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Pinl contains an N-terminal WW domain and a C-terminal
peptidyl-prolyl cis-transisomerase (PPlase) domain connect-
ed by a flexible linker. To address the energetic and structural
basis for WW domain recognition of phosphoserine
(P.Ser)/phosphothreonine (P.Thr)- proline containing pro-
teins, we report the energetic and structural analysis of a
Pinl-phosphopeptide complex. The X-ray crystal structure of
Pinl bound to a doubly phosphorylated peptide (Tyr-P.Ser-
Pro-Thr-P.Ser-Pro-Ser) representing a heptad repeat of the
RNA polymerase 11 large subunit’s C-terminal domain (CTD),
reveals the residues involved in the recognition of a single
P.Ser side chain, the rings of two prolines, and the backbone of
the CTD peptide. The side chains of neighboring Arg and Ser
residues along with a backbone amide contribute to recogni-
tion of P.Ser. The lack of widespread conservation of the Arg
and Ser residues responsible for P.Ser recognition in the WW
domain family suggests that only a subset of WW domains can
bind P.Ser-Pro in a similar fashion to that of Pin1.

The WW domain is a 38—40 amino acid structural motif that
functions as an interaction module in a diverse set of signaling
proteinst. The modular nature of WW domain interactions lends
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Fig. 1 Overall architecture of human Pinl. a, Ribbon representa-
tion of the Pin1-CTD peptide complex. Residues 1-5 of Pinl are
visible in the electron density maps but not shown here for clari-
ty; residues 39-50 are disordered. Apostrophes distinguish the
WW domain colored purple from the PPlase domain colored blue.
The CTD peptide backbone is yellow. Residues of the CTD peptide
are labeled with primes. Atoms are colored according to type:
carbon, light gray; nitrogen, blue; phosphorus, black; oxygen,
red; sulfur, yellow. Dotted green lines depict hydrogen bonds.
b, Ribbon representation of the Pin1-PEG complex®®. c, Stereo
view of the SIGMAA weighted |2F, - F| electron density map con-
toured at 1.00 around the Tyr 23-Trp 34 clamp.
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itself to classification into five distinct groups based upon cur-
rent understanding of their binding specificity. Group 1 WW
domains, like those found in dystrophin and YAP65 (Yes kinase-
associated protein), recognize ‘PPxY’ motifs?2 where X is any
amino acid. Group Il WW domains, like those of FE65 and
formin binding proteins (FBPs), bind the ‘PPLP’ motifs. Group
111 WW domains, such as those found in a subset of FBPs, inter-
act with ‘PGM’ motifs. A fourth group, which includes the WW
domain of Pin1, specifically interacts with P.Ser-Pro or P.Thr-Pro
motifs®. The group V WW domains, including the WW domain
of FBP30, recognize Pro-Arg motifss’.

Pinl has been implicated in the regulation of a diverse set of
mitotically phosphorylated proteins, including Cdc25 (Cell divi-
sion control Cdc2 phosphatase), Mytl (Membrane-associated
Tyr/Thr Cdc2 inhibiting kinase), Weel (Cdc2 kinase), Plkl
(Polo-like kinase), and Cdc27 (refs 8-10), and also Tau''. In addi-
tion, Pinl and its homolog in Saccharomyces cerevisiae, Esslp,
have both been implicated in the regulation of the C-terminal
domain (CTD) of RNA polymerase 11 (Pol I1). Pinl’s regulatory
activity likely correlates with its ability to interact with this CTD,
as both Pinl and Esslp have been shown to bind directly and
preferentially to the phosphorylated form of the CTD215,
Phosphorylation of Ser 2 and/or Ser 5 of the multiple Tyr-Ser 2-
Pro-Thr-Ser 5-Pro-Ser heptad repeats found in the CTD of Pol Il
by cyclin dependent kinases (CDKs) initiates a cascade of tran-
scriptional, processing, and splicing events linked to the elongat-
ing polymerase’®7, Recognition of these multiple repeats by the
WW domains found in the E3 ubiquitin ligase, Rsp5 (reversion of
Spt phenotype) is negatively regulated by phosphorylationt. On
the other hand, Pinl and Esslp, which possess group 1V WW
domains, recognize and bind to the phosphorylated CTD.

