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ABSTRACT. FCP1 (TFlIF-associated CTD phosphatase) is the first identified CTD-specific phosphatase
required to recycle RNA polymerase Il (RNAP II). FCP1 activity has been shown to be regulated by the
general transcription factors TFIIF (RAP74) and TFIIB, protein kinase CK2 (CK2), and the HIV-1
transcriptional activator Tat. Phosphorylation of FCP1 by CK2 stimulates FCP1 phosphatase activity and
enhances binding of RAP74 to FCP1. We have examined consensus CK2 phosphorylation sites (acidic
residuen + 3 to serine or threonine residue) located immediately adjacent to both RAP74-binding sites
of FCP1. We demonstrate that both of these consensus CK2 sites can be phosphorylated in vitro and that
phosphorylation at either CK2 site results in enhanced binding of RAP74 to FCP1. The CK2 site adjacent
to the RAP74-binding site in the central domain of FCP1 is phosphorylated at a single threonine site
(T584). The CK2 site adjacent to the RAP74-binding site in the carboxyl-terminal domain can be
phosphorylated at three successive serine residues{SB#2), with phosphorylations at S942 and S944

both contributing to enhanced binding to RAP74. With the use of tandem Fourier transéorryclotron
resonance mass spectrometry (FT-ICR), we demonstrate that the phosphorylation-658842ccurs

in a semiordered fashion with the initial phosphorylation occurring at either S942 or S944 followed by a
second phosphorylation to yield the S942/S944 diphosphorylated species. Using nuclear magnetic resonance
(NMR) spectroscopy, we identify and map chemical shift changes onto the solution structure of the
carboxyl-terminal domain of RAP74 (RAP#£4-517) on complexation of RAP74s-517 with phosphorylated

FCP1 peptides. These results provide new functional and structural information on the role of
phosphorylation in the recognition of acidic-rich activation domains involved in transcriptional regulation,
and bring insights into how CK2 and TFIIF regulate FCP1 function.

RNA polymerase Il (RNAP IBis a multi-subunit enzyme  lated form of RNAP Il (RNAP 110) is associated with the
responsible for transcription of eukaryotic messenger RNA. elongating RNAP |l complexe$(6). In addition to its role
The carboxyl-terminal domain (CTD) of the largest subunit in passing from the initiation phase to the elongation phase
of RNAP Il contains a conserved repeat of the heptapeptide of transcription, CTD phosphorylation has also been impli-
sequence (¥S—P-T—S—P-S) (1, 2). Phosphorylation and  cated in regulating post-transcriptional mMRNA processifig (
dephosphorylation at serine-2 and serine-5 within this repeatNumerous kinases and phosphatases have been shown asso-
play an important role in regulating progression through the ciate specifically with the CTDg-18), and it is becoming
RNAP Il transcription cycleg, 4). The hypophosphorylated increasingly clear that a complex regulatory network is re-
form of RNAP Il (RNAP IIA) is associated with the quired to maintain the precise phosphorylation state of the
preinitiation complex (PIC), whereas the hyperphosphory- CTD.
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FCP1 (TFlIF-associated CTD phosphatase 1) is a ubig- In addition to acting as a CTD phosphatase, FCP1 itself
uitous serine phosphatase with orthologs present in all exists as a phosphoprotei85 36) that copurifies with
eukaryotic species. FCP1 was the first RNAP Il CTD-specific protein kinase CK2 (formerly known as casein kinase II)
phosphatase identified4—18), and it has been demonstrated (35). These results suggest that CK2 could be an in vivo
to be a component of the mammalian RNAP I PIT5,( kinase for FCP1. In vitro studies examining the role of CK2
19). It has been proposed that one key function of FCP1 is on FCP1 function demonstrated that phosphorylation of
to dephosphosphorylate the CTD of RNAP I, thus enabling FCP1 by CK2 not only enhances RAP74 binding, but
the polymerase to undergo another transcription cyt® (  also stimulates CTD phosphatase activi§5,(36). In
19). In addition, yeast capping enzymes Cegl and Abd1l arecontrast, elongation reactions conducted in the presence of
recruited to RNAP 1l via the phosphorylated CTD, and FCP1 CK2 are inhibited and this effect appears to be FCP1-spe-
phosphatase activity is essential for release of these cappingific, because CK2 added to elongation reactions in the
enzymes 20). Besides its role in the recycling of RNAP 1l absence of FCP1 had no effe8d). FCP1 is a highly acidic
through its CTD phosphatase activity, FCP1 appears to serveprotein, and it contains several potential CK2 phosphoryla-
other functions in regulating transcription. FCP1 functions tion sites 86). The two RAP74-binding sites within FCP1
as a positive regulator of transcription elongation, and this have been precisely mapped to highly conserved LXXLL-
activity has been shown to be independent of its CTD like acidic/hydrophobic motifs 37). The first RAP74-
phosphatase activitylg, 21). Studies in yeast have estab- binding site is located within the central domain of FCP1
lished a genetic link between FCP1 and several transcrip-(16) (29), and the second is located in the carboxyl-ter-
tional elongation factors2(l—23). Furthermore, chromatin ~ minal domain of FCP116, 37). Interestingly, both con-
immunoprecipitation experiments demonstrate that FCP1served RAP74-binding sites contain consensus CK2 phos-
remains associated with the polymerase during elongationphorylation sites (acidic residue+ 3 to serine or threonine
(24). Recently, a role for FCP1 in regulating mRNA residue) located immediately adjacent on the amino-terminal
processing has also been suggested although it is not cleaside. Given that CK2 phosphorylation enhances RAP74
if that function is associated with its phosphatase activity binding to FCP1 36), it is highly possible that phosphory-
(25, 26). FCP1 has been shown to co-immunoprecipitate with lation of one or both of these CK2 sites located adjacent to
the methylosome compleX7), and FCP1 also associates the RAP74-binding sites may enhance RAP74 binding to
with spliceosomal proteing2{). FCP1.

