crystal
structure of human Scp1. Biochemical and further struc-
tural studies of recombinant Scp1 and Fcp1 reveal theIntroduction
catalytic mechanism of these enzymes. We also present
data that suggest a role of the Pol II subcomplex Rpb4/7RNA polymerase II (Pol II) consists of a folded region

that is responsible for mRNA synthesis, and the mobile in Fcp1 recruitment to the CTD.
CTD (Cramer et al., 2001). The CTD is a unique tail-like
feature of the largest Pol II subunit that consists of up Results and Discussion
to 52 heptapeptide repeats of the consensus sequence
Tyr1-Ser2-Pro3-Thr4-Ser5-Pro6-Ser7. The CTD is required Domain Organization and Structure Determination
for mRNA processing in vivo and binds to processing For structure determination of Fcp1 from the yeast Sac-
factors in vitro (Hirose and Manley, 2000; Proudfoot et al., charomyces cerevisiae, a soluble core variant compris-
2002). During the transcription cycle, the CTD under- ing the FCPH and BRCT regions could be expressed,
goes dynamic phosphorylation and dephosphorylation purified, and crystallized (Fcp1c, residues 168–606; Fig-
(Orphanides and Reinberg, 2002). Transcription initiation ure 1A). However, Fcp1c crystals were not suited for
requires an unphosphorylated CTD, whereas transcription structural studies. Limited proteolysis of Fcp1c sug-
elongation is carried out by Pol II with a hyperphosphor- gested that the FCPH and BRCT regions form structured
ylated CTD that binds mRNA processing factors for tran- domains connected by a partially exposed linker (Figure
scription-coupled mRNA maturation. For recycling of 1A). Since the catalytic FCPH domain was generally
Pol II and reinitiation of transcription, the CTD must be protected from proteolytic cleavage, we prepared Fcp1
dephosphorylated. variants comprising only the FCPH domain for crystalli-

Dephosphorylation of CTD serine residues is cata- zation, but these were not soluble under the condi-
lyzed by the CTD phosphatase Fcp1 (Archambault et al., tions tested.
1997; Archambault et al., 1998; Chambers and Dahmus, We therefore turned to human Scp1, which corre-
1994; Chambers and Kane, 1996; Cho et al., 1999; Kobor sponds to the FCPH domain with an N-terminal exten-
et al., 1999; Lin et al., 2002b). Fcp1 is the founding member sion (Figure 1A). The first 63 residues of the extension

were cleaved from the full-length protein during expres-
sion in E. coli (Figure 1A), prompting us to prepare sev-*Correspondence: cramer@LMB.uni-muenchen.de
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Figure 1. Structure of CTD Phosphatase Scp1

(A) Domain organization of Saccharomyces cerevisiae Fcp1 (Sc Fcp1), and human Scp1 (Hs Scp1). FCPH and BRCT denote the Fcp1 homology
regions and the breast cancer protein-related carboxy-terminal domains, respectively. The amino acids C-terminal of protease cleavage sites
are depicted with arrows. Protein variants used in this study are indicated below the diagrams.
(B) Alignment of human Scp1 (Hs Scp1) with the catalytic FCPH domains of Fcp1 from human (Hs), Schizzosaccharomyces pombe (Sp), and
Saccharomyces cerevisiae (Sc). � helices and � strands are indicated as cylinders and arrows, respectively. Active site residues are marked
with an asterisk below the alignment. Residues involved in metal ion and citrate binding are marked below the alignment with a pink dot and
with a “c,” respectively. Conserved residues are highlighted with the degree of conservation decreasing from dark green to yellow.
(C) Ribbon model of Scp1. Secondary structure elements are colored according to (B). The catalytic metal ion is shown as a pink sphere.
(D) Surface conservation and putative specificity pocket. The molecular surface of Scp1 is colored according to amino acid residue conservation
as in (B). A citrate ion that binds to the largely conserved putative specificity pocket is shown as a stick model.

eral Scp1 variants with N-terminal truncations. A variant Overall Structure
Scp1 forms a central, 5-stranded, parallel � sheet withlacking 76 N-terminal residues (Scp1�N) was highly sol-

uble and crystallized with a plate-like morphology. Al- the strand order 3-2-1-4-5, flanked by two � helices on
one side and a two-stranded � sheet and a short 310though these crystals were only about 5 �m thick, they

diffracted synchrotron radiation to better than 2 Å reso- helix on the other side (Figure 1). The signature motif is
located at the end of strand �1 and, together with otherlution. The X-ray structure was determined by multi-

wavelength anomalous diffraction with the selenomethi- conserved residues, lines a central depression that
forms the active site of the enzyme. Although there isonine-substituted double methionine mutant L165M/

