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ABSTRACT: Recycling of RNA polymerase II (RNAPII) requires dephosphorylation of the C-terminal domain
(CTD) of the largest subunit of the polymerase. FCP1 enables the recycling of RNAPII via its CTD-
specific phosphatase activity, which is stimulated by the RAP74 subunit of the general transcription factor
TFIIF. Both the central (centFCP1) and C-terminal (cterFCP1) domains of FCP1 interact independently
and specifically with the C-terminal domain of RAP74 (cterRAP74), suggesting that these interactions
mediate the stimulatory effect of TFIIF on the CTD phosphatase activity of FCP1. Phosphorylation of
FCP1 by casein kinase 2 on residues in its central (T584) and C-terminal (S942 and S944) domains
stimulates its binding to RAP74 and its CTD phosphatase activity. To improve our understanding of the
FCP1-RAP74 interactions, we previously determined the NMR structure of a complex formed by human
cterRAP74 and cterFCP1. We now present the high-resolution NMR structure and thermodynamic
characterization by isothermal titration calorimetry of a complex formed by the same cterRAP74 domain
and a phosphorylated peptide from the central domain of human FCP1 (centFCP1-PO4). Comparison of
the cterFCP1-cterRAP74 and centFCP1-PO4-cterRAP74 complexes indicates that centFCP1 and cterFCP1
both utilize hydrophobic and acidic residues to recognize the same groove of RAP74, but there are
significant differences in the details of their interactions. These differences point to the adaptability of
RAP74 to recognize the two regions of FCP1. Our NMR and thermodynamic studies further elucidate the
complex molecular mechanism by which TFIIF and FCP1 cooperate for RNAPII recycling.

The carboxyl-terminal domain (CTD)1 of RNA polymerase
II (RNAPII) plays a pivotal role in regulating gene expression

in eukaryotes. The CTD not only controls the cycle of mRNA
transcription but also allows for efficient coupling between
mRNA transcription and cotranscriptional processes, such
as mRNA capping and processing, chromatin remodeling,
and DNA repair (for recent reviews, see refs 1-5). The
precise coordination of these events is orchestrated by
different phosphorylation patterns on the CTD of RNAPII,
which allow interaction with specific factors, such as splicing
and capping factors (1-5).

In humans, the CTD of RNAPII is comprised of 52 repeats
of the heptapeptide sequence Y-S-P-T-S-P-S (6, 7). The CTD
becomes extensively phosphorylated during the early stage
of transcription and stays highly phosphorylated during
transcript elongation. Dephosphorylation of the CTD is
required to recycle RNAPII, so that it can reinitiate transcrip-
tion and pursue another round of transcription (8-12). FCP1
is an essential component of the RNAPII transcription
machineryandisknowntobeassociatedwithRNAPII(12-18).
FCP1 specifically dephosphorylates phosphoserine residues,
mainly Ser2, of the CTD and plays a major role in RNAPII
recycling (19, 20). In addition, FCP1 has been shown to act
as a positive elongation factor (12, 21) and to regulate
transcription promoted by the HIV-1 Tat protein (22).

It has been shown that the CTD phosphatase activity of
FCP1 is stimulated by general transcription factor TFIIF (23).
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Biochimie, Université de Montréal, C.P. 6128, Succursale Centre-Ville,
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Human TFIIF is composed of large (RAP74) and small
(RAP30) subunits (24-26). The RAP74 subunit also contacts
TFIIB, RNAPII, and FCP1 and through these interactions
helps regulate initiation, elongation, termination, and poly-
merase recycling (15, 22, 27-32). The main role of RAP74
in termination and polymerase recycling may be to stimulate
the CTD phosphatase activity of FCP1 (13). Previous studies
demonstrated that both the central and C-terminal domains
of FCP1 interact independently and specifically with the
C-terminal domain of RAP74 [cterRAP74 (Figure 1)],
suggesting that these interactions are responsible, in part,
for the ability of TFIIF to stimulate the CTD phosphatase
activity of FCP1 (15, 22, 23, 30, 31). Both the central and
C-terminal regions of FCP1 that interact with RAP74 contain
acidic/hydrophobic LXXLL-like motifs that are conserved
in eukaryotes (22, 33). Furthermore, both the central and
C-terminal RAP74-binding sites of FCP1 are adjacent to
conservedcaseinkinase2(CK2)phosphorylationsites(34-36).
In vitro studies examining the role of CK2 in FCP1 function
demonstrated that phosphorylation not only enhances RAP74
binding but also stimulates CTD phosphatase activity (34, 35).
We previously demonstrated that CK2 phosphorylation of
either T584 in a central FCP1 peptide or S942 and S944 in
the C-terminal domain of FCP1 leads to enhanced binding
to cterRAP74 (36). Thus, the central and C-terminal domains

of FCP1 interact with RAP74 using apparently similar
mechanisms, which involve their acidic/hydrophobic motif
and CK2 phosphorylation of specific residues.

