Biochemistry2001,40, 84798486 8479

Phosphorylation of RNA Polymerase Il CTD Fragments Results in Tight Binding to
the WW Domain from the Yeast Prolyl Isomerase Essl
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ABSTRACT. The yeast prolyl isomerase, Essl, has recently been shown to interact via its WW domain
with the hyperphosphorylated form of the RNA polymerase Il C-terminal domain (CTD). We have
investigated folding of the Ess1 WW domain and its binding to peptides representing the CTD by circular
dichroism and fluorescence. Ess1 WW folds and unfolds reversibly, but in the absence of ligand is only
marginally stable with a melting temperature of k®. The WW domain is stabilized by the addition of
anionic ligands, namely, chloride, inorganic phosphate, phosphoserine, and phosphorylated CTD peptides.
Dissociation constants were measured to be @ «M for CTD peptides phosphorylated at one serine,

and 16-21 uM for peptides with two or more phosphorylated serines. Weaker or no affinity was observed
for nonphosphorylated CTD peptides. There is surprisingly little difference in the affinity for peptides
phosphorylated at Ser 2 or Ser 5 of the consensus repeat, or for peptides with different patterns of multiple
phosphorylation. The binding of Ess1 to phosphorylated CTD peptides is consistent with a model wherein
the WW domain positions Essl to catalyze isomerization of the many-{8erpeptide bonds in the
phosphorylated CTD. We suggest that cis/trans isomerization of prolyl peptide bonds plays a crucial role
in CTD function during eukaryotic transcription.

The carboxy-terminal domain of the largest subunit of of isomerization 10). Ess1 and its human homologue, Pin1,
RNA polymerase Il (CTD) plays a dominant role in  are specific for phosphorylated SePro or Thr-Pro bonds
regulating mRNA production in eukaryotes<{6). The CTD in model peptidesi(l, 12. Prolyl bond isomerization could
is an essential domain that consists of multiple repeats of aobviously affect the binding of other proteins to the P-CTD.
highly conserved seven amino acid consensus sequenceEssl may also catalyze the isomerization of prolyl bonds
YSPTSPS. The yeast CTD consists of 26 repeats, whilewithin other proteins bound to the P-CTD, for example,
higher organisms have up to 52 repeats. The CTD is subjectphosphatase48—16) or pre-mRNA processing factors{—
to extensive phosphorylation during transcription, particularly 21). Genetic evidence strongly implicates Ess1 in pre-mRNA
on serines at positions 2 and 5 of the repegt CTD 3'-end formation and other transcription-related evehgs (
phosphorylation correlates with the transition between tran- 22). It is becoming generally accepted that most RNA
scription initiation and elongation, and thus may be involved processing occurs co-transcriptionally, with the P-CTD
in transcriptional regulation. During elongation, the hyper- serving to coordinate both process8s 4, 6.
phosphorylated CTD (P-CTD) facilitates and controls pre- Ty crystal structures of Pin1, a human isomerase highly
mRNA processingg, 4, 6, §. _ homologous to Ess1, have been published by Noel and co-

An essential yeast peptidyl prolyl isomerase, Ess1, h_asworkers @3, 24 (Figure 1A). The structure features 2
been shown to bind the phosphorylated CTD (P-CTD) via gomains: a 120-residue isomerase domain containing the
its WW domain ). Binding to the P-CTD would position  4cive site, and a small, 40-residue WW domain. The WW
Ess1 appropriately to influence P-CTD-mediated events, Suchyq the isomerase domains are connected by a flexible linker
as pre-mRNA processing. Localization of Ess1 to the P-CTD \yhich is disordered in the crystal structur23( 24. Ww
suggests that the many pSétro peptide bonds are substrates  gomains are smalj3-sheet proteins that bind proline-rich
for Essl, and the protein catalyzes isomerization of theseargets and mediate proteiprotein interactions. Named for
bonds. It is known from studies on small peptides that 14 conserved tryptophan resides, WW domains are found
phosphorylation of serine increases the ratio of cis/trans many proteins of diverse functior2§, 26. Previous
isomers in SerPro peptide bonds and slows down the rate gy,dies have investigated the binding of WW domains to
various proline-rich ligandsi@, 27-32), and the WW
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(A.L.G.) and GM45322 (T.G.O.). . _ : :
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E-mail: oas@biochem.duke.edu. the folding and unfolding of the isolated yeast Ess1 WW
! Abbreviations: CD, circular dichroism; CTD, C-terminal domain  domain by using thermal denaturation monitored by circular
of RNA polymerase II; P-CTD, hyperphosphorylated form of CTD; — gichroism. We have also studied the binding of CTD-related
EDTA, ethylenediaminetetraacetic acid; HPLC, high-performance liquid . . . . .
chromatography; PAGE, polyacrylamide gel electrophoredis; ligands by circular dichroism and fluorescence. We find that