FCP1 function is controlled by a number of nuclear factors  In this manuscript, we further examine CK2 phosphory-
that have been shown to interact with specific domains in lation of FCP1. We identify consensus CK2 phosphorylation
FCP1. Human FCP1 (hFCP1) can be divided into three mainsites located immediately adjacent to both RAP74-binding
domains based on sequence homology with yeast FCP1sites of FCPL1 that are highly conserved in all vertebrate FCP1
(yFCP1) (5, 16). The amino-terminal FCP1 homology sequences. We demonstrate that both of these consensus CK2
domain (hFCP1 122330) contains a conserved hydrophobic sites can be phosphorylated in vitro and that phosphorylation
motif PWWDXDX(T/V) YW (whereW denotes hydropho-  at either the central or carboxyl-terminal CK2 site results in
bic residues) found in a family of small molecule phospho- enhanced binding of RAP74 to FCP1. The CK2 site adjacent
transferases and phosphohydrolad@s19, 28). The central ~ to the RAP74-binding site in the central domain is phos-
domain (hFCP1 544728) contains a single BRCT (BRCA1 phorylated at a single threonine site (T584), whereas the CK2
C-terminus) repeat, and yeast two-hybrid studies have site adjacent to the RAP74-binding site in the carboxyl-
revealed that this region of FCP1 is important for mediating terminal domain is phosphorylated at three serine residues
interactions with the HIV-1 transcriptional activator Ta) (S942, S943 and S944). With the use of tandem Fourier
and the large subunit of TFIIF (RAP741, 29). Binding transform-ion cyclotron resonance (FT-ICR) mass spec-
of Tat and RAP74 to FCP1 may be mutually exclusive, since trometry of synthetic peptide models of the carboxyl-terminal
Tat can inhibit binding of RAP74 to this central domain of CK2 phosphorylyation site, we demonstrate that the phos-
FCP1 @9). These interactions of Tat and TFIIF with the phorylation of S942, S943 and S944 occurs in a semiordered
central domain of FCP1 may in part explain why Tat can fashion. The first phosphorylation occurs primarily at S942
inhibit FCP1 phosphatase activity in vitr&Q), because  or S944 followed by subsequent phosphorylation to yield a
RAP74 can stimulate FCP1 phosphatase actiaty.(The S942/S944 diphosphorylated species. Using nuclear magnetic
CTD of FCP1 (hFCP1 812961) is highly acidic. The amino  resonance (NMR) spectroscopy, we identify chemical shift
acid composition of this domain is very similar to that found changes within residues of RAP74 following interaction with
in acidic activation domains. In fact, FCP1 is capable of FCP1 peptides phosphorylated at T584, S942, and S944. In
activating transcription both in vitro and in vivo when addition, we map these chemical shift changes on the solution
artificially recruited to a promoterl®, 32). In addition, in structure of the carboxyl-terminal domain of RAP74
vitro and in vivo binding studies have demonstrated that the (RAP74i36-517). We discuss the functional and structural
carboxyl-terminal domain of FCP1 interacts with the car- implications of CK2 phosphorylation on the regulation of
boxyl-terminal region of RAP74 and the first cyclin repeat FCP1.
of TFIIB (16, 31, 33). The FCP1-binding sites for both
RAP74 and TFIIB consist of a shallow groove on the surface EXPERIMENTAL PROCEDURES
of the protein that is rich in both hydrophobic and basic  Plasmids.The expression vectors for GST-RAR7Z&s17
amino acids 34). These interactions are believed to be and GST-FCPgs-g: have been described previoushe).
responsible for the observation that TFIIF stimulates FCP1 The plasmid expressing the GST-FG&1s10 fragment used
phosphatase activity, whereas TFIIB inhibits the stimulation for in vitro binding studies was constructed by PCR
by TFIIF (32). amplification by use of pJA533 as a templatss); The
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amplified FCP1 DNA fragment was digested wBamH1 7.5, 25 mM KCI, 10 mM MgC} , 350uM ATP, 2.5 uCi
andEcoR1and then inserted in frame into tlBamHland [y32P]-ATP (for phosphorylation reactions withotiP-ATP
EcoR1sites of the pGEX5X-1 GST-fusion expression vector cold ATP was added at 0.5 mM)]. Phosphorylation reactions
(Amersham Biosciences, NJ). Clones expressing GST-were initiated by the addition of &L (10 units) protein
FCPXs2-610 (T584E), GST-FCPsko961(S942A) and GST- kinase CK2 enzyme (NEB, MA) diluted in 20 mM Tris-
FCPX79-9s1 (S944A) were prepared by site-directed mu- HCI pH 7.5, 200 mM NacCl, 0.5 mM DTT, 10% glycerol,
tagenesis of the wild-type clones by use of the Quick Changeand 0.5% Triton X-100. The reactions were terminated by
kit (Stratagene, CA). addition of SDS electrophoresis buffer, and the proteins were
Antibodies The RAP74 polyclonal antibody (C-18) and resolved on NuPage 12% gels in 1X MES electrophoresis
all secondary antibodies were purchased from Santa Cruzbuffer (Invitrogen, CA). 3?P-labeled GST-FCP1 fusion

Biotechnologies (Santa Cruz, CA). proteins were detected by Phosphorimager analysis (Molec-
Purification of GST-FCP1 Fusion Protein&ST-FCP1 ular Dynamics, Amersham Pharmacia, NJ).
fusion proteins were expressed in DidBells (Stratagene, Phosphorylation of Purified Synthetic Peptidésr phos-

CA). Cells were grown at 37C and protein expression was phorylation reactions, peptides (M) and the appropriate
induced with 0.7 mM isopropyl-thiogalactoside (IPTG) for controls (1uM) were dissolved in the CK2 reaction buffer

3 h at 30°C. The cells were harvested and resuspended in(25 uL final volume) described above. Phosphorylation
EBC buffer (50 mM Tris-HCI pH 8.0, 120 mM NacCl, 0.5% reactions were initiated by the addition ofih (10 units)
NP-40, and 2 mM DTT) supplemented with protease protein kinase CK2 enzyme (NEB, MA) diluted in 20 mM
inhibitors (Sigma, MO): 1ug/mL leupeptin, 2ug/mL Tris-HCI pH 7.5, 200 mM NaCl, 0.5 mM DTT, 10%
aprotinin, and 0.9 mg/mL PMSF. The cells were lysed by glycerol, and 0.5% Triton X-100. The reactions were
passage through a French press cell and centrifuged aterminated by the addition of 1X SDS electrophoresis buffer,
1000® x g for 40 min. The supernatant obtained from the and phosphorylated peptides were resolved on 15% SDS
high-speed centrifugation was added to glutathione (GSH)- polyacrylamide gels in 1X Tris-glycine buffet?P-labeled
sepharose resin (Amersham Biosciences, NJ) and incubategbeptides were detected by Phosphorimager analysis (Mo-
with mixing at 4°C for 30 min. The resin was collected by lecular Dynamics, Amersham Biosciences, NJ).
centrifugation and washed four times with wash buffer (50  Protein—Protein Binding AssayFor binding reactions
mM Tris-HCI pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5%  quantified and graphed, GST-FGsLgs1, GST-FCPd79-961
NP-40, 0.05% SDS, and 1 mM DTT). GST-FCPL1 fragments (S942A), and GST-FCR1s-g61 (S944A) were first purified
were eluted off the resin by incubation with 15 mM re- on GSH-sepharose. The purified, resin-bound GST-FCP1
duced GSH (Sigma, MO) for 10 min at 2&. The proteins  fusion proteins were then phosphorylated with CK2 prior to
were then dialyzed into storage buffer (50 mM Tris-HCI pH the binding studies. The CK2 phosphorylation reactions were
8.0, 100 mM NaCl, 2 mM DTT, and 20% glycerol), and performed at 25C from 0 to 60 min as described above,
stored at—80 °C. The GST-FCP1 fragments were rebound except the reactions were terminated by washing the resin
to fresh GSH-sepharose resin prior to protgimotein twice with 20 mM Tris-HCI pH 8.0, 120 mM NaCl, 25
binding studies. mM EDTA. Binding experiments were then performed at 4

Peptide Synthesis and PurificatioReptides FCR37-gg1, °C for 1 h in 250uL binding buffer (40 mM HEPES
FCPL37-961 (S942PQ), and FCPds7-961 (S942PQS944PQ) pH 8.0, 120 mM NaCl, 0.5% NP-40, 10 mM DTT). The
were purchased from the peptide synthesis facility at the binding experiment consisted of M of the CK2-treated
Medical College of Georgia (Augusta, GA). The FGR s, resin-bound GST-FCP1 fusion proteins [GST-F&RLe1,
FCP]H%GOO (T584PQ), FCP:b417961, and FCP3847507 pep- GST-FCP@79_961 (8942A), or GST-FCPS]LQ_%J_ (8944A)]
tides were synthesized by the solid-phase method with Fmocand 1 uM of purified RAP7436-517. The resin-bound
chemistry using an Applied Biosystems (Foster City, CA) protein—protein complexes were collected and washed
430A peptide synthesizer. The FGRleoo, FCPX79-600 three times in binding buffer. Proteins were resuspended in
(T584P04) peptides were prepared with a glycine cap at thelX SDS electrophoresis buffer and resolved on NuPage
amino terminus. The phosphothreonine was incorporated asBis-Tris 12% gels in 1X MES electrophoresis buffer (Invit-
FmocThr(PO(OBzIl)OH)-OH (Novabiochem, San Diego, rogen, CA) and transferred to Immobilon-P membrane
CA). The FCPi79-600 and FCPd79-600 (T584PQ) pep- (Millipore, MA). The bound RAP74 was detected by use
tides were cleaved from the resin, and side-chain protectingof a 1:400 dilution of RAP74 (C-18) polyclonal antibody
groups were removed by incubation in reagent K (trifluo- and a 1:10,000 dilution of an HRP-conjugated secondary
roacetic acid (TFA):phenol:thioanisole:H20:ethanedithiol, antibody. Bound secondary antibodies were detected by
82.5:5:5:5:2.5) fo 3 h atroom temperature. All seven pep- chemiluminescence with the ECL-Plus kit (Amersham
tides were purified to homogeneity on a Vydag(Besperia, Biosciences, NJ). Bands were quantified by use of the Bio-
CA) reversed-phase HPLC column (22 mer250 mm) with Rad Versa Doc Imaging System. The membrane was
an acetonitrile gradient (30% to 50% over 20 min) in 0.05% stained subsequently with Coomassie blue to verify for
TFA at a flow rate of 8 mL/min. The masses of peptides equivalent GST-fusion protein input. Normalized values from
were confirmed by electrospray ionization mass spectrometrythree separate experiments were averaged and graphed in
(MS). Figure 3.