NMR and X-ray structural studies of free cterRAP74 and
its interaction with the C-terminal domain of FCP1 have shed
light on the FCP1-RAP74 interaction (32, 33, 37, 38). We
previously determined the NMR structures of the free form
of cterRAP74 [RAP74436-517 (Figure 1A)] and of its complex
with a C-terminal domain peptide of human FCP1 [cterFCP1
or FCP1879-961 (Figure 1B)] (32, 33). We also performed
NMR chemical shift mapping studies and found that
FCP1879-961 and FCP1579-600 share a common binding site
on RAP74 (22). We now present the high-resolution NMR
solution structure and thermodynamic characterization by
isothermal titration calorimetry (ITC) of a complex formed
by cterRAP74 and a phosphorylated peptide from the central
domain of FCP1 [centFCP1-PO4 or FCP1579-600-T584PO4

(Figure 1B)]. We compare the NMR structure of the
centFCP1-PO4-cterRAP74 complex with our previously
determined NMR structure of the cterFCP1-cterRAP74
complex (33) and assess the role of specific residues on the
basis of our NMR and ITC data.

EXPERIMENTAL PROCEDURES

Production and Purification of cterRAP74 and FCP1
Peptides. The C-terminal domain of RAP74 (Figure 1A) was
expressed from a GST-2T vector (GE Healthcare) as a GST
fusion protein in Escherichia coli strain Topp2 cells (Strat-
agene) (15). Site-directed mutagenesis was performed using
the QuickChange II site-directed mutagenesis kit (Stratagene)
and verified by DNA sequencing. The cterRAP74 domain
and related mutants were expressed and purified as previously
described (32). The FCP1 peptides [centFCP1, centFCP1-
PO4, and cterFCP1 (Figure 1B)] were synthesized and
purified as described previously (22, 36).

NMR Samples. For NMR studies of the centFCP1-
PO4-cterRAP74 complex, the samples were prepared by
titration of the unlabeled FCP1 peptide into an isotopically
labeled cterRAP74 sample. The final sample compositions
were 1 mM cterRAP74 (15N-labeled or 13C- and 15N-labeled)
and 1 mM unlabeled centFCP1-PO4 in 20 mM sodium
phosphate (pH 6.5) and 0.25 mM EDTA. Under these
conditions, ∼97% cterRAP74 and ∼97% centFCP1-PO4

were in the bound form in solution. All samples were
prepared initially in a 90% H2O/10% D2O mixture. For
studies in D2O, the samples were transferred to 99.996% D2O
with multiple cycles of lyophilization and resuspension. The
2D 1H-15N HSQC spectra (39) and the 2D 13C/15N-{F1/F2}-
filtered 1H-1H NOESY spectra (40) of the centFCP1-
PO4-[15N,13C]cterRAP74 complex did not change during the
course of NMR data collection, indicating that the complex
is very stable, and that T584 remained phosphorylated during
the course of NMR data collection (36).

NMR Spectroscopy. All NMR experiments were conducted
at 300 K on a Varian UnityINOVA 600 MHz NMR spec-
trometer equipped with a pulse-field gradient unit and an
actively shielded z-gradient HCN triple-resonance probe
(either a room-temperature probe or a cryogenic probe). The
backbone and aliphatic side chain resonances (1H, 15N, and
13C) of cterRAP74 were assigned using a combination of
NMR experiments, including 2D 1H-15N HSQC (39), 2D

FIGURE 1: cterRAP74, centFCP1-PO4, and cterFCP1 fragments used
for this study. (A) Domain organization of human RAP74 and
primary structure of cterRAP74. RAP74 contains a RAP30-binding
domain (28) and an FCP1-binding domain (30). (B) Domain
organization of human FCP1 and primary structures of centFCP1-
PO4 and cterFCP1. FCP1 contains a phosphatase domain (71), an
acidic/hydrophobic (Ψ) domain (22), a BRCT (breast cancer
protein-related carboxy-terminal) homology domain (22), and a
C-terminal RAP74-binding domain (30). The elements of secondary
structure derived from the NMR stru-
cture of the centFCP1-PO4-cterRAP74 complex (this study) and
the cterFCP1-cterRAP74 complex (33) are depicted below the
sequences.
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1H-13Cconstant time(CT)HSQC(41,42),3DHNHA(43,44),
3D HNCACB (45-47), 3D HNCO (48), 3D (HB)CBCA-
(CO)NNH (46, 47), 3D H(CCO)NNH-TOCSY (47, 49), 3D
C(CO)NNH-TOCSY (47, 49), 3D CT HCCH-COSY (50),
and 3D HCCH-TOCSY (51). The aromatic 1H and 13C
signalsofcterRAP74wereassignedusing2D(H�)C�(CγCδ)Hδ
and (H�)C�(CγCδCε)Hε experiments (52). 1H resonance
assignment for centFCP1-PO4 was achieved using 2D 13C/
15N-{F1/F2}-filtered 1H-1H TOCSY (with a DIPSI τm of 37.5
ms) and 2D 13C/15N-{F1/F2}-filtered 1H-1H NOESY experi-
ments (40). Intramolecular nuclear Overhauser effects (NOEs)
for cterRAP74 were obtained from 3D 15N-edited NOESY-
HSQC (τm ) 140 ms) (53) and 3D 13C-edited HMQC-
NOESY (τm ) 60 and 120 ms) experiments (54, 55).
Intramolecular NOEs for centFCP1-PO4 were obtained from
2D 13C/15N-{F1/F2}-filtered 1H-1H NOESY (τm ) 40 and
100 ms) spectra (40) collected on a complex formed with 1
mM 13C- and 15N-labeled cterRAP74 and 1 mM centFCP1-
PO4. Intermolecular NOEs were obtained from 3D 13C-edited
HMQC-NOESY spectra (τm ) 60 and 120 ms) (54, 55) and
a 3D 13C/15N-{F1}-filtered-{F3}-edited NOESY-HSQC spec-
trum (τm ) 120 ms) (56). 1H, 13C, and 15N chemical shifts
were referenced to the external standard 2,2-dimethyl-2-
silapentane-5-sulfonic acid (DSS) at 0.00 ppm. NMR data
were processed with NMRPipe/NMRDraw (57) and analyzed
with NMRView (58).