L205M of Scp1�N (Table 1). The structure was refined no sequence similarity outside the signature motif, a
DALI search (Holm and Sander, 1995) revealed that theat 2.3 Å resolution, has very good stereochemistry, and

reveals chemical details. core fold of Scp1 largely corresponds to that of phos-
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Table 1. Structure Determination and Refinement

Crystal Mutant (L165M/L205M) SeMet MAD Wild-Type � BeF3
�

Data collection

Space group P21212 P21212
Unit cell dimensions (Å) 117.6 � 47.2 � 40.0 117.8 � 47.2 � 40.1
Wavelength (Å) 0.9795 peak 0.9797 inflection 0.9686 remote 0.9919
Resolution (Å) 20–2.3 (2.38–2.3) 20–2.3 (2.38–2.3) 20–2.3 (2.38–2.3) 20–2.1 (2.2–2.1)
Completeness (%) 88.7 (78.7) 90.8 (81.9) 90.9 (80.1) 97.7 (87.5)
Unique reflections 9,386 (815) 9,639 (857) 9,635 (840) 13,356 (1,520)
Redundancy 17.4 17.2 17.0 3.8
Rsym (%) 6.3 (9.8) 5.2 (10.2) 5.2 (8.5) 5.7 (6.2)
Mean I/� I 21.8 (15.5) 21.1 (12.7) 22.7 (14.0) 19.0 (16.8)
f	 �7.0 �10.0 �2.3
f″ 5.1 2.5 3.5

Refinement

Residues 181 (M76-Q255) 181 (M76-Q255)
Water molecules 131 148
Magnesium ion 1 1
Citrate ion 1 1
Rmsd bonds (Å) 0.006 0.006
Rmsd angles (
) 1.29 1.25
Rcryst (%) 18.7 20.7
Rfree (%) 23.4 22.7

phoserine phosphatase (PSP) (Wang et al., 2001) and Fcp1 showed that residues forming the hydrophobic
core are conserved, although the overall sequence iden-�-phosphoglucomutase (�-PGM) (Lahiri et al., 2003), both

members of the DXDX(T/V) superfamily of phosphohydro- tity in the FCPH domains of human Scp1 and Fcp1 is
only 21%. This indicates that our structure is a validlases and phosphotransferases, and to 1, 2-L-haloacid

dehalogenase (HAD) (Ridder et al., 1999) (Figure 2). The model for the Fcp1 FCPH domain, and that mutational
data on Fcp1 can be interpreted based on the Scp1major structural difference between these enzymes lies

in a large insertion after strand �1, which may determine structure.
substrate specificity (“insertion domain,” Figures 1 and
2; see below). Within the core domain, Scp1 lacks a Phosphatase Activity

To investigate whether the structural resemblance ofsixth � strand that is present in the central � sheet of
the other enzymes (Figure 2). Fcp1 and Scp1 is reflected in comparable enzymatic

properties, we subjected highly purified recombinantHomology modeling of the FCPH domain of human

Figure 2. Comparison of DXDX(T/V) Super-
family Enzyme Structures

(A–D) Ribbon models of the DXDX(T/V) super-
family phosphotransferases (A) Scp1 (this
study), (B) phosphoserine phosphatase PSP
(PDB code 1F5S [Wang et al., 2001]), (C)
�-phosphoglucomutase �-PGM (PDB code
1O03 [Lahiri et al., 2003]), and (D) 1, 2-haloa-
cid dehalogenase HAD (PDB code 1QQ5
[Ridder et al., 1999]). Structural similarities
were found with the DALI server (Holm and
Sander, 1995), which detects fold similarities
by superposing a query structure onto repre-
sentative structures in the database and cal-
culating the RMS deviation of carbon-� atom
positions. The catalytic core domain of the
DXDX(T/V) enzymes, which includes a central
parallel � sheet and its flanking regions, is
shown in brown. The insertion domain of
Scp1 and the corresponding regions in the
other enzymes are shown in turquoise. The
catalytic metal ion is depicted as a pink
sphere.
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Figure 3. Catalytic Activity and Specific Inhi-
bition of CTD Phosphatases