Structural?® and functional® analysis of Pinl established that
Pinl’s C-terminal catalytic PPlase domain, which belongs to the
parvulin family of PPlases, catalyzes phosphorylation dependent
prolyl-peptide bond isomerization in P.Ser-Pro segments such as
those found in the CTD of Pol I1. More recent studies demonstrat-
ed that the Pin1 WW domain acts as the predominant P.Ser/P.Thr-
Pro binding motifS.
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Table 1 Dissociation equilibrium constants (uM) for Pin1l-peptide complexest

domain (see below). Finally, the partial shielding of

Labeled peptide Full-length Pin1 WW domain

PPlase catalytic domain

the hydrophobic WW domain peptide binding
interface from the surrounding solvent by the

WFYSPFLE (Pintide) > 540 N.d. N.d. . e
WFYpSPFLE (Pintide) 17420 44495 86411 PPlase d_omaln represents_the_ phy3|ol_og|cally rele-
VPRPTPV (Cdc25c-T48) 49411 27433 Nb. vant environment of the Pin1 interaction surface.
YLGPSPI (Cdc25¢-5168) 69 + 10 9130 > 400 This limited binding analysis divides P.Ser/P.Thr-
LYRPSPS (Cdc25¢-5214)  47+7.3 72115 > 500 Pro peptides into two affinity groups, possibly dis-
GSSpSPV (Wee1-5123) 73140 N, Nd. tinguished by a second Pro residue located at the -2
PPATPP (Myt1-T412) 12421 15447 Nb. position relative to P.Ser/P.Thr. To understand the
PPGPSPP (Myt1-5416) 80+ 18 126 + 21 N.b. phosphopeptlo_le binding interface on a structurgl
STSTPR (Myt1-T455) 46465 30 £ 12 Nb. level, we camed out an X-ray crystallographic
YSPTSPS (CTD) Nb. N.b. Nb. analysis of a Pin1-phosphopeptide complex.
YpSPTSPS (CTD-S2) 61+6.3 110 + 26 N.b. .

YSPTPSPS (CTD-S5) 30+3.9 34+59 > 500 Overall architecture

YpSPTPSPS (CTD-52/S5) 10+ 0.83 34+6.2 390 + 82 Crystals of Pinl bound to Tyr-PSer-Pro-Thr-

P.Ser-Pro-Ser were obtained from equimolar mix-

iErrors are deviations from theoretical binding isotherms. All peptides were derived from  tures of Pin1 and the doubly phosphorylated CTD
human proteins except for Pintide. N.b., no detectable binding; N.d., not determined. The peptide. The structure was solved by molecular

residues and phosphorylation sites are indicated with single letter amino acid codes and

numbered according to sequences appearing in public data bases.

replacement using the published model of Pin11®
and refined to 1.84 A resolution. The CTD phos-

Binding analysis

We measured the affinity of full-length Pinl and its isolated PPlase
and WW domains for peptides labeled at their N-termini with rho-
damine using fluorescence anisotropy. The measured dissociation
constants (Kg) range from 5-80 uM for full-length Pinl (Table 1).
The peptides were derived from proteins previously shown to
interact with Pinl. While the set of peptides examined is limited, a
consensus emerges from comparison of the highest affinity interac-
tions. The core binding element determined from this group of
peptides is Pro-Xaa-P.Ser/P.Thr-Pro, where Xaa cannot be Gly.
Surprisingly, the best binding sequences differ from the consensus
Pinl binding sequence of Trp-Phe-Tyr-P.Ser-Pro-Arg determined
using a degenerate PSer-Pro anchored peptide library®.
Furthermore, the dissociation constants roughly segregate into two
affinity groups. The lower affinity interactions are more typical of
other WW domain—peptide complexes, with K values > 50 pM.
The higher affinity interactions possess K, values < 35 pM.