Structure Calculation. The distance restraints were sub-
divided into four distance ranges, strong (1.8-2.8 Å),
medium (1.8-3.4 Å), weak (1.8-5.0 Å), and very weak
(1.8-6.0 Å), by comparison with NOEs involving protons
separated by known distances within the R-helical elements
(residues 456-465, 470-477, and 487-500 of cterRAP74).
An extra 0.5 or 1.0 Å was added to the upper distance limit
for restraints involving methyl protons (0.5 Å), methylene
protons (0.5 Å), and the Hδ/Hε protons of Phe and Tyr
residues (1.0 Å). A total of 1640 NOE-derived distance
restraints were obtained for structure calculation (Table 1).
Residues 436-450 at the amino terminus of cterRAP74 and
residues 579-581 at the amino terminus of centFCP1-PO4

did not display any medium-range, long-range, or intermo-
lecular NOE, and these residues were therefore not included
in the structure calculation. Backbone dihedral angle re-
straints (φ and ψ angles) were obtained from analysis of HR,
HN, CR, C�, C′, and NH chemical shifts using TALOS (59).
The error values on dihedral angle restraints ((10° to ( 45°)
were either twice that obtained from the TALOS analysis
or given a minimum value of 10°. A total of 135 TALOS-
derived dihedral angle restraints (φ and ψ angles) were used
for structure calculation. Structures were calculated using
the torsion angle molecular dynamics protocol of CNS (60)
starting from two extended structures (one of cterRAP74 and
one of centFCP1-PO4) with standard geometry. CNS topol-
ogy and parameter files for the phosphorylated threonine
residues were obtained from HIC-Up (61). In addition to
standard protein covalent geometry and NMR-derived re-
straints (Table 1), the force field included a van der Waals
repulsive term and a conformational database potential (62),
but neither hydrogen bonding nor electrostatic terms were
used at any stage of the structure calculation. An ensemble
of 20 structures that satisfied the experimental restraints (no
distance violation of >0.2 Å and no torsion angle violation
of >5°) was calculated. These 20 structures were used to

compute an average structure that was minimized against
experimental restraints. Structural statistics (Table 1) were
obtained from CNS and PROCHECK-NMR (63). All figures
were generated using PyMOL (64).

ITC Studies. The FCP1 peptides and cterRAP74 prepared
for ITC studies were extensively dialyzed against 20 mM
sodium phosphate (pH 6.2) and 0.25 mM EDTA. The
concentrations of the cterRAP74, centFCP1, and centFCP1-
PO4 peptides were derived from the absorbance at 280 nm
using an extinction coefficient of 1490 cm-1 M-1 (65). The
concentration of the cterFCP1 peptide was calculated on the
basis of weight measurements. All peptides were degassed
at 295 K for 5 min before each experiment. ITC measure-
ments were performed at 300 K using a VP-ITC microcalo-
rimeter (MicroCal, Northhampton, MA). The concentration
of cterRAP74 in the cell was between 15 and 50 µM, and
the concentration of FCP1 peptide in the syringe was 10
times higher than that of cterRAP74. Under these condi-
tions, the c value ([cterRAP74]/KD) was between 1 and 200,
a range that allows accurate thermodynamic parameters to
be extracted (66).

Data collected for each experiment were fit to a single-
binding site model. The values for the stoichiometry of
binding (n) and equilibrium association constants (KA) were
determined by least-squares analysis using standard Mar-
quardt methods and equations provided with ORIGIN version
7.0. The quality of the fit was obtained from the square of
the correlation coefficient (R2), and in all cases, R2 g 0.99.
The dissociation constant KD was calculated by taking the

Table 1: Structural Statistics of the centFCP1-PO4-cterRAP74
Complexa

restraints used for structure calculation
total no. of NOE distance restraints 1640

intraresidue 788
interresidue sequential (i, i + 1) 339
interresidue medium-range (1 < |i - j| < 5) 254
long-range (|i - j| g 5) 200
intermolecular 59

no. of dihedral angle restraints (φ and ψ) 135
structural statistics

rmsd from idealized geometry
bonds (Å) 0.0034 ( 0.0001
angles (deg) 0.49 ( 0.01
impropers (deg) 0.31 ( 0.01

rmsd from distance restraints (Å) 0.0242 ( 0.0007
rmsd from dihedral angle restraints (deg) 0.32 ( 0.05
Ramachandran analysis (%)

most favored regions 80.7
additionally allowed regions 17.8
generously allowed regions 1.4
disallowed regions 0.1

atomic pairwise rmsd (Å)
centFCP1-PO4-cterRAP74 complex

backbone atoms (C′, CR, N) for secondary structureb 0.30 ( 0.07
backbone atoms (C′, CR, N) 0.74 ( 0.24
all heavy atoms 1.05 ( 0.20

cterRAP74 alone
backbone atoms (C′, CR, N) for secondary structureb 0.29 ( 0.06
backbone atoms (C′, CR, N) 0.59 ( 0.22
all heavy atoms 0.93 ( 0.22

