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Several contrasting hypotheses have been formulated about the influence of
functional and conformational properties, like stability and avoidance of
misfolding, on the evolution of protein globular domains. Selection at
functional sites has been suggested to be detrimental to stability or coupled
to it. Avoidance of misfolding may be achieved by discarding misfolding-
prone sequences or by maintaining a stable native state and thus desta-
bilizing partially or fully unfolded states from which misfolding can take
place. We have performed a hierarchical analysis of a large database of point
mutations to dissect the relative contributions of function, stability and
misfolding in the evolution of natural sequences. We show that at catalytic
sites, selection for function overrules selection for stability but find no
evidence for an anticorrelation between function and stability. Selection for
stability plays a secondary role at binding sites, but is not fully coupled to
selection for function. Remarkably, we did not find a selective pressure
against misfolding-prone sequences in globular proteins at the level of
individual positions. We suggest that such a selection would compromise
native-state stability due to a correlation between the stabilities of native and
misfolded states. Stabilization of the native state is the most frequent way in
which natural proteins avoid misfolding.

© 2006 Elsevier Ltd. All rights reserved.
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Introduction

Point mutations are a crucial mechanism in the
evolution of protein globular domains. Several
factors have been proposed to influence which
mutations actually take place in nature, such as the
conservation of functional residues,'”” and biophy-
sical properties, like native state stability,”® and
negative design against misfolded states.”” The
relative importance of function, stability and mis-
folding in protein globular domains has not been
established unambiguously. Some functional sites
have been reported to be suboptimal in terms of
stability,'*?* leading to the principle of function—
stability trade-off.16-24 Some sites contribute to both
stability and function,®!®?3% which led to the

opposing hypothesis of a coupling between stability
and function.>?*?* " Similarly, the evolutionary
relationship between stability and misfolding is not
clear. Misfolding of a protein requires a total or
partial unfolding event that exposes a misfolding-
prone stretch to the solvent.** It has been proposed
that natural globular proteins avoid misfolding by
keeping a stable native state (and thus destabilizing
partially or fully unfolded states from which
misfolding can take place1)35 or by destabilizing
putative misfolded states.” "> To our knowledge, the
relative occurrence of these strategies in nature has
not been addressed.

The lack of consensus on the roles of function,
stability and misfolding likely indicates that proteins
can choose from a variety of strategies to fulfil the
different functional and conformational constraints.
A full understanding of protein evolution should
identify all possible strategies but also determine
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which are used more frequently in nature. We have
performed a systematic analysis of the importance of
function, stability and the prevention of amyloid
fibril formation and amorphous aggregation in
determining the sequence of protein globular
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domains. By means of a large database of point
mutations, a combination of experimental data and
empirical tools and a stepwise analysis, we identified
and ranked the roles of several functional and
conformational properties in the evolution of natural
sequences. We identify two main kinds of sequence
positions. Selection for function is the main pressure
at a minority of sites, sometimes overruling selection
for stability. Selection for native-state stability
dominates at a majority of sites and, indirectly,
protects proteins against misfolding. Interestingly,
the stabilities of native states, amyloid fibrils and
amorphous aggregates seem to be correlated.

Results

General approach

We analyzed a data set of 2351 point mutations in
44 globular domains (see Supplementary Data).
Mutations were first classified according to which
of the proposed selection pressures were present at
each site. We assigned a role in catalysis,”® or binding
of other molecules,” " using information from
structural and protein engineering studies (see
Methods). Sites involved in the formation of amyloid
fibrils,'’ or amorphous aggregates,*’ were identified
using computer empirical tools (see Methods). We
used in vitro measurements of native state stability™*'
to model in vivo stability.*>**

As a second step, each mutation in the database
was classified as “allowed” or “forbidden”, depend-
ing on whether or not the mutant residue appears in
homologous sequences.***® In the case of allowed
mutations, we used the relative occurrences of wild-
type and mutant residues in the family of homo-
logous sequences, fwi and fount, to calculate a
change in evolutionary pseudo free energy upon
mutation (see Methods):>”-®

AAGevolution = —RT- ln(fmutant /fwt) (1)

The validity of this evolutionary pseudo free energy
is supported by the statistically significant correla-

tion between AAGeyomution and the experimental
AAGgapiity for mutations not involved in either
function or misfolding (see below).