Phosphorylation of Purified GST-FCP1 Fusion Proteins Mass SpectrometryPeptides were dissolved in 450
Purified GST-FCP1 fusion proteins were first captured on of CK2 reaction buffer described above. Phosphorylation
10 uL of GSH-sepharose resin. The resin-bound proteins reactions were initiated by the addition of B0 (100 units)
were then diluted to a final protein concentration ofil¥l protein kinase CK2 enzyme (NEB, MA) diluted in 20 mM
in 25 uL of CK2 reaction buffer [20 mM Tris-HCI pH= Tris-HCI pH 7.5, 200 mM NaCl, 0.5 mM DTT, 10%
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glycerol, and 0.5% Triton X-100 at 2%&. After addition of broadband detection (512 K time-domain data). Each dis-
the enzyme, the final peptide concentration was 0.3 mM. 25 played spectrum represents the sum of 60 time domain

uL samples were removed 1, 2, 4, 8, and 24 h after addition transients.

of the CK2 enzyme. The reactions were terminated by the  phosphate Group Modificationg-Elimination/Michael
addition of 25uL of glacial acetic acid and lyophilized. In  aqdjtion reactions were carried out with a modified version
some cases, the phosphorylated peptides were resuspendgsgt the procedure described by Shen et 8D)(3.7 uL (5

in 25% agueous acetic acid and resolved on a Vydac C 1g) of FCP3s7.06: peptide solution following phosphoryla-
(Hesperia, CA) reversed-phase HPLC column (4.6 X 250 tjon was combined with 13L H,0, 9 uL 1-propanol, 3
mm) with an acetonitrile gradient (30% to 50% over 20 min) uL of 200 mM Ba(OH), and 1.3uL ethanethiol to yield

in 0.05% TFA at a flow rate of 1 mL/min. _ final concentrations of 30% (v/v) 1-propanol, 20 mM
For the ESI experiments, samples from the peptide Ba(OH), and 0.5 M ethanethiol. The solution was then

phosphorylation reactions were resuspended  inub0of incubated at 43C for between 0.5 ah5 h and the reaction

water, and 1QiL of the stock solution was diluted to 50 was terminated by the addition of 1& of 1 M ammonium

in water. Prior to electrospray ionization (ESI), samples were gifate to form a barium sulfate salt. The barium sulfate was
desalted with a & ZipTip (Millipore, MA) into 30 uL of a then removed by centrifugation at 10000y for 5 min, and

4:1 CHCN:H,0 solution containing 0:31% formic acid.  the gypernatant was desalted and electrosprayed as described
Desalted samples were then microelectrosprayed from angpoye.

emitter consisting of a 50m i.d. fused silica capillary that
had been mechanically ground to a uniform thin-walled tip NMR Sdp;actroscogygngN-labelT RAT]M“*S.” was
(38) at a flow rate of 206-400 nL/min. expressed from a p -2T vector (Amersham Biosciences,

NJ) in BL21(DES3). Labeled protein was obtained by growth
1 in a modified minimal medium containing®N-labeled
NH.CI as the sole source of nitrogen as previously described
(34). NMR samples of the complexes were prepared by
maddition in four equal increments of the appropriate peptide
to °N-labeled RAP74ss-517t0 obtain the final 1:1 complex.
The final NMR sample consisted of 0.20 m¥N-labeled
RAP7436-517 and 0.20 mM FCP1 peptides (FGdlsoo,

The Fourier transformion cyclotron resonance (FT-ICR)
MS experiments were performed with a home-built 9.4
ESI Q FT-ICR mass spectromet&9} under the control of
a modular ICR data acquisition system (MIDAZY). lons
were transported through a Chait-style atmosphere-to-vacuu
interface 41) and accumulated within a linear octopole ion
trap, modified to allow improved ion ejection along thaxis

(42). Analyte ions were then transferred (£0.4 ms)
through an octopole ion guide to an open cylindrical ICR FCPX75-600(T584PQ), FCPLs7-961, FCP 17061 (S942PQ)

cell in which ions were captured by gated trapping. lons were O FCPbar-se1 (S942P@/S944PQ) in 500 uL of 20 mM
subjected to chirp (72480 kHz at 150 Hzls)pegcitation sodium phospPatg pH 6.5 and 1 mM EDTA (90%0410%
(43, 44) and direct-mode broadband detection (512 K time- DZ?)' The 2D*H-"N HSQC spectragl) were collected at
domain data). Hanning apodization and one zerofill were 27 °C With @ Varian Unity Inova 600 MHz NMR spectrom-
applied to all data prior to fast Fourier transformation and €ter equipped wita z pulsed-field gradient unit and an HCN
magnitude calculatiors). Frequency-domain spectra were triple resonance probe. The N_MR datg were processed with
calibrated 46) externally from the measured ICR frequencies NMRPipe/NMRDraw 62) and ribbon diagrams were gener-
of Agilent calibration mixture ionsitiz 622.02895, 922.00979, ~ &ted by the program MOLMOLSG).

1521.97146). Each displayed spectrum represents a sum of Model of the FCPgg-g61 (S942PQ'S944PQ)/RAP7 436517
1-50 time-domain transients. Masses andz values Complex Three-dimensional structures of the FGRLe;
were calculated with Isopro 3.1 (MS/MS software, (S942PQ@S944PQ)/RAP7436 517 Were calculated with the

http://members.aol.com/msmssoft/). Torsion Angle Molecular Dynamics protocol of CNS, starting
For FT-ICR MS/MS experiments, precursor ions were from two extended structures (one for RAP74 residues
mass-selectively accumulated externally for-20 s @7). 451-517) and one for FCP1 residues 8761) with

Following transfer to the ICR cell (1.0 ms), stored-waveform standard geometry and modified phosphoserine (FCP1
inverse Fourier transform (SWIFT}8, 49) ejection was residues 942 and 944). Structure calculation was per-
applied for higher-resolution isolation of the peptide ion of formed with the same NMR-drived restraints and protocol
interest. The instrumental configuration and experimental used for the structure determination of the FgRbey/
parameters for electron capture detection (ECD), infrared RAP74i36-517 complex @7). To model the potential ionic
multiphoton dissociation (IRMPD), and activated ion electron bridges between K475 and S942Pénd between K480
capture dissociation (AlI-ECD) are described in detail else- and S944P@two constraints were added between K475
where (39). H: (protons) and S942PQ0DP (oxygens of the phosphate

For IRMPD, precursor ions were irradiated with a 40 W, group) and between K480 Hprotons) and S944RCOP
10.6um, CQ, laser (no beam expander, Synrad, Mukilteo, (oxygens of the phosphate group). These restraints were
WA), Photon irradiation was for 100 ms at 35% laser power added on the basis of observed NMR chemical shift changes.
(14 W). For ECD, precursor ion populations were irradiated These restraints are set from 1.8 to 2.5 With a force
with low energy electrons for 10 ms. For activated ion A constant of 75 kcal/mol, as used for the other NOE re-
I-ECD, precursor ion isolation and electron irradiation were straints. A set of 50 structures was calculated, and the 20
performed as described above. Following electron irradiation, structures with lowest energies were chosen for further
ions were irradiated with the IR laser for 100 ms at evaluation and for determination of the average minimized
10-20% laser power (48 W). Following MS/MS (ECD, structure. These structures had no NOE violation greater
IRMPD, or AI-ECD), product ions were subjected to chirp than 0.2 A and no dihedral angle @ndy) violation greater
excitation (58 to 480 kHz at 150 H#z$) and direct-mode  than 5.
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Ficure 1: Amino acid sequence of FCP1 highlighting the CK2
phosphorylation sites adjacent to the two RAP74-binding sites in
FCP1. Sequences from ti§&) central domain an@B) carboxyl-
terminal domain of FCP1 fronHomo sapiens(NP_004706),
Mus musculugAAH53435), Xenopus lagis (Q98SN2),Dictyo-
stelium discoideunfAAM33170), andSaccharomyces cersiae
(NP_014004) were aligned by use of BLAST (Altschul et al. 1990)
followed by manual refinement. The conserved small hydrophobic
motif required for RAP74 binding is boxed, and the predicted sites
of CK2 phosphorylation based on presence of an acidic residue at
then + 3 position are highlighted5d).

