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Classical studies show that for many proteins, the information required for specifying the tertiary structure is contained
in the amino acid sequence. Here, we attempt to define the sequence rules for specifying a protein fold by
computationally creating artificial protein sequences using only statistical information encoded in a multiple sequence
alignment and no tertiary structure information. Experimental testing of libraries of artificial WW domain sequences
shows that a simple statistical energy function capturing coevolution between amino acid residues is necessary and
sufficient to specify sequences that fold into native structures. The artificial proteins show thermodynamic stabilities
similar to natural WW domains, and structure determination of one artificial protein shows excellent agreement with the
WW fold at atomic resolution. The relative simplicity of the information used for creating sequences suggests a marked
reduction to the potential complexity of the protein-folding problem.

A fundamental tenet of biochemistry is that the amino acid sequence
of a protein specifies its atomic structure and biochemical function1.
But exactly what information in the sequence of a protein is necessary
and sufficient for producing the fold and its biological activity?
Despite considerable progress in understanding the mechanisms of
protein folding2,3, the answer to this fundamental question remains
unknown. The main problem is the vast potential complexity of
cooperative interactions between amino acids—processes by which
the free energy contribution of one residue depends on those of other
residues4,5. These amino acid couplings could be pairwise and local in
the three-dimensional structure, but could also involve more com-
plex cooperativities in which collections of residues interact through
three-way or higher-order couplings6–8. Given that protein structures
are typically compact and well packed9,10, proteins could be dense and
complex networks of inter-atomic interactions, requiring specifica-
tion of a great number of mutual constraints between amino acid
positions to define the fold.

An approach to defining the architecture of amino acid inter-
actions in proteins is suggested by an evolution-based method
known as the statistical coupling analysis (SCA). This method
postulates that regardless of spatial location or underlying mechan-
ism, the conserved functional coupling of sites in a protein should
drive their mutual coevolution11,12. Given a sufficiently large and
diverse multiple sequence alignment (MSA) of a protein family, the
mutual dependencies should be evident in the conserved statistical
correlations between amino acid distributions at sites. Application of
the SCA in several different protein families reveals two general
conclusions: (1) the global pattern of coevolutionary interactions is
sparse, so that a small set of positions mutually coevolves among a
majority that are largely decoupled, and (2) the strongly coevolving
residues are spatially organized into physically connected networks
linking distant functional sites in the structure through packing
interactions12–15. Studies involving directed mutagenesis12–14,
structure determination16, NMR dynamics17, computational
modelling18,19 and literature study15 implicate these networks of

coevolving residues in contributing to core aspects of protein
function.

More surprising, however, is the finding of sparseness. The SCA
implies an unexpected degree of simplicity in amino acid inter-
actions, with far fewer important constraints between residue pairs
than would be expected from inspection of the atomic structure.
Indeed, as has been pointed out20,21, the evolution-based mapping of
amino acid interactions does not look like the contact graph of the
protein structure; many direct packing interactions show coevolu-
tion scores close to zero, and some distant sites linked through
networks of coevolving residues are predicted to be coupled. Thus,
the SCA mapping provides a picture of proteins as sparsely coupled
architectures with redundant strong constraints linking a few sites,
and a great deal of near-independent variation at most sites.

To test the overall hypothesis, we reasoned that if (and only if) the
information contained in the SCA is a good estimate of the total
sequence information for specifying a protein, it should be possible
to computationally build artificial members of the protein family
using no information except the SCA-based parameters of sequence
conservation and coupling. In principle, these artificial sequences
should fold into a structure representative of the family, and should
function in a manner indistinguishable from their natural counter-
parts. In this and the accompanying paper22, we test this hypothesis in
a computationally and experimentally facile model system, the WW
domain.

SCA-based protein design

We began by carrying out the SCA for an alignment of 120 members
of the WW domain family. WW domains are small, independently
folding protein interaction modules that adopt a curved three-
stranded b-sheet configuration and bind to proline-containing target
sequences23,24 (Fig. 1a). In the SCA, conservation at each position in
the MSA is given in an energy-like statistical parameter that measures
the deviation of the observed distribution of amino acids from their
mean values found in all proteins (Fig. 1b). The evolutionary
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correlations between sequence positions are extracted by carrying out
a perturbation analysis on the MSA; the conservation of amino acids
at one site is perturbed (usually by restricting the site to one amino
acid), and the impact of this perturbation on the conservation of
amino acids at each of the other sites is measured in a distinct energy-
like statistical parameter. Supplementary Fig. 1 shows an example of
this calculation for one site in the WW MSA. Figure 1c shows a
matrix representation of statistical coupling values for five different
site-specific perturbations in the WW MSA that demonstrates the
core results of the SCA. Perturbation experiments at all these sites
simply expose the same redundant pattern of coevolution between a
small set of moderately conserved positions. Not all moderately
conserved positions are coupled—several other sites showing similar
conservation scores (for example, positions 16, 17 or 25; Fig. 1b)
show little coevolution with the sites chosen for perturbation.