The third step in the analysis was to test the
correlation of the allowed versus forbidden status and
the AAGeyomtion Of @ point mutation and the data
available for each of the proposed evolutionary
pressures (stability, function and misfolding). Fourth
and last, we investigated which evolutionary pressure
was stronger by analyzing groups of mutations where
two pressures (stability and misfolding, stability and
function, misfolding and function) were present.

Stability

We first considered the group of mutations not
involved in either function or misfolding (see
Methods). The main evolutionary pressure at these
positions is expected to be the stability of the native
state against unfolding.*” The strong correlation
between folding rate and stability makes the results
presented here for stability also applicable to
folding.*” A total of 30% of the mutations in this
group are forbidden (Table 1). They are, on average,
more destabilizing than allowed mutations (Table
1). We observe a statistically significant correlation
between AAGgtapiiity and A AGeyolution for the group
of allowed mutations (Figure 1(a)). The standard
deviation between predicted and observed AAG-
values is 1.07 kcal/mol, significantly better than that
for available methods based on sequence,48 and
close to those based on structure.*’ The R-value and
statistical significance of the correlation depend little
on secondary structure or solvent exposure at the
site of mutation (data not shown), supporting the
generality of the result. The R-value of the correla-
tion increases with the number of homologous
sequences used in the calculation of AAGeyolution
(data not shown), indicating that the main limitation
of this approach is our sampling of the repertoire of
natural sequences for each domain. Altogether, our
results generalize previous studies that focused on
single domains,>*%°0 and demonstrate that native-
state stability is the main evolutionary pressure
acting on this group of mutation sites.

Table 1. The effect of stability, function and misfolding on the evolution of protein globular domains

AA cholution AA Gstability

(kcal/mol) (kcal/mol)
Class No. mutations % Forbidden Allowed p? Allowed Forbidden pP
Stability 966 30 0.85+1.02 - 0.90+1.24 1.97+£1.86 <107*
Stability + catalysis 72 74 2.17+1.29 <10* 0.55+2.11 0.33+3.25 0.79
Stability +binding 379 31 0.94+1.02 0.27 0.38+1.49 1.16+£1.70 <107*
Stability + aggregation 361 20 0.91+1.08 0.48 1.17+£1.45 2.50+1.72 <10
Stability +amyloid 141 28 0.87+1.06 0.88 1.00£1.45 2.26+2.10 21073
Stability + binding + aggregation 108 30 1.07+1.12 0.33 0.65+1.77 1.77+1.71 31073
Stability +binding + amyloid 56 30 1.04+0.99 0.55 0.03+1.35 1.17+1.60 8107

The effect of stability, function and misfolding on the evolution of protein globular domains according to (1) the percentage of allowed
mutations, (2) average AAGeyolution for allowed mutations, and (3) average AAGgpiity for allowed and forbidden mutations.

# Student's t-test probability that a class has the same average AAGeyoution as the relevant Stability class.

b Student's t-test probability that allowed and forbidden mutations from a class have the same average AAGapility-
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Figure 1. Correlation between AAGgubiiy, and
AAGeyolution for allowed mutations involved in (a) sta-
bility, (b) stability and catalysis, and (c) stability and
binding. The lines are a linear fit to the data. The slope and
intercept of the fitted lines are indicated, along with the R-
value of the correlation.

Function. Catalysis versus binding

Next, we considered the groups of sites
involved in catalysis or binding. The results are
shown in Table 1: 74% of the mutations in the
group of catalytic sites are forbidden, while only
31% of the mutations in the group of binding sites
are forbidden. The higher average AAGeyolution fOr
allowed mutations at catalytic sites compared to
binding sites (Table 1) also indicates that mutations

are much less likely to be accepted at catalytic
sites. Binding sites and sites involved only in
stability seem to be equally tolerant to mutation,
both in terms of percentage of allowed mutations
and of the average AAGeyolution (Table 1). This
suggests that binding and stability requirements
can be met by a broader range of residues than
catalysis requirements.