For the Pol I CTD phosphopeptides, the degree of phosphory-
lation as well as the position of the P.Ser residues regulate their
affinity for Pinl. The monophosphorylated P.Ser 5 peptide, which
contains the minimal Pro-Xaa-P.Ser-Pro sequence, binds two-fold
more tightly to Pinl than the P.Ser 2 species, which lacks the N-
terminal Pro. Phosphorylation of both Ser 2 and Ser 5 results in
the highest affinity binding to full-length Pinl. Each of the P.Ser-
Pro sites in the doubly phosphorylated species contributes to the
observed binding. Both P.Ser 2 and P.Ser 5 are capable of binding
to the single phosphate binding site on Pinl’s WW domain, and
the higher apparent affinity of the doubly phosphorylated peptide
can, therefore, be accounted for in part by the additive affinities of
each monophosphorylated species. Furthermore, the moderate
affinity of Pinl’s PPlase domain for the doubly phosphorylated
peptide can account for some of the additional binding energy of
the doubly phosphorylated peptide for full-length Pin1.

Notably, full-length Pinl yielded higher apparent affinities in
equilibrium binding experiments than either the PPlase or WW
domains alone. This experimental observation may be partly due
to stabilization of the WW domain by interactions with the Pinl
PPlase domain. Furthermore, the PPlase domain in full-length
Pinl ensures that both P.Ser-Pro peptide bonds in the doubly
phosphorylated Pol 11 CTD peptide sample the cis and trans con-
formational states on a fast time scale, thus affording a continuous
supply of the all-trans peptide for association with the WW
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phopeptide resides in the cavity separating the
PPlase domain from the WW domain and contacts residues on
the concave surface of Pinl’s WW domain (Fig. 1). The Pinl
PPlase domain does not contribute to the peptide binding inter-
face in this crystal form. Additional complexes with longer pep-
tides and proteins will be necessary to completely describe the
contribution of each domain to target recognition.

Two conformational differences exist in the current Pinl-pep-
tide co-crystal structure when compared to the other reported
structure without a peptide bound to the WW domain®®. The first
difference resides in the PPlase domain. A 70° rotation of the B1/al
(residues 64-80) catalytic loop results in an open conformation of
the PPlase domain’s active site. Arg 68 and Arg 69, which confer
preferential binding of phosphorylated substrates to the Pinl
PPlase domain, now reside well outside of the proline ring binding
pocket formed by His 59, Cys 113, Leu 122, Met 130, Phe 134, and
His 157 (Fig. 1a,b). In this static view, a crystal packing interaction
maintains this open architecture. This orientation of the f1/a1 cat-
alytic loop likely reflects the inherent mobility of this selectivity fil-
ter in solution when not engaged with a bound phosphopeptide.

The second conformational difference occurs in the Pinl WW
domain and results in an exaggerated twist in the triple-stranded
antiparallel B-sheet. This twist is coupled to a contraction of the
concave WW domain ligand binding surface around the extend-
ed CTD peptide. The upper third of 2" and [33', together with
the $2'/B3' turn, moves downward over the N-terminal half of
the CTD peptide. This movement positions Arg 14 and Phe 25in
van der Waals contact with Pro 3 of the CTD peptide and Ser 32
within hydrogen bonding distance of the backbone carbonyl
oxygen of Thr 4 on the CTD peptide. The lower portions of the
B1" and 2" strands, together with their connecting loop, pivot
upward, positioning Ser 16 and Arg 17 within hydrogen bonding
distance of the phosphate on P.Ser 5 of the CTD peptide. The
complete phosphate binding module of the Pinl WW domain
encompasses the side chains of Ser 16, Arg 17, and Tyr 23 and the
backbone amide of Arg 17. A bound water molecule mediates the
hydrogen bond between Tyr 23 and the P.Ser 5 phosphate
(Fig. 2a,b). The Tyr 23-Trp 34 aromatic pair spatially defines the
pivot point for all of these structural changes.

