Protein Sciencé2000, 9:2366—2376. Cambridge University Press. Printed in the USA.
Copyright © 2000 The Protein Society

Evolution of binding affinity in a WW domain
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Abstract

The WW domain is an approximately 38 residue peptide-binding motif that binds a variety of sequences, including the
consensus sequence XPPxY. We have displayed hYAP65 WW on the surface of M13 phage and randomized one-third
of its three-stranded antiparallgtsheet. Improved binding to the hydrophobic peptide, GTPPPPYTW®/1), was

selected in the presence of three different concentrations of proteinase K to simultaneously drive selection for improved
stability as well as high-affinity binding. While some of the selected binders show cooperative unfolding transitions,
others show noncooperative thermal unfolding curves. Two novel WW consensus sequences have been identified, which
bind to the xPPxY motif with higher affinity than the wild-type hYAP65 WW domain. These WW domain sequences

are not precedented in any natural WW domain sequence. Thus, there appear to be a large number of motifs capable of
recognizing the target peptide sequence, only a subset of which appear to be used in natural proteins.
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An ever-increasing number of cellular processes have been showyes-associated proteifnYAP) WW domains, WWPXa ubiquitin
to involve protein—protein interactions. However, these inter-ligase homologug and Nedd4(Linn et al., 1997; Mosser et al.,
actions are mediated by relatively few protein binding modules 0f1998; Lu et al., 1999 Group Il WW domains bind to sequences
which Src homology region SH2), Src homology region 8SH3), containing stretches of prolines interspersed by an occasional leu-
pleckstrin homologyPH), PDZ, phosphotyrosine-bindindTB), cine residugPPLP motif), for example, the WW domain of the
WW domains, and forkhead-associat€tHA) domains, have been neural protein FE65 binds a PPLP sequence contained in the Mena
characterized most extensive(fPawson & Scott, 1997; Sudol, protein(Ermekova et al., 1997 Group IIl WW domains, such as
1998; Liao et al., 1999 Each of these domains generally demon- FBP21(Bedford et al., 1998 recognize stretches of proline resi-
strates a unique binding specificity. For example, the SH2 domaimues that are also rich in methionine and glycif&M motif).
binds to ligands containing a phosphotyrosine residue followed byGroup IV WW domains, such as PIN1 and again Nedd4, bind to
a hydrophobic residue at positioh3 (Zhou & Cantley, 1995 sequences containing a phosphoserine or phosphothre@nine
whereas SH3 domains recognize sequences containing a PXX& al., 1999. Finally, group V WW domains, which include FBP30
motif, typically RX®PXXP and PXPPXR (X is any amino acidg but also again FE65 and FBP21, recognize stretches of proline
is a hydrophobic residyéFeng et al., 1994; Lim et al., 1994The residues that are rich in arginii®ro-Arg motif) (Bedford et al.,
WW domain, however, has already been shown to recognize &000.
least five distinct binding motifs. As a result, WW domains are Four structures of WW domains, from hYAMNMR), PIN1
now being classified according to their binding specifi¢lspanel  (X-ray), FBP28(NMR), and YJQ8 NMR) have been determined
& Sudol, 1999. The so-called group | WW domains recognize (Macias et al., 1996, 2000; Ranganathan et al., 199fe four
sequences of the type PPXY, and examples include the humastructures are very similar, comprising a snia#i. 34—38 residye
three-stranded antiparall@-sheet, which presents a cup-shaped
Reprint requests to: William F. DeGrado, Department of Biochemistryw1d|ng sgrface. The Strl.JCture of the h.YAP WW domain was ob-
and Biophysics, University of Pennsylvania, School of Medicine, Phila-t2ined with the ten-residue polypeptide GTPPPPYTVG, com-
delphia, Pennsylvania 19104; e-mail: wdegrado@mail.med.upenn.edu. plexed to the concave face of tBesheet. This polypeptide sequence

Abbreviations:WW, Trp-Trp domain; CD, circular dichroism; hYAP, was isolated using a functional screen of an expressed mouse
human Yes associated protein; GST, glutathione-S-transferase; SDS-PAGEpNA library (Chen & Sudol, 1995

sodium dodecylsulfate polyacrylamide gel electrophoresis; WW1, peptide . .
with the sequence GTPPPPYTVG; SIP, selectively infective phage; PK A recent study has shown that a single point muta(latd0W)

proteinase K; SubA, subtilisin A; MALDI-TOF, matrix-assisted laser de- in the group I WW domain of hYAP shifts its specificity to mimic
sorption ionization—time of flight; ES, electrospray. that of the group Il WW domain of FE6&Espanel & Sudol, 1999
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The specificity of the group Il WW domains thus appears to be A
determined by three consecutive aromatic residues in the secor
B-strand of the WW domain. Their search for a shift in specificity
was, however, limited to saturation mutagenesis of just two aminc
acid positions, both of which interact directly with the tyrosine
residue of the PPxY motif. In this study, we have constructed a
phage-display library of the WW domain from hYAP, containing
eight randomized residues. This library was used, in part, to selec
for the optimal WW domain sequence that binds to the probe
peptide GTPPPPYTVG. Our results show that the wild-type YAP
WW is not optimized for tight binding to the PPPPY sequence.
Instead, we found that two potential previously unidentified WW
consensus sequences bind with up to 56-fold higher affinity to the
probe.