Misfolding

Formation of misfolded states like amyloid fibrils
or amorphous aggregates could prevent the function
of a globular domain.** Accordingly, the conserva-
tion of some residues prevents misfolding.”"!
Several mechanisms have been suggested for the
evolutionary avoidance of misfolding. For example,
there is evidence for purifying selection against
misfolding-prone sequences,!%12-1> either by dis-
rupting the misfolding core or by rendering it
inactive with flanking proline residues or charged
residues. Misfolding-prone sequences can be made
innocuous by sequestering them in a stable native
state.”*” Tt is not known to what extent natural
proteins take advantage of this mechanism.

First, we have used the mutations in our dataset
that change the propensity of a domain for mis-
folding to check for purifying selection against
misfolding-prone sequences. Table 2 shows that
mutations that decrease the propensity of a protein
to misfold are more likely to be forbidden in
nature than those that increase the propensity for
misfolding. Along the same line, allowed muta-
tions that protect against misfolding do not have a
smaller AAGeyolution than those that increase the
propensity for misfolding (Table 2). These results do
not depend on secondary structure or solvent acce-
ssibility at the site of mutation, or on the sign of
A AGgtapitity (data not shown). Our data demonstrate
that globular domains do not generally avoid misfol-
ding by discarding misfolding-prone sequences.

Is misfolding then prevented by stabilizing the
native state? The data in Table 1 show that for-
bidden mutations at sites involved in misfolding
are, on average, more destabilizing than allowed
mutations (Table 1). Figure 2(a) and (b) show the cor-
relation between AAGeyoiution and AAGgupiiey for
allowed mutations involved in misfolding. The R-
value and slope of the correlation are very similar to
those for mutations involved only in stability. These
results indicate that stability is the main selection
pressure at misfolding-related sites, and the most
frequent way in which natural proteins avoid
misfolding.

Misfolding versus stability

Why do globular domains not avoid sequences
prone to misfolding? Aggregation-prone regions are
more common in globular domains than in intrinsi-
cally unstructured proteins, which suggests that the
propensities of a sequence to fold and aggregate are
correlated.” In this case, avoiding misfolding-prone
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Table 2. Comparison of mutations that increase or decrease the propensity of a domain to misfold

AA Gev()lutior\

(kcal/mol)
Class No. mutations % Forbidden Allowed p? AAGgpiity (kcal/mol) pP
Stability +aggregation plus 115 7 0.84+1.03 - 0.93+1.59 -
Stability +aggregation minus 175 30 1.18+1.07  0.02 1.96+1.56 <10*
Stability + amyloid plus 28 4 0.89+0.98 - 0.40+1.18 -
Stability + amyloid minus 49 47 1.26+1.23 0.22 2.33+2.22 <10™*
Stability + binding +aggregation plus 34 22 1.08+0.83 - 0.14+1.47 -
Stability + binding +aggregation minus 60 35 124125  0.52 1.51£1.85 310"
Stability + binding +amyloid plus 10 0 1.26+1.01 - -0.51+2.05 -
Stability + binding + amyloid minus 17 61 1.25£1.11 0.97 1.34+1.56 0.01

Comparison of mutations that increase or decrease the propensity of a domain to misfold according to (1) the percentage of allowed
mutations, (2) average AAGeyolution for allowed mutations, (3) average AAGggbitity-
# Student's t-test probability that the average AAGeyolution for mutations that increase and decrease the propensity of a domain to

misfold are the same.

b Student's t-test probability that the average AAGgapuity for mutations that increase and decrease the propensity of a domain to

misfold are the same.

sequences would be detrimental to stability. We
have analyzed the correlation between protein
stability and formation of misfolded states by
comparing AAGgpiiy for mutations that increase
and decrease the propensity of a domain to form
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amyloid fibrils and amorphous aggregates. The
results indicate that mutations that decrease the
tendency to misfold are more destabilizing than
those that increase it (Table 2), regardless of
involvement in function (Table 2), secondary
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Figure 2. The correlation between AAGgapitity and A AGeyolution for allowed mutations involved in (a) stability and
amorphous aggregation, (b) stability and amyloid formation, (c) stability, binding and amorphous aggregation, and (d)
stability, binding and amyloid formation. The lines are a linear fit to the data. The slope and intercept of the fitted lines are
indicated, along with the R-value of the correlation.