midpoint of thermal denaturation curve. multiple phosphorylation sites on CTD peptides are required
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for tight binding, and observe a surprisingly low degree of CTD peptides were ordered from SynPep, except for
discrimination between different phosphorylation patterns. CTD,; and CTDQ>>%Pwhich were synthesized by the Peptide

Synthesis Facility, New York State Department of Health,
MATERIALS AND METHODS and were a generous gift from Steven Hanes (SUNY,

Albany). Purity was checked by analytical reverse-phase

The sequence encoding the Ess1 WW domain (residuesyp| ¢ ‘and the peptides were either purified by reverse-phase
1—-49) was cloned into the pTCLEH expression vec&8)( HPLC on a Vydac G semi-prep column using a water/

by PCR. This vector has a leader TrpLE peptide that causes,ceonitrile solvent system or used without further purifica-
the overexpressed product to accumulate in inclusion bodies 4, A peptides except the three-repeat peptides had
A single methionine residue between the WW domain and 5cetyiated N-termini and amidated C-termini. Peptide mo-

TrpLE allows cleavage of the protein from the leader by |ecyjar weights were confirmed by electrospray mass spec-
cyanogen bromide. The TrpLE leader has aslthsg), which trometry.

ﬁ:?ﬁgf;ﬁfﬁf@ﬁeoﬁ(@ié?qa/?ﬁ\;var}gstr?ﬂe dwx\é Sgnms?g:ngg da Circular Dichroism. WW domain stock solutions were
: P P made in water (50&M to 1 mM). Protein concentrations

into BL21(DE3) E. coli, and cultures were grown in LB ; . L -
. N - . were measuredi6é M GuHCI with an extinction coefficient
media to an Ol of 0.8 at 37°C with shaking, and then of 13 940 Mt cm™! at 280 nm 87). Peptide stock solutions

induced with IPTG. and'grown a further 4 h'. Cellg WETE \were made in water, and the concentrations were measured
harvested by centrifugation and resuspended in lysis buffer.

(50 mM Tris, pH 7.8, 1 mM EDTA, 25% sucrose) so that in 6 M GuHCI at 276 nm using tyrosine absorbance.
the volume of buffer added was 20% (Wiv) of the cells CD spectra were collected on an Aviv model 202 circular

Lysozyme was added to 1 mg/mL, and the suspension Wasdichroism spectropolgrimeter, equippgd with a Peltier tem-
perature controller, with 1.0 nm bandwidth and an averaging

mixed and placed on ice for 30 min. To this suspension were .
added MgC! (to 10 mM), MnCh (to 1 mM), and DNase | time of 20 s at each wavelength. One millimeter path length