The simplicity of these findings suggests the possibility that just
the frequency distribution of amino acids at sites (conservation) plus
the few rules of coupling in the SCA matrix may amount to the total
constraints on WW sequences. To test this idea, we developed two
computational algorithms for designing novel protein sequences
using only SCA information. The first algorithm tests the necessity
of the information in the SCA matrix by building artificial sequences
that preserve the amino acid composition at sites but eliminate all
statistical couplings between sites. Thus, this algorithm presumes
that conservation can be adequately described as an intrinsic
property of each site. To implement this algorithm, we simply select
amino acids at each site independently based on the observed
frequency distribution in the natural alignment. Accordingly, the
SCA matrix for an alignment of 120 such sequences (termed the
site-independent conservation (IC) model) shows no statistical
coupling between positions (Fig. 1d). The second algorithm tests
the sufficiency of the SCA matrix by building artificial sequences that
preserve both the conservation pattern and the pattern of statistical
couplings. These sequences are built using a Monte-Carlo-based
simulated annealing protocol in which amino acids are completely
shuffled within every column of the MSA while minimizing the
difference between all coupling values in the SCA matrix for the
artificial alignment and for the natural alignment. At convergence,
this algorithm produces alignments of novel sequences (,105 sub-
stitutions per sequence) that display the same conservation pattern
and also closely reproduce the pattern of statistical couplings

observed in the natural alignment (termed coupled conservation
(CC) model; compare Fig. 1c and e).

Construction of designed sequences

To evaluate the designed sequences for folding, we constructed
libraries of synthetic genes for expression of the artificial proteins
in Escherichia coli. Four libraries were built using a DNA-oligo-
nucleotide-based gene synthesis protocol (Supplementary Fig. 2): (1)
42 natural WW sequences (N), drawn randomly from the MSA; (2)
43 IC sequences, built on the premise that conservation is strictly an
intrinsic property of each site; (3) 43 CC sequences, built on the
premise that conservation is a distributed property, parsed among
sites in the manner described by the SCA matrix; and (4) 19 random
sequences (R), in which amino acids at all sites were randomly drawn
from their mean frequencies in the WW MSA. The natural sequences
were built as positive controls because we do not know how many of
these will fold when expressed as recombinant proteins in bacteria.
The random sequences are negative controls; they contain no site-
specific information and are not expected to fold.

Table 1 shows the comparative statistical properties of the designed
sequences. Natural, IC and CC WW sequences show a mean amino
acid identity to all natural WWdomains of ,36%, an expected result
because all of these sequences contain the same pattern of conserva-
tion at sites. Another expected finding was that random sequences
show much weaker identities to natural WW domains (,6%).
However, the IC and CC sequences also show similar ‘top-hit’
identities—the per cent identity to their closest counterpart in the
natural world (55.7 ^ 5.6% (IC) and 58.6 ^ 7.2% (CC), P ¼ 0.11,
Kolmogorov–Smirnov test; mean ^ s.d. is shown). This finding
shows that despite additional constraints in their design, CC
sequences are about as diverged as IC sequences; by this measure,
the number of extra constraints arising from the SCA matrix is small.

Experimental analysis of designed sequences

Figure 2a shows a flowchart of experiments for each WW protein.
Proteins were expressed as His8-tagged fusions, purified using
Niþ-NTA affinity chromatography, and subjected to SDS–polyacryl-
amide gel electrophoresis (PAGE) analysis to evaluate expression and
solubility. All libraries contained sequences that expressed poorly
despite multiple attempts, or produced insoluble aggregates (Fig. 2b,
first and second columns); these were scored as not folded. In

Figure 1 | SCA-based protein design. a, Structure of a representative WW
domain (Nedd4.3, ProteinData Bank 1I5H) in complex with a target peptide
(in stick representation). The two canonical tryptophans are shown as
space-filling side chains. The figure was prepared using PyMol51. b, SCA
conservation scores for each position in the WWalignment in arbitrary
units of statistical energy12. Position numbers (x axis) and the secondary
structure diagram at the top coincide with matrix columns in c–e. c, A
matrix representation of statistical coupling values from perturbation

analysis of five positions (rows) in the WWdomain MSA. d, The matrix for
an alignment of IC sequences, built by randomly selecting amino acids at
each site from the observed frequency distributions in the natural
alignment. e, The matrix for an alignment of CC sequences, derived from a
design algorithm where both the conservation pattern and the pattern of
statistical couplings in the natural alignment are preserved. Scale bar shows
the SCA coevolution score, ranging from 0 (blue) to 2 (red).
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addition, all libraries contained some fraction of well-expressed and
soluble proteins (Fig. 2b, third column). These were further evalu-
ated using thermal denaturation experiments and 1H-NMR for
evidence of a native state, as described below. Expression data for
all 147 synthetic proteins are provided in Supplementary Fig. 3.

A hallmark of natively folded small proteins is cooperative and
reversible transition between folded and unfolded states. In the WW
domain, this folding equilibrium and the consistency of the two-state
approximation have been well described25,26. Here, we followed the
folding reaction by monitoring the fluorescence of a buried trypto-
phan (Trp 7), which becomes quenched due to solvent exposure
upon thermal denaturation and therefore reports the fraction of
protein folded as a function of temperature (for example, Fig. 3a–c).
We tested all 105 well-expressed and soluble proteins from the four
sequence libraries for cooperative and reversible thermal transitions
(Supplementary Fig. 4); a representative sampling of these data is
shown in Fig. 3. Natural WW domains show a range of thermal
denaturation profiles (Fig. 3a). Some, such as N1, are clearly well
folded, showing a cooperative denaturation with thermodynamic
parameters typical for WW domains (van’t Hoff enthalpy
(DHVH

u ) ¼ 22.5 kcal mol21, Tm ¼ 46.8 8C, where Tm is the melting
temperature). Others, such as N22, cooperatively denature but are
less stable (DHVH

u ¼ 18.5 kcal mol21, Tm ¼ 25.2 8C). Still others,
such as N36, despite good solubility, show no convincing evidence
of a native state given the experimental conditions of the assay. To
provide independent support for categorization of these denaturation
profiles as folded or not folded, we collected 1H-NMR spectra for a
representative sampling of natural WW proteins. Characteristic
features of folded WW proteins include good chemical shift
dispersion of peaks corresponding to backbone amide protons