Due to its small size, the binding of the WW domain to its ligand

is likely to be heavily influenced by the folding and stability of the B

WW domain. To probe this possibility, we used the same phage

library to select for GTPPPPYTVG binding in the presence of

increasing concentrations of proteinase K, a method used prev !

ously to select for the improved stability of a protékristensen
& Winter, 1998; Finucane & Woolfson, 1999; Jung et al., 1999

Results

Residues E6 to S57 of the three-stranded antipaygd#tieet of the
WW domain of hYAP65(human Yes associated protgiwere
displayed on the N-terminus of the gene Il coat protein of M13PL9
bacteriophagéFig. 1). Eight contiguous residug¥'28 to Q395,
which comprise one-third of the entifg-sheet, were fully ran-
domized in a library that represents 1% of all possible permuta-
tions (Fig. 1). The chosen residues contribute significantly to both
the stability of the WW domain and to the ligand binding proper-
ties of the proteirfMacias et al., 1996 Residues Y28 to N31 form
the majority of the centrgB-strand(Fig. 2), while residues H32,
133, D34, and Q35 approximateng-a;-a, -, loop (7-turn motif)
(Rajashankar & Ramakumar, 1996; Gunasekaran et al.,) }6i97

ing strand 2 to residue T36 in the thigistrand. Residue F29 is
involved in an important hydrophobic contact with 17, which, in
turn, contacts P14 and P42, to form the hydrophobic core. Resi
dues Y28, L30, and H32, along with the nonrandomized W39 an%
T37, form the hydrophobic binding patch op t.he opposite face OA: Top view, with WwW1 shown in light blue, and the WW domain shown
the B-sheet. The structure of the WW domain in complex with then red. B: Side view, with the eight randomized residues shown in green.
peptide WW1(GTPPPPYTVG has been determined previously The WW1 peptide is shown in blue, with the peptide tyrosine residue in
(Macias et al., 1996 Residues L30, H32, and possibly Q35 make Yellow.

ig. 2. Structure of the wild-type WW domain bound to WW1 peptide.

contacts with the peptide tyrosyl residue 'YWhile residue Y28
forms a hydrogen bond to the carbonyl group of .Pighe library

of WW domains was designed, therefore, to provide a selection for
improved binding as well as stability.

To select for binding to the WW1 peptide, it was first im-
mobilized on a streptavidin coated well, using EZ-iik an
N-hydroxysuccinimidyl ester derivative of biotiNHS-SS-Biotin,
Pierce, Rockford, lllinois This allowed the peptide to be dis-
played up to 24 A away from the streptavidin protein surface.
Furthermore, the linker contained a disulfide bond, which allowed
us to specifically elute the phage that interacted with the peptide,
MI3PLOWW M13WWsIP using dithiothreitol(DTT) (Fig. 3.

Fig. 1. Construction ofA) the M13WWPL9 vector an(B) the M13WWSIP To select for thermodynamic stability of the WW domain while
vector. retaining its WW1 binding properties, a short wash with a protease

A signal WW-gly-gly-gly-ser gl B signal gl M WW gl c

Ken | BamH

M13mp18({Mcol)
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1. Incubate WW-domain phage library -

2. Incubate with Protease K or buffer.
15 mins. 4 °C - | ww
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Fig. 3. Biopanning against the WW1 peptide. WW1 is biotinylated using
EZ-link™ (Pierce and immobilized on a streptavidin coated well surface.
Captured phage are incubated with 0, 0.013, or @dAmL proteinase K,
50 mM Tris-Cl, 100 mM NaCl, 2 mM C&DAc),, pH 8.0, washed eight
times then eluted specifically by incubating with 20 mM reduced DTT.

was included in the selection stégristensen & Winter, 1998;
Finucane & Woolfson, 1999; Jung et al., 1998everal proteases
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or subtilisin A (SubA) (Fig. 4). The percent of phage recovered
was normalized to the ddi® experiment, as each protease re-
quired very different buffers. SubA was not a useful protease, as
it digests both M13WWSIP and the wild-type M13mp18. Papain
did not affect M133mp18, but reduced the recovery of
M13WWSIP to around 50%relative to ddHO). However, the
addition of 100 uM WW1 did not influence the recovery of
M13WWSIP. Finally, PK showed the same nondigestion behav-
ior as papain toward the wild-type M13mp18 phage, but the
recovery of M1I3WWSIP was only 0.7% in the absence of WWL1.
This recovery is markedly improved to 17% upon addition of
100 uM WW1. The experiment was repeated for PK, at increas-
ing concentrations of WWL1. Figure 5 shows that the increase in
recovery of the M13WWSIP phage does not occur until the
WW1 peptide concentration reached 100/, approaching the
dissociation constant for bindin@ee within. Thus, the binding

of the WW1 peptide increases the global stability of the WW
domain, thereby increasing its resistance to PK.

Biopanning with increasing PK concentrations

The library of WW domains was panned against immobilized

peptide WW1(Fig. 3), including a 15 min pulse, at°€C, of one

of three different PK concentrations. The changes in phage re-
covery after each of six rounds of biopanning are shown in

Figure 6. At all three concentrations of PK, the libraries con-

were evaluated using a second phage, M13WWSIP, which cornverge by round 6, at approximately a 100-fold increase in re-
tained the WW domain fused between the N- and C-terminal docovery. One subtle trend is in the round at which the recovery

mains of the genelll proteigplll) of M13mp18(Fig. 1B). The
N-terminal domain of plil is essential for the infection B&che-
richia coli by M13 bacteriophagéKrebber et al., 1997 There-
fore, proteolysis within the new selectively infective phd&§&P)
construct leads to a noninfective phage particle.

The M13WWSIP phage and the wild-type phadé13mp18,
both in the presence and absence of LAOWW1, were incubated
for 15 min at £C, with either ddHO, proteinase KPK), papain,
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Fig. 4. Effect on recovery of 10< 10% pfu/mL phage incubated with
different proteases for 15 min a’@. (Solid) M13mp18 phage incubated
with protease or watefHatched M13mp18 phage incubated with 1M
WW1 peptide, and protease or wat€Bpotted M13WWSIP phage incu-
bated with protease or watdBlank) M13WWSIP phage incubated with
100 uM WW1 peptide, and protease or water. ProtK contains @.gAnL
proteinase K, 50 mM TrigCl, 100 mM NaCl, 2 mM C&DAc),, pH 8.0.
Papain contains 0.144g/mL papain, 50 mM glutamic acid, 100 mM
NaCl, 1 mM CaC}, pH 6.6. SubA contains 10@.g/mL subtilisin A,
50 mM Tris-Cl, 100 mM NaCl, 1 mM CaGl pH 7.5.

