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Natural-like function in artificial WW domains

William P. Russ', Drew M. Lowery?, Prashant Mishra', Michael B. Yaffe? & Rama Ranganathan'

Protein sequences evolve through random mutagenesis with
selection for optimal fitness'. Cooperative folding into a stable
tertiary structure is one aspect of fitness, but evolutionary selec-
tion ultimately operates on function, not on structure. In the
accompanying paper’, we proposed a model for the evolutionary
constraint on a small protein interaction module (the WW
domain) through application of the SCA, a statistical analysis of
multiple sequence alignments™*. Construction of artificial protein
sequences directed only by the SCA showed that the information
extracted by this analysis is sufficient to engineer the WW fold at
atomic resolution. Here, we demonstrate that these artificial WW
sequences function like their natural counterparts, showing class-
specific recognition of proline-containing target peptides®®. Con-
sistent with SCA predictions, a distributed network of residues
mediates functional specificity in WW domains. The ability to
recapitulate natural-like function in designed sequences shows
that a relatively small quantity of sequence information is suffi-
cient to specify the global energetics of amino acid interactions.
The basic premise of the SCA is that in accord with the cooperative
nature of amino acid interactions in determining protein stability
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and function, the evolutionary constraint on proteins should be a
distributed (rather than intrinsic) property of amino acid positions.
That is, the conservation of amino acids at one site should be
the result of constraints on that site taken independently, and of
the constraints arising through energetic interactions with other
positions. For example, consider the SCA for an alignment of 292
members of the WW domain family (Fig. 1). This small protein
interaction module adopts a curved three-stranded 8-sheet structure
with a binding site for proline-containing peptides formed on the
concave surface of the sheet (Fig. 1a). The binding surface includes an
X-Pro binding site (positions 19 and 30, shown in blue as CPK
representation; Fig. 1a) that recognizes the canonical proline in target
peptides, and a specificity site formed by residues in 32 and the
2—83 loop (positions 21, 23 and 26, shown in yellow as CPK
representation; Fig. 1a)’. WW domains are classified into four groups
based on target peptide sequence motifs: group I, PPxY®; group II,
PPLP’; group III, PPR% and group IV, pS/pT-P?%, where x stands for
any amino acid. The SCA output for the WW family is a matrix of
coupling values organized such that columns represent positions in
the WW alignment, and rows represent sites where perturbations are
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Figure 1| Statistical coupling analysis for the WW domain, a proline-
binding protein interaction module. a, The peptide-binding surface of the
WW domain contains two structurally defined pockets: the X-Pro binding
site (in blue) and a specificity site (in yellow). Shown is the Nedd4.3 WW
domain (Protein Data Bank 1I5H) bound to a group I peptide (in green)™.
b, A matrix of coevolution scores between all WW positions (columns) and
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12 moderately conserved positions (rows) in an alignment of 292 WW
domains. The colour scale ranges from blue (no coevolution) to red
(maximal coevolution). Checked boxes mark the trivial self-correlation of
sites in the SCA method. ¢, Hierarchical clustering shows that a single group
of eight positions (marked in red) share a pattern of strong mutual
coevolution.
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introduced to interrogate evolutionary coupling® (Fig. 1b). Thus,
each pixel shows the coevolution score for one pair of WW sites.
Hierarchical clustering of this matrix reveals a remarkably simple
global organization of conserved evolutionary interactions between
amino acids. WW positions fall into two main clusters, one that
shows minimal coupling to other sites, and one that comprises
eight positions (marked in red) related by strong mutual coevolution
(Fig. 1¢).

Is the amino acid composition at sites plus the information in the
SCA matrix all the sequence information required to specify the WW
domain? The accompanying paper provides the first phase of this
experimental test by showing that artificial sequences designed using
only these parameters adopt a stable WW-like tertiary structure’.
However, a key further test is the sufficiency of this information for
specifying function. If the SCA matrix captures the fitness constraints
on the WW family, then the artificial sequences should show class-
specific recognition of proline-containing sequences and binding
affinities like those of natural WW domains.