(d . 9 parts per million (p.p.m.)), often accompanied by distinct
chemical shifts of the two indole nitrogen protons down-field of
10 p.p.m. (the two canonical Trp residues are in distinct chemical
environments—one in the core and one solvent exposed, see Fig. 1a),
and up-field chemical shifts (d , 0.5 p.p.m.) corresponding to side-
chain methyl protons26. Spectra for N1 (Fig. 3d) and N22 (Fig. 3e)
confirm that these are indeed natively folded. As suggested by
thermal melts, the NMR spectrum for N36 (Fig. 3f) shows none of
these hallmarks, consistent with an unfolded protein. On the basis of
the analysis of natural WW sequences, we determined rigorous
criteria for folding: artificial sequences were declared as folded only
if they showed cooperative and reversible thermal denaturation and
1H-NMR spectra consistent with a native state (Supplementary Figs 4
and 5).

Figure 3b, g–i shows similar data for a representative set of CC
sequences. Some, such as CC16 (Fig. 3i), are, like N36, soluble but
not folded by either criterion. Others, such as CC45 (Fig. 3g) or CC18
(Fig. 3h), show thermal denaturation profiles that fall into the same
range as natural WW domains (CC45: DHVH

u ¼ 32:4 kcal mol21;
Tm ¼ 65.6 8C; CC18: DHVH

u ¼ 19:63 kcal mol21; Tm ¼ 34.3 8C),
and show strong evidence in 1H-NMR spectra of being natively
folded. In contrast, no IC sequences showed evidence of native
folding. Figure 3c shows thermal denaturation profiles for every
soluble IC sequence (n ¼ 30, grey) and Fig. 3j–l shows corresponding
1H-NMR spectra for the three IC sequences that constitute the best
case scenarios by thermal melts. The data demonstrate that some CC
sequences are natively folded with thermodynamic properties similar
to that of natural WWdomains, and that no IC sequences are natively
folded.

Figure 4a summarizes the experimental analysis of all 147 WW

Table 1 | Statistical properties of natural and artificial WW domains

WW library Identity to natural WW domains
in MSA (%; mean ^ s.d.)

Identity to closest natural WW domain
in MSA (%; mean ^ s.d.)

Number of
sequences

Natural* 35.3 ^ 6.1 80.4 ^ 14.5 42
(folded) (36.2 ^ 5.8) (78.2 ^ 15.9) (28)

IC† 36.1 ^ 3.0 55.7 ^ 5.6 43

CC‡ 35.0 ^ 4.8 58.6 ^ 7.2 43
(folded) (37.4 ^ 5.4) (63.1 ^ 6.0) (12)

Random§ 6.3 ^ 2.5 14.9 ^ 4.3 19

*Drawn randomly from the natural WW MSA.
†Created by randomly selecting amino acids at each site from the observed frequency distribution at that site in the natural WW MSA.
‡Created by Monte-Carlo simulation.
§Created by randomly selecting amino acids at each site from their overall mean frequencies in the WW MSA.

Figure 2 | Experimental evaluation of artificial proteins (part 1). a, A
flowchart of experiments for evaluating WW sequences. Each sequence was
expressed as a His8-tagged fusion in E. coli, tested for solubility, and if
soluble, subjected to thermal denaturation and, in most cases, 1H-NMR.
b, SDS–PAGE analysis of WW sequences drawn from four different

sequence libraries: N, natural; CC, coupled conservation model; IC,
site-independent conservation model; R, random. Lanes represent pellet or
insoluble fraction (P), soluble fraction (S), flow-through after Niþ-NTA
affinity chromatography (F) and eluted proteins (E).
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sequences tested. Sixty-seven per cent of natural WW sequences were
folded by the criteria described above, a number that simply reflects
the efficiency of producing randomly chosen WW domains in our
expression system. As expected, no random sequences were folded,
although nearly half of these were well expressed and soluble. No IC
sequences were natively folded, although a substantial fraction (70%)
was soluble. The finding that these sequences showed a greater
probability of being soluble in comparison to random sequences
suggests that conservation taken at sites alone may provide enough
information about the folding process to permit hydrophobic
collapse to a molten globule-like state. However, the site-
independent conservation model is insufficient to produce the native
state. In contrast, over one-quarter of the CC sequences were natively
folded. Figure 4b compares the unfolding enthalpy and melting
temperatures derived from thermal denaturation experiments for
all folded natural WW domains and CC sequences, showing that the
CC sequences fall into the same range of thermodynamic parameters
as their natural counterparts (P ¼ 0.1, multivariate analysis of
variance (ANOVA)). Just like natural WW domains, the CC domains
are marginally stable folds in which a fine balance of opposing forces
probably accounts for the distinction between folded and non-folded
states.

Folding to a native state involves efficient packing of hydrophobic
atoms within the interior of proteins, a factor that leads to higher
average sequence conservation in the core of proteins27. Although CC
sequences show similar divergence from natural WW domains as IC
sequences overall (Table 1), we wondered whether CC sequences

might natively fold because they are more similar to WW domains
within the core. To examine this, we calculated sequence identities
within core residues (3, 7, 20, 22, 33) between CC or IC sequences
and natural WW domains. CC sequences show 66.7 ^ 7.0% mean
and 97 ^ 7.1% top-hit identities to natural sequences for these
positions (mean ^ s.d.), values that reflect the near invariance of
some core positions in the MSA. However, IC sequences are no
different from CC sequences, showing 68.3 ^ 9% mean and
95.4 ^ 9.4% top-hit identities to natural sequences for core positions
(mean ^ s.d.). Also, the folded subset of CC sequences shows the
same core sequence identity (67.8 ^ 7% mean and 98.3 ^ 6% top-
hit; mean ^ s.d.). Thus, native folding in CC sequences is not
explained by a more natural-like composition of core residues.