increase is first observed. In the absence of PK, the increase in
recovery converges at round 5. In the presence of the highest
concentration of PK(0.13 wg/mL), the increase in recovery
converges at round 4. This trend suggests that the proteinase K
adds to the overall selection pressure, forcing an earlier elimi-
nation of background binding and an earlier convergence of bind-
ing species. The sequences of the mutants obtained from round
six are shown in Table 1. Clones containing identical amino acid
sequences were always encoded by identical DNA sequences,
suggesting that multiply isolated clones were siblings.
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Fig. 5. Effect of titration of WW1 peptide on recovery of 18 102
pfu/mL M13WWSIP phagé ) or M13mp18 phagé+), incubated with
0.13 pug/mL proteinase K, 50 mM TrisCl, 100 mM NaCl, 2 mM
Ca(OAc),, pH 8.0 for 15 min at 4C.
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Fig. 6. Changes in the recovery of phage, for six rounds of biopanning
against WW1, with exposure to increasing concentrations of proteinase Kfig. 7. Far-UV CD spectra of 5QuM of the WW domains in buffer A,

for 15 min at £C. pH 6.0. Wild-type WW (0), mutant 1(squarey mutant 3(also PK2
(diamond$, mutant PK2(X), mutant PK3(crosses and mutant PK4
(triangles.

Expression and purification of WW mutants

All mutants of the WW domain were overexpressed as GST fusiodnum at~206 nm and a positive ellipticity maximum &232 nm
proteins and purified as described in Materials and methods, ex-Fig. 7). The spectra of the mutantgBK1 and PK4 share these
cept mutant 2. This mutant gave two closely running bands in theharacteristics. By contrast, mutants PK2, 1, and PK3 show a
3 to 6 kDa region of an SDS-PAGE gel, after cleavage of the GSTminimum at increasingly longer wavelengths of 208, 210, and
fusion with thrombin, suggesting that the new sequence is susce@l2 nm, respectively, possibly indicative of increasing content of
tible to thrombin cleavage. B-structure. Further, the PK2 lacks a clear maximum near 232 nm

in its spectrum. Interestingly, mutants 1, PK2, and PK3 also failed

to show cooperative unfolding transitiofsee below; Table)2
Circular dichroism spectra

The far-UV CD spectra of wild-type WW and the mutants are Fluorescence spectra
shown in Figure 7. The spectrum of wild-type WW has been
characterized previouslyKoepf et al., 1999 and is thought to
represent an ensemble Bfsheet and random coil, with a mini-

Wild-type WW has a maximum fluorescence emissiorna¢1 nm,
indicative of partially exposed Trp side chains. Mutan{$R1

and PK4, which showed CD spectra closest to the wild-type, sim-
ilarly resemble the wild-type in their fluorescence spe€ti@ble 2.

By contrast, mutants 1, PK2, and PK3 all show a maximum emis-
sion redshifted to~355 nm. These mutants also contain a larger
number of Trp residues along their binding face. The longer wave-
length is indicative of more solvent exposed tryptophan residues
(the emission maximum for N-acetyl-tryptophan in 20 mM phos-

Table 1. Sequences obtained from the sixth round of
biopanning, for all three proteinase K concentrations

Clone Sequende ( ngrﬂ_)b NE{E,?S; of phate buffer, pH 7.0, is at 355 nthakshmikanth & Krishnamoor-

thy, 1999). The mutants 1, PK2, and PK3 display fluorescence
wt YFLNHIDQ emission maxima similar to the wild-type WW domain, even though
1 WEEGWRWG 0 P they contain three additional tryptophan residues. This suggests
2 WAWSQPRW 0 2 that on average, the tryptophan residues have similar solvent-
3 GSEFWEDRW 0 2 exposure in mutants 3, PK1, PK4, and the wild-type protein, but
PK1 GSFWEDRW 0.013 2 are nearly fully exposed in the mutants 1, PK2, and PK3.
PK2 GWWHGREW 0.013 6
PK3 WRDSWPQW 0.013 2 Dissociation constants (§ for the binding of NACWW1
PK4 SGFRERFW 0.13 2 to the WW domains

The binding of xPPxY ligands to the wild-type WW domain results
Sequence of residues 28 to 35 of the WW domain. in an enhanced fluorescence emission of the prdt€oepf et al.,
bConcentration of proteinase K in 50 mM Tr&l, 100 mM NaCl, 2 mM 1999. This behavior was expected to extend to our WW mutants,

Ca(OAc),, pH 8.0, added for 15 min at°C. . . .
°Number of mutants with given sequence. Ten clones were sequence nce they all contain the two wild-type tryptophans, plus one to

from each experiment. The clones not shown contained deletions of ththree more on the binding surface. Although mutants PK2, PK3,
WW domain region. and PK4 gave similar increases in fluorescence to wild-type upon
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Table 2. Summary of dissociation constantsyfKapproximate change in,§ and cooperativity of unfolding

# Trp [PK] Kq [Omin] @ Amax ATy Cooperative Consensus

Clone residued (ng/mL)P (uM)© (deg cnt dmol™t) (nm) cc)f unfolding? type?
wt 1 n.af 188+ 4 206 341 0 Yes
1 3 0 n.d. 210 355 n.a. No A
2 4 0 n.d. n.d. n.d. AB
3 2 0 102+ 21 207 346 0 Yes B
PK1 2 0.013 102t 21 207 346 0 Yes B
PK2 3 0.013 37+ 16 208 359 n.a. No B

4 0.013 3.3+ 1.3 212 355 n.a. No A
PK4 2 0.13 98+ 9 207 341 2.0 Yes B

aThe number of Trp residues along the binding surface of the WW domain, at positions 28, 32, 35, 39.

bConcentration of proteinase K in 50 mM Tri&l, 100 mM NaCl, 2 mM C&0Ac),, pH 8.0, added for 15 min at°C.

¢Dissociation constant, determined by titration gf & WW domain, with NAcWW1, and monitored by fluorescence in buffer A,
pH 6.0 (Fig. 10.

dposition of minimum ellipticity in the CD spectrum.