. : : ; tz cells (Hellma) were used, with a® protein, and a
(to 50ug/mL); again, the suspension was mixed and placed 943 .
on ice 30 min. The addition of 2 volumes of ice-cold Puffer of 20 mM potassium phosphate, pH 7.0, 100 mM KClI.
detergent buffer (200 mM NaCl, 1% deoxycholate, 1% Near-UV CD spectra were collected at a protein concentra-
Nonidet P40, 20 mM Tris, pH 7.8 '2 mM EDTA) follovx;ed tion of 1 mg/mL in 1 cm quartz cells, with a buffer of 20
The solution was mixed and centrifuged at 5@& 15 min ml\él cacogyicate, pH 750’ 100 mM NahCI. Bulffer tl)lanks were
at 4°C to collect the inclusion bodies. The pelleted inclusion SuPtracted from each spectrum. Thermal melts were per-

bodies were then washed by resuspension in the following fo_rmbed_'n al _cmpath Iengt_h quartz ceIIAwghﬁa me;g;gtic
solutions followed by centrifugation at 509@or 10 min: St'l\r/l ar, zr?tem clgr;cgntranon vgasC/BJl. ’ ud eré)d g
once with 0.5% Triton X-108- 1 mM EDTA, once with 1 MM cacodylate, pH 7.0, was used. Centrifuged and degasse

mg/mL deoxycholate- 1 mM EDTA + 1 mg/mL lysozyme samples were equilibrated at low temperature for 15 min
twice with 1 mg/mL deoxycholate- 1 mM EDTA, and 4’ before each run, then for 1 min at each subsequent temper-
times with water ’ ature followed by 30 s of data collection. Thermal melts were

Washed inclusion bodies were dissolved in 10 mL of 70% fit to the equation:
formic acid. The leader sequence was cleaved from the WW .
domain by adding 500 mg of CNBr (Sigma) (dissolved in vy = (a+bT) + (c+ dT) exp[AHQ/T — 1/T,)/R]
70% formic acid). The solution was incubated at room 1+ exp[AH(L/T — 1/T)/R]
temperature for 30 min. The formic acid and CNBr were
then drawn off with a rotary evaporator located in a fume whereY is the observed ellipticitya andb are the intercept
hood and fitted with a liquid nitrogen trap. and slope of the pre-transition baselireand d are the

Dried product from the cleavage reaction was dissolved intercept and slope of the post-transition baseliigis the
in 6 M GUHCI/20 mM Tris, pH 8.0, adjusted to pH 8.0 with melting temperature (transition midpoind),is the absolute
NaOH, and applied to a 15 mL Ni-NTA-agarose (Qiagen) temperature, angis the gas constand®). For thermal melts
column previously equilibrated with the same buffer. The of the protein in the presence of CTD peptides, a melt of
flow-through, which contained the WW domain, was col- the CTD peptide alone was subtracted from the data in order
lected. The leader was washed off the column with 6 M to control for the contribution of the CD signal of the peptides
GUHCI/20 mM Tris/200 mM imidazole, pH 8, which also to the curve.
prepared the column for subsequent reuse. The WW- FluorescenceFluorescence measurements were made on
containing flow-through (ca. 30 mL) was loaded directly onto an SLM-Aminco Bowman Series 2 Luminescence Spec-
a 400 mL Sephadex G10 (Pharmacia) column and elutedtrometer. Square 1 cm path length quartz cuvettes were used
with 5% acetic acid. This serves primarily as a desalting step with a protein concentration of 8M. Emission scans were
to remove GuHCI. Lyophilization of the protein followed, recorded using an excitation wavelength of 278 nm, in a
and the resulting solid was dissolved in 3 mL of 5% acetic buffer of 20 mM potassium phosphate, pH 7.0, 100 mM
acid and loaded onto a 300 mL Sephadex G50 (Pharmacia)NaCl. For titrations, a buffer of 20 mM cacodylate, pH 7.0,
column that had been equilibrated with 5% acetic acid. 100 mM NaCl was used. Samples were thermostated at 25
Fractions containing the WW domain were combined and °C with an attached water bath. Aliquots of a stock solution
lyophilized. Purity was checked using analytical reverse- of titrant were added to the stirred solution, equilibrated for
phase HPLC and SDSPAGE. The molecular mass was 5 min, and the fluorescence emission was monitored at 340
determined to be 5170 Da by electrospray mass spectrometrynm for 1 min. The average signal was then corrected for
in agreement with the expected molecular mass. dilution. Titrations were fit to the equation:

(1)
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F=Fyg+ {(Q+ LV KJ/K)(F, — Fo}/
{1+ (A +[LVKIKY} (2 A

whereF is the observed fluorescendg, is the fluorescence

of the denatured proteilf, is the final fluorescence, [L] is
the free ligand concentratiol,, is the equilibrium unfolding
constant, andy is the dissociation constant of the ligand
(39). The equilibrium unfolding constank,, was fixed in

the fits to a value determined from the CD thermal
denaturation curve in the absence of ligand. The free ligand
concentration [L] is found from

[NL] = {[P]tot+ [L] tot + (Kd + KuKd) -
{([P]t0t+ [Ltot] + (Kd + KuKd))2 - 4[P]t0t[|—] tor} 1/2} 12

where B
5000
[L] =[L] o — [NL] 3 '
where [Py is the total protein concentration and {.Jis _ 0
the total ligand concentration. "'E ]
RESULTS % 5000
Initially we focused on the folding and stability of the Ess1 g ]
WW domain monitored by circular dichroism (CD). TheCD ® 400004
spectrum of native Ess1 WW features a minimum-200 r

nm and a maximum at 228 nm (Figure 1B), consistent with ]
other WW domain proteins3d). WW domains are typically -15000 —————
three-strandeg-sheets (Figure 1A); the lack of a charac- 20 z0 220 290 240 20 260
teristic S-sheet signal is probably due to the abundance of wavelength (nm)

: : ; - Ficure 1: (A) Structure of the Pin1 WW domain bound to a P-CTD
aromatic residues, which can make a strong contribution to peptide £3): the WW domain is shown as a ribbon diagram, and

the CD spectrum in the range of 23335 nm @0, 4]). Since the peptide ligand is shown in ball-and-stick representation. The
the maximum at 228 nm disappears when the protein is figure was generated using MOLSCRIPBO[. (B) Circular
denatured at high temperatures (Figure 1B), it is likely the dichroism (CD) spectra of Ess1 WW domain: folded 400(open
maximum arises from asymmetric environments of the Sguares), unfolded at 8 (closed circles), and rescanned &th
tryptophan or tyrosine residues in the native state of the ng/r being unfolded and scanned at#D(crosses). Greater than

. . . 6 reversibility is observed.
protein. Lowering the temperature after the high-temperature
scan resulted in a spectrum that overlays the original low- 1500
temperature CD spectrum, indicating that the folding and 100017
unfolding are highly reversible. This reversibility is in ]
contrast to many othet-sheet proteins, which are generally
prone to aggregate when thermally denatured.

The temperature dependence of the CD signal at 228 nm
is shown in Figure 2. This thermal denaturation curve is
sigmoidal, indicating a cooperative unfolding transition. The
fit to a two-state native (N)= denatured (D) unfolding model
is shown; however, rigorous evidence for two-state unfolding

500

2 -1
0,58 (deg cm® dmol™)
&
Qo
o
N

has not yet been obtained (see below). The domain is partially -2000

native and partially denatured at room temperature, with a 22500 F e
fitted thermal transition midpoint in cacodylate buffer, pH o 1o 20 30 40 50 60 70 80
7.0, of 19.1°C. The enthalpy change upon denaturatitdH, temperature (°C)

is small (18 600 cal/mol), typical of small protein domains Ficure 2: Thermal denaturation of Ess1 WW domain followed
(42). This marginal stability under our experimental condi- by CD at 228 nm. The solid line is fit to eq 2, giving a melting
tions may not be significant functionally, as the WW domain temperature of 19.1C and an enthalpy of unfolding of 18.6 kcal/
could be stabilized in vivo by interactions with the isomerase
domain of Ess1, or by binding of anionic ligands (see below). They suggested the presence of an aromatic cluster in the
Future investigations of the full-length Essl protein will denatured state of YAP WW, and that this cluster could be
reveal the extent of thermodynamic and functional interaction a general mechanism by which WW domains avoid aggrega-
between the two domains. tion. We used near-UV CD, which is sensitive to the
Koepf et al. observed a residual near-UV CD signal when environment of aromatic residues in proteins, to probe the
the YAP WW domain was unfolded in denaturan®sf)( structure of Ess1 WW domain. Figure 3 shows scans of 1
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FiGURe 3: Near-UV CD scans of the WW domain: folded a&t@  FIGURE 5: Stabilization of the native WW domain by small