426

Point Mutations in Globular Domains

structure or solvent accessibility at the site of
mutation (data not shown). Our data point at a
link between native-state stability and the stability
of both amyloid fibrils and amorphous aggregates.
We suggest that avoiding misfolding-prone
sequences could compromise native-state stability.

Amyloid fibrils versus amorphous aggregates

We have investigated the relationship between the
abilities of a sequence to form amyloid fibrils and
amorphous aggregates. To check for potential
correlations, we calculated the frequency with
which a site in our database is involved in formation
of amyloid fibrils, amorphous aggregates or both
(Table 3). If the two propensities were not correlated,
the frequency of co-occurrence would be the
product of the individual frequencies. If the two
propensities occurred in a correlated manner, the
observed frequency would be higher than the
product of the individual frequencies, and vice
versa. Interestingly, a site in our database is involved
in formation of both amyloid fibrils and amorphous
aggregates 1.7+0.03 times more often than expected
if these two events were independent (Table 3),
indicating that these two propensities are correlated.
The sites involved in both amyloid formation and
amorphous aggregation give us a chance to examine
this correlation from the mutational viewpoint.
There are 115 sites in which the mutation changes
the propensity of the domain for both amyloid fibril
formation and amorphous aggregation. In 80% of
the cases, the two propensities change in the same
direction, showing that effects of a mutation on
amyloid fibril formation and amorphous aggrega-
tion are usually coupled. These data suggest an
association between the formation of amyloid fibrils
and amorphous aggregates.

Table 3. Analysis of the co-occurrence of different
conformational and functional features at the same site

Observed  Expected  Observed/
Class frequency  frequency expected
Stability +aggregation + 0.113 0.066 1.72£0.04

amyloid

Binding +aggregation 0.075 0.081 0.93+0.04
Binding +amyloid 0.053 0.051 1.04+0.02
Catalysis +aggregation 0.0034 0.0111 0.31+0.07
Catalysis +amyloid 0.0026 0.0070 0.37+0.07

The observed frequency corresponds to the actual co-occurrence
of a set of features at the same mutation site in our database. The
expected frequency is the product of the frequencies of occurrence
of each of the features considered. If the features co-occur in an
uncorrelated manner, the quotient between observed and
expected frequencies will be 1. If the features co-occur in a
correlated manner, the quotient between observed and expected
frequencies will be >1. If the features co-occur in an anticorrelated
manner, the quotient between observed and expected frequencies
will be <1. The standard deviation of the observed/expected
ratios were calculated using five random subsets of size 75% of
the full database (see Methods).

Function versus stability

There are two conflicting hypotheses on the
relationship between protein stability and function.
The first one states that there is a trade-off between
function and stability.'** It is not known whether
this function—stability relationship takes the form of
an anticorrelation between activity and stability, or
whether functional sites are simply suboptimal in
terms of stability. On the other hand, it has been
pointed out that some functional residues can
contribute to both function and stabilitgf, ygiving a
positive function—stability correlation.®?***3% Alto-
gether, there is no consensus on the evolutionary
relationship between function and stability.

