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Abstract

Understanding the determinants of protein stability remains one of protein science's greatest
challenges. There are still no computational solutions that calculate the stability effects of even
point mutations with sufficient reliability for practical use. Amino acid substitutions rarely
increase the stability of native proteins; hence, large libraries and high-throughput screens or
selections are needed to stabilize proteins using directed evolution. Consensus mutations have
proven effective for increasing stability, but these mutations are successful only about half the
time. We set out to understand why some consensus mutations fail to stabilize, and what criteria
might be useful to predict stabilization more accurately. Overall, consensus mutations at more
conserved positions were more likely to be stabilizing in our model, triosephosphate isomerase
(TIM) from Saccharomyces cerevisiae. However, positions coupled to other sites were more likely
not to stabilize upon mutation. Destabilizing mutations could be removed both by removing sites
with high statistical correlations to other positions and by removing nearly invariant positions at
which “hidden correlations” can occur. Application of these rules resulted in identification of
stabilizing mutations in 9 out of 10 positions, and amalgamation of all predicted stabilizing
positions resulted in the most stable yeast TIM variant we produced (+8 °C). In contrast, a
multimutant with 14 mutations each found to stabilize TIM independently was destabilized by 2
°C. Our results are a practical extension to the consensus concept of protein stabilization, and they
further suggest the importance of positional independence in the mechanism of consensus
stabilization.
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Introduction

Most native proteins are only marginally stable, meaning the folded and unfolded states are
generally separated by no more than 5-15 kcal mol~1.1:2 Many natural proteins are not
stable enough for research, pharmaceutical, or industrial applications, and many disease
pathologies arise from single mutations that destabilize proteins. For example, most of the
“hot spot” mutations observed in the tumor suppressor p53 in cancer mutations are far from
the DNA binding site and merely reduce the stability of the protein.3 However, the
prediction of protein stability remains one of the most difficult problems in protein
biochemistry, due to inadequate performance of potential functions, difficulty in sampling
backbone motion, lack of knowledge of the unfolded state, and the challenge of modeling
entropic effects.*-8 A systematic analysis of the performance of 11 stability prediction
algorithms by Khan and Vihinen’ concluded that Dmutant® and FoldX® were among the
most reliable, but even these were only about 60% accurate in correctly predicting
qualitatively if mutations were stabilizing or destabilizing. For example, for FoldX, the
standard deviation of the difference between the experimental and calculated A A G values
for a mutation is 0.5- 1.0 kcal mol~1 (depending on the implementation and elimination of
outliers), but the mean experimental AA G values are about 2.5 kcal mol~1.9 Part of the
challenge in understanding protein stability is that its measurement, by calorimetry or
spectroscopic observation of thermal or chemical denaturation, is slow and labor and
material intensive. In general, library-based strategies to improve protein stability have been
very successful, but these require library construction, an appropriate screen, and/or some
rational design.10-13 These types of experiments demonstrate that few mutations to natural
proteins are stabilizing, on the scale of 1% or less.

Advances in DNA sequencing technologies have provided a wealth of genomic data that can
be readily translated into protein sequences. Many families of proteins now have hundreds
to thousands of known sequences, allowing one to interrogate the determinants of protein
fitness statistically. One such approach, consensus design, or the replacement of an amino
acid with the most common amino acid in a multiple sequence alignment (MSA), has been
shown to increase the stability of antibodies as well as other proteins.14-18 For example,
Steipe et al. engineered 10 consensus mutations in the Vx domain of murine antibody
McPC603.14 Enhanced stability was observed in six variants, three were neutral, and only
one was less stable than wild-type McPC603. This and other studies show that consensus
mutations stabilize proteins about 50% of the time, which is dramatically better than random
mutagenesis. Consensus design has also been applied to full consensus repeats such as the
tetratricopeptide repeats and ankyrins, in addition to whole enzymes including the fungal
phytases and, recently, triosephosphate isomerase (TIM).1%-25 |n general, these full-
consensus proteins are dramatically more stable than the proteins from which their
sequences arise. A consensus fungal phytase was 15-22 °C more stable than its parental
sequences, and previously constructed consensus TIM variants cannot be fully melted at 95
°C.22:25 Recently, the concept of ancestral design, replacing an amino acid with one froma
common ancestor in phylogeny, has seen similar results for stabilization.26-2° The
Yamagishi laboratory individually replaced 12 residues with ancestral amino acids in 3-
isopropylmalate dehydrogenase and found that half of the mutations improved stability.26

We wished to understand why consensus mutations are only stabilizing about half the time
and, ideally, to predict which half would be stabilizing. For one thing, we hypothesized that
positions that are highly variable (i.e., not conserved) are not likely to be stabilized by the
consensus mutation, since those sites contain relatively little information. For another, we
hypothesized that consensus mutations in sites that are strongly coupled to other positions
might result in destabilization, at least without some kind of compensatory mutation. For
example, one can imagine that mutation of a residue in a buried polar interaction to a

J Mol Biol. Author manuscript; available in PMC 2013 July 20.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sullivan et al.

Results
re-S.c. TIM

Page 3

consensus hydrophobic residue would be destabilizing unless the partner polar amino acid
was also mutated. To test these ideas, we used the well-studied TIM from Saccharomyces
cerevisiae as a host for a large number of consensus mutations, and we examined the effects
on thermal stability for different levels of sequence conservation and correlation, as well as
structural properties such as surface exposure and secondary structure.