Taken together, the data argue that in addition to the amino acid
distributions at sites, the statistical coupling information is necessary
and sufficient to specify native folding. Because no information
about the WW domain except the coupling values in the SCA matrix
was used to constrain the CC sequences beyond the IC sequences, we
conclude that the specific topology of mutual constraints between
sites predicted by the SCA is one solution for achieving the folded
state of this protein family.

Atomic structure of an artificial WW domain

Do the artificial proteins adopt the canonical WW fold? To examine
this, we pursued in-depth structural analysis of one of the CC
proteins, CC45. CC45 shows 39% mean identity and 61% top-hit
identity to natural WW sequences, values that are near the average

Figure 3 | Experimental evaluation of artificial proteins (part 2). Thermal
denaturation studies and corresponding 1H-NMR spectra for a sampling of
WW sequences drawn from the natural (a, d–f), CC (b, g–i), or IC model
(c, j–l) alignments. For natural and CC sequences, three sequences are
shown that were highly stable (d, g), moderately stable (e, h), and unfolded

(f, i). For IC sequences, melts of every soluble sequence (N ¼ 30) are
overlaid in grey; 1H-NMR spectra of three sequences (in black) with the best
potential for some native structure are shown in j–l.Whereas natural andCC
sequences include some that are folded, no IC sequences are folded.
Fluorescence is reported in counts s21.
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for both CC and IC sequences (Table 1). As described, this protein is
well folded by several independent biophysical assays (Fig. 3b, g). We
solved the three-dimensional structure of CC45 by solution NMR
methods, using 800 distance and dihedral angle restraints (Fig. 5a, b;
see also Supplementary Table 2). CC45 was refined to reasonably
high precision, clearly confirming the curved three-stranded anti-
parallel b-sheet structure characteristic of all WW domains. How-
ever, the structural similarity of CC45 to other WWdomains seems to
go well beyond just the fold level. Tertiary structure motifs common
to WW domains are found in CC45, including a centrally located
tryptophan (W7) that sits upon a platform of two proline side chains
(P4, P33, Fig. 5b). In addition, several sites in CC45 display unusual
proton chemical shifts based on comparison with the BioMagRes-
Bank database of protein NMR data (for example, d ¼ 20.38 p.p.m.
for N22 Hb2, Fig. 3g; see Supplementary Table 1 for further
examples). Such unusual shifts arise from unique tertiary packing
that places protons in close proximity to aromatic side chains.
Comparison of the chemical shifts of CC45 to those of two natural
WW domains, Pin1 (ref. 28) and Nedd4.3 (ref. 29), showed that
all three proteins display these same unusual shifts at analogous
positions in each sequence. Thus, CC45 adopts a stable WW-like
three dimensional structure.

To examine how well the SCA-based design recapitulates the native
structure of the WW domain, we overlaid the structure of CC45 with
those of several different natural WW domains by minimizing the
root mean squared deviations (r.m.s.d.) of backbone Ca atoms for all
structures (Fig. 5c). All seven structures clearly adopt very similar
backbone folds, and no obvious feature seems to distinguish CC45
from the other proteins. To quantify this result, we compared the
average pairwise r.m.s.d. values for backbone atoms of all the natural
WW domains (1.52 ^ 0.4 Å) with the r.m.s.d. values of CC45 from
all the natural domains (1.19 ^ 0.65 Å). The difference between
these distributions is not significant (P ¼ 0.34), demonstrating
that CC45 is as similar at atomic resolution to natural WW domains
as natural domains are to each other.

Conclusions

Classical studies indicate that protein structure and function results
from globally minimizing the free energy of the polypeptide chain
under physiological conditions1. In this work, we have tested a model
for the specific pattern of amino acid interactions that makes up the
global free energy minimum using the WW domain as a model
system (Fig. 1b, c). The model is based on three core hypotheses: (1)
that amino acid interactions specifying the atomic structure are
conserved throughout members of a protein family rather than being
idiosyncratic; (2) that conservation is a distributed rather than site-
independent property because it fundamentally arises from the
cooperativity of energetic interactions; and (3) that the parsing of
conservation is well estimated by the statistical energy function
contained in the SCA method. The finding that a significant fraction
of CC sequences are natively folded whereas IC sequences are not
provides strong support for these hypotheses. This result is particu-
larly informative because CC sequences are statistically indistin-
guishable from IC sequences with regard to sequence divergence
from natural WW domains. We conclude that it is the specific
distribution of conservation rather than the quantity of conservation
that dictates native folding.

Figure 4 | Summary of experiments on all natural and artificial WW
sequences. a, A pie chart showing the outcomes of folding studies for
natural (n ¼ 42), CC (n ¼ 43), IC (n ¼ 43), or random (n ¼ 19) WW
sequences. Red, natively folded; blue, soluble but unfolded; yellow,
insoluble; grey, poor expressing. b, Melting temperatures (Tm) and van’t
Hoff enthalpies of unfolding for all folded WW sequences. Open circles
indicate natural sequences and filled circles indicate the 12 folded CC
sequences. The artificial sequences show thermodynamic parameters that
fall into the same range as that of natural WWdomains.