RESULTS

CK2 Phosphorylation Sites in FCP1 Located Adjacent to
RAP74-Binding SitesPrevious experiments have demon-
strated that bothXenopusFCP1 (xFCP1) isolated from
XenopusA6 cells 36) and human FCP1 isolated from
baculovirus-infected SF9 cells exist as phosphoproté&8s (

In addition, phosphorylation of xFCP1 by CK2 leads to
enhanced binding of xFCP1 to xXRAP74 in vitro, and it is
believed that this enhanced binding to RAP74 may be crucial
for FCP1 function 86). However, the exact mechanism by
which CK2 phosphorylation of FCP1 leads to enhanced
binding to RAP74 is unknown. There are two known RAP74-
binding sites in FCP1 and either or both of these two sites

Abbott et al.

CK2 phosphorylation sites (S942 and S944). Our initial goal
was to determine if the predicted CK2 sites at either the
central domain or the carboxyl-terminal domain could be
phosphorylated by CK2 in vitro and if phosphorylation at

these sites by CK2 resulted in enhanced binding of FCP1 to
RAP74.

CK2 Phosphorylation of T584 Enhances RAP74 Binding
to FCP1 In Vitro.As mentioned above, the central domain
of FCP1 contains a highly conserved consensus CK2
phosphorylation site (acidic residue+ 3 to serine) %4),
and in hFCP1 the predicted site of phosphorylation is at
amino acid T584 (Figure 2A). To determine if the central
domain of FCP1 could be phosphorylated in vitro by CK2
at T584, equimolar concentrations gM) of casein, GST,
GST-FCP%s2-610, Or GST-FCPds2-610 (T584E) were incu-
bated for 30 min with recombinant CK2 in the presence of
[y-%2P]-ATP. Following the phosphorylation reaction with
CK2, the various proteins were checked for incorporation
of the 32P label (Figure 2B). It is clear that both the control
casein and GST-FCPRBg-s10 Were phosphorylated by CK2
in vitro, but that GST and GST-FCR} 610 (T584E) were
not phosphorylated to any significant degree. Based on these
experimental results (Figure 2B), we conclude that CK2 is
capable of phosphorylating GST-FGR4ls19 Specifically at
residue T584 in vitro and that T584 is the primary CK2
phosphorylation site within the central domain in vitro.

Since CK2 is capable of phosphorylating GST-F&R3:9
at T584 in vitro, we attempted to determine if phosphory-
lation at T584 led to enhanced binding of RAP74 to
FCPZXe2-610 Resin-bound GST and GST-FGRile19 Were
first treated for 30 min with either a mock CK2 phospho-
rylation reaction (all components except enzyme) or a CK2
phosphorylation reaction. Following these treatments, the
resin-bound GST and GST-FC4 ¢10Were used in binding
reactions with purified RAP74s-5:7 (Figure 2C). RAP74
binding to FCP1 was determined by Western blot detection
with a polyclonal antibody against RAP74. In these experi-
ments, RAP74s 57 was able to bind to either GST-
FCPZXe,-610 treated with the mock reaction (Figure 2C, lane
4) or to GST-FCP4s,-619 treated with the CK2 reaction
(Figure 2C, lane 5). However, the CK2-treated GST-
FCPZXe,-610 displays enhanced binding to RARZés:7
relative to the mock-treated GST-FGRils10. AS expected,
RAP7436-517 did not bind to either the GST mock or GST
CK2 reaction (Figure 2C, lanes 2 and 3, respectively).

CK2 Phosphorylation of S942 and S944 Enhances RAP74
Binding to FCP1 In Vitro Like the central domain, the

could be responsible for the enhanced binding observed aftelRAP74-binding domain at the extreme carboxyl terminus of

phosphorylation of FCP1 by CK2, 16, 29, 33, 36). The
first RAP74-binding site is located in the central domain of
FCP1 on the amino-terminal side of the BRCT domain
(Figure 1A, residues 579600) 29), and the second RAP74-
binding site is located at the extreme carboxyl terminus of
FCP1 (Figure 1B, residues 93861). Interestingly, both
RAP74-binding sites in FCP1 are located immediately
adjacent to consensus CK2 phosphorylation s, @nd
these predicted CK2 phosphorylation sites (acidic residue
+ 3 to serine or threonine residue) are highly conserved in
many species with higher conservation in vertebrates (high-
lighted in Figure 1A and Figure 1B). The central domain
contains a threonine CK2 phosphorylation site (T584),
whereas the carboxyl-terminal domain contains two serine

FCP1 is also located adjacent to a CK2 phosphorylation site.
The consensus CK2 site at the carboxyl terminus contains
three consecutive serine residues (S98244) sandwiched
between numerous acidic amino acids (Figure 2A). It is
predicted that both S942 and S944 should be ideal targets
for CK2 phosphorylation (acidic residue+ 3 to serine)
(54). To determine if the carboxyl-terminal domain of FCP1
could be phosphorylated in vitro by CK2, equimolar con-
centrations (kM) of casein, GST, GST-FCRA-g1, GST-
FCPZX79-961(S942A), and GST-FCRL-961 (S944A) (Figure

2D) were incubated for 10 and 30 min with recombinant
CK2 in the presence ofy}3?P]-ATP. Following the phos-
phorylation reaction with CK2, the various proteins were
checked for incorporation of th&P label (Figure 2D). It is
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Ficure 2: Identification of CK2 phosphorylation sites in the FCP1
central and carboxyl-terminal domains in vitro $3§ labeling.(A)
Phosphorylation of 1) casein 2) GST 3) GST-F&R2%10 (WT)
and 4) GST-FCP,-610 (T584E) mutant in the presence of
[y—232P]-ATP (4500 Ci/mmol) and recombinant CK2. Each reaction
contained approximately 2&g protein input; the32P-labeled
proteins were detected by Phosphorimager anal{BjsCaptured
GST (lanes 23) or GST-FCPds,-619 (lanes 4-5) proteins were
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rylated by CK2 in vitro as predicted. The second explanation
is that CK2 is phosphorylating the carboxyl-terminal region
of FCP1 at residues other than either S942 or S944.

Since CK2 is capable of phosphorylating FGR1e; Iin
vitro, we attempted to determine if this phosphorylation led
to enhanced binding of RAP74 to FGfdls6:. Resin-bound
GST and GST-FCRy-g61 Were first treated for 30 min with
either a mock CK2 phosphorylation reaction or a CK2
phosphorylation reaction. Following the treatments, the resin-
bound GST and GST-FCB3-g61 Were used in binding
reactions with purified RAP74s-s:7 (Figure 3A). As before,
RAP74 binding was determined by Western blot detection
with a polyclonal antibody against RAP74. RARZés17
bound to both FCR3s-o61 treated with the mock reaction
(Figure 3A, lane 4) and to FCR4-g6; treated with the CK2
reaction (Figure 3A, lane 5), but the CK2-treated F&R4s1
displays enhanced binding to RAR{ds;; relative to the
mock-treated FCRg-g61. RAP 74436517 did not bind to either
the GST mock or GST CK2 reaction (Figure 3A, lanes 2
and 3, respectively).