centFCP1-PO4 alone
backbone atoms (C′, CR, N) for secondary structureb 0.22 ( 0.09
backbone atoms (C′, CR, N) 0.88 ( 0.43
all heavy atoms 1.20 ( 0.35

a Only residues 451-517 of cterRAP74 and residues 582-600 of
centFCP1-PO4 were included in the structure calculation. b The
secondary structure for cterRAP74 is composed of helix H1
(E456-R465), helix H2 (T470-F477), helix H3 (E487-L500), strand
S1 (E503-I507), and strand S2 (K510-S514). The secondary structure
for centFCP1-PO4 is the H1′ helix (D587-V598).
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inverse of KA. The free energy (∆G) was calculated from
the relationship ∆G ) RT ln KD, where R denotes the gas
constant and T is the temperature (300 K). Multiple ITC
experiments (at least three) were conducted for each complex,
and the reported values and errors on the thermodynamic
parameters (n, KD, and ∆G) are the average and standard
deviations from these measurements, respectively.

RESULTS

Structure of cterRAP74 in the Complex. In the complex
with centFCP1-PO4 (Figure 2), cterRAP74 adopts a winged-
helix fold, an R� topology consisting of three consecutive
R-helices (H1, E456-R465; H2, T470-F477; and H3,
E487-L500), followed by an antiparallel �-sheet (S1,
E503-I507; and S2, K510-S514). These five elements of
secondary structures are assembled via four interconnecting
loops (L1, L2, L3, and L4), with L2 being the region of the
protein that is the least well defined by the NMR data (Figure
2). Superpositions of cterRAP74 from the minimized average
structure of the complex determined here with its free form
(32) and its cterFCP1-bound form (33) yielded backbone
rmsd values for residues 451-517 of 1.52 and 1.69 Å,
respectively (not shown). Although overall these structures
of cterRAP74 are similar, it appears that there are local
differences in the structure presented here when compared
to the two previously determined NMR structures.

Structure of centFCP1-PO4 in the Complex. In the
complex, centFCP1-PO4 adopts a 12-residue amphipatic
R-helix (H1′) between residues D587 and V598. The
orientation of the H1′ helix is well-defined with respect to
cterRAP74, in agreement with the large number of inter-
molecular NOEs involving residues from this helix (Table
S1 and Figure S1 of the Supporting Information). By contrast,
the N-terminal acidic region of the peptide containing
T584PO4 is not well defined (Figure 2), which is consistent
with the paucity of NOEs for this region.

Interface of the centFCP1-PO4-cterRAP74 Complex.
Helices H2 and H3 of cterRAP74 constitute the primary
interacting surface, forming a hydrophobic groove that is
large enough to accommodate the three turns of the H1′

R-helix from centFCP1-PO4 (Figure 3A). The nonpolar face
of helix H1′ docks in the hydrophobic groove of cterRAP74
(Figure 3A). Four residues of centFCP1-PO4 (L590, L593,
L597, and V598) are inserted in this groove and act as
hydrophobic anchors. We distinguish the C-terminal (L597
and V598) from the central hydrophobic anchors (L590 and
L593), according to their relative locations in the H1′ helix
(Figure 3A). The side chains of L597 and V598 from FCP1
project deeply into a hydrophobic pocket on the cterRAP74
surface, and they are almost completely buried (Figure 3A
and Figure S2 of the Supporting Information). The two side
chains of the central hydrophobic anchors, L590 and L593,
interact with smaller adjacent hydrophobic pockets on the
surface of cterRAP74 (Figure 3A and Figure S2 of the
Supporting Information).

The interaction between the highly basic cterRAP74 and
the highly acidic centFCP1-PO4 also involves electrostatic
forces. Basic residues K471, K475, K480, K481, K498, and
R499 of cterRAP74 surround the hydrophobic groove defined
by helices H2 and H3 (Figure 3B). There are two acidic
regions in centFCP1-PO4, an extensive one at the N-terminus
containing 11 acidic residues (E579-D588) and a short one
formed by residues E594 and E595 (Figures 1B and 3B). It
appears that most of the acidic residues in centFCP1-PO4

and the basic residues lining the hydrophobic groove of
cterRAP74 participate in long-range nonspecific intermo-
lecular electrostatic interactions (Figure 3B). We identified
only two specific ionic interactions (salt bridges) between
cterRAP74 and centFCP1-PO4. One is formed between E594
of centFCP1-PO4 and K471 of cterRAP74 (Figure 3B). In
the energy-minimized average structure, the shortest distance
between the Oε atoms of E594 and the Hε atoms of K471 is
3.3 Å. Many intermolecular NOEs help position the side
chains of E594 (FCP1) and K471 (RAP74) in the structure
(Table S1 and Figure S1 of the Supporting Information); thus,
the E594-K471 salt bridge is well-defined by the NMR data.
Interestingly, E594 is also positioned to form an intramo-
lecular salt bridge with R599 that may stabilize the C-
terminus of the H1′ helix (Figure 3B). The other intermo-
lecular salt bridge is formed between D587 of centFCP1-

FIGURE 2: Superposition of the 20 NMR structures of the centFCP1-PO4-cterRAP74 complex. Each structure is shown as a stereoview of
the backbone trace (N, CR, and C′) for residues 453-517 of RAP74 (green) and for residues 582-600 of FCP1 (orange).
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PO4 and K475 of cterRAP74 (Figure 3B). Given the low
density of intermolecular NOEs involving residues at the
N-terminus of centFCP1-PO4 (Table S1 and Figure S1 of
the Supporting Information), the D587-K475 salt bridge is
less well defined by the NMR data. Residue K475 is also
near two other acidic side chains: E586 and T584PO4 of
centFCP1-PO4 (Figure 3B). The shortest distances between
the Hε atom of K475 and the side chain oxygen atoms of
D587, E586, and T584PO4 in the average structure are 6.5,
9.3, and 9.6 Å, respectively. These distances indicate that
the D587-K475 salt bridge is not as strong as the
E594-K471 salt bridge and that the side chains of E586
and T584PO4 do not participate in strong intermolecular ionic
interactions.