€Wavelength of maximum emission intensity in fluorescence spectrum, uncorrected for the wavelength dependence of the photo-
multiplier response.

f Approximate change in mid-point temperature for thermal unfolding, relative to wild-type, in buffer A, pH 6.0, whgre
TnTulam _ Tr‘\rqn

9The type of consensus sequence described in Figure 10.

"n.a., not applicable.

"n.d., not determined.

binding NAcWW1, the mutant /K1 produced a decrease in the This mutant was obtained in the absence of proteinase K and at
fluorescence emission, and mutant 1 produced no observable chanigsv concentration of protease. The tightest binding mutants, PK2
in fluorescence at all. and PK3, obtained with 0.013g/mL proteinase K, havEys of 37

The fluorescence data for the titration of NACWW1 into the and 3.3uM, respectively. Interestingly, these two clones show the
WW domains, normalized to positive values, are shown in Fig-most divergent spectral properties, compared to the wild-type pro-
ure 8. All of the mutants have lower dissociation constants thartein. Mutant PK4, obtained with 0.13g/mL proteinase K, has a
that of the wild-type WW(Table 2. The mutant with CD and Ky of 98 uM.
spectral properties most similar to wild-type, mutaria®o PK2, A previous study gave K, for wild-type of 52 uM at pH 7.2,
had the lowest affinities with a dissociation constant of 1L02. with the peptide WW1(Macias et al., 1996 whereas our results
gave aKq of 188 uM at pH 6.0, with the peptide NACWW1. This
difference may be due to the difference in pH, or the fact that our
peptide was N-acetylated. Another possible reason may be the
different boundaries selected for the WW domain. Our domain
consists of residues E6 to S57, whereas S4 to S57 preceded by
Gly-Ser-Met was used in the previous study. However, this dis-
crepancy is not important in this study, since we only wish to
compare wild-type and the mutants under the same conditions.

Thermal unfolding monitored by CD

The thermal unfolding monitored by CD at 230 nm is shown for all
of the WW domains in Figure 9. Clones(also PK1 and PK4
(Fig. 9A) show cooperative transitions, similar to the wild-type
WW domain. PK4, which was obtained at the highest concentra-
tion of proteinase K0.13ug/mL), has aT,, of ~2°C higher than

fluorescence (arbitrary units)

20 ‘ ' l J J l wild-type WW. TheT,, of mutant 3 is very close to that of wild-
0 50 100 150 200 230 300 350 400 e Clones 1, PK2, and PK3, obtained with 0, 0.013, and
free NAGWW1 concentration (mM) 0.013ug/mL proteinase K, respectively, have noncooperative ther-

Fig. 8. Titration of 5 uM wild-type WW (0), mutant 3(also PK2 (dia- mal unfolding transition¢Fig. 9B).

monds, mutant PK2X), mutant PK3crosses and mutant PK4crosseg

with NAcCWW1 peptide, in buffer A, pH 6.0. Excitation was at 298 nm, and

emission was at 340 nm, except PK&osses where emission was at Discussion

350 nm. The data were fit to Equation 1, to give dissociation constigis . . .

of 188 uM for wild-type, 102 uM for mutant 3(also PK2, 37 uM for We have used a phage display library of the WW domain to probe
mutant PK2, 3.3uM for mutant PK3, and 9&M for mutant PK4. the specificity determinants of the WW domain for group | ligand
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determined the new core-binding motif PPPPYP, with a dissocia-
tion constant for CTPPPPYPKG of 74M (Linn et al., 1997.
These differences demonstrate the importance of residues surround-
ing the PPPPY ligand sequence in altering the dissociation con-
stant for complex formation. This may play an important role in
the function of the WW domain, allowing it to bind several targets
despite their different expression levels in the cell.

Analysis of the hairpin sequences

The structures of the ligand-binding sites of each selected se-
guence are shown schematically in Figure (88suming conser-
vation of the structure in the mutaiti all but one of the sequences,
we observed a Trp at position 35. In the single exception-
tant 1), there is a Gly residue at position 35 and a Trp at posi-
tion 34. The flexibility of the glycine residue might allow an altered
conformation of the loop, resulting in the ability of Trp34 to make
contacts with the ligand upon binding. The structure of the ran-
domized hairpin in the wild-type WW domain contains a four-
residue loop, where residues 32, 33, 34, and 35 arg e, «,

and ;. conformations, respectivelirr-turn motif). Interestingly,
Trp is almost invariant in the last loop position in our mutants. In

His g, Leug, Tyryg

Glngg Thry, Trpag

Fig. 9. Thermal unfolding monitored by CD at 230 n#: Cooperatively
folding proteins: wild-type WW0), mutant 3(also PK2 (¢), and mutant
PK4(A), in buffer A, pH 6.0.B: Uncooperative unfolding proteins: mutant
1 (_), mutant PK2(X), and mutant PK3+), in buffer A, pH 6.0.

binding. Selection experiments were performed by biopanning
against the immobilized peptide WW1, at three different concen-
trations of proteinase KO, 0.013, and 0.13.g/mL). The addi-
tional selection pressure of proteinase K was aimed, in part, to
probe for the determinants of protein stability as well as binding.
It was expected that the determinants of binding, stability, and
folding in the WW domain would be highly interdependent due to
its small size.

Mutants 1, 2, and 3 were isolated atu@/mL proteinase K.
However, binding data could be obtained only for mutant 3, which
showed a value dfy, of 102uM. Mutants isolated at 0.013g9/mL
protease have up to a 60-fold low€g than the wild-type protein.
Somewhat surprisingly, the mutant isolated at the highest concen-
tration of proteinase K had a dissociation constant for NAcCWW1
that was only approximately twofold lower than wild-type.