Our large database allows us to test which is the
most common relationship between function and
stability in naturally occurring globular domains,
and to differentiate between positions involved in
catalysis and in binding. If there was an antic-
orrelation between activity and stability at functional
sites, allowed mutations would be more destabiliz-
ing than forbidden mutations, and AAGeyolution and
AAGgability for allowed mutations would be antic-
orrelated. If there was a general correlation between
function and stability, allowed mutations would be
less destabilizing than forbidden mutations, and
AAGeyolution and AAGgapiiity for allowed mutations
would be positively correlated, as for sites involved
only in stability. Neither set of predictions is met by
the proteins in our database. In catalytic positions,
allowed and forbidden mutations are equally desta-
bilizing (Table 1), and AAGeyolution and A AGgapitity
for allowed mutations are not correlated (Figure
1(b)). Thus, while selection for catalysis generally
overrules selection for stability, the function—stabi-
lity trade-off does not imply a negative correlation
between these two properties. In the case of binding
positions, forbidden mutations are more destabiliz-
ing than allowed mutations (Table 1). Thus, a residue
can be incorporated into a binding site only if it does
not drastically reduce the stability of the domain. On
the other hand, the correlation between A AGeyolution
and AAGgpiiyy for allowed mutations is much
weaker than for residues involved only in stability
(Figure 1(c)). We conclude that, although stability
constraints are present at these sites, they have a
secondary role in determining the frequencies of
allowed residues. Thus, there is neither an antic-
orrelation between activity and stability at binding
positions nor a full coupling between function and
stability, but rather a weak selection for stability at
binding sites.

Function versus misfolding

The relationship between protein function and
misfolding remains largely unexplored.

As a first step, we calculated the frequency with
which a site in our database is involved in mis-
folding, function or both (Table 3). If the two pro-
pensities were not correlated, the observed
frequency of co-occurrence would be the product
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of the individual frequencies. If the two propensities
occurred in a correlated manner, the observed
frequency would be higher than the product of the
individual frequencies, and vice versa. The results
shown in Table 3 indicate that the observed
frequency at which a site in our database is involved
in both binding and misfolding is very close to the
product of the individual frequencies, indicating
that these two events are not correlated. On the
other hand, the observed frequency at which a site in
our database is involved in both catalysis and
misfolding is only about one-third of the product
of the individual frequencies, indicating that these
two events are anticorrelated. This last result may be
due to the abundance of charged residues at cata-
lytic sites.”

Second, we have examined how misfolding due to
sites involved in binding is prevented. We first
looked for negative selection against misfolding-
prone sequences. For this group of sites, mutations
that decrease the propensity of a protein to misfold
are more likely to be forbidden than those that
increase the propensity for misfolding (Table 2) and
allowed mutations that protect against misfolding

do not have a smaller AAGegyolution than those that
increase the propensity for misfolding (Table 2).
Thus, there is no selection against misfolding at
binding sites. The next question was whether
misfolding due to binding sites is prevented by
selecting for stability at these sites. As for sites
involved only in binding, forbidden mutations are
more destabilizing than allowed mutations (Table
1), but the correlation between AAGe,omution and
AAGgtabitity for allowed mutations is weak (Figure
2(c) and (d)). Thus, selection for stability at sites
involved in binding and misfolding is not stronger
than at sites involved only in binding. We propose
that misfolding due to sites involved in function is
prevented through the contribution of non-func-
tional sites to stability.

Discussion

Our results, summarized in Table 4, provide
information about the relative importance of func-
tion, stability and misfolding in the evolution of na-
tural globular domains, and about the relationship

Table 4. Summary of the main evidence and conclusions of this work

Evolutionary pressure

Evidence

Conclusion

Stability

Function
(catalysis versus binding)

Misfolding

Misfolding versus stability

Amyloid fibrils versus
amorphous aggregates

Function versus stability Catalysis
Binding

Function versus misfolding  Catalysis
Binding

AAGgability (forbidden)> A AGgapiity (allowed)
AAGgability and A AGeyolution correlate

% Forbidden (catalysis)> % forbidden (binding)
A AGevolution (CafaIYSiS) >A AGevolution (blndlng)

% Forbidden (misfolding minus)>

% forbidden (misfolding plus)
AAGeyolution (misfolding minus) =
AAGeyolution (misfolding plus)
AA(-;stability and AAGevolution correlate

AAGgability (misfolding minus) >
AAGgability (misfolding plus)

Amyloid fibrils and amorphous

aggregates co-occur in a correlated manner.
Mutational effects on amyloid

fibrils and amorphous aggregates correlate

AAGgtability (forbidden) ~ A AGggapitiey (allowed)
Gstabitity and AAGeyolution d0 not correlate

AAGgability (forbidden)> A AGgapitiry (allowed)

AAGgability and A AGeyolution correlate weakly

Catalysis and misfolding co-occur in an
anticorrelated manner

Binding and misfolding co-occur in an
uncorrelated manner.