(closed squares), unfolded at 80 (open squares), and unfolded anions: thermal denaturation monitored by CD at 228 nm in 20

in 5 M guanidine hydrochloride (open circles). mM cacodylate buffer (closed squares),_plus 1mM phosphose_nne
(open squares), 100 mM NaCl (open diamonds), 20 mM sodium

[ L R B B BN I phosphate (open triangles), or 100 mM sodium phosphate (open
1+ 1 circles). Solid lines are fits to eq 1 (Materials and Methods).
aog '
R0 ] — : :
08 - *%Eg 7 Table 1: Binding of CTD Peptides to Ess1 WW Donfain
@@ ] peptide  sequence AT, (°C)*  Kq (M)
Q r 4
=2 086 o, e
E [ a@ : 1234567
E [ é@ i CTD, YSPTSPSYSPTSPSYSPTSPS 662  N.D.
0.4 4
2 . ég++ 1 CTDy>» TSPSYSPTS 8.0£0.6  76:4
g [ 1
L oo L 9£§£+ | ] CTD SPTSPSYSP 5941 98+18
Bant . ] CTD,, SPTSPSYSPTS 0.7:t0.7 ND.
BBaAE, @Té*éﬁﬁr
o @E@“Mf CTD, SPTSPSYSPTS 9.8:0.6 6711
1 | | P 1 | SR i
D, 6.4+0.6  79:13
0 10 20 30 40 50 60 70 80 CTD SPTSPSYSPTS
temperature (OC) CTD, > SPTSPSYSPTS 25.810.5 21£3
CTD, 2% TSPSYSPISPSYSP 25.240.5  16%2

Ficure 4: Fraction of native protein versus temperature followed
by three different probes: far-UV CD at 228 nm (open squares), CTD,’** YSPTSPSYSPTSPSYSPTSPS 25.9:0.6 1742
near-UV CD at 272 nm (open triangles), fluorescence emission at
340 nm (plus signs). a Peptides labeled according to length (subscript) and phosphorylation
o state (superscript). Peptide sequences in single-letter amino acid code.
mg/mL WW domain in cacodylate buffer, folded at low The numbers above the CFDsequence indicate the traditional

temperature and unfolded 5 M guanidine hydrochloride numbering of residues in the CTD repeat. Outlined S denotes
or by high temperature (8@C). The native protein shows a phosphorylated serine. 21-residue peptides had free N- and C-termini;

: . : all other peptides had termini blocked with acetyl and amide groups,
pronounced maximum around 272 nm, which disappears respectively? Difference in fitted melting temperature from CD thermal

upon l_JnfoIding With_temperature or guanidine hydrochloride. genaturation curvesT|,(504M peptide)— Tn(0 «M peptide)].¢ Fitted
No evidence of residual structure is observed, and thereforedissociation constant from titrations followed by fluorescence.