The increase in affinity against the peptide WW1 demonstrates
that the wild-type WW domain is not optimized for binding to the

GTPPPPYTVG sequence. Similarly, previous investigations havéig. 10. Schematic representation of the structures of wild-type hYAP WW

shown that natural ligands are not necessarily optimized for bingdomain and the mutants. Only the residues involved in binding to the
ligand are shown. Residues selected from the random library are shown in

bold text. Wild-type residues are shown in plain text. The mutants are

ing to a given WW domair{fNguyen et al., 1998 For example,

wild type
Tp  Gu T Phe Phe Gly
G Thr Trp Tr Thr  Trp
Trp

mutant 1 mutant 3/PK1
Trp Asp Trp Gly Trp Gly
Tr Thr  Trp Tr| Thr  Trp
mutant PK3 mutant PK2
C Giu Phe Ser

Gin Trp Trp
Try Thr Trp

Tp  Thr  Trp
mutant PK4

mutant 2

optimizations of the ligand sequence, GTPPPPYTVG, using thgyrouped into the potential consensus sequences A and B. MUtBoxZ)
SPOTs technique, and phage display of variants of the peptidés a hybrid of the two consensus sequences A and B.
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natural proteins, often Gly is observed at this position to stabilizecorrelated, with an increase in the number of tryptophan residues

thea, conformation(Rajashankar & Ramakumar, 1996; Gunaseka-resulting in a decrease in the dissociation constant.

ran et al., 199Y, although other interactions can override this local The sequences of typical WW domains representing several

conformational preference. For example, Gly was not observed alistinct groups are shown in Table 3. Comparison to the isolated

this position in a previous genetic study of-eturn motifinthe B1 ~ sequences in Table 1 shows that our two potential consensus se-

IgG-binding domain, which selected for loops of optimal ligand- quences that bind to the WWI peptide are distinct from any known

binding and thermodynamic stabilitfZhou et al., 1996 This naturally occurring WW domains. Interestingly, mutant 2 contains

finding indicated that the interactions formed by the amino acidtwo consecutive aromatic residues on the binding surface, at res-

side chain at this position more than compensated for the conforidues 28 and 30. This is a characteristic of WW domains that bind

mational destabilization associated with adopting unfavorgble to the group Il motif(PPLP (Espanel & Sudol, 199%nd there-

andy angles. fore suggests that the binding specificity of mutant 2 might be
Another conserved feature in the sequences-tidrns involves  primarily directed towards the PPPP stretch of the WW1 peptide

the residue immediately preceding the first residue of the loopsequence.

(position 31. The first three residues of the loop approximate

almost a full turn of ar-helix. As a result, the preceding residue

in the turn has a preference for side chains that can form a classic&ionformational stability and binding affinity

N-cap motif, namely Asn, Asp, Ser, Thr, or GlRichardson &  one of the goals of this paper was to assess the use of proteases to
Richardson, 1988 In the above-mentioned study of the B1 19G simultaneously select for affinity as well as conformational stabil-
domain, the helix-capping residues Asp and Ser were most coMy, The inclusion of protease led to a small decrease in the number
monly selected in the position preceding the Ildafhou et al.,  of rounds of panning that was required to select binders. Also,
1996. At this position in our sequencesesidue 3], we observe  jntermediate concentrations of protease led to the selection of the
a Gly, Ser, Ser, and His in mutants 1, PK3, 2, and PK2, respecmytants with the highest affinity for the WW1 peptide. However,
tively. This observation suggests that the structure oheirpin it js interesting to note that the proteins with the highest affinity for
may be largely retained in these mutants. the WW1 peptide lacked cooperative thermal unfolding transi-
Consideration of the residues involved in ligand binding allows tjons, The lack of a cooperative unfolding transition has classically
us to identify two possible consensus sequences obtained in thesen attributed to the protein adopting an entropically stabilized
selection experimentéTable 2. Mutants 1 and PK3 comprise ensemble of states, rather than a single native conformation. Thus,

class A, with the residues Trp, Glasp, and Trp at positions 28,  the highest affinity binders may, in fact, lack conformational spec-
30, and 32, respectively. A second clasiass B includes mutants jicity in the absence of ligand.

PK2, PK4, and 3PK1, we observe a small resid(@ly or Sej at
position 28, an aromatic at position 30 and a variable residue at

position 32. The remaining mutant, 2, appears to be a hybrid of th€onclusions
above two potential consensus sequences, with a Trp at both p

sitions 28 and 30. %smg phage display, it has been possible to identify new se-

Overall, the WW mutants show a strikingly large number of Trp quences that bind the WW1 sequence. Further, CD spectroscopy
residues. which generally seareqate to the binding surface. Fi suggests that the mutant proteins are folded, as expected from the
§ g y segreg g | rotease selection step. Thermal unfolding studies indicate that the

ure 11 shows the log of the dissociation constants of the W same sequences unfold cooperatively with midpoints similar to
domains plotted against the number of tryptophan residues dis; q P Y P

played on the binding surface of the protein. The data are Iinearlyhat.Of the V\_n!d-type prc_)telr_l W.h”e. other variants show noncoop-
erative transitions, possibly indicative of more loosely folded states.

Two sequence motifs appear to emerge from an analysis of the
binding surface of the mutagenized hairpin, neither of which has a
precedent in natural WW domains. Thus, the natural binding mo-

45 T T . . . -

E tifs found in nature appear to be far from unique solutions to the
e 4 fa R= 0.97635 binding problem, and there may be a variety of ways to recognize
3 ; polyproline domains within this framework. Indeed, very recent
3 85 : structural studies have revealed that WW domains can bind the
S 3 F Pro-rich peptides in one of two distinct binding orientations
‘8:_ b (Verdecia et al., 20001t will be interesting to similarly investigate
s 25 the mode of binding of the WW variants with poly-Pro peptides.
b 2 F
(o] L
S 15 F Materials and methods
g L
c 1 F gl . .