The aromatic rings of these residues align edge-to-face to form a
clamp that accommaodates the backbone atoms of Thr 4 and P.Ser 5
and the ring atoms of Pro 6 of the CTD peptide (Fig. 1c). Finally,
the Ser 7 side chain hydroxyl group forms a hydrogen bond with
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Fig. 2 The Pin1-CTD peptide binding interface. a, Ribbon diagram
of the Pin1 WW domain bound to Tyr-P.Ser-Pro-Thr-P.Ser-Pro-Ser
depicted after a 90° rotation around a vertical axis from the view
shown in Fig. la. This view is looking onto the concave WW
domain peptide binding surface opposite the PPlase domain. The
carbon atoms of the CTD peptide are colored gold to distinguish
them from the WW domain side chain atoms. The water molecule
mediating Tyr 23-phosphate contacts is shown as a cyan sphere.
Hydrogen bonds are shown as green dotted spheres. b, Molecular
surface representation of the WW domain-peptide interface ren-
dered after a slight rotation around the vertical axis from the view
depicted in (a). The solvent accessible surface for the Pin1 WW
domain residues was calculated in GRASP33, and the acidic and
basic residues colored red and blue, respectively. ¢, Schematic and
energetic view of the Pinl-phosphopeptide complex. Pinl
residues are purple and CTD residues black. Residues participating
in van der Waals contacts are highlighted with gold and the
extended van der Waals surfaces appear as dotted gold curves. C
Hydrogen bonds are shown as dashed green lines. In the case of
the S16H and W34H mutants, some of the apparent binding is
likely being contributed by the PPlase domain. Residues are given
in the single letter code. Values in parentheses represent devia-
tions from theoretical binding isotherms.

the protonated indole nitrogen of Trp 34 (Fig. 2a). Tyr 1and
P.Ser 2 of the CTD peptide exhibit a greater degree of flexi-
bility, which is reflected in their weak electron density. The
entire peptide binds as an extended coil, with both P.Ser-Pro
peptide bonds in the trans configuration. Modeling of either
peptide bond in the cis configuration results in steric pertur-
bations at the ligand binding interface that would likely
result in a loss of peptide binding. These steric factors are
most pronounced around the P.Ser 5-Pro 6 segment, which
is sequestered by the single phosphate binding site on the WW
domain and by the Tyr 23-Trp 34 clamp. While the phosphate on
P.Ser 2 is not in direct contact with the WW domain, Arg 14 and
Phe 25 both restrict the P.Ser 2-Pro 3 peptide bond to the trans
configuration (Fig. 2b). Shorter aliphatic side chains at either of
these positions could accommodate a cis peptide bond at this site.
This three-dimensional view supports the idea that WW domains
have an extended contact surface that can recognize a maximum of
five consecutive polypeptide residues.

Energetic significance of protein—-peptide interactions
To investigate the energetics of the WW domain peptide binding
interface, the affinities of a limited series of Pin1 mutants for the
doubly phosphorylated CTD peptide were measured by
fluorescence anisotropy (Fig. 2c). The most energetically important
phosphate interaction constitutes the electrostatic contact
observed crystallographically between the side chain &-guanido
group of Arg 17 and the phosphate moiety on Ser 5 of the CTD
peptide. Replacement of Arg 17 by Ala results in a six-fold decrease
in binding affinity. In R17A Pin1, the remaining hydrogen bonds
between the phosphate on Ser 5’ and the side chain hydroxyl group
of Ser 16, the backbone amide of Ala 17, and the water mediated
contact with the Tyr 23 hydroxyl moiety may provide an interface
for the lower affinity binding of the phosphopeptide (Ky =63 uM).
Emericella nidulans Pinl contains an Asn residue in place of
Arg 17 (Fig. 3a). While neutral, the amide side chain at this posi-
tion can act as a hydrogen bond donor for the P.Ser residue.
Therefore, WW domains possessing neutral hydrogen bond
donors at positions equivalent to 16, 17, and 23 in Pinl may pro-
vide an energetically acceptable interface for P.Ser/P.Thr-Pro
recognition. The fourth WW domain (WW4) of the HECT
(homologous to E6-AP C-terminus) domain containing ubiqui-
tin ligase WWP1 (WW domain protein 1) contains a conserved
Thr-Arg segment homologous to Ser 16 and Arg 17 of Pinl
(Fig. 3a). Preliminary binding analysis of recombinant WW1,
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WW3, and WW4 of WWP1 with the doubly phosphorylated
CTD peptide demonstrates phosphorylation dependent binding
only to WW4 (M.A.V. and J.P.N., unpublished observations).

In addition to the group IV WW domains, several phospho-
protein binding domains exist, including Src-homology Il
(SH2), phosphotyrosine binding domain (PTB), STYX
(phosphoserine/threonine/tyrosine-binding  protein), SCB-
binding factor (SBF), 14-3-3, and forkhead associated (FHA)
domains?t. These domains are each structurally distinct, but all
of them utilize Arg residues for the recognition of phosphate on
P.Ser, P.Thr, and P.Tyr?2-24 side chains.