aromatic clustering is apparently not present in the denatured
state of Ess1 WW domain. evidence for two-state folding. Further studies by NMR will
Essl WW domain has a strong fluorescence signaturebe carried out to address this question.
resulting from the two tryptophan residues. Fluorescence Ligands that bind the native state of a protein more tightly
emission scans show a maximum at 340 nm (excitation atthan the denatured state stabilize the native state relative to
278 nm), while scans of the unfolded protein show a reducedthe denatured statd4). Thermal denaturation curves of the
fluorescence signal, with a shift of the emission maximum WW domain obtained in the presence of NaCl, phosphate,
to 350 nm (data not shown). We followed thermal denatur- and phospho-Ser are shown in Figure 5. Binding of these
ation using fluorescence emission at 340 nm; the resulting anions resulted in higher melting temperatures, although the
curve was nearly superimposable on those derived from near-apparent enthalpy of the transition was still low, and the
and far-UV CD (Figure 4). It is important to determine curves remain broad. WW domain binding to CTD peptide
whether a two-state model can adequately describe thefragments, corresponding to sequences of varying length and
unfolding of the WW domain. Coincidence of multiple phosphorylation state (see Table 1), was investigated by
spectroscopic probes of denaturation is usually taken asperforming CD thermal denaturation of the WW domain in
evidence of a two-state transitio#s3). The curves in Figure  the presence of these peptides. The CD spectrum of each of
4 have similar midpoints; however, the fluorescence curve the peptides alone was consistent with random coil structure
deviates somewhat from the other two at high and low (data not shown), although the peptides had some CD signal
temperature, possibly a sign of the presence of intermediateat 228 nm [see also4f)]. This signal as a function of
states. In any case, the tryptophan residues are likelytemperature was subtracted from the respective thermal
dominating all three probes, and therefore even exactdenaturation curves. Thermal denaturation curves of the WW
coincidence of the denaturation curves would be weak domain, free and in the presence of @@ CTD peptides,
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Ficure 7: Direct titration of the WW domain monitored by
fluorescence. Representative titration curves with inorganic phos-
phate (closed circles) and CT£ peptide (open squares). Solid
2 lines are fits to eq 2.
=
g Since at 25°C the domain is 70% denatured, titration with
g ligands at room temperature results in linked folding and
i binding phenomena:
Kd Ku
N-L=N+L=D+L

where N represents native WW domain, D represents
denatured WW domain, and-N represents native WW
FIGURE 6: Stabilization of the native WW domain by (A)d4- domain bound to ligand. Therefore, we fit titration curves

residue CTD peptides: thermal denaturation monitored by CD at to an equation that takes both folding and binding into

228 nm in 20 mM cacodylate buffer (closed squares), plugd0  account 89). The apparent equilibrium constant for the
CTDxy4 (plus signs), CTIPP (open circles), CTR®P (open triangles), reaction written above is Kby, with
CTD¢? (closed triangles), CTR?" (closed diamonds), CT{$2P

temperature (°C)

(open squares), or CTl#°P (crosses). (B) 21-residue, 3-repeat CTD K..,= ([N] + [N-L])/[D]
peptides: thermal denaturation of the WW domain in 20 mM app
cacodylate (closed squares), plus/8@ CTD,;(open circles), or = {[NJ/[D](1 + [LV/ Ky}

50 uM CTD;,>5%P (open triangles). Solid lines are fits to eq 1.
o , o =[Q+ LI/ KY/K ] (4)

are shown is Figure 6A,B. The native WW domain is
significantly stabilized by micromolar concentrations of where [L] is the free ligand concentratidf, is the unfolding
phosphorylated peptides (Table 1). The four singly phos- equilibrium constant, andy is the ligand dissociation
phorylated peptides increase the melting temperature byconstant.
6—10°C. There is only a slight preference for bindingto a  For this analysis, we have assumed that (1) ligands do
phospho-Ser at position 2 of the repeat over position 5. not bind to D, (2) the binding occurs with 1:1 stoichiometry,
Multiple phosphorylations further increase the binding af- and (3) there is a two-state unfolding transition (see above).
finity; the three peptides with more than one phosphate We have fit the titration data to a standard binding equation
increase the melting temperature b5 °C. Surprisingly, using the above definition oK (see Materials and
no difference in affinity is observed among the three, despite Methods). It is impossible to decougg andK4 and obtain
differences in number and location of phosphorylation. The independent values by fitting a single titration curve.
nonphosphorylated peptides, Cliland CTD;, show con- However, it was possible to use the thermal denaturation
siderably weaker binding than the equivalent-length phos- curve in the absence of ligand (Figure 2) to determine the
phorylated peptides; in fact, the denaturation curve in the unfolding equilibrium constant at 25C (K, = 1.39), and
presence of the 11-mer is indistinguishable from the buffer- use this value as a fixed parameter in the titration fits.
only curve. Representative fluorescence titration data are shown in