: Media, chemicals, and enzymes

L N N N 1 N N N N 1 N N N N 1 N N N N

05 0 50 100 150 200 Restriction enzymes and T4 DNA ligase were from Life Tech-

nologies, Inc(Gaithersburg, Marylandor New England Biolabs
(Beverly, MassachusejtsTrifluoroacetic acid TFA), thioanisole,
Fig. 11. Dependence of the number of tryptophan residues selected in thngOle’ ethanedithiol, bovine serum albuniBSA), Tween-20,

WW domain, on the dissociation constants for binding to the NACWW1 ar]d proteinase K were from Signﬁﬁ_t. LQuiS, Missoupi. Throm-
peptide in buffer A, at pH 6.0. bin was from Amersham-Pharmacia Biote@hppsala, Sweden

K, (uM)
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Table 3. Sequence alignment of selected WW sequences
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Host proteirt Sequence Groug
YAP65 HUMAN PLPAGWEMAKTSSFQRHIDQTTTWQDPR |d
YAP65 MOUSE PLPAGWEMAKTSSGQRHNDQTTTWQDPR |d
YAP65 CHICK PLPPGWEMAKTPSGBRNHIDQTTTWQDPR |d
WWP1 HUMAN PLPEGWEIRYTREGVRHNTRTTTFKDPR 1€
RSP5 YEAST PLPSGWEMRLTNTAXRVDHNTKTTTWDDPR

PUB1 SCHPO PLPSGWEMRLTNTARXDHNTKTTTWDDPR

PRP40 YEAST ... WKEAKDASGRI YYYNTLTKKSTWEKPK

DMD CHICK . WERAISPNKVP YYINHETQTTCWDHPK

DMD HUMAN .. WERAISPNKVPYYINHETQTTCWDHPK

DMD MOUSE ... WERAISPNKVPYYINHETQTTCWDHPK

DRP2 HUMAN ... WERAISPNKVPYYINHQAQTTCWDHPK

PIN1 HUMAN LPPGWEKRMSRSSGRRNHITNASQWERP. Ivf
DODO DROME LPDGWEKRTSRSYAMBIYTKESQWDQP.

YA1l2 SCHPO PLPPGWTEHKAPS®WVNAELKKSTYQRP.

UTRO HUMAN ... WQRSISHNKVFYINHQTQTTCWDHPK

NEDD4 HUMAN LPKGWEVRHAPNGRPHNTKTTTWEDPR

NEDD4 HUMAN PLPPGWEERQDILGRINHESRRTQWKRP.

NEDD4 MOUSE PLPPGWEERTHTBGERWMNIKKTQWEDPR VI
NEDD4 MOUSE LPPGWEEKQDDRORB®HNSKTTTWSKP. VI
FE65 RAT .LPAGWMRVQDTSGYYWHIPTGTTQWEPP. 19/vh
FBP21 HUMAN .. WVEGITSEGYHYYYDLISGASQWEKPE NTAYA
FBP30 MOUSE ... WQEVWDENTGEYYWNTQTNEVTWELP vh

a8SWISS-PROT ID, except FBP21.

bSequences from a BLASTP search at NCBI from SWISS-PROT datdBétsehul et al., 1997,
except FBP21 and FBP30. Residue 28 is shown in bolhP65 WW numbering

¢Binding group type if known.
dLinn et al. (1997.

eMosser et al(1998.

flLu et al. (1999.

9Ermekova et al(1997).
"Bedford et al.(2000.
Bedford et al.(1998.

pfuTurbo™ was from StratagenélLa Jolla, California. Fmoc-
amino acids were from NovaBiochef8witzerland. Reacti-Bind™
Streptavidin coated wells and EZ-lifk NHS-SS-Biotin were from
Pierce(Rockford, lllinoig). Tris-buffered salind TBS) was made
from 50 mM Trizma basé€Sigma, 150 mM NaCl(Sigma, ad-
justed to pH 7.0 with HCI.

M13PLO9WW phage construction

The M13PL9 phage vector is a modified version of M13P0&\eil
et al., 1992 in which theBstXI restriction site has been replaced
with a uniqueBanH|I restriction site(R.H. Hoess, unpubl. data

The restriction sites and N-terminal signal sequence of gene Ill
were then added by PCR, using the primers: KpnWYACS5TAC
GTC TAG GTACCT TTC TAT TCT CAC TCC GAG ATC CCA
GAC GAC GTT CCG-3 and BamHWW, 5AGT AAG CAC
GGATCCACCACCAGAGGT CGGAGC GGTAACGTTC-3
to give the final construct: Kpnl-WW-BamHlI,'8C TAC GTC
TAG GTA CCT TTC TAT TCT CAC TCC GAG ATC CCA GAC
GAC GTT CCG CTG CCG GCT GGT TGG GAA ATG GCT
AAAACT AGT TCT GGT CAG CGT TAG TTC CTG AAC CAC
ATC GAC CAG ACC ACC ACG TGG CAG GAC CCG CGT
AAA GCT ATG CTG TCT CAG ATG AAC GTTACC GCT CCG
ACC TCT GGT GGT GGATCC GTG CTT ACT-3

The M13PL9 dsDNA was prepared by standard methods, as de- The Kpnl-WW-BamHI construct and M13PL9 dsDNA were di-

scribed(Sambrook et al., 1989The hYAP WW genédresidues E6
to S57, which contains an amber stop-cod@rAG) at Y28, was
synthesized by polymerase chain react{&@€R), using the prim-
ers: WWAG, 3-TCA GCC ATG GAG ATC CCAGAC GACGTT
CCACTG CCG GCT GGT TGG GAAATG GCTAAAACT AGT
TCT GGT CAG CGT-3; WWA2, 5-GTC CTG CCA CGT GGT
GGT CTG GTC GAT GTG GTT CAG GAACTAACG CTGACC
AGA ACT AGT-3’; WWA3, 5'-ACC ACC ACG TGG CAG GAC
CCG CGT AAA GCT ATG CTG TCT CAG ATG AAC GT-3
WWA4, 5'-G TAA CTG AGC CAT GGC AGA GGT CGG AGC
GGT AAC GTT CAT CTG AGA CAG C-3.

gested byKpn | andBamHl, ligated by T4-ligase, and then trans-
formed into electrocompetent LE39Kan") E. coli. The LE392
strain suppresses the amber stop-cod&G) at Y28 in the WW
domain, allowing the translation of the whole glll fusion, and
subsequently allowing phage growth. The transformation mix was
then amplified in LB medium containing 12g/mL kanamycin,

for 4.5 h at 37C. Cells were removed by centrifugation, and the
phage purified by precipitation with PEG8000 and NaCl as de-
scribed(Smith, 1988. The M13PLOWW phage were resuspended
in 1xPBS, filtered, and stored at°@. M13PLO9WW dsDNA
(Fig. 1A) was prepared from the pelleted cells as descril$zan-
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brook et al., 198P and used to verify the construct by DNA followed by lyophilizing, and confirmed by MALDI-TOF and ES
sequencing. mass spectroscopy.