TIM is the archetypical member of the (B/a)g-barrel fold family, which is seen in more than
10% of all natural enzymes.39-31 TIM catalyzes the isomerization between dihydroxyacetone
phosphate (DHAP) and glyceraldehyde-3-phosphate (GAP) in glycolysis; therefore, it is
present in nearly every organism and amenable to statistical analysis. The enzyme, a
homodimer in most species, has been characterized in detail from several organisms
including Escherichia coli, S. cerevisiae, Trypanosoma brucei, and Homo sapiens.32-38 The
active-site residues of (B/a)g-barrel proteins are typically found on the surface loops
connecting the p-strand core to the a-helical surface, as are those in TIM (e.g., K12, H95,
and E165 in yeast TIM). Other loops are critical for function, including loop 3, which is
interdigitated into the other monomer, and loop 6, the opening and closing motion of which
is coordinated with catalytic activity. Despite their ubiquity and apparently modular nature,
loop swapping and other TIM-barrel engineering have proven more difficult than
expected.3® The mutability of TIM has been studied in the Harbury laboratory. Silverman et
al. found that many single conservative mutations (e.g., Glu to Asp) of yeast TIM were
tolerated, but libraries of conservative mutations resulted in only 1 in 104 active variants,
suggesting the importance of coupling between those mutations.40

We present the characterization of single consensus mutations made in a large number of
sites in S. cerevisiae TIM (S.c. TIM). We demonstrate that, in general, higher levels of
conservation lead to stabilization, but that both the most highly conserved sites and the most
highly correlated sites are less likely to be stabilizing, due to coupling effects including
“hidden correlations.” Application of the resulting algorithm allows one to identify
stabilizing mutations in TIM with high reliability (9 of 10 tested were stabilizing).
Furthermore, while aggregation of all the mutations found to be individually stabilizing
actually resulted in net destabilization, aggregation of all of the mutations predicted to be
stabilizing by our algorithm resulted in dramatic thermostabilization.

We hypothesized that highly conserved positions imply greater importance in defining the
family, and therefore consensus mutations at these positions might result in greater
thermostabilization. To quantify the extent of conservation, we calculated the relative
entropy between the distribution of amino acids in a neutral reference state and the
distribution in each position in the MSA of TIM. Relative entropy is an easily calculated
information theoretic estimate of the log of the probability of observing a given distribution
if one expects a reference distribution.4142 The reference state was taken from the codon
usage in the yeast genome,*3 which approximates equal usage with slight deviations from
codon bias and chemical constraints of the amino acids. Positions 31 and 126 in TIM were
the least and most conserved, respectively, with relative entropies of 0.31 and 4.31, and the
average relative entropy was 1.42 (Fig. 1a). We chose to simultaneously mutate the six most
conserved positions in wild-type S.c. TIM that were not already consensus amino acids. This
yielded the TIM variant re-S.c. TIM (F11W L13M Q82M W90Y K134R A212V).

The gene was assembled from synthetic oligonucleotides, cloned into an £. coli

overexpression vector, and purified to near homogeneity by Ni-NTA chromatography before
and after cleavage of an N-terminal hexahistidine tag with the capsid protein protease of
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tobacco etch virus. Purification of re-S.c. TIM yielded 5-10 mg L™ of culture from the
soluble fraction. The enzyme was assayed for activity under Vi« (saturating) conditions at
4 mM GAP (meaning, ~5x K, for wild-type S.c. TIM). The specific activity is within
twofold of wild type (~10% pmol min~! mg™1). Far-UV circular dichroism produced nearly
identical spectra with broad minima spanning the 208-, 215-, and 222-nm peaks observed
for mixed a/p proteins (Fig. 2a). The ellipticity at 222 nm was monitored with increasing
temperature to compare relative stabilities (Fig. 1c). Both proteins maintain folded baselines
until ~50 °C before unfolding through a single, cooperative transition. The wild-type
enzyme remains half folded at 59.1 °C, but the engineered re-S.c. TIM unfolds with a 73/, of
57.0 °C. (We say Ty» here because all of the variants in this study unfold irreversibly, with
precipitation upon continued heating in the unfolded state.) In contrast to our initial
expectation, combining consensus mutations from the most conserved sites did not stabilize
the protein.

Individual consensus mutants

To determine why the six highly conserved mutations did not stabilize the protein, we
constructed the mutations individually. All variants are within an order of magnitude of the
wild-type activity. Five of the six variants share similarly shaped CD spectra with
comparable mean residue ellipticities at 222 nm (Fig. 2a). W90Y is the only exception,
which, taken together with the activity data, suggests that this variant may be partially
unfolded. Thermal denaturation reveals that F11W and W90Y are destabilized, but L13M,
Q82M, K134R, and A212V are more stable than wild type (Fig. 2b). re-S.c. TIM was 2 °C
less stable than S.c. TIM, and the individual mutants ranged +4 °C from the 7y, of S.c.
TIM. Surprisingly, mutation to even some of the most conserved residues in the MSA was
destabilizing.

To further understand the consensus mutation phenomenon and its role in stabilization, we
engineered and assayed a variety of consensus mutations with varying levels of
conservation. There are 240 aligned positions in the TIM family. Of these positions, 43% of
the positions deviate between S.c. TIM and the consensus sequence. Of these 103 positions,
we chose to characterize 23 individual consensus mutations that vary in solvent exposure,
secondary structure, conservation, and evolutionary substitution frequency.

The 23 variants were expressed and purified from BL21(DE3) £. coliin similar yield to S.c.
TIM and re-S.c. TIM. The 120A, G122T, and F229A mutants did not express in sufficient
quantities to characterize. Multiple codons and contexts were tested for 120A (GCG, GCT)
and G122T (ACA, ACT, ACC, ACG) with similar results. Consequently, these three
mutations were classified as destabilizing. The remaining 20 proteins were assayed for
catalytic activity monitoring the turnover of GAP to DHAP. All the variants turned over
substrate with specific activity values of ~103-10% pmol min~1 mg=1, which is on par with
wild type. All variants displayed similar mean residue ellipticities at 222 nm(data not
shown). The Ty, for each variant was determined by CD thermal denaturation (Fig. 3a and
b). The 71, values of 12 of the 23 mutants were greater than wild type, one was the same as
wild type, and the remaining 10 exhibited a loss in stability—essentially the same as the
50% rate of stabilization previously seen for both consensus and ancestral mutations.

The most destabilized variant in our data set was N213K at A 7;,,=-5.1 °C, and the most
stabilizing mutation was L13M at A 7;,,=+4.0 °C. Since the entire data set differs by only
9.1 °C, we relied on several other thermal assays to accurately rank the relative stabilities of
our variants: (1) We also observed thermal denaturation of the TIMs by 215 nm CD signal.
(2) TIM thermal denaturation leads to aggregation and precipitation upon unfolding. We
measured the 77/, values from the scattering of light (optical density) at 600 nm. This
method is essentially the same as what is referred to as differential static light scattering.44
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(3) We previously showed that TIM stability differences could be accurately ascertained by
high-throughput thermal scanning.1? The data from each of these methods are highly
concordant, as shown in Figs. 3 and 4 and Supplemental Fig. 1. Taken together, we are able
to accurately measure small differences in stability. (Throughout this report, unless
specified, 77/, values refer to those obtained by loss of ellipticity at 222 nm on thermal
denaturation.)