Role of T584 Phosphorylation. We performed ITC studies
to assess the effect of T584 phosphorylation on cterRAP74
binding (Figure 4 and Table 2). We obtained a KD of 2.1 (
0.9 µM for the binding of centFCP1 to cterRAP74 and a KD

of 0.7 ( 0.1 µM for the binding of centFCP1-PO4 to
cterRAP74 (Table 2). This 3-fold decrease in KD translates
to a reduction of 0.7 kcal/mol in free energy, indicating that
T584PO4 makes only a minor contribution to the interaction

of centFCP1-PO4 with cterRAP74. In the NMR structure of
the complex, T584PO4 is located too far from the interface
to participate in any energetically significant dipolar, hydro-
gen bonding, or ionic interactions (Figure 3B). However,
T584PO4 likely contributes to a network of weak long-range
intermolecular ionic interactions involving the negatively
charged N-terminal domain of the FCP1 peptide and a
positively charged patch on the surface of cterRAP74
composed of four lysine residues (Figure 3B). The small
change in the free energy of binding provided by phospho-
rylation of T584 is therefore in agreement with the lack of
significant interactions involving T584PO4 in the structure
of the centFCP1-PO4-cterRAP74 complex.

Role of Ionic Interactions in cterRAP74. To evaluate the
importance of individual ionic interactions in the complex,
we prepared point mutants of cterRAP74 in which specific
lysine residues were converted to glutamate (K471E and
K475E mutants) and investigated their binding to centFCP1
and centFCP1-PO4 by ITC (Table 2). The K471 residue of
cterRAP74 forms a strong ionic interaction with E594 in the
structure of the centFCP1-PO4-cterRAP74 complex (Figure
3B). We therefore expected that the K471E mutation would
cause a dramatic decrease in affinity for both the centFCP1
and centFCP1-PO4 peptides, and this is what we observed.
The binding of both FCP1 peptides to cterRAP74-K471E
was undetectable (KD g 150 µM). Thus, both the NMR and
ITC data provide evidence that K471 plays a crucial role in
the interaction of centFCP1 with RAP74. Similarly, K475
of cterRAP74 forms a salt bridge with D587 of centFCP1-

FIGURE 3: Summary of the intermolecular interactions in the
centFCP1-PO4-cterRAP74 complex. (A) van der Waals interactions
at the interface of the complex. The three-dimensional structure of
cterRAP74 is shown as a ribbon within the transparent molecular
surface (green, residues 451-517), whereas centFCP1-PO4 is
represented as a backbone trace (orange, residues 582-600). The
side chains of all the hydrophobic residues from centFCP1-PO4

that participate in van der Waals contacts with cterRAP74 are shown
as sticks. (B) Electrostatic interactions at the interface of the
complex. The side chains of all the charged residues from
centFCP1-PO4 and of the basic residues from cterRAP74 lining
the hydrophobic groove are shown as sticks. Intermolecular salt
bridges are found between K471 of RAP74 and E594 of FCP1 and
between K475 of RAP74 and D587 of FCP1.

FIGURE 4: Representative ITC data of cterRAP74 binding to
centFCP1 at 300 K in a buffer containing 20 mM sodium phosphate
(pH 6.2) and 0.25 mM EDTA. From this ITC experiment, we
obtained a KD of 2.88 µM and a stoichiometry (n) of 1.02.

Table 2: Thermodynamic Parameters for the Association of FCP1
Peptides with cterRAP74

FCP1 peptide cterRAP74 n KD (µM) ∆G (kcal/mol)

centFCP1 wild type 0.8 ( 0.1 2.1 ( 0.9 -7.8 ( 0.3
centFCP1 K471E NDa NDa NDa

centFCP1 K475E 0.9 ( 0.1 34 ( 2 -6.13 ( 0.04
centFCP1-PO4 wild type 0.9 ( 0.1 0.7 ( 0.1 -8.45 ( 0.09
centFCP1-PO4 K471E NDa NDa NDa

centFCP1-PO4 K475E 1.0 ( 0.2 18 ( 2 -6.51 ( 0.07
cterFCP1 wild-type 1.01 ( 0.02 0.5 ( 0.1 -8.7 ( 0.2

a No detectable binding.
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PO4 (Figure 3B), and the KD values for binding of the K475E
mutant to centFCP1 and centFCP1-PO4 are ∼15-25-fold
higher than that of wild-type cterRAP74 (Table 2). Therefore,
these results confirm that K475 makes a significant contribu-
tion to the interaction with centFCP1. In addition, the ITC
data with the cterRAP74 mutants are in agreement with the
lack of significant ionic interactions involving T584PO4.