Direct titration of ligands into solutions containing the WW  Figure 7 for inorganic phosphate and Cii peptide. The
domain was carried out using fluorescence as a probe.fitted dissociation constant for phosphate is 16 mM. Fitting
Fluorescence emission intensity at 340 nm was followed asthese data with a stoichiometry of= 2 or higher results in
a function of ligand concentration. Information from struc- residuals which increase in magnitude and are nonrandom;
tural studies and mutagenesis indicates that one of thetherefore, we have assumed a 1:1 stoichiometry for phosphate
tryptophans is buried in the hydrophobic core and is required and the other ligands as well. Fitted dissociation constants
for folding, while the other is required for ligand binding are tabulated in Table 1 for the peptides studied. The data
(23, 33. Thus, it is likely that both folding and binding of are generally consistent with the CD denaturation curves.
the ligand contribute to the change in fluorescence signal. The four singly phosphorylated peptides hakeg values
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between 67 and 98M. There is a slight preference for somewhat more strongly than CT£, particularly as this
binding to peptides with phospho-Ser 2 over peptides with result was replicated with two similar peptides: G¥Fband
phospho-Ser 5, although the difference is not dramatic. The CTDg>?. On the other hand, it is probably more significant
peptides with two or three phosphates all have higher affinity, that phosphorylation at either Serd2 Ser 5yielded peptides

in the range of 1621 uM. Curiously, titration with the with about the same affinity, indicating a lack of strong
nonphosphorylated peptides CTiDand CTDQ: causes a  discrimination. This same conclusion can be drawn from the
decrease rather than an increase in the fluorescence signadimilar binding behaviors of the peptides with two or three
(not shown). This decrease could be indicative of a different phosphates, which have very different patterns of phospho-
mode of binding that quenches the fluorescence of Trp 38, rylation. Thus, our data suggest that the presence of multiple
and cancels out the fluorescence enhancement resulting fronphosphates is more important for tight binding than is either
folding. The weak affinity and small signal change prevent selection between Set@nd Ser S5phosphorylation locations,
precise measurements of the binding constants in this casegr a specific pattern of phosphorylation. As a consequence,
In our CD measurements, CEDapparently increased the Ess1 can bind the P-CTD effectively despite the hetero-
Tm by 6.6°C, indicating a higher affinity than suggested by geneous or changing phosphorylation that occurs in vivo.
fluorescence, whereas CI{3howed no evidence of binding  The WW domain of Ess1 may have evolved to bind multiple
by CD. The CTD; and CTDQ:>>* peptides have relatively  sites along the hyperphosphorylated CTD with similar

large intrinsic CD signals at 228 nm. The shift in the CD affinity. In this case, each consensus CTD repeat would have
thermal denaturation curve in the presence of giTiDay two possible pSer-Pro binding sites.

result from an artifact caused by subtracting this large
intrinsic signal. Alternatively, the negative charge on the
unblocked C-terminus of CTR may mimic a phosphoryl-
ation and allow some affinity for the WW domain. In any
case, both the fluorescence and CD results point to a
significant increase in CTD affinity for Ess1 WW domain
upon CTD phosphorylation.

The structure of Pinl (the human homologue of Essl)
bound to a single repeat, doubly phosphorylated CTD peptide
(YpSPTpSPS), has been publish&d)( Inspection of the
crystal structure (Figure 1B) does not provide an obvious
explanation of the enhancement of binding affinity resulting
from multiple sites of phosphorylation. The peptide adopts
an extended conformation, and both-SBro bonds are trans.
DISCUSSION The most extensive peptide/protein contacts are between the