% Forbidden (misfolding minus)>

% forbidden (misfolding plus)

AAGeyolution (misfolding minus) =
AAGeyolution (misfolding plus)

AAGgability and AAGeyolution d0 not correlate

Stability is the main evolutionary
pressure in the absence of other factors

Catalysis may be less tolerant to
mutation than binding

No selection against
misfolding-prone sequences.
Misfolding avoided by selection
for stability

Stabilities of native and misfolded
states are correlated.

Avoiding misfolding-prone sequences
compromises stability

Stabilities of amyloid fibrils and
amorphous aggregates seem to
be correlated

Strongly destabilizing residues allowed

at catalytic sites.

Allowed residues not selected for stability
Strongly destabilizing residues

forbidden at binding sites.

Allowed residues weakly selected

for stability

Catalytic site composition destabilizes
misfolded states

Binding site composition does not
destabilize misfolded states.

No selection against misfolding-prone
sequences.

Misfolding due to binding sites is
avoided by selection for stability

at other sites
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between globular structures, amyloid fibrils and
amorphous aggregates. We will now discuss some of
the most informative pieces of evidence.

First of all, it is apparent that a majority of
positions in a protein globular domain are selected
for stability. The probability that a protein with a
random sequence is folded is very low,”! of the order
of 107", Thus, any polypeptide having a well-
defined globular structure must be the subject of a
strong selection and its sequence is, from this point
of view, nearly optimal in terms of stability. This
considered, it is obvious that some proteins are more
stable than others. Full optimization of stability may
sometimes be unnecessary, such as for proteins from
mesophilic organisms compared to their thermo-
philic counterparts.”” In other cases it may even be
detrimental to function by impairing flexibility or
the desired levels of degradation.”” We hypothesize
that this variability in the selection for stability
should be reflected at the sequence level.

Functional positions involved in catalysis and
binding show very different patterns of point
mutations. Both the percentage of forbidden
residues and the distribution of AAGeyvolution-
values indicate that amino acid changes at
catalytic sites are allowed much less often than
at non-functional sites (Table 4). Selection for
catalysis also completely overrules selection for
stability (Table 4). On the other hand, binding
positions seem to be much more tolerant to
mutation (Table 4), with a percentage of forbidden
residues and a distribution of AAGeyolution Values
very similar to those of non-functional sites. This
suggests that not all amino acids involved in
binding are essential for function, which would
allow strongly destabilizing mutations to be
discarded at binding sites (Table 4). Alternatively,
this apparent tolerance to mutation may come from
different sequences in the alignment being selected
for binding to different target molecules. If the
target diversity in the alignment is high, binding
positions will appear to be tolerant to mutation
even if selection for each target is as strong as
selection for catalysis. Detailed binding data for a
substantial fraction of sequences in an alignment
would be necessary to clarify this point.

Another interesting result is that there is neither
an anticorrelation between activity and stability at
functional sites nor a strong coupling between se-
lection for function and for stability (Table 4).
Selection for stability is absent at catalytic sites, but
there is no general selection against it either. Se-
lection for stability is present at binding sites,
although it is weak and not fully coupled to selec-
tion for function. Such incomplete optimization for
stability at functional sites may be necessary for
proper function of many proteins,? and explains the
success of computational methods for the prediction
of functional residues.”®° Finally, in the absence of
detailed data on the functional consequences of
most mutations in our study, we speculate that the
dominant selection pressure at functional positions
is binding to biological ligands.*””

Our data suggest that naturally occurring protein
globular domains avoid misfolding primarily by
sequestering misfolding-prone stretches into a
stable native-state structure (Table 4). As a conse-
quence, misfolding-prone sequences are often
found in globular domains.'>3> Misfolding of
newly synthesized and transiently unfolded pro-
teins due to such sequences is probably prevented
by chaperones.”” Our analysis, which considers
sequence positions in isolation, does not provide
evidence for an evolutionary pressure against
misfolding-prone sequences. Interestingly, previous
work considering multiple positions at a time did
find misfolding-prone sequences to be under-
represented in sequence databases,'®'*'® and/or
surrounded by gatekeeping residues.'”'> We sug-
gest that selection against misfolding in natural
globular domains may act only at groups of
residues and not at the single-residue level in
order to minimize its impact on native-state sta-
bility (Table 4).