Mutations of the other two side chain hydrogen bond donors,
Ser 16 and Tyr 23 to Ala and Phe, respectively, each result in a
2.5-fold decrease in binding affinity. These thermodynamic
measurements correlate with the observed structure of the
Pin1-CTD interface and are consistent with the loss of charged
and neutral hydrogen bonding residues in the R17A, S16A, and
Y23F mutants. Probable steric blockage of the phosphate bind-
ing pocket by the S16H mutant significantly perturbs binding.

Trp 34 constitutes one of two conserved Trp residues found in
nearly all WW domains described to date. Together with Tyr 23,
this aromatic pair organizes around the Thr 4 and P.Ser 5 back-
bone, and Pro 6 of the CTD peptide. Replacement of Trp 34 by
Phe or Ala causes a six-fold and 18-fold reduction in binding
affinity, respectively. The W34A mutant result is consistent with
the reduction of side chain volume at position 34 that results in a
substantial shrinkage of the interaction surface with the CTD
peptide’s backbone and the pyrrolidine ring of Pro 6. All Pinl
homologs described to date include one additional residue in the
turn linking 1" and B2’ (Fig. 3a). This unique structural feature
of group IV WW domains may facilitate the conformational
change in the B1'/B2' turn that is necessary for the formation of
the phosphate binding pocket. Structural and energetic analysis
of both deletion and insertion mutants of the 1'/32" loop in a
set of WW domains is currently in progress.
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a B] ! BZ' B3' Fig. 3 Representative WW domains. a, Sequence
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14 1617 23 25 32 34 bers correspond to the first residue on each line

h Binl> G« ELPFPPOAWEERERMER IS GRVY YPNHEHITHASEQWEREZa for each of the 15 WW domains. Green boxes

Sc Esegl» 10+ GLP T PFPW TVREYSESERKREYFFNPETEHSEQWEETPEG delineate residues participating in phosphate

@ Deado: f*QLEDGWERRTSRATON AW YLNNYTEERSQWDOPTE coniacts. Shaded orange boxes define residues

Zrn SXITIONEIEMERSSoRVEYIEEITEASOEZTTSS partipatingnvander Waalscontactwith o3

BYAPES> 172 PLEAGWEMAKT 88 -3 QRYFLNHEIDQTTTWQADPEFRE of.the CTD_pep.tlde. Orange boxes highlight

B Dyst> 3956+ S VO GPWHERAISEN - KVPl Yl THHETOQTPCIWDHEEFEN reSIduescpntrlbutlngtothevand_erWaaIssurface

Sc RspS-WWls 231. - LEPOWERRTOMNP -oRTYYVDENTRTTTWERESPTL Sequestering the backbone of residues 4-6 as well

ScRepS-wwW2z> 333 ELPSGWEQRFTEBE-GRAYFVDENTRTTTwvVDEPRER asthe pyrrolidine ring of Pro 6. Light blue boxes

Sc Rop5-wWd> 388« F LFBEGWEMRLINT-ARVYFVDHENTERTTTWDRDPRL define residues participating in additional hydro-

mHNECDA-WWl> 246« P LE PGWEERQDVL - GRTYYVHHESRERTQWERPSF genbondswiththeCTDpeptide_Residuespartici-

mNEDD4-WW2>» 402« GLPPGWEEEKEQDDR -GRS3 Y YVDHNSETTTWSKPTH pating in more then one class of interactions are

m NEDD&-WW3> 457 PLEPOWEERTHTD-GRVFFINHENIEETQWEDPRL gutlined and color coded as described above.

howwel-wid> 497+ PLEFEGWEIRYTRE-GVRYFVDENTRTTTFEDPRYE | phman: sc, saccharomyces cerevisiae:
h FESS> 43« DLFAGWHNRVODT & --GT Y YWHIFTGTTUOUWEPFFGR