(A) Determination of catalytic parameters.
Catalytic activity of Scp1�N and Fcp1c was
determined as described in the Experimental
Procedures. To derive KM and kcat, the initial
velocities (v) at seven different substrate con-
centrations were plotted according to Eadie-
Hofstee against the velocities divided by the
substrate concentration. The plot was fitted
to the equation v � Vmax � KM(v/[S]).
(B) Specific inhibition. The inhibitors were
added to reaction mixtures (see the Experi-
mental Procedures) in the following concen-

trations: 1 mM sodium vanadate (Na3VO4), 1 mM sodium fluoride (NaF), 100 �M beryllium chloride (BeCl2), 100 �M aluminum chloride (AlCl3),
a mixture of 1 mM sodium fluoride and 100 �M beryllium chloride (to produce the beryllofluoride anion BeF3

� in situ), and a mixture of 1 mM
sodium fluoride and 100 �M aluminum chloride (to produce AlF4

� in situ).

human Scp1�N and yeast Fcp1c to a spectrophotomet- ence of a catalytic aspartate residue, as BeF3
� can form

a stable tetrahedral adduct with catalytic aspartate sideric assay based on cleavage of the nonspecific substrate
para-nitrophenylphosphate (pNPP), and we determined chains, mimicking a labile phosphoaspartate intermedi-

ate (Cho et al., 2001; Yan et al., 1999), wheras AlF4
� tendsthe catalytic parameters (see the Experimental Proce-

dures). Both proteins readily cleaved pNPP in a pH- to mimic a phosphate (Chabre, 1990). The response
of Fcp1 and Scp1 to the inhibitors was very similar,dependent manner, with maximum activity at pH 5.5.

Michaelis-Menten kinetic analysis revealed KM values of indicating that these enzymes share a common cata-
lytic mechanism.6 mM and 32 mM for human Scp1�N and yeast Fcp1c,

respectively (Figure 3A). These KM values are compara-
ble to published values for endogenous S. cerevisiae Active Center
Fcp1 (60 mM) (Kobor et al., 1999) and full-length recom- The enzymatic and inhibitory data are reflected in the
binant Schizosaccharomyces pombe Fcp1 (19 mM) active site structure. Mutational analysis of Fcp1 from
(Hausmann and Shuman, 2002). The turnover kcat num- S. pombe has defined 11 amino acid residues in the
bers were 17 s�1 and 33 s�1 for human Scp1�N and FCPH domain that are important for catalytic activity
yeast Fcp1c, respectively. Thus, the recombinant pro- (Hausmann et al., 2004; Hausmann and Shuman, 2003).
teins used in our structural studies are active, and the The Scp1 structure shows that 7 of these residues, in-
structural similarity of the FCPH domains of Scp1 and cluding 3 residues in the signature motif, cluster in the
Fcp1 is reflected in similar enzymatic properties, al- central depression and form the active site (Table 2,
though Fcp1 has slightly higher catalytic activity. Figure 4). The remaining 4 residues are not found in the

active center depression and are involved in salt bridges
or hydrophobic core interactions; based on these find-Specific Inhibition

To investigate the catalytic mechanism, we tested the ings, we predict that their mutation disrupts the domain
structure (S. pombe Fcp1 residues R223, Y237, Y249,effect of various inhibitors of phosphoryl-transfer reac-

tions on the activity of Scp1�N and Fcp1c (Figure 3B). and D258, corresponding to Scp1 residues R132, F164,
Y158, and D167, respectively; Figure 1B). The 7 activePhosphatase activity of both enzymes was essentially

abolished by the beryllofluoride anion BeF3
�, produced site residues generally superimpose well with corre-

sponding residues in structures of other enzymes of thein situ from BeCl2 and NaF. In contrast, BeCl2 or NaF
alone did not have a strong effect on activity. The inhibi- DXDX(T/V) superfamily (Figure 4C). In the case of K190,

the counterpart residues in PSP and PGM protrude fromtory effect of AlF4
� was less severe, and sodium vana-

date only inhibited activity slightly. Magnesium ions different locations of the protein backbones, but func-
tional head groups occupy the same position. This iswere essential for activity. The data indicate the pres-

Table 2. Active Site Residues in DXDX(T/V) Phosphotransferases and Phosphohydrolases