Comparison of ITC and NMR Data for the centFCP1-
PO4-cterRAP74 and cterFCP1-cterRAP74 Complexes. The
ITC data reveal that centFCP1-PO4 and cterFCP1 bind to
cterRAP74withsimilaraffinities.ForthecterFCP1-cterRAP74
complex, we measured a KD of 0.5 ( 0.1 µM, which is
essentially identical to the KD of 0.7 ( 0.1 µM measured
for the centFCP1-PO4-cterRAP74 complex (Table 2).

To compare the interactions of centFCP1-PO4 and cter-
FCP1 with cterRAP74, we first computed the differences in
HN, C′, and NH chemical shifts for cterRAP74 between its
two bound forms. This analysis revealed that 26 of the 70
amino acid residues analyzed (residues 448-517 of cter-
RAP74) displayed significant chemical shift differences (∆δ
> 0.15 ppm; see Figure 5A). When mapped onto the NMR
structure of the centFCP1-PO4-cterRAP74 complex, the
residues displaying significant differences in chemical shift
are predominantly located in the H2 and H3 helices and
adjoining loop L2 (Figure 5B). The H2 and H3 helices form
the binding groove for the two FCP1 peptides; therefore,
changes in chemical shifts in these helices could be due to
a different binding interface, structural differences in cter-
RAP74 between the two complexes, or both. Residues from
adjoining loop L2, however, do not interact with either
peptide. The chemical shift mapping therefore suggests that
the L2 loop adopts a different structure in the two complexes,
and this was indeed confirmed by the NOE data. Specifically,
we observed four long-range NOEs between V452 of the
N-terminal segment of cterRAP74 and F477, K481, and T482
of the L2 loop, but these NOEs were not observed in the
cterFCP1-cterRAP74 complex (33). The role of the L2 loop
may be to fine-tune the structure of the binding groove
formed by helices H2 and H3 to create a surface that is
complementary to a specific FCP1 sequence.

Structural Comparison of the centFCP1-PO4-cterRAP74
and cterFCP1-cterRAP74 Complexes. To provide a detailed
understanding of how cterRAP74 interacts with the two
related but different FCP1 peptides, we superposed the NMR
structuresofthecentFCP1-PO4-cterRAP74andcterFCP1-cter
RAP74 complexes (Figure 6). This superposition was based
on rmsd minimization for backbone atoms of cterRAP74
within the well-defined secondary structure elements (rmsd
) 1.15 Å). The overall structure of cterRAP74 in these two
complexes is very similar, although the orientation of
individual secondary structural elements and connecting
loops varies with respect to one another (Figure 6A). Both
FCP1 peptides interact with cterRAP74 via an R-helical
segment: the centFCP1-PO4 peptide adopts a 12-residue
R-helix (residues 587-598), whereas the cterFCP1 peptide
adopts a longer 17-residue R-helix (residues 945-961) (33).
There is a more extensive binding interface for cterFCP1
compared to centFCP1; the total solvent-accessible surface
area buried by complex formation is 1160 Å2 for the
centFCP1-PO4-cterRAP74 complex, whereas it is 1510 Å2

for the cterFCP1-cterRAP74 complex (33). Another im-
portant difference between the two complexes is that the

cterFCP1 peptide inserts more deeply in the groove formed
by helices H2 and H3, especially near the L2 loop. When
bound to the cterFCP1 peptide, cterRAP74 adopts a more
open conformation, where the N-terminus of helix H3 is
shifted ∼4.0 Å from the C-terminus of helix H2 (Figure 6A,
right). This structural difference is supported by NOE data,
since we observed six long-range NOEs between Q478 at
the C-terminus of helix H2 and residues S486, E487, and
T489 at the N-terminus of helix H3 in the centFCP1-
PO4-cterRAP74 complex, whereas these NOEs were not
observed in either the free form or the cterFCP1-bound form
of cterRAP74. There are clearly some local differences within
the FCP1-binding site of cterRAP74 between the two
complexes, indicating that cterRAP74 adjusts its conforma-
tion to optimize its interaction with the centFCP1-PO4

peptide.
Both the centFCP1-PO4 and cterFCP1 peptides make

significant van der Waals contacts with hydrophobic residues
of cterRAP74. For the centFCP1-PO4 peptide, we identified
both central (L593 and L590) and C-terminal (V598 and

FIGURE 5: (A) Histogram of the differences in chemical shifts
between the centFCP1-PO4-cterRAP74 and cterFCP1-cterRAP74
complexes (33). The differences were calculated with the formula
∆δ ) [(∆HN)2 + (0.17∆NH)2 + (0.39∆C′)2]1/2 and are given in
parts per million. (B) Residues that show significant chemical shift
differences (∆δ > 0.15 ppm) are colored green on the NMR
structure of the centFCP1-PO4-cterRAP74 complex.

Structure of a centFCP1-PO4-cterRAP74 Complex Biochemistry, Vol. 48, No. 9, 2009 1969



L597) hydrophobic anchors (Figure 6B). For the cterFCP1
peptide, there are also one central (L953) and two C-terminal
(L960 and L957) hydrophobic anchors, but in addition, there
is an important N-terminal hydrophobic anchor [M949
(Figure 6C)]. The interactions with the side chain of M949
allow the N-terminus of cterFCP1 to be buried more deeply
than centFCP1-PO4 (∼3.0 Å) in the hydrophobic groove of
cterRAP74.