Figure 5 | NMR structure determination of CC45, an artificial WW
domain. a, Ensemble of ten lowest energy structures determined for CC45,
showing backbone traces of each structure and side chains of selected
residues discussed. b, Ribbon diagram of the representative structure of the
CC45 ensemble. Residues highlighted in CPK or stick bonds illustrate
packing interactions in the core (Trp 7, Pro 33, Asn 22), and in the canonical
proline-binding pocket (Tyr 19, Trp 30). c, Structure-based alignment of
CC45 (blue) with six natural WWdomains in white (FBP28WW (1E0L),
YJQ8WW (1E0N), dystrophin (1EG3), Nedd4.3 (1I5H), YAP65 (1K9R) and
Pin1 (1PIN)). The data show that the CC45 adopts a WW-like tertiary
structure.
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How is the sparse architecture of residue interactions suggested by
the SCA consistent with the fact that proteins are well packed, and
with the intuitive sense that residues closer to each other in the
structure should interact more strongly? Indeed, mutations made in
spatially local sites (,5 Å apart) are more likely to be thermodyna-
mically coupled30, a finding that has been used to argue that the
energetic architecture of proteins could be dense and local rather
than sparse and distributed21. However, mutation-based free energy
measurements do not measure the energetic value of wild-type
residues; they measure the energetic effect due to mutation. When
close in space, it becomes difficult to separate the average spatial
correlation of mutation-induced effects in proteins from the intrinsic
interactions between the wild-type residues in proteins. For example,
alanine mutations are often thought of as loss-of-function mutations
in proteins, but these mutations can cause local cavities to form in
structures, and the energetic value of such mutations includes a
cavity-dependent contribution31. In such cases, it is not surprising
that pairs of mutations in local regions show energetic coupling. In
contrast, SCA-based protein design is a massive perturbation experi-
ment in which the mutagenesis at every site is constrained by its own
frequency distribution in the MSA and by coupling to those few other
sites that evolution shows can provide compensatory mutations.
Consequently, a large number of packing interactions are decoupled
in the design of CC sequences and vary independently, consistent
with findings that proteins are generally tolerant to mutation32. We
suggest that this experiment provides a more informative and
extensive test of the architecture of amino acid interactions in
proteins.

Nevertheless, it is also clear that the density of atoms within the
core of proteins is high, similar to that in crystals of free amino
acids9,10. At first glance, this finding seems to highlight the import-
ance of local interactions in proteins to create this high level of order.
However, recent studies show that although the mean density of
atoms in the core of proteins suggests a solid-like arrangement, the
distribution of packing densities is much more like that of a
liquid33,34. That is, packing is heterogeneous in protein cores with
some highly ordered regions mixed with many regions that are not as
highly ordered. A number of studies are now beginning to add
experimental support for the heterogeneous and distributed nature
of mechanical interactions in proteins35–37. It will be important to test
further the physical model that emerges from these studies and the
SCA: proteins are heterogeneous energetic architectures with a net-
work of coupled residues existing in the environment of many weaker
interactions.

METHODS
Statistical coupling analysis. Statistical coupling analysis was performed
as previously described12. WW domain sequences were collected using
PSI-BLAST38 (e-scores #0.001) from the non-redundant database of protein
sequences (release date October 2000), and aligned using ClustalW39. The five
statistical perturbations used in this study (8E, 21Y, 22D, 23H and 28T) were
chosen by knowledge of structural or functional importance in the WW
domain40,41.
Protein design algorithms. IC model sequences were created by randomly
drawing amino acids for each site from the corresponding amino acid frequency
distributions in the natural WW alignment. Random sequences were created by
randomly selecting residues at every site from the overall frequency distribution
in the MSA. CC model sequences were generated using a Monte-Carlo simulated
annealing algorithm, described in the Supplementary Methods section.
Gene construction and protein expression. Genes encoding artificial sequences
were designed by back-translating designed protein sequences using E. coli
codon optimization (Vector NTI Suite, Informax Inc), built on overlapping
DNA oligonucleotides, assembled using the polymerase chain reaction, and
cloned into the pHIS8-3 expression vector (provided by J. Noel). Constructs
were verified by DNA sequencing. Proteins were expressed in JM109(DE3) cells
grown at 37 8C in Terrific broth to an absorbance at 600 nm of,1.2, and induced
with 0.5 mM IPTG at 18 8C overnight. For fluorescence experiments, 50 ml
culture was lysed in 3 ml binding buffer (25 mM TrisHCl, pH 8.0, 0.5 M NaCl,
5 mM imidazole) by sonication followed by centrifugation and incubation of the

cleared lysate with 75 ml bed volume Niþ-NTA (Qiagen) for 30 min at 4 8C. After
washing (three times with 15 ml binding buffer), WW proteins were eluted in
elution buffer (100 mM TrisHCl, pH 8.0, 1 M NaCl, 400 mM imidazole).
Cultures were scaled up for NMR experiments, using 1–2 l of Terrific broth
and 0.5 ml of affinity resin.
Thermal denaturation assay. Purified proteins were diluted into 2 ml elution
buffer for a final WW domain concentration of ,1–10mM. Protein fluorescence
was monitored at 340 nm (excitation at 295 nm) using a spectrofluorometer
(Photon Technologies Inc.) outfitted with a Peltier temperature controller. Data
were acquired while changing the temperature from 4 8C to 90 8C and back to
4 8C, at a rate of 2 8C min21 with 5 min equilibration periods at 4 8C and 90 8C.
Melting curves for 10mM free tryptophan were subtracted to account for the
intrinsic temperature dependence of Trp fluorescence. Melting temperature
(Tm) and enthalpy of unfolding at the Tm were calculated by fitting the first
derivative of the denaturation curves to the differential form of the van’t Hoff
equation42.
NMR spectroscopy.All NMR spectra were recorded on 500 and 600 MHz Varian
Inova spectrometers. One-dimensional 1H-NMR spectra of various WW
domains were obtained on samples containing 100mM to 1 mM protein in
100 mM NaCl, 100 mM sodium phosphate buffer (pH 7.0) and 90%:10%
H2O:D2O. All spectra were recorded at 25 8C using a 3-9-19 Watergate sequence43