We developed an oriented peptide library binding assay for
measuring WW domain specificity, and studied a set of natural
and artificial sequences. Four biotinylated degenerate peptide
libraries were constructed, each oriented around one group-specific
WW recognition motif, and binding was detected using an enzyme-
linked immunosorbent assay (ELISA) (Fig. 2a, b; see also Sup-
plementary Fig. la). For example, the group-I-oriented peptide
library was biotin-Z-GMAxxxPPxYxxxAKKK, where Z is 6-amino-
hexanoic acid and x stands for any amino acid except cysteine
(theoretical degeneracy of 8.9 X 10 sequences). A fifth proline-
oriented library was also made as a control for nonspecific binding.
For a group I domain (Nedd4.3, or N39 by the numbering system in
the accompanying paper) the peptide library assay confirms specific
interaction with the PPxY-containing sequences' (Fig. 2a). Interest-
ingly, CC43, an artificial WW domain created through SCA-based
protein design? also specifically interacts with the PPxY peptide
library (Fig. 2b), suggesting that CC43 functions as a group I WW
domain. To confirm these results independently, we carried out
phage-display and fluorescence-based quantitative binding assays
for N39 and CC43. Consistent with the peptide library screens, both
N39 and CC43 selectively isolate PPxY-containing sequences from a
random 12-mer phage display library (Fig. 2¢, d). In addition, both
of these domains show similar binding affinities to a model group I
peptide (N39, dissociation constant (Kgq) = 11.2 = 1.2 pM; CC43,
K4 = 1.7 = 0.1 pM; mean *s.d.; Fig. 2e). Taken together, these data
validate the oriented peptide library assay for classification of WW
domain specificity, and demonstrate that one artificial WW domain,
C(CA43, displays group I-specific binding.

Figure 3 summarizes the results of peptide library screening for 27
randomly chosen natural and ten natively folded artificial WW
domains®. The Pinl WW domain was added to the list of natural
domains tested because it is the best-characterized member of the
group 1V specificity class''. The data are shown in clustered matrix
format, with each row showing the binding for one domain to all five
oriented peptide libraries normalized between the minimum (white)
and the maximum (black) observed signal to allow comparison of
specificity profiles. Group I WW domains fell into two distinct
subclusters (I and Im (marginal group 1)) that significantly differed
in the degree of specificity for the PPxY motiflibrary (Supplementary
Fig. 1). Group III domains bound to the PPR-oriented peptide
library as expected but also showed binding to the PPxY library
and weak binding to PPLP and proline-alone libraries. The binding
to the PPxY library may simply reflect the fact that this library
contains a non-trivial fraction of PPRY sequences. Nevertheless, the
overall profiles show that group III domains display far more
relaxed specificity than group I domains (Supplementary Fig. 1). A
similar ambiguity in the binding specificity of group III domains has
been reported previously'”. Finally, a minor fraction of the total
natural sequences tested (2 out of 28) bound to pSP- and PPLP-
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oriented libraries, and were scored as group IV and group II,
respectively.

Artificial (CC) WW domains are functionally indistinguishable
from natural WW sequences (Fig. 3). Of the ten artificial domains
studied, six displayed group I specificity (one is Im) and four showed
group III specificity, numbers that approximately reflect the distri-
bution of these sequences in our MSA and in prior samplings of WW
specificity'>'*. Quantitative binding isotherms measured for all
group I artificial sequences show a range of binding affinities typical
for natural WW domains (Fig. 3, rightmost column). To probe
further the similarity between natural and designed WW sequences,
we carried out a saturation mutagenesis study of the group I and
group III peptide ligands. In this experiment, every position of the
target peptide is replaced individually to each of the 20 amino acids,
and the effect on binding is measured by detecting protein hybrid-
ization to the array of peptide variants'*. Supplementary Fig. 2 shows
these data for two natural WW domains (N39, group I (ref. 10), and
N31, group III (refs 5, 14)), and two artificial domains (CC43, group
I, and CC20, group III), demonstrating that the designed sequences
show a pattern of sensitivity to ligand mutagenesis similar to that for
natural sequences. Thus, the amino acid composition at sites plus the
information contained in the SCA matrix encodes the sequence rules
for quantitatively specifying function in the WW domain.