Structural nature of consensus mutations

For each of the consensus mutations, we analyzed the physical and chemical properties of
the amino acids, their context within the folded protein, and their sequence statistics (Table
1). On average, residues in TIM are 17% solvent exposed and our consensus mutants
average 13% ranging from 0% to 60%. In our data set, there is no correlation between
solvent-accessible surface area and 77/, (A2=0.20, see Supplemental Fig. 2). Of the 7 loop
mutants, 5 were stabilized; 6 of the 10 helical mutations were stabilizing; and only 1 of the 6
[B-sheet mutants was more stable. The Harbury laboratory has previously shown that the p-
strand core of TIM is highly sensitive to mutations.*0 BLOSUM scores are based on the
mutational propensities between amino acids as calculated across phylogeny and are
consequently a way of quantifying how conservative a mutation is.> Here, 6 out of 10
common substitutions (positive BLOSUM) were more stable, and 6 out of 13 rarer
substitutions (zero to negative BLOSUM) were more stable. Therefore, except that few
positions in B-strands result in stabilization, the general structural properties of the mutations
were not predictive of stabilization.

Sequence statistics and stability of tested mutants

Our initial results from re-S.c. TIM and its individual constituents suggested that high
positional conservation alone is not more predictive of which consensus mutations will be
stabilizing. We reexamined this in light of the full set of 23 mutations. Mutations at sites that
are more conserved than average (relative entropy greater than 1.42) yielded more stable
mutants in 9 of 14 consensus variants, while only 3 of 9 consensus mutations at weakly
conserved positions were stabilizing (Fig. 5a). Overall, limiting consensus mutations to sites
with more than average conservation improves the chances of making stabilizing mutations
from about 1-in-2 to about 2-in-3, even though some mutations at highly conserved
positions were destabilizing. We also found that the stabilization was not significantly
related to the degree to which the consensus residue was more common at the given position
than the residue found in yeast TIM (Supplemental Fig. 3). The R, for this metric (In fgns/
fat) versus Ty, is about the same as for relative entropy alone to 772 (0.07 versus0.03) over
all the expressing mutants tested here.

Our second initial hypothesis was that some consensus mutations would fail to stabilize
because of coupling. One potential way to predict coupling is from statistical correlation of
positions in an MSA. Here, statistical correlation was determined from the mutual
information between the amino acid distributions at each pair of positions (Fig. 6). Mutual
information is the relative entropy between the observed pairwise distribution and the joint
distribution calculated from the positional frequencies. As an illustration, if position 7is
amino acid a 25% of the time, and position jis amino acid 6 10% of the time, then we
randomly expect a6 pairs in 2.5% of sequences. The degree to which we see more (or
fewer) a0 pairs than this increases the information in one distribution about the other
distribution and implies correlation (or anticorrelation).

By this calculation, only a small number of positions are seen to interact strongly (Fig. 6a).
This was also observed in WW and PDZ domains using a related metric for sequence
correlation (SCA).46:47 Of the 14 positions with above-average conservation, the 5 that were
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destabilized (Fig. 6d) upon mutation to the consensus residue are more highly correlated to
other positions than the nine that were stabilized (Fig. 6¢). Three of the five less stable
variants are hubs for interaction networks, with detectable correlations to multiple positions.
To estimate the importance of mutual information scores, we generated mock alignments in
which the positional distributions were maintained but amino acids were scrambled between
the sequences and then recalculated the mutual information scores. Detectable here means
above this “noise” threshold (MI=0.23). The strengths of several correlations to the
destablized conserved positions are significant. Pairwise correlations between positions 90—
157 (M1=0.72), 90-123 (MI=0.63), and 180- 229 (MI=0.51) are all within the top 0.4% of
the 28,680 possible unique correlations for 240 positions. A full analysis of the statistical
interactions in the TIM family is beyond the scope of this article and will be presented
separately (V.D., B.J.S., and T.J.M., manuscript in preparation).

Two variants with above-average conservation and little sequence correlation, F11W (-3.7
°C) and V2661 (-0.6 °C), were destabilizing. Position 11 is so conserved that it is almost
invariant in the TIM family—it is Trp in 595 out of 719 sequences in our MSA. Coupling to
very highly conserved positions cannot be detected by sequence correlation because if
position 11 is nearly always Trp, then ~11 pairs will always be &Trp, and no additional
information occurs in the pairwise distribution than in what would be expected at random.
However, it is still possible that a highly conserved position could be physically coupled to
another position, in the sense that mutation of the conserved positions might require a
compensatory mutation at a second position to rescue stability or function. These types of
hidden correlations can only occur at the most conserved sites, and so they can be eliminated
from sites for potential consensus mutations by putting an upper limit on conservation (e.qg.,
a relative entropy greater than 3), in addition to the lower limit already described.

To explore the role of both statistical correlations and hidden correlations further, we
attempted to design compensatory mutants for consensus variants F11W and W90Y. We
analyzed the MSA and the crystal structures of TIMs with these different amino acids. As
noted, yeast TIM is one of very few with Phe at position 11; TIM from most organisms,
such as Thermotoga maritima, have a Trp at this position. It appears that position 20, in van
der Waals contact with F11, is a larger amino acid, lle, than is typically seen in this position
(Alain 7. maritama). Alignment of the crystal structures from S. cerevisiaeand 7. maritima
shows that the F11W mutation would sterically clash with the lle in position 20 (Fig. 7a).
The compensatory mutant F11W 120A in yeast TIM was 4.3 °C more stable than yeast TIM.
In the context of F11W, the 120A mutation netted 8 °C of thermal stabilization. The 120A
mutant alone did not express, perhaps because of destabilization due to under-packing
against Phell. Thus, positions 11 and 20 are coupled in TIM, although this could not be
detected by correlation statistics.