H.s. Scp1a S.c. Fcp1a S.p. Fcp1 PSPa �-PGMa Functional or Structural Role

D96 D180 D170 D11 D8 Phosphoryl acceptor, metal coordination
D98 D182 D172 D13 D10 General acid/base, metal coordination
T100 T184 T174 T15 V12 Positions side chains of D96 and N207
T152 T270 T243 S99 S114 Transition state stabilization
K190 K307 K280 K144b K145b Transition state charge stabilization
D206 D324 D297 D171b E169 Salt bridge with K190 in Scp1
N207 D325 D298 D167 D170 Metal coordination

a Scp1, small CTD phosphatase 1; Fcp1, TFIIF-dependent CTD phosphatase 1; PSP, phosphoserine phosphatase (PDB codes 1F5S, 1J97);
�-PGM, �-phosphoglucomutase (PDB codes 1O08, 1O03).
b These residues protrude from different sites of the protein backbones, but their functional head groups are at positions equivalent to those
in the Scp1 structure (see Figure 4C).
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Figure 4. Active Site and Mimicry of the Phosphoaspartate Intermediate

(A) Electron density. The final 2Fo–Fc density is shown for residues in the active site (black, contoured at 1.4�). For the beryllofluoride anion,
which mimics the phosphoasparate-96 intermediate, the Fo–Fc density calculated from the model lacking the beryllofluoride is shown (green,
contoured at 3.0�), and the 2Fo � Fc density is omitted.
(B) Active site interactions. Hydrogen bonds are shown as dotted lines, and metal ion-ligand interactions are shown as solid black lines. The
metal ion is coordinated by the D96 side chain oxygen (2.3 Å), by the D98 carbonyl oxygen (2.1 Å), by the N207 side chain oxygen (2.3 Å), by
a fluorine atom in the beryllofluoride (2.2 Å), and by two water molecules (2.4 and 2.5 Å).
(C) Superposition of active site residues in Scp1 (yellow), phosphoserine phosphatase (light gray, PDB code 1F5S; Wang et al., 2001), and
�-phosphoglucomutase (dark gray, PDB code 1O08 [Lahiri et al., 2003]). Six out of seven active site residues are shown.

also true for the counterpart of D206 in PSP. Consistent retains most of the activity (Yeo et al., 2003), apparently
because the carboxylate group can still act as the phos-with the requirement for metal ions in catalysis, the ac-

tive site comprises a metal ion that is coordinated by phoryl acceptor.
The functional role of the other active site residuesresidues D96, D98, N207, and two water molecules. The

metal ion shows the highest peak in a difference Fourier can be inferred from their relative location and from
comparison with other enzymes of the DXDX(T/V) super-map phased with the final model lacking any water mole-

cules or ions (9.8�). family. In addition to metal ion binding, D98 may act as
a general acid/base, donating a proton to the leaving
group (the CTD serine side chain). D98 may also positionCatalytic Mechanism

The structural and functional data strongly suggest that and activate a water molecule for the second step, de-
phosphorylation of the phosphoasparate and regenera-the catalytic mechanism of Scp1 and Fcp1 involves the

metal-dependent formation of a phosphoaspartate inter- tion of the free D96 side chain. The metal ion and the
mediate. This mechanism was suggested for S. pombe
Fcp1 based on biochemical data (Hausmann and Shu-
man, 2003) and was shown for other DXDX(T/V) super-
family enzymes, which use the N-terminal aspartate in
the signature motif as the phosphoryl acceptor (Cho et
al., 2001; Lahiri et al., 2003).

To directly show that the first aspartate in the signa-
ture motif acts as the phosphoryl acceptor in Scp1, we
soaked crystals with trifluoroberyllate (beryllofluoride).
A difference Fourier map revealed a beryllofluoride anion
bound to one oxygen atom of the D96 side chain carbox-
ylate (Figure 4A). The metal ion is bound to the other
D96 side chain oxygen atom and shows an approximate
octahedral coordination with metal-ligand distances of
2.0–2.3 Å (Figure 4B). A metal ion is found at an equiva-
lent position in structures of PSP (Wang et al., 2001)
and �-PGM (Lahiri et al., 2003). Thus, beryllofluoride
mimics the labile phosphoaspartate intermediate formed

Figure 5. Reconstitution of the Pol II-Fcp1 Complexat residue D96 in the active center of Scp1. Consistently,
mutation of this aspartate in Scp1�N or Fcp1c to alanine Purified endogenous yeast Pol II core enzyme was incubated with

an excess of recombinant Rpb4/7 subcomplex and Fcp1c, and theabolished activity (Katharina Gmelch, T.K., S.H. and
resulting mixture was separated on a Superose-6 gel filtration col-P.C., unpublished data). The same mutation abolishes
umn. The elution profile was normalized by the distribution coeffi-activity of full-length S. cerevisiae Fcp1 (Kobor et al.,
cient (Ve � elution volume, V0 � void volume, Vi � inner volume, as