Since S942 and S944 are CK2 phosphorylation sites and
they are located immediately adjacent to the carboxyl-
terminal RAP74-binding site in FCP1, we tested if the S942A
or S944A mutations would have any effect on the en-
hanced binding of FCR1s-961 to RAP74 following CK2
phosphorylation. First, purified GST-FCEd 961, GST-
FCP:b7g961 (8942A), and GST-FCB#QGJ_ (8944A) were
bound to GSH-Sepharose. The resin-bound proteins were
then incubated for 0, 10, and 60 min with recombinant CK2.
Following the CK2 treatment, the resin-bound GST-
FCPZX79-961, GST-FCPd79-961 (5942A), and GST-FCR%-961
(S944A) proteins were used in binding reactions with purified
RAP7436-517 (Figure 3B). Surprisingly, both the S942A
mutation and the S944A mutation caused a reduction in the
enhanced binding of FCB4-g61 to RAP74 following CK2
phosphorylation. These results in combination with the
previously described phosphorylation studies suggest that
phosphorylation at both S942 and S944 contributes to the
enhanced binding of RAP74 to the carboxyl-terminal domain
of FCP1 (FCP4;9-961) @and maximum binding is observed
only when both S942 and S944 are phosphorylated.

Synthetic Peptide Models Containing T584, S942, and
S944 Are Phosphorylated by CKPo further demonstrate

mock-phosphorylated (all components except enzyme; lanes 2 andthat T584, S942, and S944 of FCP1 can be phosphorylated

4) or CK2-phosphorylated (lanes 3 and 5), as described in materials

and methods. Each binding reaction contained GSaIMRor GST-
FCPX62-619 (2 ﬂM) and RAP74s5-517 (10 /LM) The bound
RAP7436-517 protein was detected with the RAP74 polyclonal
antibody (C-18). 10% input of RAP%4% 517 is shown as a
control (lane 1)(C) Phosphorylation of casein (lanes-2), GST
(lanes 4-5), GST-FCP479-961 (WT) (lanes 6-7), GST-FCPg79-961
(S942A) (lanes 89), or GST-FCPdr9-961 (S944A) (lanes
10—-11) for 10 or 30 min in the presence of-f2P]-ATP (4500
Ci/mmol) and recombinant CK2. Each reaction contained ap-
proximately 25ug protein input; the3?P-labeled proteins were
detected by Phosphorimager analysis. 10% input of RAR74,

is shown as a control (lane 1). FGh), (B) and (Q equivalent
input of GST and GST-FCP1 fusion protein was verified by
Coomassie-blue staining of the membrane (boxed).

clear that CK2 is capable of phosphorylating GST-F&Pdk:,
GST-FCP379-961 (8942A), and GST-FCR15-961 (5944A),

by CK2, we prepared a series of synthetic peptides for
phosphorylation experiments in vitro (Figure 3C). In the
initial experiments, the peptides were incubated with recom-
binant CK2 in the presence of *°P]-ATP, and the phos-
phorylation reaction was monitored by checking for incor-
poration of the®?P label as described above for the longer
FCP1 fragments. We tested four synthetic peptides as
potential CK2 substrates corresponding to F&Ries,
FCPX79-600, FCPls1-961, and FCPdgse07 (Figure 3C)
Interestingly, the peptides corresponding to F&R3s; and
FCPZX79-600 are phosphorylated in vitro by CK2, but the
peptides corresponding to FCRilgs1 and FCPdgsg07 are

not. These results were also supported by HPLC analysis of
the incubations, where we failed to see any new species
formed in the presence of CK2 with FCPde0 and

and they all appear to be phosphorylated to similar extents.FCPL4;-961 (data not shown). The current explanation for
There are two plausible explanations for these results. Thethese observations are that the phosphorylation sites are

first explanation is that both S942 and S944 are phospho-

located too close to the amino-terminal end of the peptide.
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FiGurRE 3: S942 and S944 within the carboxyl-terminus of FCP1 are phosphorylated by CK2 in vitro and mediate enhanced RAP74 binding.
(A) Binding reaction of resin bound GST (lanes® and GST-FCPgg g6;1 (lanes 4-5) mock-phosphorylated (all components except
enzyme; lanes 2 and 4) and CK2-phosphorylated (lanes 3 and 5) with RAR7#Aas described in material and methods. Each binding
reaction contained GST (@M) or GST-FCP379-961 (2 uM) and purified RAP74s5-517 (10 uM). The boundRAP74s-s17 protein was
detected with the RAP74 polyclonal antibody (C-18). 10% input of RAR747is shown as a control (lane 1). Equivalent input of GST

and GST-FCP1 fusion protein was verified by Coomassie-blue staining of the membrane (i{Bxe@japhical representation of the
enhancement in RAP74 binding after 0, 10, and 60 min of CK2 phosphorylation reactions with wild-type (WT) GSgFPM),
GST-FCP%79-961 (S942A) @), and GST-FCPgkg-gs1 (S944A) (¢). CK2 phosphorylation reactions were stopped by the addition of 100
mM EDTA followed by washing in binding buffer-23 times. Concentrations of binding reactions are the same as describgal) for
RAP74 binding is expressed as measured band density on ECL Hyperfilm (Amersham Biosciences, NJ) scanned on a Bio-Rad Fluor S
Multi-iImager (Bio-Rad, CA). Data shown is averaged data from three separate experiments with err@C)b@lhe synthetic peptides
FCPX79-600, FCPXg4-607, FCRy37-961 and FCP441-961 USed for in vitro CK2 phosphorylation reactions. The location of the CK2 sites
(shaded) and small hydrophobic motifs (boxed and shaded) are highligbtec€asein (lane 1), BSA (lane 2), FCR4 500 (lane 3),
FCPXgs-607 (lane 4), FCB1-g61 (lane 5), and FC§7_g61 (lane 6) were incubated for 30 min in the presence)of2P]-ATP (4500
Ci/mMol) and recombinant CK2. Each reaction containe@@sf protein input and th&P-labeled proteins were detected by Phosphorimager
analysis.

S942, S943, and S944 Are Phosphorylated by CK2 in aphorylated FCP&7o61, Whereas the third new species
Semiordered FashiorNext, we used the synthetic peptide corresponded to the triphosphorylated FGRbe1 peptide.
corresponding to FCRZ;-¢61to demonstrate that both S942 To verify this hypothesis and to determine which serines
and S944 can be phosphorylated by CK2 in vitro and to were phosphorylated in the FCR1: peptide, we per-
determine if there was a preference for phosphorylation at formed tandem FT-ICR mass spectrometry (MS/MS) experi-
S942 or S944. The FCRsk-g61 peptide was incubated with ments. Following incubation with CK2 for-04 h, both
recombinant CK2 for varying periods of time (@8 h) IRMPD and ECD FT-ICR MS/MS analysis were performed
followed by addition of acetic acid to terminate the reaction. on the CK2-treated FCB%-961 peptide at various time
The reactions were then analyzed by HPLC to verify the points. IRMPD FT-ICR MS/MS of the mono-phosphorylated
presence of phosphorylated peptides. The HPLC analysispeptide showed significant loss o&PO, from precursor and
(data not shown) showed that following the addition of CK2, phosphorylated product ions, however, a sufficient number
a large percentage-{f0%) of the peptide was converted into of product ions with phosphorylation indicated the site of
two new species within the first 2 h. Longer incubations phosphorylation was S942. ECD fragmentation allows pep-
(21—48 h) with CK2 resulted in a third new species. Our tide bonds to broken into sequence speciiand z ions
initial hypothesis was that the first two new species cor- with little or no loss of labile post-translational modifications
responded to mono-phosporylated FG2%6: and diphos- (39). Figure 4 shows the mass spectrum obtained following
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synthetic peptide afte4 h CK2 phosphorylation reaction. This
product ion spectrum was obtained from population of quadru-
pole- and SWIFT-isolated [N EDEGSSSSEADEMAKALEAE-
LNDLM gg; + HPO; + 3H]*" FCP1 peptide precursor ions. Twenty-
one (out of twenty-four) peptide backbone bonds are broken. The
location of the phosphorylation site is identified by the observation
of the [cs + HPO; |T ions, as well as thez{io T, [Z19] ", [Z20 +
HPQ;)*, and 2, + HPOy] ™, ions.