WOI0Y was a second mutation where above-average conservation did not yield consensus
thermostabilization. Mutual information shows that this position is a hub of statistical
interactions. We attempted to “correct” the strongest broken correlation, 90-122, by
mutating the glycine at position 122 to the larger threonine. Thr is the consensus amino acid
at position 122 and co-evolves with Tyr at position 90. The G122T substitution did not
express in the context of S.c. TIM or W90Y S.c¢. TIM with codons ACA or ACC. Mutual
information analysis also suggested that position 123 co-evolved with 90 and 122. A V123P
consensus mutation was also constructed but did not express in any scaffold (V123P,
WOI0Y/V123P, WO0Y/V123P/G122T). There are 16 residues that cage the aromatic ring at
position 90, half of which directly pack against the side chain. All are consensus amino acids
except 122 and 123, at which we tested possible substitutions. G122R is a known human
mutation that leads to thermolability.3# The hub-like nature of position 90 makes it difficult
to engineer compensatory mutations without disrupting other possible interactions.
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If the three criteria described here are taken together—above-average conservation (here,
relative entropy greater then 1.42), elimination of the most coupled sites (here, maximal
mutual information less than 0.50), and elimination of nearly invariant sites with possible
hidden correlations (here, relative entropy greater than 3)—then 15 consensus mutations
would be predicted to be stabilizing. We tested 10 of those individually, and 9 were
stabilizing.

Multimutants

After the failure of the original re-S.c. TIM variant, we wanted to test whether a super-stable
mutant of yeast TIM could be made by amalgamating predicted stabilizing mutations. Of the
240 aligned positions in the TIM alignment, 103 are not consensus. Only 19 positions have
relative entropies between 1.42 and 3.00, and four of those positions (C41A, W90Y, V123P,
and D180Q) have high maximal mutation information values as well as large numbers of
significant correlations (see Supplemental Fig. 4). As a result, we designed algoTIM, which
includes 15 consensus mutations (L13M 140V A66C N781 Q82M I83L 1109V V121L 1127V
K134R K135E V1621 1184V A212V V226l). These mutations include nine stabilizing
mutations, one destabilizing mutation, and five uncharacterized mutations. In addition, we
characterized a second TIM we named comboTIM that simply combines all stabilizing
mutations characterized in this study (F11W L13M I120A S31K Y49Q A66C Q82M I83L
1109V V121L K134R AL175T 1184V A212V). Note that this variant contains the stabilizing
F11W I20A pair, and does not contain the destabilizing V2261 mutation or any of the
mutations we removed from algoTIM due to high correlations.

The algorithmic multimutant algoTIM melted with a 7y, of 67.2 °C, nearly 10 °C greater
than S.c. TIM and an additional 4 °C more stable than any variant previously characterized
(Fig. 8). In stark contrast, comboTIM was destabilized (71/,=56.7 °C) from wild type
despite harboring 14 known stabilizing mutations.

Discussion

A number of lines of evidence show that about 50% of consensus mutations are stabilizing.
We set out to understand how to identify which half are stabilizing and the basis for that
distinction. Our two fundamental hypotheses were that consensus mutations at weakly
conserved positions would be less likely to stabilize, and that mutations at positions that are
coupled to other sites might destabilize more frequently. We originally tried to simply
amalgamate the consensus mutations at the six most conserved sites that were not already
the consensus residue in yeast TIM, but this actually resulted in slight destabilization.
Dissection of the re-S.c. TIM multimutant into its constituent mutations showed that two of
the mutations, F11W and W90Y, were destabilizing. Position 90 is both strongly correlated
to several other positions and correlated at least weakly to a large number of positions. Our
attempts to generate compensatory mutants for the W90Y mutation illustrate how difficult it
can be to mutate highly correlated positions. All but two positions around 90 are already
consensus residues, but mutation of those two positions to consensus residues, G122T and
V123P, alone, in combination with W90Y, or altogether, resulted in no expression.
Consequently, we suggest removal of highly correlated positions from the set of stabilizing
mutations to test.

F11W represents a different and more subtle kind of coupling. Position 11 is Trp in virtually
every TIM, and we initially were quite surprised that F11W was destabilizing in yeast TIM.
In retrospect, it seems reasonable that in order for yeast TIM to have a mutation at the highly
conserved W11 seen in most TIMs, something else might also have mutated in response.
That turns out to be the case. Mutation of adjacent position 20 from the larger lle to the
smaller (consensus) Ala seen in most TIMs apparently compensates for the larger Trp in
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position 11; moreover, 120A alone (i.e., in the context of F11) results in no expression. The
F11W I20A dual mutant is the most stable simple mutant we engineered here, which
suggests that consensus mutations at the most conserved positions can have a big payoff, but
with some peril. Namely, we cannot statistically detect correlations to invariant positions. If
two residues are highly conserved in a protein, it is impossible to say if they are conserved
together or separately, unless the single mutants reduce fitness and a double mutant rescues
it. We think of this as a kind of hidden correlation that, like the statistical correlations we
can detect, are best to avoid to maximize the number of stabilizing mutations.

When we look at the entire group of 23 consensus mutations made here, the fraction of
mutations that stabilize versus destabilize or abrogate expression is better in the more-
conserved half of positions (two thirds are stabilizing, versus half overall). There is little
pattern to which mutations stabilize otherwise. Few stabilizing mutations were found in p-
strands, but many stabilizing mutations were solvent exposed or in loops, where we might
not expect stabilization and certainly cannot meaningfully predict it computationally. Even
fairly non-conservative mutations, like Y49Q, were often stabilizing.

We analyzed the consensus mutations with the computational protein stability predictor
FoldX (Table 1).9 There was essentially no correlation between the predicted AA G values
and 77/, values (see Supplemental Fig. 2b). FoldX is able to identify which mutations are
stabilizing (i.e., the sign of AA G agrees with the sign of A 77;,) in about 60% of cases, but
this is about the fraction of consensus mutations that are stabilizing overall. FoldX did
predict large destabilizations (3-8.5 kcal mol™1) for the six mutants that did not express,
which is valuable information for the protein engineer. It is important to note that while both
AAGvalues and A 71, values report relative stabilities, they are not the same
thermodynamically, and the irreversible thermal denaturations here are not under
equilibrium conditions. It is possible that some variants have, for example, decreased
thermal stability but a greater free energy difference between the folded and unfolded states.