No artificial sequences with group II or group IV specificity were
identified. However, the paucity of group II and group IV sequences
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Figure 2 | Assays for binding affinity and specificity in WW domains.

a, b, Oriented peptide library screening (see Methods) of binding specificity
for N39, a natural domain with group I (PPxY) specificity (a), or CC43, an
artificial WW domain showing 37% average and 68% top-hit identity to
natural WW domains in the MSA (b). Binding is reported as fold above
background in the absence of target peptides. ¢, d, Phage display analysis of
binding specificity for N39 and CC43 WW domains; both domains select
PPxY-containing sequences from a random 12-mer peptide library.

e, Binding isotherms for N39 (K4 = 11.2 £ 1.2 pM) and CC43

(Kq= 1.7 £ 0.1 pM), assayed by Trp fluorescence quenching using a model
group I peptide (EYPPYPPPPYPSG). Error bars represent standard
deviation from at least four independent assays.
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in our alignment of natural WW domains and the relatively small
number of artificial domains tested so far probably account for
the lack of these specificity classes. These classes may emerge from
larger-scale design of artificial WW sequences.

Given these results, can we infer which positions constitute the
sequence determinants for WW binding specificity? The eight
positions comprising the primary cluster of coevolving residues in
the WW family (Fig. 1¢) are highlighted in yellow in Fig. 3. Sequences
experimentally found to display group I binding specificity, whether
natural or designed, strictly conserve a specific sequence motif in the
coevolving cluster CL'P°GPE*'I/VZD/N*H?*T). In contrast, the
average sequence identity in non-cluster positions is barely different
for group I sequences in comparison with all WW sequences:
40.9 £ 2.9% within group I sequences and 35 * 3.9% overall
(mean * s.d.). These results strongly suggest that this network of
mutually evolving residues is the major determinant of group I
binding specificity. In accord with this conclusion, marginal group I
domains or the weakly specific group III domains display consider-
able variation within this cluster. A larger study of designed
sequences may help to distil the minimal sequence profiles of these
and other WW groups.

The spatial organization of the network residues provides an
unexpectedly distributed picture of binding specificity in the WW
domain. Rather than being restricted to the ligand-binding surface,
the eight network residues are organized into a physically contiguous
network linking the primary specificity determining pocket (pos-
itions 21, 23 and 28) with residues on the opposite side (3 and 4)
through a few intervening residues (6, 8 and 22) (Fig. 4a). The
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coevolution of these positions predicts that some residues act at long
range in mediating peptide binding, and the network amino acids act
cooperatively in determining the binding free energy. Previous
mutagenesis studies already suggest that network residues at or
close to the peptide binding surface (8, 21, 23 and 28) mediate
binding specificity'>™"%, and structural work in the dystrophin WW
domain provides a mechanistic understanding for the contribution
of these residues in group I domains'. To test more of the network
for contribution to peptide binding, and to test the prediction of
cooperative action, we carried out thermodynamic double mutant
cycle analysis***' to measure the energetic coupling between
mutations at binding-site position 28 and positions 3, 8 and 23 in
the Nedd4.3 WW domain. In the mutant cycle method, the effect of
one mutation on the equilibrium dissociation constant for peptide
binding is measured in two conditions: (1) the wild-type background
X1=KYM/KY¥T), and (2) in the background of a second
mutation (X2 = Kg“‘W/Kg“) (Fig. 4b). The ratio of these effects
gives the coupling parameter (3 a measure of the degree of interaction
between the two mutations. If the two mutations are thermodyna-
mically independent, the effect of the first mutation is the same in
conditions 1 and 2, and 2 = 1. If 2 7 1, then the two mutations act
cooperatively.

Consistent with earlier studies'”'’, the E8A, H23A and T28A
mutations all affected binding of a PPxY-containing peptide
(Fig. 4c). However, L3A also had a significant effect (5.15 * 0.99
fold; mean * s.d.), although located on the opposite surface from
the peptide-binding site. In addition, mutant cycle analyses for the
T28A mutation with each of the three other mutations show 2 values
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N41 . PLPSGWEMRLTNT-ARVYFVDHNTKTTTWDDPRLP I
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ccii PLPPGWEKRVDDNTGVVYFVNHNNRTTQWDRPSPQ I 6.2 0.7
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N25 . PLPPGWEQRVDQH-GRVY YVDHVEKRTTWDRPEPL I 54+ 7 (ref.l4)
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Figure 3 | A summary of functional measurements for all tested natural and
artificial WW domains. The matrix shows the results of oriented peptide
library assays, clustered to reveal the similarities in binding specificity for
different domains. The colour scale ranges from white (minimum signal) to
black (maximum signal) for each domain. Class assignments for domains
are shown at the right. Dissociation constants for selected group I domains