P6
~Zps
N

N-GTPPPRYTV.C N-GTPPPPYTV-C

Surprisingly, mutations of either Arg 14 or Phe 25, which con-
tribute to the observed binding interface, result in enhanced bind-
ing affinities when replaced with shorter chain aliphatic residues
commonly found in group I WW domains. The interface formed
by each of these side chains with Pro 3 of the CTD peptide is less
extensive than the interface formed by the Tyr 23-Trp 34 pair sur-
rounding Thr 4, P.Ser 5, and Pro 6 of the CTD peptide. Mutations
at either position 14 or 25 would be expected to result in only mod-
est energetic perturbations. Structural analysis of the R14A Pinl
mutant without a peptide bound to its WW domain shows that the
WW domain in this mutant exists in the conformation described
for the current Pinl-phosphopeptide complex rather than the
conformation seen in the wild type Pinl structure® (M.AV. &
JP.N., unpublished observations). Therefore, the enhanced bind-
ing affinity observed for the R14A mutant might be due in part to
stabilization of the pre-organized peptide binding interface of the
Pin1 WW domain in the absence of peptide ligands.

d, Drosophila; m, mouse; En, Emericella nidulans.
b, Stereo views of the Ca traces of the Pin1-phos-
phopeptide complex (top) and the YAP65-‘PPxY’ peptide complex (bot-
tom)? aligned with Pinl’s WW domain. The figure is labeled and color
coded as in previous figures. The backbones of the WW domains are now
shown as coils. The arrow in the bottom panel depicts the movement
necessary to bring the ‘PPxY’ containing peptide into alignment with the
CTD peptide bound to Pinl. The numbering scheme for YAP65 refers to
the human sequence. Coordinates of the YAP65-'PPxY’ peptide com-
plex2s were kindly provided by M. Sudol.

Xaa-Pro peptide bonds. Pin1 WW domain mutants like R14A,
F25L, F25V, and F25A, may be capable of binding either the cis or
trans isomers of the P.Ser 2-Pro 3 and P.Ser 5-Pro 6 peptide bond,
and this could partly account for the higher apparent affinities of
the R14A, F25L, F25V, and F25A mutants for the CTD peptide.
Finally, the energetic contribution of residues at positions 14 and
25 towards peptide and protein recognition may also depend on
the length of the bound polypeptide. Structural and energetic
analysis of these Pinl mutants with bound peptides of varying
lengths and with proteins capable of spanning both Pinl domains
will be necessary to provide a more complete structural and ener-
getic view of this subset of WW domain-ligand interfaces.

Comparison with other WW domains

The NMR derived structure of the YAP65 WW domain in com-
plex with a ‘PPxY’ containing peptide? displays a structurally dis-
tinct binding interface from that of the CTD peptide-Pin1 WW
domain complex (Fig. 3b). While this difference may reflect dis-
tinct and orthogonal mechanisms for ligand recognition by
group I and group IV WW domains, the recent structural analysis
of the dystrophin WW domain in complex with a ‘PPxY’ contain-
ing peptide argues against this conclusion for group I and group
IV WW domains?. Modeling the peptide bound to YAP65 in a
manner similar to that observed in the Pin1-CTD complex
results in a peptide orientation superimposed on the extended
binding interface observed for Pinl. However, the direction of the
polypeptide chain is reversed. This orientation is consistent with
that of a ‘PPxY’ peptide bound to the dystrophin WW domain.
However, even though Pinl and dystrophin bind their respective
ligands in opposite directions, apart from Pinl’s ability to bind
phosphopeptides, the chemical features of both peptide binding
interfaces are nearly identical®. The capacity of WW domains to
bind protein ligands in a bi-directional manner is consistent with
the dystrophin WW domain structure and is reminiscent of the
alternative binding modes utilized by SH3 domains?.

Conclusion

In addition, Arg 14 and Phe 25 in wild type Pinl impose strict The picture that emerges is of a rather limited WW domain con-

selectivity for a trans peptide bond between P.Ser 2 and Pro 3 of the
CTD peptide. In solution, Pro-containing peptides like the CTD
peptide populate both the cis and trans configurations around
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tact surface that relies on a set of energetically modest side chain
interactions, none of which is absolutely essential for ligand
binding. Rather, the summed contributions of the WW domain

nature structural biology ¢ volume 7 number 8 » august 2000
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Table 2 Crystallographic data, phasing,
and refinement information

Wavelength (A) 0.98

Resolution range (A) 62.02-1.84
Observations 293,095
Unique reflections 17,107
Completeness! (%) 97.3(98.2)
1/gt 21.5 (4.3)
Rym®2 (%) 6.2 (33.7)
Reryst® / Rree? (%0) 23.1/27.1
Protein atoms 1,235
Water molecules 151
Peptide atoms 39
R.m.s.deviations

Bonds (A) 0.029

Angles (°) 2.6
Average B-factors

Protein (A2) 27.3

Water (A2) 36.0

INumbers in parentheses are for the highest resolution shell.