One interesting note about the consensus mutations explored here is that, except for the
variants that do not express, all of the variants, including algoTIM with 15 mutations, have
extremely high catalytic activity. None is reduced even an order of magnitude, and wild-type
TIM is among the most efficient enzymes known. This is not because TIM is especially
mutable. It is a highly tuned enzyme that works by exquisite positioning of catalytic residues
with coordinated loop dynamics in the catalytic cycle. Harbury found that vanishingly few
variants with multiple conservative mutations were active.*8 Unlike most mutations
designed by humans and computers, consensus mutations have been tested for fitness by
nature in a variety of contexts. When we choose to replace an amino acid with the most
common one in an MSA, there is greater confidence in the maintenance of function.
Interestingly, Hilvert recently reported that “consensus” mutations in libraries of chorismate
mutase from directed evolution were also stabilizing, but the consensus variants ranged
significantly in activity (from 2-fold higher to 30-fold lower).4°

Three multimutants were constructed for this study: re-S.c. TIM, comboTIM, and algoTIM.
The sum of the A 7y, values for the six re-S.c. TIM mutants is —0.6 °C, but re-S.c. TIM is
actually destabilized about 2.1 °C. More strikingly, comboTIM is made up of the stabilized
F11WI20Amutant and 12 additional mutations all found to be stabilizing. The sum of those
A Tyjp values is +22.9 °C, but the protein is actually destabilizedby 2.5 °C. In contrast,
amalgamating the 15 residues suggested by our conservation—correlation algorithm results in
8.2 °C of stabilization, the most we saw in this study. This variant includes one mutation we
know to be destabilizing and five that we did not test separately. We suggest that, besides
helping to identify which consensus mutations will be stabilizing, removal of coupled
positions also increases the additivity of the mutations. comboTIM includes several residues
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with below-average relative entropy that are enriched in statistical interactions to other sites
(Fig. 9b and d). Although each of these mutations is stabilizing in the context of wild type,
coupling among the 16 mutated positions negates additive gains in 71/, (Fig. 9b and d). In
contrast, the positions in algoTIM were selected for independence (Fig. 9a and c).

We examined three other studies in the literature on stabilization by consensus mutations in
light of our suggested metrics. Steipe ef a/. made 10 consensus mutations to the VVx domain
of the McPC603 antibody.1* Based on our analysis of the current Kabat database, three of
those mutations (F32Y, Q79E, and N90Q) are at positions with greater than average
conservation, and two of them (32 and 90) are stabilizing. The destabilizing mutation has the
highest maximum mutual information value (0.39 versus0.23 and 0.25), but it is somewhat
below the top 1 percentile of all values (0.48). The next three most conserved positions, all
just below the mean relative entropy here (1.97), were all stabilizing, and only one of those
had a high mutual information score (0.42). The remaining four less conserved positions
resulted in three neutral and one stabilizing mutation.

We also looked at a number of mutations made to the human p53 core domain by Nikolova
et al>Y Eleven of those mutations were consensus mutations based on our analysis of the
p53 family from Pfam. Only two of those mutations were at positions with higher than
average conservation; both had low maximal mutual information values, and both were
stabilizing. The next two most conserved positions just below mean relative entropy (here,
1.91) both had low correlation scores and were both stabilizing. Of the remaining seven
mutations at less conserved sites, three were stabilizing and four were destabilizing.

Watanabe ef a/. made 12 “ancestral” mutations to Thermus thermophilus 3-isopropylmalate
dehydrogenase, of which 10 were also consensus mutations.2® Six of those mutations have
higher than average conservation but all with relative entropy values below 3, and four of
those were stabilizing. The four mutants at less conserved positions were neutral or
destabilized. Three of the six more conserved positions have at least one significant
interaction (maximum mutual information above the top 1 percentile), of which two were
stabilizing and one was destabilizing. In total, our algorithm would have suggested three of
these mutations for stabilization, and two of the three would have stabilized. None of these
studies provides a sufficiently large number of mutations that meet the criteria of our
algorithm to verify the effectiveness better than our current study, but they do suggest
overall that consensus mutations at more conserved sites are more likely to be stabilizing
and that removal of coupled sites discards some of the destabilizing mutations at more
conserved positions.

We cannot definitively say from this work what exact quantitative standards should be
applied for the conceptual filters proposed here. We chose to make a relative entropy of 3
from the yeast codon usage reference state our upper limit on conservation (for removing
hidden correlations). If the most common amino acid at a position is Leu, a relative entropy
of 2.27 corresponds to 99% conservation, but if the most common amino acid is Trp, it is
4.46—because Trp is used less overall, and so it would be more improbable for it to
dominate a site. In practice, values above 2.5 or even 2.0 represent very highly biased
positions, and it would take a much larger data set to quantitatively set this limit. Likewise,
it is not clear if the mean relative entropy score is the optimal lower limit on conservation,
and, further, this value might change substantially for proteins enriched in rarer amino acids,
but until a much larger data set is available, the top half of conservation scores is a
reasonable place to look. It is much more difficult to articulate a quantitative criterion for
“too correlated.” The residues we removed here had both very high maximal mutual
information values (in the top 1%) and also had a large number of significant correlations
overall. It is unclear if one of these criteria is more important than the other. Again, until
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much more data are available, removing positions with the top 1% of mutual information
scores is practical.

Another difficulty in consensus design is that there is significant bias to the sequence
databases with respect to taxonomic distribution. We chose to use a database of all TIM
sequences with sequence repeats and fragments removed, mainly to simplify correlation
calculations. One could also eliminate not just identical sequences, but even those that were
highly similar. Alternatively, one could limit the database to only those variants that are
phylogenetic neighbors, such as those from all eukaryotes or all fungi in this case, so that the
“average” sequence would not be too far evolved from the host sequence. For example, at
the two problematic mutations F11W and W90Y, F11 is the consensus residue among the
fungal variants (but not among all eukaryotic variants) and W90 is the consensus residue in
both fungi and all eukaryotes. However, other stabilizing mutations are discarded using
these limited databases (e.g., Q82 is most common in fungi and 1109 is most common in
eukaryotes). We speculate that much of the information gained from limiting the taxonomic
distribution is also represented in the correlation criteria. Furthermore, it is difficult to know
how much to limit the database (what “neighborhood” is appropriate). Adjusting the
composition of the MSA might be a fruitful avenue for future investigation.