ECD of the mono-phosphorylated peptide {JMEDEG-
SSSEADEMAKALEAELNDLMgg; + HPO; + 3H]** ions
after 10 ms electron irradiation (sum of 50 time-domain
transients). The detection of thes[+ HPO; ]* ions,
combined with the detection ot{ + HPG;]* and [cs +

serine 942 (Figure 5, top). That conclusion is corroborated

1850 1900 1950 2000 2050 2100 2150

1Lk

Ficure 5: Mass scale expanded segments of the ECD FT-ICR
MS/MS spectrum in Figure 4 showing thes-cg (top) and
Z17—Z>0 (bottom) fragment ion series. The fragment ion series from
both the amino-terminalc(ions) and carboxyl-terminalz( ions)

- o 8 S ends of the mono-phosphorylated FGR1g6; peptide demonstrate
HPG;]" ions, indicates that the site of phosphorylation is at the predominant site of attachment to be S942 (see text).

by the detection of thez[g] * and fz] * ions (without HPQ) A B

and o + HPG:]" ion, again identifying the predominant 4h CKIl + ATP

site of mono-phosphorylation as serine 942 (Figure 5, 4h CKIl + ATP 30 min p-elimination

bottom). Although we can confirm HR@ttachment at S942, + ethanethiol addition

low signal-to-noise ratios of thec{ + HPGO;] ™ (Figure 5, [M+2H] +28*

top), [zo + HPGs] T ions, fz1g] ™ ions, and f19]* ions (without

HPG;, Figure 5, bottom) do not allow us to eliminate the

possibility of lower abundance species with mono-phospho- [M+2H}>

rylation at S943 or S944. \ +18*
Although the initial ESI FT-ICR mass spectrum of the +1pS +38

CK2-treated FCPsk7—961 peptide demonstrated the presence i

of the nonphosphorylated and mono-phosphorylated pep- 1350 1400 m/z 1350 1400 m/z

tide, HPLC analysis of an equivalent sample indicated the Figure6: B-Elimination/ethanethiol modification of phosphorylated
presence of additional species that we attributed to di- and FCPYs7o61 peptide increases the positive ion mode electrospray
ionization efficiency of multiply phosphorylated FCP1 ions. Left:
Segment of the positive-ion ESI FT-ICR MS spectrum of the
peptides as positive ions could be due to their low electro- ﬁggfﬁé‘f,’{_y[',(“,fidz,ﬁ‘]zﬂ aﬁ,ﬁz[,\ﬁrfﬂpg‘gjﬁagﬁ?zﬁgﬁgﬁ)e foei‘;led
with good signal/noise ratios, but no ions corresponding to di-
or triphosphorylated FCRZ;-g61 are detected. Right: Positive-

. ! I ion ESI FT-ICR MS spectrum of an equivalent amount of
phosphorylated peptide species, we utilized a method de-pcpy,, o, fragment after 30 ming-elimination and Michael
addition. S-Ethylcysteine modified peptide ions (etgS*) confirm

the presence of the di- and triphosphorylated forms of the

triphosphorylated FCR3:-g61 peptides. Our inability to detect
the presence of either di- or triphosphorylated F&R3s:

spray ionization efficiencies during positive-ion ESI.
To further investigate the presence of the di- and tri-

scribed by Shen et al50Q, 55). In this method, the charged
phosphate groups are removeddglimination and replaced

by the Michael addition of ethanethiol. This modification
results in a decrease in the acidity of the solution phase ion,

FCPL37-961 peptide.

Once the presence of the di- and triphosphorylated

and therefore increased efficiency of electrospray generationFCP L3,-961 peptides was established, tandem MS could be
of peptide positive ions (when compared to the native used to identify the specific sites phosphorylated in the
phosphopeptide). Indeed, ESI FT-ICR MS analysis of diphosphorylated peptides. This distinction was possible be-
derivatized FCPg&7-g61 peptide following incubation with  cause the mass of the dephosphorylated and modified serine
CK2 for 4 h reveals the presence of both the di- and residue is unique among all common amino acids (except
triphosphorylated FCR3;-g61 peptide (Figure 6). methionine), and the sequence of the peptide is known. The
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Ficure 8: Changes in NMR chemical shifts of RAPZé 517
residues on complexation with phosphorylated FCP1 binding sites.
B 131 87 131 Ribbon diagram of the NMR structure of RAPgds:; with
< e > > mapping of the signals that undergo a significant chemical shift
Cg(sm23:1) Cg C; (sin3s:) Cg change A6 > 0.07 ppm;Ad = [(0.17ANy)? + (AHN)AY?) upon
! comparison of the 2D'H-15N HSQC spectra from(A) the
Cy l RAP7443&51iFCP:b377951 Complex with the RAP7A@51%FCP]9377961
C - (S942PQ'S944PQ) complex andB) the RAP74s6-517/FCPX79-600
3 (C6) (¢;7) complex with the RAP746-51/FCP%79-600 (T584PQ) complex.
The signals are mapped onto the NMR structure of RAR74 7
‘|| HM M l A (yellow) and the locations of significantly shifted signals are

400 | 500 600 700 « 800  miz indicated in red.

Ficure 7: ESI FT-ICR MS/MS spectrum of the S-ethylcysteine : N
modified FCP337-961 fragment. Top: Product ion spectrum ob- that previously reported for FCE-g6: bound to"*N-labeled