were either measured by fluorescence binding assay (N39 and all artificial
sequences) or were derived from literature references. Sequences are aligned
per the MSA, and positions corresponding to the cluster of eight coevolving
residues (Fig. 1c) are highlighted in yellow. SCA-based designed sequences
are shown in bold. Measurements are mean * s.d.
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that significantly differ from unity (Fig. 4¢; see also Supplementary
Fig. S3). Specifically, the effects of mutations at 3, 8 and 23 are either
diminished (L3A and H23A) or abrogated (E8A) in the background
of T28A (Supplementary Fig. 3). Thus T28A is thermodynamically
coupled to mutations at 3, 8 and 23. These results support the model
that a distributed and cooperative network of residues predicted by
the SCA contributes to peptide recognition in the WW domain.

It is perhaps surprising that all folded artificial WW domains could
be classified into a known functional group. The SCA emphasizes
the deeply conserved couplings between sequence positions in a
protein family while down-weighting or even ignoring less conserved
couplings. These weak couplings typically arise from small clades of
more recently diverged sequences in the MSA, which are expected to
contain many positional correlations yet to be relaxed through
variation. If these recent branchings of the phylogenetic tree also
hold important information about the physical chemistry of specific
binding in extant proteins, we might have expected many folded
but functionally undifferentiated WW domains in SCA-based
design. The data here suggest that at least as defined by in vitro
assays, information specifying binding specificity is captured in
positional interactions that are in the deep evolutionary record.
Future studies of functional complementation in vivo will help
further to address the completeness of the SCA-based sequence
information in specifying natural-like proteins.

Compared with the current field of protein design, the SCA-based
protein design takes a completely different but complementary
approach to understanding the design of natural proteins. Using
atomistic energy functions that approximate the physical forces
between atoms, several groups have now achieved spectacular suc-
cesses in the re-design of natural folds*>**, including WW domains®,
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Figure 4 | A spatially distributed network underlying WW function. a, The
cluster of eight coevolving residues (Fig. 1c) mapped on the Nedd4.3 WW
domain structure (in red). The cluster forms a connected network that links
binding site residues with the opposite side through a few intervening
positions. b, The thermodynamic mutant cycle formalism. The fold effect of
one mutation (M1) on an equilibrium constant is calculated in the wild-type
background (X1) or in the background of the second mutation (X2). The
coupling parameter {2 is the ratio of these fold effects (X1/X2); that is, the
degree to which the effect of one mutation depends on the second. ¢, Mutant
cycle analysis of selected coevolving positions. Residues are shown in the
same orientation as in a (right), with distances between 3-carbons of
residues indicated. Single mutations at all sites affect peptide binding (fold
effect relative to wild type in parentheses), and mutant cycle analysis
demonstrates energetic coupling ({2 > 1) between position 28 and positions
3, 8 and 23. Measurements are mean =* s.d.
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and even in the de novo construction of artificial folds***. These
successes demonstrate the accuracy of the scoring functions used, but
important unsolved issues remain. The basic design principle in
atomistic protein design is optimization of a target potential function
that produces sequences with deep thermodynamic minima in the
native state and structures with high thermal stabilities®>*”. However,
natural proteins are thought to have native states with shallow energy
minima, resulting in marginally stable but dynamic folds that are
often capable of supporting more than one conformation. In a purely
statistical and mechanism-free way, SCA-based protein design pro-
duces sequences that show the same marginal stability of natural
proteins and function like natural proteins. It may be interesting to
combine the mechanistic description of energetics from atomistic
design with the sparse and distributed architecture of amino acid
interactions in SCA to understand better the design of evolved
proteins.

METHODS

Statistical coupling analysis. SCA was conducted as previously described™* on
an alignment of 292 WW domain sequences, updated from the original
alignment of 120 sequences in the accompanying paper using the March 2004
release of the non-redundant database. SCA results are essentially identical for the
two alignments. Sequences were collected using PSI-BLAST (e-scores <0.001) and
aligned using ClustalW?* followed by manual adjustment. The alignment is
available from our laboratory website (http://www.hhmi.swmed.edu/Labs/rr),
and the code is available upon request.