2Rym = Z|ly - <Ip>| / ZI,, where <I,> is the average intensity over symmetry
equivalent reflections.

3Reryst = Z|F, - Fe| / ZF,, where summation is over the data used for refine-
ment.

“Rfree Was calculated using 5% of data excluded from refinement.

recognition of polypeptide ligands spanning five consecutive
amino acid residues together with interactions contributed by
additional modular domains and longer polypeptide targets like-
ly contribute to target selection in WW domain containing pro-
teins such as Pinl. This study, together with other structural?
and functional studies of WW domains, demonstrate how the
WW domain architecture provides a platform on which varying
polypeptide specificities are built.

Methods

Protein purification and crystallography. His tagged Pinl was
expressed and purified by Ni*?>-chelation chromatography, the His
tag was removed by thrombin digestion, and the protein purified as
described®®. All site directed mutants were constructed using the
QuikChange (Stratagene) protocol and purified like wild type Pin1.
Crystals of the Pinl-phosphopeptide complex were grown in hang-
ing drops at 4 °C by mixing 1.0 pl of the Pinl-peptide complex with
1.0 pl of a reservoir solution containing 100 mM 3-(N-morpholino)-
2-hydroxy propane sulfonic acid (MOPSO)-Na* (pH 7.0), 28% (v/v)
PEG 8000, 2 mM dithiothreitol (DTT). The resulting crystals were sta-
bilized in 100 MM MOPSO-Na* (pH 7.0), 25% (v/v) PEG 8000, 20%
(v/v) glycerol, 1 mM DTT, and rapidly frozen in a 100 K stream of
nitrogen gas. A native data set extending to 1.84 A resolution was
collected at the Stanford Synchrotron Radiation Laboratory, beam-
line 9-1 (A = 0.98 A). Data were processed with DENZO and scaled
with SCALEPACK?". The crystals contain one Pinl-peptide complex
per asymmetric unit and belong to space group P2,2,2, (a=35.27 A,
b =4390 A, c=124.66 A, a = B =y = 90°. The structure of the
Pinl-phosphopeptide complex was solved by molecular replace-
ment using AMORE?® and the coordinates for the previous Pinl
monomer model®®. The resulting model was then positionally
refined against all the data between 62.02 A and 1.84 A using the
default bulk solvent model in CNS with maximum likelihood tar-
gets?®. After refining the rebuilt model, water molecules were
added automatically using CNS and edited manually in O3%. This
model consists of residues 1-38 and 51-163 of human Pinl, the
entire phosphopeptide, and 151 water molecules (Table 2). Model
quality was checked with PROCHECK3!. A total of 91.7% of the
residues are in the most favored regions of the Ramachandran plot,
6.8% in the additional allowed region, and 0.8% in the generously
allowed region. Glu 5 borders the generously allowed region.
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Binding analysis. CTD peptides were obtained commercially
(SynPep Corporation). All other peptides were synthesized manually
using standard procedures and purified by reverse phase chro-
matography. Lyophilized peptides were dissolved in 25 mM HEPES-
Na* (pH 7.5), 100 mM NaCl, 1 mM DTT and stored for short periods
of time at -20°C. Peptides were labeled with the amine reactive
reagent tetramethylrhodamine-5-(and-6)-isothiocyanate (Molecul-
ar Probes, Inc. Eugene, Oregon) using a 2:1 molar ratio of rho-
damine to peptide in 0.1 M sodium bicarbonate (pH 9.0) at ambient
temperature for 10 h. Fluorescence data were collected on a PTI
Alphascan spectrofluorimeter (Photon Technology Instruments,
Santa Clara, California). Dissociation equilibrium constants for
Pinl-peptide complexes were determined by measuring the change
in fluorescence anisotropy of a set of peptide solutions at constant
concentration of peptide, each of which contained varying concen-
trations of Pin1 using the procedure described32.

Coordinates. Coordinates for the Pinl-phosphopeptide complex
have been deposited in the Protein Data Bank (accession code 1F8A).
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