for water suppression. For the CC45 chemical shift assignments and solution
structure determination, a combination of two-dimensional double-quantum
filtered correlation spectroscopy (DQF-COSY), total correlated spectroscopy
(TOCSY; tmix ¼ 60 ms) and nuclear Overhauser effect spectroscopy (NOESY;
tmix ¼ 150 ms) were recorded on 600mM unlabelled protein samples in the
above buffer at 25 8C and 38 8C, along with two-dimensional TOCSY (tmix ¼ 60
ms) and NOESY (tmix ¼ 60, 150 ms) spectra recorded at 25 8C on a 1 mM
protein sample made in the same buffer with 99% D2O solvent. Additional
spectra were recorded on an 850mM sample of uniformly 15N-labelled CC45 in
90%:10% H2O:D2O, including three-dimensional 15N-edited TOCSY
(tmix ¼ 60 ms), three-dimensional 15N-edited NOESY (tmix ¼ 150 ms), three-
dimensional HNHA and two-dimensional 15N/1H heteronuclear single quan-
tum correlation (HSQC) experiments. All spectra were processed using the
NMRPipe package44 and analysed using nmrView45. The CC45 sequence is
NH3

þ-MPLPPGWERRTDVEGKVYYFNVRTLTTTWERPTIILE-COO2.
Structure determination. Distance restraints were obtained by analysing the
three-dimensional 15N-edited NOESY and two-dimensional homonuclear
NOESY spectra recorded in 99% D2O (both tmix ¼ 150 ms) using the CNS
package46 with the ARIA 1.2 extension47. Additional restraints on the backbone
dihedral angles f and w were derived from a TALOS-based analysis of
backbone chemical shifts48 and supplemented by 3J(HN-Ha) coupling con-
stants measured in a three-dimensional HNHA spectrum. Hydrogen bond
restraints for a total of six backbone amides were generated for sites showing
b-sheet structure by dihedral angle analysis and typical inter-strand nuclear
Overhauser effects (NOEs). One hundred structures were generated in the last
ARIA iteration, out of which the ten with the lowest energies were selected
for a final refinement stage in water. The resulting ensemble of ten structures
was used for all analyses as implemented in the programs PROCHECK-
NMR49 and MOLMOL50. Ramachandran statistics for CC45 are: 80.7 ^ 6.3%
in most favoured regions, 18.0 ^ 7.3% in additionally allowed regions,
1.0 ^ 1.6% in generously allowed regions, and 0.3 ^ 1.0% in disfavoured
regions.
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I. Supplementary Table 1: Distinctive proton chemical shifts in WW domains 

CC45 residue atoms BMRB mean±s.d. Pin1 Nedd4 CC45 

Arg 18 Hb2, Hb3 1.79±0.28 0.10 (-6.04s), 

0.10 (-6.04s) 

0.93 (-3.07s), 

0.60 (-4.25s) 

1.27 (-1.86s), 

-0.06 (-6.61s) 

      

Asn 29 Hb2, Hb3 2.79±0.34 2.05 (-2.18s), 

-0.64 (-10.1s) 

2.08 (-2.09s), 

0.11 (-7.88s) 

1.99 (-2.35s), 

-0.38 (-9.32s) 

 Hd21, Hd22 7.32±0.51, 

7.17±0.51 

6.70 (-0.92s), 

4.23 (-5.76s) 

7.21 (+0.08s), 

6.24 (-1.82s) 

6.66 (-1.00s), 

4.10 (-6.02s) 

      

Arg 39 Ha 4.29±0.45 2.68 (-3.58s) 2.89 (-3.11s) 2.74 (-3.44s) 

      

Pro 40 Hb2, Hb3 2.05±0.37 0.62 (-3.86s), 

0.03 (-5.46s) 

0.88 (-3.16s), 

0.88 (-3.16s) 

0.94 (-3.00s), 

0.74 (-3.54s) 

 Hg2, Hg3 1.92±0.35 0.87 (-3.00s), 

0.79 (-3.23s) 

0.55 (-3.91s) 

0.08 (-5.26s) 

0.46 (-4.17s) 

0.09 (-5.23s) 

 

Proton chemical shifts (in ppm) for each identified position were compared among the equivalent 
residues in the Pin1 (1), Nedd4 (2) and CC45 WW domains.  Chemical shift assignments for Pin1 
and Nedd4 were obtained from the BioMagResBank database (Pin1: BMRB entry 4882; Nedd4: 
entry 4963 for Nedd4/ENaC bP2 complex).  Means and standard deviations of the proton 
chemical shift values were also obtained from BMRB, using the Dec. 16, 2004 version of the 
restricted set database containing ~1.2 million ppm entries.  For methylene protons, no attempts 
are made to take stereospecific assignments into account and shifts are simply listed in numerical 
order.  Shifts listed in bold are a minimum of three standard deviations away from mean values. 
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Supplementary Table 2 NMR and refinement statistics for protein structures 
 Protein 
NMR distance and dihedral constraints  
Distance constraints  
    Total NOE 756 
    Intra-residue 320 
    Inter-residue 436 
      Sequential (|i-j| = 1) 155 
      Medium-range (|i-j| < 4) 67 
      Long-range (|i-j ≥ 4) 214 
      Intermolecular n/a 
    Hydrogen bonds 12 
Total dihedral angle restraints (phi, psi and chi1) 48 
  