Finally, it is worth noting that while this work offers some explanation for why some
consensus mutations are not stabilizing, it does not tell us why consensus mutations are
stabilizing in general. Several groups have articulated the notion that adding consensus
mutations to a protein generates a superposition of stabilizing interactions, only a fraction of
which are necessary in any one protein to achieve sufficient stability for fitness. That
necessarily implies that the effects of consensus mutations are mostly additive, which
virtually must be true for fully consensus enzymes with sequences far from any natural
variant to be stable and active, as they sometimes are. Here, we see that the consensus
mutations that are most likely to stabilize are the ones that are the most independent, which
is consistent with the importance of additivity for consensus stabilization. Still, given the
multitude of evolutionary pressures for fitness besides adequate stability (activity, solubility,
folding rate, etc.), it is remarkable that so many consensus mutations stabilize proteins.

In summary, we have demonstrated that consensus mutations at more conserved sites were
more likely to stabilize yeast TIM and that removal of mutations at nearly invariant and
highly correlated positions increased the likelihood of stabilization. These mutations could
be amalgamated into a highly stable multimutant, probably in part because of their
independence. The high activity of all resulting proteins suggests that application of this
algorithm to proteins even for which little is known about the structure or mechanism is a
promising way to rapidly generate stable proteins for research and applied uses. At least in
the case of TIM, our method improves the identification of stabilizing mutations from ~50%
to ~90%, which is of great practical use to the protein engineer.

Materials and Methods

Databases

The MSA of TIM was produced from the hidden Markov model alignment of 781 full-
length, nonredundant sequences downloaded from Pfam (v22.0). All partial sequences
shorter than 205 aa were first removed from the full 1239 sequence TIM alignment leaving
888 sequences. An additional 107 sequences were removed as repeats leaving the 781
studied sequences. This is the same curated TIM database we described previously.2®

The full MSAs of the isocitrate/isopropylmalate dehydrogenase family (PF00180) and p53
DNA binding domain (PF00870) were downloaded from Pfam (v26.0). For the
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dehydrogenases, the database was curated by keeping sequences that were 300 to 400 aa
long. Only the 343 positions corresponding to the 3-isopropylmalate dehydrogenase from
thermos thermophiles (LEU3_THETH/2-344) were used for the analysis. The final MSA
had 4710 sequences and 343 positions. For p53, the database was curated by removing all
sequences shorter than 150 aa in length. Positions with less that 60% occupancy were also
discarded. The final MSA had 235 sequences and 195 positions. Sequences of the light
chain of the kappa class were downloaded from the Kabat sequence database KabatMan
v2.29. This database containing 3387 sequences and 123 positions was used for the
consensus analysis. Positions with occupancy of less than 60% were discarded from the
database, leaving an MSA with 3387 sequences and 107 positions for the correlation
analysis.

Consensus calculations

The extent of conservation for each position was determined by calculating the relative
entropy where yeast codon usage serves as the neutral reference state. Relative entropy is
determined from Eq. (1),

RE=) pxln% W

where p, is the frequency for amino acid xin a given position and 7 is the frequency for
amino acid x in the neutral reference state. S. cerevisiae amino acid codon usage is as
follows: A—5.6%, C—1.3%, D—5.8%, E—6.5%, F—4.4%, G—5.1%, H—2.1%, 1—6.5%,
K—7.3%, L—9.5%, M—2.1%, N—6.1%, P—4.3%, Q—3.9%, R—4.4%, S—8.9%, T—
5.9%, V—b5.7%, W—1.0%, Y—3.4%.43 By this calculation, high relative entropies
quantitatively describe more biased (conserved) positions. A position that resembles the
neutral reference state will have a relative entropy near zero.

Correlation calculations

Cloning

Mutual information was used to calculate the pairwise statistical interactions between
positions in the MSA. The mutual information is determined from Eq. (2),

o Pxy
MIG, ;)—Ziszx,yln% )

with py, frequency of amino acid residue x at position £ py, frequency of amino acid residue
yat position j; and py, frequency of co-occurrence of amino acid residue x at position /and
amino acid residue yat position j. High mutual information scores correspond to highly
correlated (or anticorrelated) distributions.

The wild-type S.c. TIM construct was previously cloned and characterized (see
Supplemental Information for exact sequence, linkers, and cleavage sites).2®> The consensus
variant genes were assembled by PCR of S.c. TIM with overlapping primers containing the
desired mutations. re- S.c. TIM was assembled from synthetic oligonucleotides via PCR
reassembly.®1 comboTIM and algoTIM were ordered as full-length genes from Genewiz
(South Plainfield, NJ). Full-length genes were digested with restriction enzymes Ncol and
BamHI before ligation into pHLIC, a T7 overexpression plasmid constructed in our
laboratory. All clones were confirmed by analytical restriction digests and DNA sequencing
at Genewiz.

Twww.bioinf.org.uk/abs/simkab.html
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Protein expression and purification

Vectors harboring the TIM genes were transformed into BL21(DE3) £. colifor T7
overexpression. Liquid cultures of 1 L 2x YT were grown at 37 °C and induced with 0.1
mM IPTG at ODgpg=~0.75. The cultures were grown at 37 °C for 3—4 h postinduction.
Proteins were purified as 6x His fusions using Ni-NTA chromatography.25 The 6x His tag
was freed from the N-terminus by tobacco etch virus protease yielding the native protein,
and the solution was subjected to Ni-NTA chromatography again to remove the 6x His tag
and 6x His-tobacco etch virus protease. Protein concentration and purity were determined by
Aogo and SDS-PAGE. Extinction coefficients at 280 nm were calculated using Scripps
Protein Calculator v3.3 (e.g., 24,750 M~1 cm™1 for S.c. TIM).

Circular dichroism

Circular dichroism spectra and melts were obtained on a Jasco J-815 spectrometer at 14 uM
protein in 100 mM potassium phosphate, pH 8, and 300 mM NaCl. Wavelength scans were
collected in triplicate from 195 to 275 nm with 2-s integration time at 100 nm min~1
scanning speed. Data collected with HT voltage greater than 600 V were discarded. Thermal
denaturation was monitored by observing the loss of ellipticity at 222 nm or 215 nm (see
Results). Data were collected in 1 °C steps with 6-s temperature equilibration, 1 °C min~1
ramping, and 2-s integration. All scans and thermal melts were exported and plotted in
Microsoft Excel 2007. The 77/, values were calculated by fitting the equation described by
Koepf>? to the data:

AH)
(y,,+m,,T)+(yd+de)eTm (ﬁz —
= AHm 1 1 )
R —_ =
1+e (TI/2 T

where A H, is the enthalpy change at the unfolding transition, 77, is the temperature in
Kelvin at which half the protein is unfolded, 7 is the temperature in Kelvin, Ris the
universal gas constant, /7, is the slope of the pretransition baseline, y;, is the intercept of the
pretransition baseline, myis the slope of the posttransition baseline, and yjis the intercept of
the posttransition baseline.