Native states, amyloid fibrils and amorphous
aggregates are distinct states.>® However, some
sequences have been observed to fold or assemble
into more than one of these states,'’***® depending
on protein concentration and medium conditions.
According to our data, catalytic residues are detri-
mental to the stability of both globular structures
and misfolded states (Table 4) and the effects of
point mutations on the formation of globular
domains, amyloid fibrils and amorphous aggregates
are correlated (Table 4). These results imply that the
stabilities of these disparate structures are linked.
We can explain this link by the common set of
physicochemical principles that formation of any
ordered structure must fulfil,****>° such as burial of
hydrophobic residues or hydrogen bonding.

Global analysis of the data shown in Table 4
reveals two different regimes for the evolution of
globular domains. In positions involved in function,
selection for binding and catalysis is the dominating
force. The remaining positions in a domain ensure
native-state stability and, with it, protection against
misfolding. Protein globular domains have a high
degree of structural cooperativity, which makes
many amino acids in a domain not essential for
folding.®®" Our results show that naturally occur-
ring proteins take advantage of this redundancy by
allowing some positions to evolve according mainly
to functional criteria and using the rest to keep a
stable native structure.

Conclusions and Outlook

The main results of our hierarchical analysis on
protein globular domains are the following: (1)
Selection for function at catalytic sites overrules
selection for stability, but does not select against it.
Selection for function at binding sites has to fulfil
weak stability requirements. Non-functional sites in
a protein are selected for stability. (2) Selection pres-
sure against misfolding is not targeted against
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misfolding-prone sequences but towards native-
state stability. (3) The stabilities of native states,
amyloid fibrils and amorphous aggregates seem to
be correlated. (4) There is considerable redundancy
of the roles of individual amino acids in stability and
perhaps in binding, but not in catalysis. Taken
together, these data may help us understand the
effects of disease-related mutations in protein glob-
ular domains.®*

The main limitations of our approach are that it
considers sequence positions in isolation and that it
does not differentiate between domains or between
homologous sequences in an alignment. We there-
fore expect that future studies will benefit from
second-order sequence analysis,'”'>**®* and the
consideration of domain-specific®>® and organism-
specific features.””®® We suggest that extension of
this study to intrinsically disordered proteins® may
help us understand the evolution of their sequences,
structures and functions.

Methods

We included in our database protein globular domains
with at least 25 point mutations of known AAGstabimy,“
and 40 unique homologous sequences in the correspond-
ing Pfam alignment.*® The high degree of divergence in
Pfam alignments ensures that the observed patterns of
mutation are determined only by domain fitness and not
by the genetic code.”” We performed all calculations
excluding sequences with less than 20%, 30%, 40%, 50%
and 60% identity with the one for which stability data
were available. Although the actual figures varied,
qualitatively the results did not change (data not
shown), indicating that our approach is valid for both
closely related and highly divergent sequences. Sequences
in a Pfam alignment are structurally similar in terms of
solvent accessibility, secondary structure and side-chain
dihedral angles.”® The location of the functional residues is
also fairly well conserved."*”! The solvent accessibility at
the site of mutation was calculated using DSSP,* and
normalized using empirical maximum values.”” The
secondary structure at the site of mutation was deter-
mined using DSSP.”* The seven-state assignment done by
the software was collapsed into a three-state assignment
as follows: a, ™ and 3o helices are “helix”, strands and
beta bridges are “beta”, and coils, bends and hydrogen
bonded turns are “coil”.