  
Structure statistics  
Violations (mean and s.d.)  
    Distance constraints (Å)     0.012±0.003Å 
    Dihedral angle constraints (°) 0.51±0.11 
    Max. dihedral angle violation (°)     3.7° 
    Max. distance constraint violation (Å)  0.317Å 
Deviations from idealized geometry  
    Bond lengths (Å)     0.0037±0.0002Å 
    Bond angles (°) 0.48±0.03° 
    Impropers (°) 1.28±0.12 
Average pairwise r.m.s.d.** (Å)      
    Heavy      1.75±0.31Å 
    Backbone   0.86±0.20Å 
** Pairwise r.m.s.d. was calculated among 10 refined structures.  
 
 
 



II. Supplementary Methods 

Statistical coupling analysis 

Given an alignment with N  positions, the total dataset produced by the SCA method is a 

N´20  matrix of conservation values and a MN ´´20  matrix of pairwise coupling 

values, where the impact of every perturbation { }Mj ...1Î  is measured at every MSA 

position { }Ni ...1Î  by a vector of amino acid specific statistical coupling energies.  The 

datasets shown in Fig. 1b and Fig. 1c-e are N -dimensional vectors and MN ´  matrices, 

respectively, where for simplicity of presentation, we have taken the magnitudes along 

the amino acid dimension14.  All calculations were carried out using MATLAB 7.0.1 

(Mathworks Inc.).  Alignments for natural and artificial WW sequences are available for 

download from our laboratory web site (http://www.hhmi.swmed.edu/Labs/rr), and code 

is available upon request. 

 

Statistical significance of coupling values 

To calculate the statistical significance of statistical coupling values for a perturbation 

(Fig. S1f), we calculated the coupling scores for 100 independent trials of randomly 

selecting subalignments of the same size and mean change in conservation, and assessed 

whether observed coupling values are greater than from the random expectation (Z-test, 

significance threshold was p < 0.05).   

 
SCA-based protein design 

The simulation initially introduces substantial variation in the MSA that scrambles the 

pattern of statistical coupling, and then searches for a new alignment solution that 

minimizes the difference SCA matrix between the artificial and natural alignments.  The 

basic iterative step in this sequence space simulated annealing (SA) method is to choose 



two sequences (rows) in the MSA and one position (column) at random and swap the 

corresponding residues.  By only swapping residues within a column in the MSA, the 

conservation pattern at sites is never changed, but couplings between sites may change.  

The swap is either accepted or not accepted based on the Metropolis criterion using a 

statistical energy function that describes the amino acid couplings during the progress of 

the simulation.  For computational speed, the energy function describing couplings is 

slightly modified from the standard SCA procedure.  Each element of the statistical 

energy matrix for the MSA at iteration n  (E(n)) is: 

x
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where )(, nf xji  is the frequency of the thx  amino acid at site i  given perturbation j  for 

the MSA at iteration n , and x
natjif ,,  is the same quantity for the natural MSA.  Thus, E(n) 

is a quantitative measure of how different the alignment at the thn  iteration is from the 

target (natural) MSA.  We collapse the matrix E(n) by taking the magnitudes along each 

of its dimensions to finally produce )(ne , the scalar energy difference for the alignment 

at the thn  iteration.  In evaluating acceptance of the swap, we compare the energy of the 

alignment at the thn  iteration with that of the thn 1-  iteration: 

 )1()( --=D nenee . 

If 0£De , the swap is accepted, since the alignment draws closer to the natural MSA.  If 

0>De , the swap is accepted with a Boltzmann-weighted probability ( b
e

accept eP
D

-

= ), 

where b is a statistical equivalent to temperature in a physical system and controls the 

likelihood of accepting swaps that diverge from the optimization target.  In designing the 

CC sequences, b is initially set high to randomize the alignment, and then is 

exponentially cooled to convergence.  The simulation exits if a preset number of swaps 

are not accepted upon three sequential attempts at 100-fold coverage of the alignment.  



The alignment at exit comprises the CC sequences.  Simulations were carried out on a 

four-processor 500 MHz Dec Alpha cluster, and converged after 1.5 hours after roughly 

one billion swaps. 



 

III.  Supplementary Figure Legends: 

 

Supplementary Figure 1:  Statistical coupling analysis for one site in the WW domain family.  

The SCA is based on two simple postulates about sequence conservation.  First, the lack of 

evolutionary constraint at one site should cause the observed frequencies of amino acids in a large 

and diverse multiple sequence alignment (MSA) to approach their mean values found in all 

proteins.  As a corollary, the evolutionary constraint (conservation) of any site j  is the degree to 

which the observed distribution deviates from these mean frequencies; in the SCA this is 

measured in an energy-like statistical parameter called stat
jED  (in prior work, referred to as 

stat
jGD ).  The units of statistical energy are arbitrary and defined here symbolically as *g  (in 

prior work, referred to as *kT ).  Second, the functional coupling of two sites i  and j , 

regardless of underlying mechanism or structural location, should drive their correlated evolution.  