)

Sl

(©)]

The Jasco J-815 spectrometer also recorded the absorbance at 600 nm with increasing
temperatures. The 772 value for each variant was calculated as the position on the curve
with the greatest slope. The slopes at each temperature were calculated from a 5° window
around each point.

High-throughput thermal scanning

The thermal denaturation of TIM variants was performed at 25 uM protein with 5x SYPRO
Orange dye (the absolute concentration of the dye is not disclosed by Invitrogen). The melts
were assayed using a Bio-Rad C1000 thermal cycler with a ramp rate of 1 °C min~1 at 0.2
°C intervals. The data were exported into Microsoft Excel 2007. The 73/, was calculated as
the temperature with the maximum slope as determined from a 5° window around each
point.

Activity assay

The kinetic activities of all variants were determined by the method described by Plaut and
Knowles using the background subtraction technique of John Richard.32:53 Detailed
procedures are described in previously published work on TIM.25 Single-point kinetics were
performed in triplicate at 4 mM L-GAP (~5x K, of S.c. TIM) and 30 pM enzyme.
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FoldX calculations

The FoldX algorithm was downloaded as a YASARA add-in.>* The S. cerevisiae crystal
structure, 1YPI, was “repaired” and saved before /n silico mutagenesis. The stability change
was calculated from the average of three runs using the FoldX parameters: pH 7, 298 K,
ionic strength of 500, and van der Waals design 2. Neighboring residues were allowed to
move during the energy minimization.

Structural calculations

Residue solvent exposure was calculated with MOLMOL.® To determine the conservative
nature of mutations, we used the BLOSUM62 matrix.*

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

re-S.c. TIM. (a) Histogram of relative entropy values for all 240 aligned positions in the
TIM family. The mean RE is 1.42. (b) The six most conserved positions in S.c. TIM that are
not consensus amino acids are shown in green sticks. The active-site residues are shown in
orange on the 1YPI crystal structure. (c) Ellipticity at 222 nm is followed with increasing
temperature. The wild type melts at 59.1 °C, but re-S.c. TIM melts at 57.0 °C.
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Fig. 2.

CD characterization of highly conserved mutations. (a) The circular dichroism spectra of
wild type and consensus variants of TIM. All have similar ellipticity when normalized for
concentration except W90Y, which may be partially unfolded. (b) The CD thermal melts
indicate that four individual consensus variants are more stable than wild type, but the
remaining two are less stable.
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Fig. 3.

Thermal stabilities of consensus TIM variants. We monitored the loss of secondary structure
with increasing temperature at 222 nm for helices (a) and 215 nm for sheets (b). (c) The
optical density at 600 nm from aggregation reports similar two-state unfolding profiles as
the CD thermal melts. (d) High-throughput thermal scanning was used to assay the melting
temperatures based on hydrophobic dye binding. Note that the same colors are used for the
same variants in (a)—(d).
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Fig. 4.

Concordance of stability assays. The variants are arranged by the 7y, values derived from
CD thermal denaturation at 222 nm. Data were not collected by high-throughput thermal
scanning for A66C, 1109V, D180Q, and A212V.
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Filtering by conservation. (a) All positions in TIM have been plotted against their relative
entropies from the neutral reference state. All sites are shown in gray, and stabilizing and
destabilizing consensus mutations are shown in green and red, respectively. Note that the
stable mutations aggregate above the black arrow, which indicates the mean relative entropy
of 1.42. (b) Amino acid distributions for the yeast neutral reference state and positions with
relative entropy values of 0.5, 1.0, 1.5, 2.0, and 2.5 are shown.
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Mutual information and protein stability. (a) The mutual information matrix for all 240
positions in TIM is shown. The matrix is symmetric (x-yis the same as )~x), and there is no
meaning to the self-correlations (x=x), which were not calculated. (b) The distribution of
mutual information scores is shown for the entire matrix. Here, approximately 30% of all
pairwise correlations are above the noise threshold of 0.23. The distribution of mutual
information scores are shown for stabilizing mutations (c) and destabilizing mutations (d).
Note that there is a significantly higher fraction of strong correlations at the positions that
lead to a loss in stability.
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Fig. 7.

A hidden correlation between positions 11 and 20. (a) The crystal structures of S.c. TIM and
T. maritima TIM [Protein Data Bank entries 1YPI (pink) and 1B9B (green)] are aligned and
residues 11 and 20 are highlighted. The F11W mutation may have introduced a steric clash
resulting in destabilization. (b) CD thermal denaturation of F11W and F11W 120A. 120A
alone did not express in appreciable quantities.
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Fig. 8.

Characterization of algoTIM and comboTIM. (a) The CD wavelength scans of wild-type
S.c. TIM and algoTIM are nearly identical. comboTIM shows less ellipticity at 222 nm and
has its deepest minima at 205 nm, suggesting some random coil. (b) The CD thermal melts
monitored at 222 nm are shown for all characterized proteins in gray, with comboTIM, S.c.
TIM, the F11W I20A mutant, and algoTIM highlighted.
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Fig. 9.

Mutual information for comboTIM and algoTIM mutation sites. The positions of mutation
for comboTIM and algoTIM have been isolated from the mutual information matrix of all
pairwise interactions. (a) The positions of mutation in algoTIM have virtually no strong (red,
orange) correlations to other sites in the protein. (b) In contrast, the 14 positions of mutation
in comboTIM have many strong correlations with other positions within TIM. (c) The 15
mutations in algoTIM are assembled into a matrix with the correlations displayed as a heat
map. The positions of mutation are not correlated to each other. (d) The 14 mutations in
comboTIM are assembled into a matrix with the correlations displayed as a heat map.
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Although these mutations were stabilizing independently, there are many strong correlations
between sites of mutation in comboTIM, perhaps leading to nonadditive effects.

J Mol Biol. Author manuscript; available in PMC 2013 July 20.



Page 27

Sullivan et al.