1999) and S. pombe Fcp1 (Hausmann and Shuman, determined by retention of acetone). The two peak fractions were
2002). These data establish D96 as the phosphoryl ac- analyzed by SDS-PAGE. The first peak corresponds to a reconstitu-

ted Pol II-Fcp1 complex.ceptor in Scp1. The conservative Scp1 mutation D96E
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Figure 6. Protein-Protein Interaction Network
in a Pol II-TFIIF-Fcp1 Complex

The Pol II core enzyme and the Rpb4/7 sub-
complex are shown in black and pink, respec-
tively (Armache et al., 2003). Fcp1 is in blue,
with the FCPH domain modeled with the Scp1
structure lacking the two C-terminal helices,
and the BRCT domain modeled as a canoni-
cal BRCT domain (PDB code 1JNX [Williams
et al., 2001]). The C-terminal Fcp1 helix is
shown in complex with the TFIIF large-sub-
unit winged helix domain (red, PDB code
1J2X [Kamada et al., 2003]). Protein-protein
interactions are indicated by arrows.

head groups of the side chains of T152 and K190 all lie pocket in the known CTD peptide complex structures
(Fabrega et al., 2003; Verdecia et al., 2000), and specificin a plane slightly above the position of the beryllium

atom, and thus within a presumed equatorial plane of recognition of a flanking proline is consistent with Fcp1
inhibition by the prolyl isomerase Pin1 (Xu et al., 2003).a pentavalent trigonal bipyramidal transition state. The

metal ion and residues T152 and K190 are therefore A better understanding of CTD specificity, however, re-
quires structure determination of Fcp1 or Scp1 in com-expected to stabilize the geometry of the transition state

and to partially neutralize its charge. plex with a phosphorylated CTD peptide.

The Pol II Subcomplex Rpb4/7 Recruits Fcp1CTD Specificity
Specificity for the CTD may result from recognition of Specificity of Fcp1 for the CTD may not only result from

direct recognition of the CTD residues, but also fromCTD residues neighboring the phosphorylated target
side chain. There is evidence that CTD recognition in- binding of Fcp1 to a docking site on Pol II that is distinct

from the CTD (Chambers et al., 1995). To investigate ifvolves the specific insertion domain of Scp1 and Fcp1,
which directly follows the signature motif (Figures 1B the docking site is on the 10-subunit core of Pol II or

on the heterodimeric polymerase subcomplex Rpb4/7,and 2A). The insertion domain and the core fold line a
deep pocket, which binds a citrate ion that was present we tried to reconstitute complexes of Fcp1 with the

Pol II core and complete Pol II (the Pol II core plusin the crystallization solution (Figure 1D). The citrate is
only 8 Å away from the beryllofluoride. The pocket is recombinant Rpb4/7) (Armache et al., 2003). To this end,

we incubated pure endogenous yeast Pol II core withlargely hydrophobic, with many of the lining residues
conserved between Scp1 and Fcp1, including several an excess of recombinant Fcp1c, either in the presence

or the absence of an additional excess of recombinantresidues that contact the citrate (Figure 1B). The inser-
tion domain of Scp1 forms a 3-stranded � sheet, and Rpb4/7 complex, and subjected the samples to size

exclusion chromatography. In both cases, two sepa-sequence conservation indicates that it must be similar
in Fcp1, except for the two loops of the sheet that are rated peaks were obtained. In the absence of Rpb4/7,

the first peak corresponded to the Pol II core alone, andlonger in yeast Fcp1 (Figure 1B). The insertion domain
of PSP, �-PGM, and HAD is involved in substrate bind- the second peak contained Fcp1c. In the presence of

Rpb4/7, however, the first peak contained all 12 subunitsing, but it has a totally different structure (Figure 2), as
expected for different substrate specificities. Together of Pol II and Fcp1c, representing a reconstituted Pol II-

Fcp1c complex (Figure 5). Since the formation of a Polthese findings suggest that the Fcp1/Scp1 pocket be-
tween the insertion domain and the active site binds II-Fcp1c complex relied on the presence of Rpb4/7, we

conclude that Fcp1 interacts with Pol II mainly via thethe CTD and confers substrate specificity. Mutational
analysis of the presumed substrate pocket could con- Rpb4/7 subcomplex. The direct interaction of Fcp1 with