tained from AI-ECD FT-ICR MS/MS of a population of quadru- RAP743s-517(34) (data not shown). To identify the binding
pole- and SWIFT-isolated [N-EDEGSSSSEADEMAKALEA- site for both S942Ppand S944PQfrom FCP1 on the
ELNDLMge1 + 25* 4 3H]*" FCP 37961 precursor ions. Twenty-  solution structure of RAP%4s-s17, We first computed the
D e oo b b ey Gferences i and N chermical st between the
quom. Slies L osenval RAP7435 51/FCP b7 se1 complex and the RAPZ4s 17
gﬁare?,'lﬁegaes)_'ons and the absence ofs and ¢/ lons (N ooy o (S942PQIS944PGQ) complex. Six out of 82
amino acid residues of RAPZ# 5,7 displayed significant
mass spectrum obtained following AI-ECD of fEDEGSS-  chemical shift differences\o > 0.07 ppm;Ad = [(0.17AN)?
SEADEMAKALEAELNDLM gg; + 2(CHeS) + 3H)* dem- + (AHN)FYD) between the two complexes. These residues
onstrates that S942 and S944 are specifically modified andcorrespond to K475, K476, F477, T4A79, K480, and S485 of
not S943 (Figure 7A and 7B), based on a 131 Da mass RAP7436-5:7. When these residues are mapped onto the
difference between the-cs andc,-Cg, versus an 87 Da (mass NMR solution structure of RAP 745517 (Figure 8A), we
of an unmodified serine residue) between ¢handc; ions. see that the region near the end of helix H2 and the beginning
If the CK2 phosphorylations of FCR-961 peptide were of helix H3, and the flexible loop (L2) that connects H2 to
nonspecific, the precursor ion population could be comprised H3 appear to be crucial for the binding of S942R@d the
of a heterogeneous mixture of diphosphorylated RgPgs, S944PQ. Interestingly, this area is extremely rich in lysine
peptide ions (9424 943*, 943* 4 944*, or 942*+ 944%). residues (K475, K476, K480, K481), and thus it is possible
Although these isobaric peptides could not be distinguished that several of these lysine residues form an ion pair with
based on mass alone, tandem mass spectrometry allows usither S942P@Qor S944PQ. In fact, three of these lysine
to determine if the precursor ion population is homogeneous residues (K475, K476, and K480) displayed significant
or not. The results (Figure 7B) indicate that the first site of changes in chemical shifts upon formation of the complex
phosphorylation is predominantly at S942, followed by with the diphosphorylated peptide.
subsequent phosphorylation to yield the diphosphorylated In an attempt to specifically identify the lysine residues
species at both S942 and S944, and finally by phosphory-that interact with either the S942R©r the S944PQ) we
lation at S943 to give the triphosphorylated species. then computed the differences’id and*>N chemical shifts
Mapping the Binding Site of S942k@nd S944P@onto between the RAP74s-s51/FCPL37-g61 COmplex and the
the Structure of RAP7%4-517. To map the interaction site  RAP7436-51/FCPL37-961 (S942PQ) complex. This analysis
for the two phosphorylated serines that contribute to en- reveals that 5 out of 82 amino acid residues of RAR#4:7
hanced RAP74 binding in the carboxyl-terminal of FCP1 displayed significant changesA¢ > 0.07 ppm;Ad =
(S942PQ and S944P¢) onto the solution structure of  [(0.17ANp)? + (AHN)?Y?) between the two complexes.
RAP7436-517, we recorded 20'H—'N HSQC spectra of  These residues correspond to positions K475, K476, F477,
three complexes: FCRsk_gs1/*°N-labeled RAP74ks-517, T479, and S485 of RAP%4-s:7. We then computed the
FCPhs7-os1 (S942PQ)/**N-labeled RAP74s 517, and differences irtH and®>N chemical shifts of the RAP %4517
FCP]‘;)377961 (8942PQS944PQ)/15N-|abE|Ed RAP?&;&sN. FCPI‘;377961 (8942PQ) Complex and the RAPZ§&517/
As expected, the 2BH-5N HSQC spectrum of FCR;-g61 FCPh37-061 (S942PQ/IS944PQ) complex. None of the
bound to'®N-labeled RAP74k¢-s517 is virtually identical to residues of RAP74¢517 displayed significant differences
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B Mapping the Binding Site of T584R@nto the Structure
of RAP7436-517. To map the interaction site for the phos-
phorylated threonine in the central domain of FCP1 (T5834PO
onto the solution structure of RAP#A4 517, we computed
the differences iftH and >N chemical shifts between the
RAP7436-517/FCPX79-600 cOmplex and the RAP %4514/
FCPZX5-600 (T584PQ) complex. This analysis reveals that
2 out of 82 amino acid residues of RARZ#s;7 displayed
i significant chemical shift difference&\¢ > 0.07 ppm;Ad
'i $942P04 =[(0.17ANR)? + (AH\)?Y?) between the complexes. These
~ residues correspond to positions T470 and K498 of
K480 $944PO, K480 $944P0O, RAP7436-517. In addition, we observe 3 other amino acid
FicURe 9: Model of the interactions between RARZdsi, and residues of RAP74s-5:7 that displayed intermediate chemi-

FCPhay_o6s1 (S942PQ/S944PQ). Models were generated from the €@l shift changes (0.07 ppn Aé > 0.04 ppm;Ad =
NMR structure and constraints of the RARZés17/FCP X7 061 [(0.17ANR)? + (AHN)AYD between the two complexes.
complex as a starting point. In the models, the serines at position These residues correspond to K471, Q495 and 1496 of
942 and 944 of FCP1 were substituted with phosphoserines andRAP74436—517 When mapped onto the NMR solution struc-
constraints were added for the interactions between the lysines of ,
RAP74 and the phosphoserines as described in materials andure of RAP7435-517, we see that T470 and K471 are located

methods (A) Backbone trace of the RABZA’517 (green)/ at the beg|nn|ng Of the H2 he|IX, and reSIdueS Q495, |496
FCPb37-061 (S942PQS944PQ) (gold) model complex highlighting ~ and K498 are located at the end of the H3 helix (Figure 8B).

the interactions between the lysine amino acids of RARZ47 These two points are located on the opposite side of the
Eggzg/PKé/BS(g 4238) tgte thpehci)ﬁtpehr?asc?él(nBe) frehsif‘ﬁg dglf i;_@f%@é hydrophobic groove. Based on these results and analysis of
rotation of (A). ' the NMR structure of the RAP44-517/FCPX%79-961 COMpleXx,

we postulate that T584RCould either make an ion pair
(AS > 0.07 ppm:Ad = [(0.17AN)? + (AHn)Z¥2 between with K471, a hydrogen bond with T470, or both. Although
the complexes containing the mono-phosphorylated and thethe chemical shift data suggests a possible involvement of

diphosphorylated peptides. However, we did observe that twoK498 this possibility appears unlikely based on homology
amino acid residues of RAPZ4 sy, displayed inter-  With the structure of the RAP%4 s1/FCPL7o-061 cOMplex.

mediate chemical shift changes (0.07 pprAd > 0.04 ppm: The chemical shift changes at Q495, 1496 and K498 most

AS = [(0.17ANw) + (AHN)3¥?) between the two complexes, likely result from of a rearrangement of the hydrophobic
and these residues correspond to K476 and K480 of 9ro0ve between the H2 and H3 helices of RAR¢4,; to

RAP7 . Based on these results, we postulate that 2cCommodate the FCBA so0 (T584PQ) peptide. We are
5942:36%5;@3 an ion pair with K475 of RAPp74 whereas currently determining the NMR structure of th_e RARESs: 7/
S944PQ makes an ion pair with K476 and/or K480 of FCF79-600(T584PQ) complex to better define the role of
RAP74, and both these interactions likely contribute to the T584PQ

enhanced binding of FCP1 to RAP74. DISCUSSION

K475/S942P® and K480/S944P© lon Pairs in the

. In this manuscript, we examine the role of phosphorylation
RAP7436-517FCPla79-961 Complex Analysis of our NMR o hyman FCP1 by CK2. FCP1 contains numerous potential

structure of the RAP74s-517/FCP k79061 complex verified  c2 phosphorylation sites, and previous studies have clearly
that K475 was the closest lysine residue of RAP74 to S942 gpown that CK2 is capable of phosphorylating FCP1 in vitro

of FCP1 at a distance of 13 A, whereas K480 is the closest (35, 36). In an earlier study, it was shown that xFCP1 exists

distances are too large for an ion pair, the S942 and S9445|50 demonstrated that phosphorylation of XFCP1 by CK2
are located in an extremely flexible portion of FGRlss:  enhances binding to RAP74, leading to a stimulation of FCP1
and K480 is located in the highly flexible L2 loop of cTD phosphatase activity. Furthermore, a serine to alanine
RAP7436-517. Thus, it is highly conceivable that there is  muytation at residue 457 in XFCP1 lowers overall phospho-
enough mobility to make ion pairs between these lysines andry|ation of xFCP1 and leads to a significant inhibition of
the phosphorylated serines. To demonstrate that these twaCk2-enhanced FCP1 CTD phosphatase activity. Although
ion pairs are in fact possible, we modeled them into the these studies established a clear role for S457 in CK2
existing NMR structure of the RAPZ& 517/FCP k79961 enhancement of FCP1 CTD phosphatase activity, the CK2
complex. In the modeling calculations, S942 and S944 were phosphorylation site in FCP1 responsible for the increased
replaced with S942PPQand S944PQ In addition, we  RAP74 binding was not identified. Furthermore, S457 is not
included a distance constraint of 2.5 A between the side chaincontained within either of the two previously identified
H: protons of K475 and the oxygens attached to phosphorusRAP74-binding sites of FCP1, and therefore it is unlikely
of S942PQ, and a distance constraint of 2.5 A between the that its phosphorylation would enhance binding of RAP74
side chain H protons of K480 and the oxygens attached to to FCP1. In the second study, human FCP1 isolated from
phosphorus of S944RQIn these modeling calculations, all  baculovirus was also shown to exist in a phosphorylated state,
structural constraints, including the two new distant con- and CK2 was isolated as an FCP1-specific kinase from HeLa
straints, were not violated, and the resulting structure cell nuclear extracts3f). In addition, TFIIF (RAP30/RAP74)
demonstrated the feasibility of the K475/S942P&nd the was shown to be capable of activating the CTD phosphatase
K480/S944P@ion pairs (Figure 9). activity of the phosphorylated form of FCP1, but not the
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unphosphorylated form, and the phosphorylated form of result in enhanced binding to RAP74. It is clear that this
FCP1 was shown to be more active in stimulating transcrip- residue is phosphorylated when FCP1 is expressed in
tion elongation reactions then the unphosphorylated form. baculovirus 85). However it does not appear that this
Interestingly, elongation reactions conducted in the presencephosphorylation is carried out by CK2 unless the in vivo
of CK2 were inhibited. This inhibitory effect was FCP1- conditions in baculovirus with the full-length FCP1 are
specific, since CK2 added to elongation reactions in the significantly different than our in vitro conditions with
absence of FCP1 displayed no such inhibitory effect. In FCPXg,-610. S575 is surrounded by acidic residuesat
addition, human FCP1 isolated from the baculovirus system2,n+ 2,n+ 3,n+ 4,n+ 5,n+ 6, andn + 7, and there
was shown to be phosphorylated at S575 and S740 by masss a crucial acidic residue at the+ 3 position. Therefore,
spectral analysis. However, it was not determined if CK2 or under the simplest definition, S575 meets the minimal
an alternative kinase was responsible for phosphorylating requirements to be considered a potential CK2 site. However,
these serine residues, and it is not known if phosphorylationit is also clear from our results, in which we fail to see
of these sites has an important role in either enhancing FCP1phosphorylation of the FCRA-g61 and FCP 44607 peptides
CTD phosphatase activity or enhancing FCP1 binding to (Figure 3D), that other factors are very important for the