50- ssA  1eays-d 0 9T 0Tx2F8 TZ+ TI9  8T0 MTES
0z+ SOA  XIgH-P - 8.1 ¢0Tx¥'0¥0'9 T+ €09 20 06V A
G'0- S3A doo - A4 ¢0Tx8'0%5'9 90- G8% 080 V091
Gg+ ssA  1eeus-d T Ty aNa INa AN 90 12219
oe+ S8A  XI]8H-D T- 00 aNa INd  3INAG 180 vozl
S0- ON  XI|8H-D 0 'Sz £0Tx8'0¥0'9 00 T65 <1 36T2L
€0- ON doo - 1'8¢ 0TXZFS 60+ 009 SZT 1811V
Tr+ ssA  1eays-d z- T0 ana INa  aNag 92T V6224
TT+ ON  XI]8H-P 0 00 c0TXTFG T6- 0¥ T€T METZN
W ERRCIN
S0+ S8A  XI[3BH-D 0 €T £0TX€'070'8 vo- 185 IpT dosTa
6'T+ ON  XI]8H-P T zL 0TXZ'0¥6'E + S0+ 96 /ST AV8TI
z0- ON doo € 97 0TX9'0%6'E + €€+ 729 65T TTZTA
G0+ ON  XI]PH-P z 0T e0TX9'0FT'S + T0+ 765 29T €8l
T0- ON doo 0 60 ¢0TxS'0¥9'9 + 6T+ 079 997 099V
L0+ ON  XI]8H-P T S0 0TXTF8 + LT+ 809 /9T N6OTI
9'0- ON doo T €T ¢0TXZ¥6 + 90- 985 TLT 1922A
0p+ sIA 19ays-d z- 00 ana ana  /ANd g1 dezTA
80+ ssA  1eeus-d z €8 ¢0Tx8'0%5°C 9¢- §65 /8T AOBM
z0+ ON  XI]8H-P z 112 ¢0Tx8'0%0'9 + ST+ 909 16T AYETH
r'z- ON doo z- T¢ c0TXG'079'8 + 60+ 009 /2T NZTZY
§0- ON  XI]PH-P 0 8'9¢ yOTXV'0FT'T + G0+ 965 6EC Wz8d
70— ON dooT 14 9'65 ¢0Tx¥'0¥5'8 + ov+ TE9 €S¢C WETT
€g ON  198ys-d T L0 cOTXTFS L's-  ¥'ss  29¢ MTTH
VN VN WN N 0TXTFS T2- 0.8 WN WIL 2'5-2l
VN VYN wN VN y0TXT'0F0°T — 165 VYN WIL IS
(oW [e3)  (¢50<) zZ pINNSOTE (%) IusA0S  o(-Bw p_uiw jowr)  puondipald  5(0.) (D) 3N ey
(®VV) Xplod 10D 108 ‘28ds iy ury
SjuBRINW JO UoleZIIBIdRIRYD
T3alqelL

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Mol Biol. Author manuscript; available in PMC 2013 July 20.



Page 28

Sullivan et al.

'ssa1dxa@ Jou pia,
‘Alaanoadsal ‘senfea aaieBau pue aAnIsod aAey UOIRINW PAZI|ICeIS & PUB PazI|IgrISap B ‘aiaH “(SPOYISIAl pue S|eLIslR|A 88S) X P10 Buisn Juenw yoes 10} paye|ndfed a1am sanfeA9 Vv L

"G Uey) Ja1ealB S1 8100S UOITELWIOUI [eNINW [BWIXeW SH J1 Pa1e|a1i0d AyBiy aq 01 8JIs e JapISuod m>>~\

"sanfeA aAlelauU Se PaIods aJe suoneINW aJel pue
‘aA11S0d 8100S SUOIEINW UOWIWIOD ‘() JO 8100S € UBAIB 818 suoneINw [eanau ‘asH ‘siskjeue onsuabolAyd uo paseq UoneINW € JO SSBUBAITRAISSUOD BU) 81I0S3P 01 aN[eA aAIeIIuRND e SI 8100S JJ0NIUsH 8y I

"alayds Y ¥'T B YIM 0'Z"MZ UOISIBA TTOINTTOIA Ul pare|nafed sem |d AT Anua Yueg eleq UIa10id Ul anpIsal Yaes Jo ainsodxa JUsAjos m;¢
‘INIL 2°S 30 Wy xG < 01 Spuodsaliod YaIym ‘4o INW 1 Je pakesse alom sawAzua ayl ‘dvHA 01 dvO 40 Jaaouiny ay) 10j ANAIDR J14193ds m:._.m
'S19)]1} UOIIR|21109 pUB UOITRAISSUOI U0 paseq IL 2°S 10 AJljIgels ay) asealoul 03 pajoadxa ale ey} suoleInw sayealpul Eb
‘WIL 2§ J0 ¢/TL 38U St D, T'6S BIBUM ‘D, H.mmlm\ﬁu

‘WU Zgg e elep [ewdayl dd woly paausg

q
"9]e]S 90UBIa)a) [eINaU I1SeaA 8y} pue uonnqusip jeuonisod ayl usamiaq Adoiua m.>_%_mw_N

VN VN VN VN ¢0TXZ'0%6°C Tp- 0SS WN IN1LOGWOd

VN VN VN VN y0Tx8'070'T + z8+ 79 WN INILoBe

Mo doon €- 9TC an + aN  aN  6vT 18N

MO XI]3H-P 1 108 an + aN  aN  ¥§T 3GET

Mo 188ys-g 1 4 an + aN  aN 091 1Z9TA

mol  188ys-g T 00 an + aN  aN €97 A0V

Mol 193yS-g 1 91T an + aNn  anN 89T ALzl

suoneinw y|.Lobye

99+ VN VN VN VN ana ING  3INA VN dETTA ‘LZZTO ‘A0BM

oe+ VN VN VN VN ana 3ING  3NG WUN 12219 *A0BM

8+ VN VN VN VN ¢0Tx8'0%C'G e+  ¥E9  WN V0zZl ‘MTTd

mm.t&mmtmm.t\ab

(10w e  (¢5'0<) .z pNNSOTE (%) IUBA0S  5(-Bw p_uiw jowrl) — puomdipald  5(0.)  (D.) 3N wenmy
(®VV) Xplod 10D 108 9ads iy ary

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

J Mol Biol. Author manuscript; available in PMC 2013 July 20.