Pol II via the Rpb4/7 complex may result in functionalfirm this proposal.
Consistent with CTD binding to the specificity pocket, differences between Fcp1 and Scp1, but further studies

are required to analyze these.S. pombe Fcp1 activity requires at least four N-terminal
and two C-terminal CTD residues flanking phosphoser- Rpb4/7 is located directly adjacent to the last ordered

residues of the largest Pol II subunit, which form theine 2, and single alanine mutations of the flanking Tyr1
and Pro3 decrease activity 6-fold (Hausmann et al., beginning of a linker to the disordered CTD, and may

therefore recruit Fcp1 to the phosphorylated CTD (Fig-2004). However, Fcp1 and Scp1 can dephosphorylate
both Ser5 and Ser2, with some preference for either of ure 6) (Armache et al., 2003; Bushnell and Kornberg,

2003). Stable association of Fcp1 with Pol II in vivo may,these serines (Hausmann and Shuman, 2002; Lin et al.,
2002a; Yeo et al., 2003). Since both serines are flanked however, require additional interactions (Figure 6). In

particular, Fcp1 binds the phosphorylated CTD (Yu eton the C-terminal side by a proline, we speculate that
the CTD phosphatases bind the adjacent prolines Pro3 al., 2003) and the polymerase-associated general tran-

scription factor TFIIF, which also stimulates Fcp1 activ-or Pro6, and preferential dephosphorylation of Ser2 and
Ser5 is achieved by binding to other nearby residues. ity (Chambers et al., 1995). The C-terminal end of Fcp1

includes a short helix that interacts with the large subunitIndeed, the Pro3 side chain binds to a hydrophobic
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reservoir solution. The thin plate-like crystals grew to a maximumof TFIIF (Archambault et al., 1998; Kamada et al., 2003;
size of 400 � 150 � 5 �m. To the drops containing crystals, 100 �lNguyen et al., 2003). These multiple interactions may
cryo solution (25% PEG 3300 or PEG 6000 or PEG 8000, 15% PEGplay a role in regulating Fcp1 activity during the tran-
400, 200 mM NH4OAc, 100 mM citrate buffer [pH 5.6], 5 mM DTT)

scription cycle and may also allow for dephosphoryla- was added, and, after 10 min, crystals were flash-cooled by plunging
tion of the repetitive CTD in a pseudo-processive man- them into liquid nitrogen. A MAD experiment was performed on

crystals from the selenomethionine-labeled L165M/L205M doublener, although isolated Fcp1 is a distributive enzyme,
mutant at the Swiss Light Source (Table 1). Data were processedapparently associating with the CTD and dissociating
with DENZO and SCALEPACK (Mutant L165M/L205M SeMet MADfrom it for each catalytic cycle (Hausmann et al., 2004).
data; Otwinowski and Minor, 1996) or with XDS (wild-type berylloflu-
oride data; Kabsch, 1993). The crystals belong to space group

Conclusions P21212. SOLVE (Terwilliger, 2002) was used for detection of five
selenium sites (M76, M142, M165, M205, and M229) and for MADThe structure of the CTD phosphatase Scp1 reveals a core
phasing (Z score � 43.3, FOM � 0.62). Phases were further improvedfold similar to that of other enzymes of the DXDX(T/V)
by SHARP (La Fortelle and Bricogne, 1997). The resulting electronsuperfamily that are essentially unrelated in sequence,
density map allowed building of an atomic model, which was refined

and it is a good model for the catalytic FCPH domain with CNS (Brunger et al., 1998) against the remote wavelength data-
of all Fcp1 and Scp1 enzymes. Functional and crystallo- set to 2.3 Å resolution (Table 1). To trap the beryllofluoride inhibitor
graphic data show that catalysis involves the metal- in the active site, preformed wild-type crystals were soaked with

5 mM BeCl2/24 mM NaF for 10 min before flash-cooling and dataassisted phosphorylation of the first aspartate in the
collection at the Swiss Light Source. After phasing with the refinedDXDX(T/V) signature motif. A conserved hydrophobic
model, clear difference density at residue D96 indicated the pres-pocket formed between the active site and the Fcp1/
ence of beryllofluoride. Except for minor changes in the water struc-

Scp1-specific insertion domain is likely involved in CTD ture in the active site, the structure is essentially identical and was
recognition. Specificity of Fcp1 for the Pol II CTD may refined to 2.1 Å resolution (Table 1). In both refined structures, 99%
additionally arise from multiple interactions with the Pol of the residues fall in allowed and additionally allowed regions of

the Ramachandran plot, and none of the residues are in disal-II machinery, including docking of Fcp1 to the Rpb4/7
lowed regions.subcomplex, which is located adjacent to a protein

linker connecting to the CTD. Open questions on CTD
Phosphatase Kinetics and Inhibitor Studies

phosphatase and Pol II recycling include details of the A discontinuous, indirect spectrophotometric assay for p-nitrophe-
interactions between the phosphatase, Pol II, and the nol (pNP) was used to determine enzymatic parameters. Reactions
CTD, and the timing of these transient protein-protein were carried out at 37
C in a total volume of 100 �l and contained