RAP74. CK2 phosphorylation site selection in addition an acidic
T584 is in the central domain of FCP1, and is located residue at positiom + 3.
within the FCP1-binding site for both Tat and RAP28) S942, S943, and S944 are located in the carboxyl-terminal

Phosphorylation of T584 could potentially play an important domain of FCP1, and this domain has been previously shown
role in regulating FCP1 activities associated with RAP74 to be important for interaction with RAP74 and TFIIBS
and Tat interactions. T584 is surrounded by acidic amino 16, 31, 33, 34). We have demonstrated that S942, S943, and
acids, with acidic amino acids locatedrat- 4,n — 3, n — S944 can be phosphorylated by CK2 in vitro and that
2,n—=1n+1n+ 2 n+ 3andn+ 4 (Figure 1A) sug- phosphorylation of both S942 and S944 is required for
gesting it is an ideal site for CK2 phosphorylation. We have maximum binding of FCP1 (FCBA-9s1) t0 RAP7436-517
demonstrated that CK2 is capable of phosphorylating FCP1following phosphorylation with CK2. Tandem FT-ICR mass
specifically at residue T584 in vitro and that T584 is the spectral analysis of a FCR1 g¢1 peptide revealed that the
predominant CK2 phosphorylation site within the central three phosphorylations occur in a semiordered fashion. We
domain of GST-FCPs2-610 In addition, phosphorylation of  do not observe a mixed population of diphosphorylated
T584 by CK2 leads to enhanced binding of F6R2%;9 to peptides, but instead phosphorylation of only S942 and S944
RAP7435 517 Preliminary NMR studies with a RAPZ#4-5:7/ and not S943. Furthermore, NMR analysis clearly indicates
FCPX79-600 (T584PQ) complex indicate that this enhanced that when FCPgs 961 is complexed to RAP74s-517, both
binding appears to be the result of T584RA@aking a salt S942PQand S944P@are in position to interact with lysine
bridge and/or hydrogen bond with the H2 helix of residuesin RAP74s 517 Based on changes in chemical shift
RAP7435-517. The hydrogen bond would form with residue  mapping, analysis of the NMR structure of the RAR¢417/
T470 of RAP7436-517, Whereas the salt bridge would be with  FCPX79-961 cOmplex, and modeling, we postulate that
K471 of RAP7436-517. FCPX79-961 CONtains a motif in the  S942PQ makes a salt bridge with K475 of RAP#44 517,
last 22 amino acids that resembles the motif found in and S944PPmakes a salt bridge with K480 of RAPE4 517.
FCPX9-600 In fact, it is possible to align the LXXLL-like It should be emphasized that the affected region of RAP74
hydrophobic motif found in FCR3s-600 (L593—L597), with is rich in lysine residues (K475, K476, K480, K481) and
the LXXLL-like acidic/hydrophobic motif found in FCR%-g61 the loop between the H2 and H3 helices is highly flexible.
(L957-M961). When the two motifs are aligned, D583 Thus, it is highly possible that all four lysines are important
aligns with D947 and T584Pfaligns with E948 (Figure  for the enhanced binding of FCP1 following phosphorylation
2A). In the NMR structure of the FCRA-96/RAP 74136517 either through formation of direct ion pairs or simply through
complex, D947 of FCP1 makes a salt bridge with K471 of electrostatic effects.
RAP74, and E954 of FCP1 makes a hydrogen bond with  Although a detailed kinetic analysis was not performed,
T470 of RAP74, whereas E948 of FCP1 is exposed to the it appears that following the initial phosphorylation primarily
solvent. If the positioning of the FCP1 helix in the at S942 (Figures 4 and 5), there is a rapid phosphorylation
RAP7435 517/FCPX79-061 and RAP74ss-517FCPX79-600 at the alternative position (S944 and S942) (Figures 6 and
(T584PQ) complexes were identical, then T584P@ould 7), and finally slower phosphorylation at S943. Successive
be solvent exposed and would not be able to enhance thephosphorylations have been observed in several other CK2
binding of FCP1 to RAP74. Our hypothesis is that the helix sites containing multiple serine residues, but there is currently
formed by FCP&ys 600 (T584PQ) when complexed with  no detailed analysis of the order of phosphorylation in these
RAP7436 517 is shorter and more flexible at the amino multi-phosphorylated sitess§). For the carboxyl-terminal
terminus then the helix formed by FCP1 in the F&R e/ domain of FCP1, it is still not completely clear as to what
RAP7436 517 complex allowing for T584Pgto make a salt  determines this highly ordered sequence of phosphorylation
bridge with K471. In addition, repositioning of the ion pair reactions but the positioning of acidic residue at the 3
may be required to allow the bulkier hydrophobic aromatic position is clearly important. If acidic residues were the only
residue (Y592) present in FCRd 600 (T584PQ) to be factors used to rank these three sites in order of preference
positioned in the hydrophobic groove of RAR7s17. There for CK2 phosphorylation 54), S944 would probably be
are no aromatic amino acids in FGPsLge1. considered the preferred site since it has acidic residues at
Based on these studies, it appears that S575 is not a major- 1 andn + 3, in addition to acidic residues at— 4 and
phosphorylation target for CK2 in vitro and it is difficult to n + 4. S942 would be the considered the second best site,
structurally explain how phosphorylation at this site could since this site has an acidic residuenat 3 in addition to
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acidic residues ah — 4,n — 3,n — 2,n + 5, andn + 6. identify phosphorylated peptides from the central domain
S943 would be the least likely site to be phosphorylated by containing T584, or peptides from the carboxyl-terminal
CK2, since it lacks an acidic residuerat- 3, but has acidic ~ domain containing S942S5944 following proteolytic diges-
residues abh — 4,n— 3,n+ 2,n+ 4, andn + 5. However, tion, presumably due to the acidity of these regions in FCPL1.
it does appear that acidic residues located on the amino-Itis certainly possible that these sites are not phosphorylated
terminal sides of the three serine residues may be crucialto a significant extent under normal cellular conditions, but
for determining the substrate specificity. If the three acidic may be heavily phosphorylated following special conditions
amino acids located on the amino-terminal side of the S942 such as stress or DNA damage as is the case wigh{$6).
S944 site are removed, the peptide (F&R3s1) is no longer Future studies are needed to address the in vivo physiological
a substrate for CK2 in vitro. Still, it is clear that the presence consequences and possible regulation of FCP1 by CK2 as
of an acidic residue at + 3 is an overriding factor and in ~ well as other kinases.

the case of FCP1, S942 and S944 are excellent sites for CK2
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