Biotinylated WW1 peptidé EZWW1) was obtained by incubat-
ing 1 eq. WW1 with 1.5 eq. EZ-link NHS-SS-biotiiPierce, in
200uL 100 mM sodium phosphate buffer, pH 8.0, for 1 h. EZWW1
The randomized oligonucleotideWWR9) 5'-T AAA ACT AGT was then purified and confirmed, as above.

TCT GGT CAG CGT NNS NNS NNS NNS NNS NNS NNS NNS Peptide concentrations were determined by measuring their ab-
ACC ACC ACG TGG CAG GAC CCG CGT“3where N indicates  sorbance at 280 nnmié M guanidinium chloridgGdmCJ), and

a mixture of 25% of each base, and S indicates a mixture of 50%assuming an extinction coefficient of 1,285 ¥Mcm™* for the

C and 50% @, was amplified by 7 cycles of PCR, using the tyrosine residue as describééace et al., 1995

primers(WWR10 5'-T AAAACT AGT TCT GGT CAG CGT-3,

and(WWR11) 5'-ACG CGG GTC CTG CCACGT GGT GGT-3

The resulting double-stranded DNA was digested v@iel and ~ Recovery of M13WWSIP phage under different

Pml I, purified using a PCR purification kitQiagen, Germarny  Protease conditions

and ligated as above into a similarly digested M13PLOWW phag%pproximately 162 pfu/mL M13WWSIP phage, or wild-type ph-
construct. To construct the phage library, fourteen 20@liquots age (M13mp18, both in the presence and absence of 100

of K91 cells were each electroporated with Zllligation product  \wan1 were incubated for 15 min at@. with either:(1) ddH,O:
(dlluted 1:4in ddHO), then diluted to 1 mL with SO((Sambrook (2) 0.13 Mg/ml— proteinase K, 50 mM TriCl, 100 mM NacCl,

et al., 1989. After 1 h at 37°C, a small aliquot was removed to 2 MM CaOAC),, pH 8.0;(3) 0.147 ug/mL papain, 50 mM glu-
estimate the size of the library, and the remaining culture WaSamic acid, 200 mM NaCl, 1 mMm CaglpH 6.6; or(4) 100 ug/mL
diluted to 200 mL with LB medium, and shaken at’&for an g pyjlisin A, 50 mM Tris Cl, 100 mM NaCl, 1 mM CaGl pH 7.5.
additional 4 h. Cells were removed by centrifugation, and thegqh the input and digested phage samples were serial diluted in
phage purified by precipitation with PEG8000 and NaCl as de- g medium, and plated with K91 cells, on LB agar, to determine
scribed (Smith, 1988. The phage library was resuspended in yho nymber of infectious phage in each sample. The fraction of
blocking buffer(50 mM Tris.Cl pH 7'01 150 mM NaCl, 1 mfgnL phage recovered, expressed as a percentage, were normalized to
BSA, 0.05% Tween-20,_0.02% NaN filtered, and stored at €. _the ddHO experiment(Fig. 4), as each protease required very
The polyclonal phage library was sequenced as above to Verifyjitarent buffers.

randomization.

Random mutagenesis of WW

M13WWSIP phage construction Titration of M13WWSIP phage with WW1 peptide,

in the presence of proteinase K
The hYAP WW gene(residues E6 to S57 which contains an ] ) )
amber stop-codofiTAG) at Y28 andNcol sites at both the N- and  APProximately 162 pfu/mL M13WWSIP phage, in the presence

C-termini, was synthesized by PCR as described above, using tHd €ither 0, 25, 50, 75, or 10aM WW1, were incubated for
primers WWAG, WWA2, WWA3, and WWA4. 15 min at 4C, in the presence of 0.13g/mL proteinase K,
An Nco | restriction site was introduced into the M13mp1g 90 MM Tris-Cl, 100 mM NaCl, 2 mM C&OAc),, pH 8.0. The

phage vector, in the linker between the N- and C-terminal domaind"Put and digested phage samples were each serial diluted and
using the site directed mutagenesis kit Quikchat@eatagene plated as above, to determine the number of infectious phage in
and the primer$NcolF) 5'-GGC TCT GGT TCC ATG GAT TTT  €ach sample.

GAT T-3" and(NcolR) 5'-AATC AAAATC CAT GGAACC AGA
GCC-3. The Nco I-WW-Nco | construct and M13mpl@ico |)
dsDNA were digested byNco |, ligated by T4-ligase, and then
transformed into electrocompetent LE3%an") E. coli. The trans-  Streptavidin coated wells were incubated overnight &E,4with
formation mix was then amplified in LB medium containing 300 uL of a 2 uM solution of EZWW!1 in blocking buffer. Any

10 ug/mL kanamycin, for 4.5 h at 3TC. Cells were removed by remaining streptavidin sites were blocked with 1 mM biotin in
centrifugation, and the phage purified by precipitation with PEG8000wvash buffer(TBS/0.05% Tween-2Dfor 15 min at room temper-

and NaCl as above. The M13WWSIP phage were resuspended ature, then washed three times with wash buffer. Wells were in-
1xPBS, filtered, and stored at@. M13WWSIP dsDNA(Fig. 1B cubated with 5QuL of phage, by rocking fo2 h atroom temperature.