50 mM Tris-acetate [pH 5.5], 10 mM MgCl2, 0.19 �M Scp1 (or 0.1interactions during the transcription cycle.
�M Fcp1), and varying concentrations of p-nitrophenylphosphate
(pNPP). Reactions were initiated by the addition of the enzyme andExperimental Procedures
were quenched subsequently in 30-s or 60-s increments by the
addition of 900 �l 1 M sodium carbonate. Prior to enzyme addition,Cloning and Protein Purification
reaction mixtures were incubated for 5 min to allow for temperatureThe gene for human Scp1 (or CTDSP1) was amplified from HUVEC
equilibration. Rates of pNP release were determined by monitoringcDNA and subcloned into pET21b vector (Stratagene). Variants of
absorbance at 405 nm and interpolating the value to a pNP standardhuman Scp1 were expressed for 15 hr at 20
C in E. coli BL21 (DE3)
curve. A minimum of five colinear data points for each substrateRIL (Stratagene). Cells were harvested by centrifugation and resus-
concentration were used to carry out linear fits to obtain the initialpended in buffer A (300 mM NaCl, 50 mM Tris [pH 8.0], 5% glycerol,
reaction velocity (not shown). Velocities were plotted against sub-10 mM �-mercaptoethanol). Cells were lysed by sonication. After
strate concentration to obtain standard Michaelis-Menten curvescentrifugation, the supernatant was loaded onto a 2 ml Ni-NTA col-
(not shown). To derive KM and kcat, velocities were plotted againstumn (Qiagen) equilibrated with buffer A. After washing with 10 ml
velocity divided by substrate concentration according to Eadie-

of buffer A, bound protein was eluted with buffer A containing 200
Hofstee (see Figure 3A). To obtain the molar extinction coefficient

mM imidazole and, in the case of full-length Scp1, was further puri-
�, a standard curve was determined by measuring the absorbance

fied by anion exchange chromatography (MonoQ, Amersham). The
at 405 nm of known pNP concentrations (Sigma) in the assay mix-

column was equilibrated with buffer B (50 mM NaCl, 50 mM Tris
ture. This plot was linear between 5 and 150 mM pNP and yielded

[pH 7.5], 5% glycerol, 3 mM DTT), and the protein was eluted with
� � 18,300 (M � cm)�1. To study the effect of various inhibitors on

a gradient of 10 column volumes from 50 mM to 1 M NaCl. After
phosphatase reactions, 100 �l reaction mixtures containing 10 mM

concentration, the sample was applied to a Superose-12 HR gel pNPP and additional different phosphatase inhibitors were incu-
filtration column (Amersham) equilibrated with buffer C (150 mM bated for 30 min at 37
C and quenched with 900 �l 1 M sodium
NaCl, 10 mM HEPES [pH 7.5], 3 mM DTT). Pooled peak fractions carbonate, and the amount of released pNP was determined by
were concentrated for crystallization to 20 mg ml�1. Variants of measuring the absorbance at 405 nm with the use of the pNP stan-
Saccharomyces cerevisiae Fcp1 were obtained by PCR amplifica- dard curve (compare with Figure 3B).
tion of the corresponding regions in the gene from yeast genomic
DNA and were subcloned into pET21b (Stratagene). Expression and Reconstitution of a Pol II-Fcp1 Complex
purification of variant Fcp1c (residues 168–606) were performed For reconstitution of a Pol II-Fcp1 complex, a total of 0.5 mg of 10-
essentially as for Scp1. The variant Scp1�N, comprising residues subunit core Pol II in 40 mM ammonium sulfate, 10 �M zinc chloride,
77–261, with a C-terminal HisTag was subcloned into pET21b (Stra- 5 mM HEPES [pH 7.3], and 5 mM DTT was incubated with a 5-fold
tagene), expressed in E. coli, and purified as described above, but excess of recombinant Rpb4/7 subcomplex at 20
C for 45 min,
without the anion exchange step. For MAD phasing, the Scp1�N followed by a 5-fold excess of Fcp1 with respect to Rpb4/7 and an
mutant L165M/L205M, which contains two additional methionines additional incubation of 2 hr. The Pol II-Fcp1 complex was separated
at positions of conserved hydrophobic residues, was constructed from free Rpb4/7 and Fcp1 by gel filtration on a Superose 6 column
with the PCR overlap extension method, and selenomethionine was (Amersham). Pol II and Rpb4/7 were prepared as described (Arm-
incorporated as described (Meinhart et al., 2003). ache et al., 2003).
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ase II at 4.1 Å resolution: implications for the initiation of transcrip- Lahiri, S.D., Zhang, G., Dunaway-Mariano, D., and Allen, K.N. (2003).
tion. Proc. Natl. Acad. Sci. USA 100, 6969–6972. The pentacovalent phosphorus intermediate of a phosphoryl trans-