There are two salt bridges in each of the two FCP1-RAP74
complexes, and K471 appears to play a central role in both
complexes. In the centFCP1-PO4-cterRAP74 complex, the
Nε atom of K471 extends toward the C-terminus of cent-
FCP1-PO4, forming a strong salt bridge with E594 (Figure
6B). In contrast, the Nε atom of K471 extends toward the
N-terminus of cterFCP1 and forms a salt bridge with D947
(Figure 6C). In the centFCP1-PO4-cterRAP74 complex,
K475 of cterRAP74 forms a second salt bridge with D587
at the N-terminus of centFCP1-PO4 (Figure 6B). In the
cterFCP1-cterRAP74 complex, the second salt bridge
involves D959 at the C-terminus of cterFCP1 and K498 of
cterRAP74 (Figure 6C). Thus, the pattern of intermolecular
ionic interactions in the two FCP1-RAP74 complexes is
very different.

Structure-Based Sequence Comparison between centFCP1
and cterFCP1. We have previously aligned the LXXLL-
like motifs present within the RAP74-binding domains of
centFCP1 and cterFCP1 (36). In this alignment, the
L593-L597 segment of centFCP1 corresponded to the
L957-M961 segment of cterFCP1. However, it is now clear

that residues L593 and L597 of centFCP1-PO4 make very
similar contacts with cterRAP74 as residues L953 and L957
of cterFCP1 (Figure 6). We used this structural similarity as
a basis for the sequence alignment shown in Figure 7A. Other
hydrophobic residues of FCP1 that participate in important
van der Waals contacts are nearby in the sequence alignment
as well as in the three-dimensional structures: L590 of
centFCP1, which corresponds to M949 in cterFCP1, and
V598 of centFCP1, which corresponds to L960 in cterFCP1.
It is interesting to note that within this structure-based
alignment, two residues that are phosphorylated by CK2,
T584 of centFCP1 and S942 of cterFCP1, are found at
equivalent positions. Two residues that make a salt bridge
interaction with cterRAP74, D587 of centFCP1 and D947
of cterFCP1, are also found at equivalent positions. Surpris-
ingly, these residues contact different lysine residues in
cterRAP74 (Figure 6). For the two other important residues
that form salt bridges (E594 of centFCP1 and D959 of
cterFCP1), there is no such sequence or structural resem-
blance. However, E954 in cterFCP1, which corresponds to
E594 of centFCP1 in our new alignment (Figure 7A),
contributes to RAP74 binding through polar interaction with
T470 (33). An interesting outcome of this structure-based
alignment is the realization that residues from centFCP1 and
cterFCP1 that are at equivalent positions in the sequence
alignment (e.g., D587 and D947; E594 and E954) participate
in intermolecular interactions with different residues of
RAP74.

FIGURE 6: Structural comparison of two FCP1-RAP74 complexes: the centFCP1-PO4-cterRAP74 and cterFCP1-cterRAP74 complexes
(PDB entry 1ONV) (33). (A) Superposition of the two complexes based on rmsd minimization for backbone atoms of cterRAP74 within
the well-defined secondary structure elements. The centFCP1-PO4-cterRAP74 complex is shown in dark colors (green for RAP74 and
orange for FCP1), and the cterFCP1-cterRAP74 complex is shown in light colors (pale green for RAP74 and pale yellow for FCP1). A
close-up of the loop between H2 and H3 is shown with the side chains of Q478 and S486 to emphasize a significant difference in the
RAP74 structure between the two complexes. (B and C) Comparisons of intermolecular interactions between the two complexes. Only
relevant side chains are shown. In panel B, the shortest Hε-Oε/Oδ distances for the K471-E594 and K475-D587 salt bridges are 3.3 and
6.5 Å, respectively. In panel C, the shortest Hε-Oδ distances for the K498-D959 and K471-D947 salt bridges are 2.2 and 4.2 Å, respectively.
For clarity, the complexes in panels B and C are shown in the same orientation and colors as in the left portion of panel A.
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On the basis of the structural information, we also aligned
sequence segments of centFCP1 from several other eukary-
otic FCP1 proteins (Figure 7B). Of the four hydrophobic
residues of centFCP1 that act as hydrophobic anchors in the
complex with cterRAP74, three (L590, L593, and L597) are
conserved in this alignment. The fourth hydrophobic residue,
V598, is only found in the H. sapiens, M. musculus, and X.
laeVis sequences. Given that V600 is conserved as a valine
or an isoleucine in all FCP1 sequences, we propose that, in
certain species, V600 (or I600) may substitute for V598,
similarly to L960 of cterFCP1 (Figures 6B,C and 7A). We
also found that the two residues in centFCP1 that participate
in salt bridges with cterRAP74, D587 and E594, are strictly
and highly conserved, respectively. In summary, there is an
excellent correlation between the conserved residues within
the RAP74-binding domain of centFCP1 and the residues
thatplayanimportantrole indefiningthecentFCP1-cterRAP74
interface, pointing to the importance of this interaction
through evolution.