was prepared from the pelleted cells as described above and usg&tie wells were then placed af@, and 116uL of proteinase K

to verify the construct by DNA sequencing. buffer (143 mM NaCl, 71.5 mM TrisCl, 2.86 mM CdOAc),,

pH 8.0 containing 0.185, 0.0185, or fg/mL proteinase K, was
added and incubated for 15 min at@. Wells were then washed
eight times with wash buffer, and the bound phage eluted with two
Peptides were synthesized by standard Fmoc procedures, usiB@ uL aliquots of 20 mM reduced DTT in wash buffer, for 5 min

an ABI 433A solid phase synthesizer. The crude WWL1 peptideeach, at room temperature. The recovery of phage was determined
(GTPPPPYTVQ@ was obtained by deprotection and cleavage fromby serial dilution and plating with K91 cells, of both the eluted
the resin with a standard mixture of TFA, thioanisole, anisole, ancphage, and the input phage. The eluted phage were also amplified
ethanedithiol. Crude NACWW1 was obtained by acetylating thein 40 mL LB medium with 100uL K91 cells, and prepared as
N-terminally deprotected WW1 peptide on the resin under stanabove for subsequent rounds of biopanning. Ten isolated plaques
dard conditions, prior to TFA cleavage. Both peptides were purifrom each experiment were amplified and sequenced after the sixth
fied by reversed-phase high-performance liquid chromatographyound of biopanning.

Biopanning procedure

Peptide synthesis
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Protein expression and purification was recorded four times, and the average subtracted from the
sample scans. The same sample was then used for thermal-induced
unfolding from 2 to 94C, in increments of 2 or 4C. Samples

were equilibrated for 5 min at each temperature, and the CD signal
at 230 nm was measured and averaged over 10 s. The data were not
fitted to a thermal-melting profile, due to the absence of useful pre-
and post-transition baselines.

The restriction sites foBam HI and Hind Il were introduced,
respectively, to the'sand 3 ends of each new WW gene, by PCR.
The primers used were: 5BamHIWW,-BTC AAG ACT GGA
TCC GAG ATC CCA GAC GAC GTT CCG-3and 3HindllIWW,
5'-TGT GAT CTA AGC TTA AGA GGT CGG AGC GGT AAC
GTT-3'. The new genes were digested weamHI and Hind IIl,
purified as above, and ligated into a similarly digested pGAT2
vector (Koepf et al., 1999 Each construct was then transformed Acknowledgments

intp BL21DES3 cells(Strat_agen)e and then their D.NA sequ_enced We thank the National Science Foundation and the Office of Naval Re-
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expressed and the purified WW domains obtained as describeghy. Kelly and Dr. E.K. Koepf for the generous gift of the pGAT2 vector.
(Koepf et al., 1999 Protein concentrations were determined by
measuring their absorbance at 280 mm6iM guanidinium chlo-
ride (GdMC), and assuming an extinction coefficients @ft)
12,655 M1 cm™?, (1) 28,425 Mt cm™?, (3/PK1) 22,740 Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z, Miller W, Lipman DJ.
M1 cmfl, (PK2) 28,425 M1 Cmfl‘ (PK3) 28,425 Mt Cmfly 1997. Gapped BLAST and PSI-BLAST: A new generation of protein data-

1 -1 i base search programsucleic Acids Res 23389-3402.
(PK4) 17,055 M cm™, as describedPace et al., 1995 Bedford MT, Reed R, Leder P. 1998. WW domain-mediated interactions reveal

a spliceosome-associated protein that binds a third class of proline-rich
motif: The proline glycine and methionine-rich moti#roc Natl Acad Sci
Fluorescence spectra USA 9510602—10607.
Bedford MT, Sarbassova D, Xu J, Leder P, Yaffe MB. 2000. A novel pro-Arg
Fluorescence spectra were recorded at room temperature on a PBI ot recognized by WW domaing. Biol Chem 27510359-10369.
Spectrofluorometer, using an excitation wavelength of 298 nmgChen Hl, Sudol M. 1995. The WW domain of Yes-associated protein binds a
and detection from 450 to 300 nm at intervals of 1 nm. Excitation  Proline-rich ligand that differs from the consensus established for Src ho-

d Lo h t lit width both set to 1.5 mology 3-binding modulesProc Natl Acad Sci USA 92819-7823.
and emission monochrometer slit wi S were both set 1o 1. rnr'nErmekova KS, Zambrano N, Linn H, Minopoli G, Gertler F, Russo T, Sudol M.

A 1.0 X 1.0 cm Suprasil quartz celHellma, New York was 1997. The WW domain of neural protein FE65 interacts with proline-rich
charged with 5uM WW domain in buffer A(10 mM potassium motifs in Mena, the mammalian homolog Bfosophila enabled.J Biol

0. Chem 27232869-32877.
phosphate, 100 mM NaCl, 0.1 mM EDTA, 0.1 mM DTT, 0.02% .~/ "< 401 M. 1999. A single point mutation in a group | WW domain

NaNs, pH 6.0. shifts its specificity to that of group Il WW domaing. Biol Chem 274
17284-17289.
Feng S, Chen JK, Yu H, Simon JA, Schreiber SL. 1994. Two binding orienta-
Determination of K by fluorescence tions for peptides to the Src SH3 domain: Development of a general model
for SH3-ligand interactionsScience 268.241-1247.
The hyperbolic binding curve for aM WW domain in buffer A,  Finucane MD, Woolfson DN. 1999. Core-directed protein design. Il. Rescue of
titrated manually with a 10 mM solution of NACWW1 in buffer A, a multiply mutated and destabilized variant of ubiquitBiochemistry

. . . . 38:11613-11623.
was obtained by monitoring changes in fluorescence as descnb%nasekaran K, Ramakrishnan C, Balaram P. 1997. Beta-hairpins in proteins

(Koepf et al., 1998 Data were recorded at room temperature, as revisited: Lessons for de novo desidrotein Eng 101131-1141.
above, using an excitation wavelength of 298 nm, and detection alung S, Eone%gerlA, PIMuclrtQ_urll géﬁgg- ?gl(;ectionforimpfoved protein stability
o 1 o H age displa ol BIOo 1 —. .
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