In the SCA, this co-evolution of two sites is measured by introducing a change to the frequency 

of an amino acid at one site i  in the MSA and measuring the impact of this perturbation on amino 

acid x  at another site j .  This impact is quantitatively measured by another statistical parameter, 

xstat
ijE
,

,DD  (in prior work, referred to as xstat
ijG
,

,DD ).  Calculated for all sites j , this so-called 

statistical perturbation experiment maps how the perturbation at i  is felt by all other sites in the 

protein, and is a global prediction of amino acid interactions for site i  derived from the 

evolutionary record of the protein family.  a, A schematic representation of a multiple sequence 

alignment (MSA) of 120 WW domains, showing the frequencies of the dominant amino acids at 

four sites: 8 (62% Glu), 11 (an unconserved site with residues close to their mean frequencies in 

the non-redundant database), 16 (79% Gly), and 23 (64% His).  Residue numbering is per 

alignment positions.  Sequences with Glu at position 8 are indicated with red boxes. b, The 



subalignment resulting from a perturbation at site 8 (restricting it to Glu).  Since the parent 

alignment showed 62% Glu, the 8E subalignment contains 0.62*120, or 74 sequences.  c-e, The 

impact of the 8E perturbation on the three other sites (11, 16, and 23).  The frequency distribution 

of amino acids in the full alignment is in black bars and that in the 8E subalignment is in white 

bars.  For comparison, the mean frequencies of amino acids in the non-redundant database are 

shown (gray bars).  c, Position 11 is unconserved since it shows amino acid frequencies close to 

their mean values in all proteins (compare black and gray bars, *2.011 g=D statE ).  Unconserved 

sites by definition show little evolutionary constraint, and thus are expected to remain 

unconserved upon perturbation as long as the subalignment produced upon perturbation remains 

sufficiently large and diverse.  Indeed, position 11 shows nearly the same frequency distribution 

upon making the 8E perturbation (compare white and gray bars), and shows a weak coupling 

score in the SCA ( *1.08,11 g=DD stat
EE ).  This coupling score is insignificant because it does not 

exceed scores for position 11 derived from randomly selected subalignments of the MSA with the 

same average conservation changes as the 8E subalignment (p=0.99).  d,  Positions 16 is a 

moderately conserved site since its amino acid distribution differs strongly from the mean in all 

proteins ( *63.116 g=D statE ), but interestingly, the distribution remains the same in the 8E 

subalignment as in the parent alignment.  Thus position 16 is uncoupled to the 8E perturbation 

( *082.08,16 g=DD stat
EE , p=0.89).  This result indicates that conservation per se is not tantamount 

to coupling; sites can be evolutionarily constrained for independent reasons.  e, However, some 

conserved positions are coupled to the 8E perturbation.  Position 23, a residue in direct packing 

contact with position 8, shows an amino acid distribution that is not only conserved 

( *8.123 g=D statE ), but that is strongly influenced by the 8E perturbation ( *5.18,23 g=DD stat
EE , 

p<<.001).  Thus, this site is evolutionarily coupled to position 8.  f, The complete set of statistical 



coupling values for the 8E perturbation for all other sites i ( stat
EiE 8,DD ) in the MSA.  Statistically 

significant couplings (p<0.05) are marked with an asterisk. 

 

Supplementary Figure 2:  Summary of all sequences constructed and experimentally tested.  

Shown are alignments of natural WW domains (A), CC (B), IC (C), and random sequences (D).  

For each sequence, the table at right gives the mean sequence identity to the MSA of natural WW 

domains (mean_id), the maximum (“top-hit”) identity (max_id), assessments of protein 

expression (exp), solubility (sol), and thermal denaturation (melt) experiments, and if applicable, 

thermodynamic parameters (the melting temperature mT , and the vant Hoff enthalpy of unfolding 

VH
uHD  ).  Expression and solubility were assessed by SDS-PAGE and thermodynamic 

parameters were determined by fitting the denaturation data to a two-state model for folding.  

 

Supplementary Figure 3:  Assessment of expression and solubility of all sequences constructed.  

SDS-PAGE analysis of natural WW domains (A), CC sequences (B), IC sequences (C), and 

random sequences (D).  Lane order is P – pellet or insoluble fraction, S – supernatant after lysis, 

or soluble fraction, F – flow through after incubation with Ni-NTA affinity matrix, and E – eluted 

product after washing the Ni-NTA beads. 

 

Supplementary Figure 4:  Thermal denaturation and renaturation studies.  Graphs plot the 

fluorescence at 340nm against temperature in degrees Celsius for all soluble natural WW 

domains (A), CC (B), IC (C), and random (D) sequences upon denaturation ( CC oo 904 ® , 

black line) and renaturation ( CC oo 490 ® , gray line).  For cases in which proteins were only 

partially reversible, the inset shows normalized fluorescence curves to aid in assessing the 

similarity of the unfolding and refolding processes. 

 



Supplementary Figure 5:  One-dimensional proton NMR spectra for natural WW domains (A), 

CC sequences (B), and IC sequences (C).  For this analysis, natural sequences were selected to 

represent a range of stabilities as measured by thermal denaturation experiments in order to 

provide a standard for assessing artificial sequences.  All CC sequences that showed some 

potential for native folding were studied by 1H-NMR with the exception of CC14, which has a 

thrombin cleavage site within loop 1 of the fold and was therefore difficult to prepare these 

studies.  Though no IC sequences showed convincing evidence in thermal denaturation 

experiments of producing the native state, a number of these sequences with non-zero signals 

were studied to definitively rule out folding to a native state. 

 