Oriented peptide library assay. Five biotinylated degenerate peptide libraries
were synthesized using N-a-FMOC protected amino acids and standard BOP/
HOBt coupling chemistry. The libraries were constructed to present either a
proline-only control (biotin-Z-GMAxxxxPxxxxAKKK) or the four different
characteristic WW domain binding motifs: group-I-oriented (biotin-Z-
GMAxxxPPxYxxxAKKK-C), group-II-oriented (biotin-Z-GMAxxxPPLPxxx-
AKKK), group-III-oriented (biotin-Z-GMAxxxPPRxxxAKKK) and group-IV-
oriented (biotin-Z-GMAxxxxpSPxxxxAKKK), where Z is 6-aminohexanoic
acid, pS is phosphoserine, and x denotes all amino acids except cysteine. Peptide
libraries were immobilized onto pre-washed streptavidin-coated 96-well plates
(10 p.g per well) in phosphate-buffered saline plus 0.5% Tween-20 (PBST) at 4°C
for 1h. Wells were washed in PBST and incubated with GST-WW domains
(0.5 pg) for 2 h, washed, and detected by ELISA using a horseradish peroxidase-
conjugated anti-GST antibody (Amersham) at 1:5,000 dilution for 1h at 4°C
followed by reaction with 3,3',5,5' -tetramethylbenzidine liquid substrate system
(Sigma) for 5 min. Absorbance was monitored at 450 nm.

Phage display. Phage display was carried out using a commercial random
12-mer library (PhD Phage Display kit, NEB) per protocols supplied by the
manufacturer. Phage isolates were sequenced after three rounds of amplification
and nonspecific elution with glycine-HCI, pH 2.2.

Binding assays. Tryptophan fluorescence-based peptide binding assays were
conducted on a PTI spectrofluorimeter, monitoring fluorescence emission at
340 nm (excitation at 295nm). Group I peptide, EYPPYPPPPYPSG (Tufts
Protein Chemistry Facility), was purified using reverse-phase high-performance
liquid chromatography. Binding assays were conducted at 4°C in buffer A
(100 mM TrisHCL, pH 8.0, 100 mM NaCl) with 1pM WW domain. WW
domains were cloned into the pHIS8-3 vector, expressed and purified as
described”. The assay follows the fraction of protein bound to peptide by the
normalized fluorescence quenching of the Trp residue in the X-Pro binding
pocket. Isothermal titration calorimetry measurements were made using a
MicroCal VP-ITC calorimeter in buffer A at 4°C, starting with 50-200 pM
WW domain in the sample cell and titrating 0.5-3 mM of the group I peptide.
Data were fit using MicroCal Origin software provided by the manufacturer,
using a one-site binding model. The marginal stability of WW domains required
correction of apparent dissociation constants to account for the fraction
of folded protein at the assay temperature. Assuming a two-state folding
reaction, the correction applied was Kq= Kqapp 1I+<_}<. , where Ky is the
equilibrium constant for the folding reaction. For each protein assayed, K¢
was calculated using thermal denaturation studies carried out as in the
accompanying paper’, and assuming a previously reported value for the change
in heat capacity for the unfolding reaction®. K¢values were: wild type, 38.8; L3A,
1.65; E8A, 15.7; H23A, 22.7; T28A, 32.0; L3A/T28A, 1.25; E8A/T28A, 8.54;
H23A/T28A, 21.5.

Protein hybridization assay. Protein hybridization assays were performed as
described'*. Arrays of all single amino acid substitutions for a group I peptide
(GTPPPPYTVG) and a group III peptide (PPGPPPRGPPP) were synthesized on
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membranes by the M.LT. Biopolymers Laboratory. Membranes were washed in
PBS plus 0.1% Tween-20 (PBST), blocked for 2h at room temperature in
PBST plus 5% non-fat dry milk, washed, and incubated at 4 °C overnight with
10-400 pg ml ! of purified GST-WW domains. Membranes were washed,
treated with horseradish peroxidase-conjugated anti-GST antibodies (Sigma)
in PBST plus 5% non-fat dry milk at 4 °C for 2 h, washed again, and bound WW
domains were detected using the ECL kit (Amersham).
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