DISCUSSION

With this work, we clearly demonstrated that like cter-
FCP1, centFCP1-PO4 interacts with the basic/hydrophobic
groove formed by helices H2 and H3 on the surface of
cterRAP74. Our studies reveal the importance of two leucine
residues in each RAP74-binding domain of human FCP1
(L593 and L597 in centFCP1 and L953 and L957 in

cterFCP1) that are found at equivalent positions in the
alignment and make similar interactions with cterRAP74.
In agreement with these observations, mutation of leucine
residues in either the central (L593A) or C-terminal domain
(L957A) was found to significantly reduce the level of
binding to cterRAP74 in vitro (22, 33). However, it appears
that the RAP74-binding domains of centFCP1 and cterFCP1
have little in common besides these two conserved leucine
residues. Indeed, the consensus RAP74-binding sequence of
centFCP1 is fairly different from the reported consensus
sequence for cterFCP1 (Figure 7B) (33). Clearly, the
terminology “LXXLL-like motif” previously used to describe
the RAP74-binding domains of centFCP1 and cterFCP1 is
no longer adequate and should be replaced by “L/IxxxL
motif”.

A detailed structural comparison revealed significant
differences between the centFCP1-PO4-cterRAP74 and
cterFCP1-cterRAP74 complexes, even though their dis-
sociation constants are essentially identical. This structural
comparison points out the remarkable adaptability of the
cterRAP74 binding groove to provide shape and charge
complementary to the different FCP1 peptides. This type of
adaptability may be common in protein-protein interactions.
For example, we previously determined two NMR structures
involving the Tfb1 (yeast)/p62 (human) subunit of the general
transcription factor TFIIH and an acidic transactivation
domain (TAD): the p53 TAD-Tfb1 complex (67) and the
VP16 TAD-Tfb1 complex (68). In these complexes, we
found that both the p53 and VP16 TADs interact with the
same binding surface on the PH domain of Tfb1. Although
there were several similarities between the two structures,
there were also important differences despite the fact that
both TADs bind Tfb1 with comparable affinities (67, 68).

Our ITC studies demonstrate that cterRAP74 interacts with
similar affinity with both the central and C-terminal domains
of FCP1. The functional implication(s) of this phenomenon
is not yet understood. It has been shown that two RAP74-
RAP30 heterodimers associate via homomeric RAP74 in-
teractions to form an R2�2 heterotetramer (18, 69). Given
the similar affinity of the two FCP1 domains for cterRAP74,
these two domains of FCP1 may bind simultaneously to the
two RAP74 subunits of the TFIIF heterotetramer in vivo.
Alternatively, assembly of the TFIIF heterotetramer and its
interaction with RNAPII may cause conformational changes
in TFIIF that affect differently the affinity of the two
interacting domains of FCP1 for cterRAP74. In this scenario,
differential states of TFIIF (and/or RNAPII) would affect
the formation of the TFIIF-FCP1 complex, which, in turn,
may modulate the different roles of FCP1 in transcription
regulation.

The fact that both the central and C-terminal domains of
FCP1 interact with cterRAP74 could also be an example of
biological redundancy that insures the recruitment of FCP1
to the RNAPII complex and the activation of its phosphatase
activity. C-Terminal deletion mutants of FCP1, in which the
two RAP74-binding domains are absent, are not viable in
yeast (16) and are severely affected in humans (70). Indeed,
individuals affected with the recessive congenital cataracts
facial dysmorphism neuropathy syndrome (CCFDN), associ-
ated with a truncated form of FCP1 that retains only the first
287 residues, suffer from severe development defects that
affect multiple organs and systems (70).

FIGURE 7: Structure-based sequence alignments of centFCP1 from
Homo sapiens (NP_004706.2) with (A) cterFCP1 from H. sapiens
and (B) centFCP1 from various eukaryotes: Mus musculus
(AAH53435), Xenopus laeVis (AAK27686), Drosophila melano-
gaster (Q9W147), Caenorhabditis elegans (NP_492423), Schizosac-
charomyces pombe (Q9P376), and Saccharomyces cereVisiae
(NP_014004). The numbers in parentheses are GenBank accession
numbers, except for that of D. melanogaster, which is from the
Swiss-Prot Database. In panel A, the hydrophobic residues (gray)
and ionic residues (orange) that participate in important interactions
with cterRAP74 are boxed and the residues phosphorylated by CK2
are circled. In panel B, residues conserved in all or almost all species
are highlighted using the following color code: orange for acidic
residues (D and E) and gray for hydrophobic residues (I, L, M,
and V). A consensus sequence is provided for centFCP1 based on
this alignment, and the previously derived consensus for cterFCP1
is shown for the sake of comparison (33).
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The study presented here allowed us to investigate the role
of T584 phosphorylation by CK2. From ITC studies, we
found that T584 phosphorylation increases the affinity
between centFCP1 and cterRAP74 by ∼3-fold. This result
is in agreement with our GST pull-down data (36) and is
supported by the lack of significant contact involving
T584PO4 in the structure of the centFCP1-PO4-cterRAP74
complex. We have previously shown that CK2 phosphory-
lation of T584 does not affect the interaction of centFCP1
with the HIV-1 Tat protein (22). CK2 phosphorylation of
T584 may therefore be needed to regulate other activities of
FCP1 such as its interaction with TFIIB, which also involves
the central domain of FCP1 (31, 32). Although the role of
CK2 phosphorylation in centFCP1 is not yet understood,
CK2 also phosphorylates S942 and S944 of cterFCP1, and
these phosphorylations likely play a significant role in
strengthening the interaction between cterFCP1 and cter-
RAP74 (36). Structural and thermodynamic studies of a
complex formed between cterRAP74 and a phosphorylated
cterFCP1 peptide are needed to precisely define the effect
of cterFCP1 phosphorylation on RAP74 binding.
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