WW domain and the C-terminal half of the peptide (there

Ess1, the only prolyl isomerase known to be essential in are no contacts between the peptide and the isomerase
yeast, has recently been identified as a protein that specif-domain of Pinl). Trp 34 (Pinl numbering) and Tyr 23 of
ically binds the phosphorylated CTD via its WW domain the WW domain both contact Prd §prime numbering
by affinity-matrix and far-western analysi8)( The results indicates conventional CTD repeat numbering) and provide
presented here for purified Ess1 WW domain are consistenta hydrophobic binding pocket. The phosphate on Starfns
with these observations. WW domain-mediated targeting of a hydrogen bond/salt bridge with Arg 17, and also hydrogen
Essl to the P-CTD would position Essl effectively to bonds to a buried water molecule, which is in turn hydrogen
catalyze the cis/trans isomerization of the many p$to bonded to the side-chain hydroxyl of Tyr 23. In contrast,
peptide bonds in the P-CTD. Because factors that bind tothe phosphate on Set @oes not contact the protein, and
the P-CTD may discriminate between cis and trans proline the closest basic groups, Arg 14 and Arg 17, are 4.7 and 6.6
bonds, catalysis of the normally slow isomerization reaction A away, respectively. From inspecting the structure alone,
may be necessary to expedite factor binding. Another one would predict that peptides phosphorylated at Ser 5
possibility is that Ess1 catalyzes proline isomerization in would have the same affinity as one phosphorylated at Ser
other P-CTD binding factors. 5 and Ser 2 Indeed, in solution studies of the Pin1 WW

In addition to biochemical data, genetic evidence supports domain, the peptide YSPTpSPS had the same affinity as
arole for Essl in transcription-related events. For example, YpSPTpSPS+30 uM, (23)], suggesting that phospho-Ser
mutations in Essl cause defects in pre-mRNAei3d 2" was not important in the binding interaction. This result
processingX2). Moreover, six suppressors of Essl temper- is consistent with the crystal structure but differs from our
ature-sensitive mutants were recently isolated in ye&8t ( results. There may be several possible explanations. The CTD
Five of the six are transcription-related, and the sixth protein peptide sequence used in the Pinl study is moderately
is cyclophilin A, another prolyl isomerase. Thus, genetic different from our peptides. The studies of Verdecia et al.
evidence strongly links not only Essl but also isomerase utilized heptapeptides with the single tyrosine residue at the
activity to transcription. Mutations in the WW domain can N-terminus. Our studies utilized peptides with tyrosine
lead to defective Essl proteing2j, perhaps by impairing  residues and phosphorylated serines in more central positions
the binding of Essl to P-CTD. (Table 1), containing a -SPSY- sequence not present in the

In our in vitro binding studies, the 11-residue peptide, Tyr-terminated heptapeptide. This sequence, similar to the
SPTSPSYSPTS (CTf), showed little evidence of interact-  -PPXY- recognition motif in other WW domaing9), may
ing with the WW domain unless serine residues preceding be involved in the binding of our peptides. Another pos-
proline residues were phosphorylated. The introduction of sibility is that the structure of the Ess1 WW binding site is
phospho-Ser at the fourth or eighth amino acid of SPTSP- substantially different than the WW domain of Pinl.
SYSPTS, corresponding to Seréhd Ser 2of the consensus ~ However, the identity of the residues in the apparent binding
repeat YSPTSPS (the prime indicates conventional repeatsite is conserved between Essl WW and Pinl WW, with
numbering), produces peptides that clearly bound the WW one minor exception: Argl7 of Pinl is a Lys in Essl.
domain. It may be significant that CTEP peptide bound Certainly our data imply that the doubly phosphorylated
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along the P-CTD, either to catalyze pS&ro bond isomer-

domain in a more complex manner than suggested by theization or to act on other P-CTD-bound proteins.

Pinl crystal structure. Nor can we eliminate the possibility

that peptides bind to Essl WW in the opposite N- to ACKNOWLEDGMENT

C-terminal orientation, as exemplified by the binding of a
peptide to the WW domain of dystrophidq, 47.
Our unexpected binding results may indicate that the Ess1

We thank Steven Hanes for the three-repeat CTD peptides

and Homme Hellinga for the use of his fluorometer.
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