We defined two types of functional residue. First, we
identified subsets of five or less residues essential to the
function of a protein (“catalytic residues”) using the Cata-
lytic Site Atlas®® and mutagenesis studies. Second, we
identified larger groups of residues with a collective func-
tional role (“binding residues”) using mutagenesis studies
and structural information.”* The programs LIGPLOT,*”
NUCPLOT,*® and iMolTalk (4 A cutoff)* were used for
protein-ligand complexes, protein—nucleic acid complexes
and protein—protein complexes, respectively.

Involvement of a mutation site in amyloid fibril
formation was tested by matching sequences in the
alignment with a sequence pattern derived from satura-
tion mutaglenesis experiments with a designed
hexapeptide.'” For a mutation at a given position, we
first identified sequences having the wild-type or mutant
residues and then tested whether they matched the
pattern at the site of mutation. If more than 10% of

sequences having either the wild-type or mutant residues
at the site of mutation matched the pattern, the site was
considered to be involved in the formation of amyloid
fibrils. The changes induced by a mutation on the
propensity to form amyloid fibrils were estimated by
taking sequences with the wild-type residue at the site of
mutation and substituting the wild-type residue by the
mutant residue. The percentage of sequences matching the
pattern was calculated before and after substitution, and
the sign of the difference was taken as the change in the
propensity to form amyloid fibrils. Involvement of a
mutation site in amorphous aggregation was determined
in an analogous way, except that the TANGO software
was used to test for the existence of aggregation sites.*’

The in vivo change in stability upon mutation A AGapisiey
was approximated to that observed in vitro.#243 The sta-
bility data used here have been measured by many dif-
ferent groups and at different conditions, which raises the
question of their reliability. Recently, three groups mea-
sured independently A AGggpitity for 28 mutants of an SH3
domain.”” The average standard deviation of AAGgpiiey
was approximately 0.4 kcal/mol, which we can take as a
realistic measure of experimental uncertainty. The range of
A AGgabitity for the mutants considered in this work is close
to 8 kcal/mol (Figure 1(a)), significantly larger than the
uncertainty in the measurements. Thus, our stability data
are adequate for the correlation analysis we performed.

Mutations in the database were classified as allowed
or forbidden, depending on whether the mutant residue
appears homologous sequences.*® By doing this, we
assume that the sequence space available for a family of
proteins is similar to the sequence space available for
point mutants of a given member of the family. Such a
correspondence has been observed in directed evolution
experiments with several proteins.***> Many factors,
such as the size of the sequence family being studied,
may influence the percentage of mutations that are
found to be allowed or forbidden for a particular
domain. However, we are not considering the percen-
tage of forbidden residues of a certain class of sites in
absolute terms but in comparison with other classes. Our
implicit assumption is that, to a first approximation, the
effects of the evolutionary pressures considered here
(stability, function and misfolding) are independent of
the evolutionary pressures that were excluded.

The change in evolutionary pseudo free energy upon
mutation (equation (1)) was calculated using empirical
weights for the sequences in the alignment,® and a
pseudotemperature T of 298 K. We used the slope of the
AAGgability versus AAGeyolution plot8 to calculate a pseu-
dotemperature. We obtain a value of 182 K for mutations
involved only in stability, in good agreement with
previous estimates.”

We have checked for potential pairwise correlations
between function, aggregation and amyloid fibril forma-
tion. For each pair of features, we calculated the frequency
with which a site in our database is involved in feature A,
feature B or both. If the two propensities were not
correlated, the frequency of co-occurrence would be the
product of the individual frequencies. If the two propen-
sities occurred in a correlated manner, the observed
frequency would be higher than the product of the
individual frequencies, and wvice versa. The effect of
database size in the propensity ratios was estimated in
the following way. First, we picked at random five subsets
of sites representing 25%, 50% and 75 of the full database.
The propensity ratios for each subset were used to
calculate the average ratio and its standard deviation. In
all cases, the average ratio was within error of the ratio
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calculated for the whole dataset (data not shown). The
standard deviation decreases when the size of the
database is increased (data not shown). The standard
deviation calculated with the 75 % dataset was taken as an
upper limit for the standard deviation of the full dataset.

Data analysis was performed using Kaleidagraph
(Synergy software), Excel (Microsoft) and in-house Perl
scripts.
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