fer reaction. Science 299, 2067–2071.Chabre, M. (1990). Aluminofluoride and beryllofluoride complexes:
a new phosphate analogs in enzymology. Trends Biochem. Sci. Lehmann, A.L., and Dahmus, M.E. (2000). The sensitivity of RNA

polymerase II in elongation complexes to C-terminal domain phos-15, 6–10.
phatase. J. Biol. Chem. 275, 14923–14932.Chambers, R.S., and Dahmus, M.E. (1994). Purification and charac-
Lin, P.S., Dubois, M.F., and Dahmus, M.E. (2002a). TFIIF-associatingterization of a phosphatase from HeLa cells which dephosphorylates
carboxyl-terminal domain phosphatase dephosphorylates phos-the C-terminal domain of RNA polymerase II. J. Biol. Chem. 269,
phoserines 2 and 5 of RNA polymerase II. J. Biol. Chem. 277, 45949–26243–26248.
45956.Chambers, R.S., and Kane, C.M. (1996). Purification and character-
Lin, P.S., Marshall, N.F., and Dahmus, M.E. (2002b). CTD phospha-ization of an RNA polymerase II phosphatase from yeast. J. Biol.
tase: role in RNA polymerase II cycling and the regulation of tran-Chem. 271, 24498–24504.
script elongation. Prog. Nucleic Acid Res. Mol. Biol. 72, 333–365.Chambers, R.S., Wang, B.Q., Burton, Z.F., and Dahmus, M.E. (1995).
Meinhart, A., Blobel, J., and Cramer, P. (2003). An extended wingedThe activity of COOH-terminal domain phosphatase is regulated
helix domain in general transcription factor E/IIEalpha. J. Biol. Chem.by a docking site on RNA polymerase II and the by the general
278, 48267–48274.transcription factors IIF and IIB. J. Biol. Chem. 270, 14962–14969.

Nguyen, B.D., Abbott, K.L., Potempa, K., Kobor, M.S., Archambault,Cho, H., Kim, T.K., Mancebo, H., Lane, W.S., Flores, O., and Rein-
J., Greenblatt, J., Legault, P., and Omichinski, J.G. (2003). NMRberg, D. (1999). A protein phosphatase functions to recycle RNA
structure of a complex containing the TFIIF subunit RAP74 and thepolymerase II. Genes Dev. 13, 1540–1552.
RNA polymerase II carboxyl-terminal domain phosphatase FCP1.Cho, H., Wang, W., Kim, R., Yokota, H., Damo, S., Kim, S.H., Wem-
Proc. Natl. Acad. Sci. USA 100, 5688–5693.mer, D., Kustu, S., and Yan, D. (2001). BeF(3)(�) acts as a phosphate
Orphanides, G., and Reinberg, D. (2002). A unified theory of geneanalog in proteins phosphorylated on aspartate: structure of a
expression. Cell 108, 439–451.BeF(3)(�) complex with phosphoserine phosphatase. Proc. Natl.

Acad. Sci. USA 98, 8525–8530. Otwinowski, Z., and Minor, W. (1996). Processing of X-ray diffraction
data collected in oscillation mode. Meth. Enzym. 276, 307–326.Collet, J.F., Stroobant, V., Pirard, M., Delpierre, G., and Van Schaf-

tingen, E. (1998). A new class of phosphotransferases phosphory- Proudfoot, N.J., Furger, A., and Dye, M.J. (2002). Integrating mRNA
lated on an aspartate residue in an amino-terminal DXDX(T/V) motif. processing with transcription. Cell 108, 501–512.
J. Biol. Chem. 273, 14107–14112. Ridder, I.S., Rozeboom, H.J., Kalk, K.H., and Dijkstra, B.W. (1999).
Cramer, P., Bushnell, D.A., and Kornberg, R.D. (2001). Structural Crystal structures of intermediates in the dehalogenation of haloal-
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