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Rapid Bioinformatic Identification of Thermostabilizing Mutations
David B. Sauer,1,* Nathan K. Karpowich,1 Jin Mei Song,1 and Da-Neng Wang1,*
1Department of Cell Biology, The Helen L. and Martin S. Kimmel Center for Biology and Medicine, Skirball Institute of Biomolecular Medicine,
New York University School of Medicine, New York, New York
ABSTRACT Ex vivo stability is a valuable protein characteristic but is laborious to improve experimentally. In addition to bio-
pharmaceutical and industrial applications, stable protein is important for biochemical and structural studies. Taking advantage
of the large number of available genomic sequences and growth temperature data, we present two bioinformatic methods to
identify a limited set of amino acids or positions that likely underlie thermostability. Because these methods allow thousands
of homologs to be examined in silico, they have the advantage of providing both speed and statistical power. Using these
methods, we introduced, via mutation, amino acids from thermoadapted homologs into an exemplar mesophilic membrane
protein, and demonstrated significantly increased thermostability while preserving protein activity.
INTRODUCTION
Stable protein is required for biochemical or structural
studies and industrial applications. In particular, thermo-
stability is strongly correlated with protein stability in
detergent (1–3), in vivo half-life (4), and resistance to
denaturation (5). The study of membrane proteins often
requires that the proteins are stable upon removal from
the native lipid bilayer when solubilized in a detergent
micelle. In some cases, the stability of the solubilized
membrane protein can be improved by mutations (1),
ligand binding (6), or cosolvents such as lipids (7,8).
Importantly, increasing the thermal stability of membrane
proteins in a reference detergent has led to stability in
other, often harsher detergents (1–3). These thermostabili-
zation techniques have played a critical role in achieving
the well-diffracting crystals that are necessary for struc-
tural studies (6,8–10).

Despite their utility, the identification of thermostable
mutants is slow due to the number of possible mutations,
which grows exponentially with the sequence length. Exper-
imentally, one can address this problem by either limiting
the mutational space (3,11) or increasing the screening
rate using high-throughput methods (7,12,13). However,
these are still expensive methods in terms of time and effort,
and may require a high-affinity ligand, introduce nonnative
amino acids, or abolish protein activity.

An alternative is to use a bioinformatics approach. One
can take advantage of naturally occurring orthologs that
are already adapted to elevated temperatures, although
these are often poorly characterized proteins of limited ho-
mology to the gene of interest (14,15). In silico stability cal-
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culations (4,16) and consensus sequence analysis (17) may
also provide insights, but they require significant a priori
knowledge or make assumptions about ancestral protein
activity.

With the continued expansion of sequenced genomes
from diverse organisms, one can identify thousands of
homologs from species of varying native environments
(including temperature). Here, we utilize the available ho-
mologs’ sequences to quickly create a multiple sequence
alignment (MSA), sorted by the optimal growth temperature
(OGT) of the originating species. We present two methods
to analyze this MSA and thereby identify potential thermoa-
daptive sequence variations. Our findings then limit the
screening needed to identify stabilizing mutations of an
exemplar protein.
Principle of the methods

Within a protein family, thermostability (18) and optimum
enzymatic activity (15) are directly correlated with the
OGT of the species of origin. The most common examples
are the DNA polymerase enzymes of hyperthermophiles,
whose stability and activity at elevated temperatures
in vitro allowed for the successful development of PCR
(19). Furthermore, the amino acids that drive temperature-
dependent stability can be readily transferred between or-
thologs within a protein family (14,15,20,21). Therefore,
in addition to genetic drift and other selective pressures,
differences in primary sequence between orthologs with
different OGTs often reflect adaptive mutations to the tem-
perature of the native environment of each particular organ-
ism. These differences provide a limited set of amino acid
changes (mutations) to the protein of interest that likely un-
derlie thermostabilization. However, even close orthologs
of a particular gene of interest will likely include many
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primary sequence differences (22). We use the aggregate
sequence differences among many homologs to identify
the positions and amino acid differences that drive temper-
ature adaptation. We have developed two methods based
on the above assumptions that can be used to compare se-
quences globally and pairwise to identify family-specific
means of thermoadaptation. The most significant amino
acids for thermoadaptation can then be introduced, via mu-
tation, into a mesophilic protein of interest for increased
thermostability.

In the global method, the amino acid frequency (AA)
at each position (i) between thermophilic (fThermo(AA,i))
and mesophilic (fMeso(AA,i)) orthologs are compared to
generate a heatmap of the differential positional amino
acid frequency (Fig. 1 A). With these frequency differences
(fGlobal(AA,i); Eq. 1), residues that are under- or overrepre-
FIGURE 1 (A and B) Flow chart of the global (A) and pairwise (B)

methods.
sented in thermophiles can be quickly identified, suggesting
positions and residues that may underlie thermoadaptation
and thermostability. Considering absolute OGT adaptation,
this method has the advantage of speed and simplicity. How-
ever, it can be confounded by shared phylogeny, where
apparent differences can also arise from a common ancestry
irrespective of temperature adaptation. This is addressed by
the exclusion of closely related sequences.

fGlobalðAA; iÞ ¼ fThermoðAA; iÞ � fMesoðAA; iÞ (1)

An alternative approach to identify thermoadaptive muta-

tions, termed the pairwise method, is to compare sequences
pairwise and specifically take advantage of closely related
sequences. Sequence pairs with high identity (I) but sig-
nificantly different relative OGTs (DOGT) can provide
valuable insights into thermoadaptation. By utilizing thresh-
olds for relative OGT (TThreshold) and sequence identity
(IThreshold), one can note positions that differ between these
pairs (Fig. 1 B). By considering all close homologs in the
MSA, one can calculate a general frequency of change for
close sequence pairs, where each pair meets the criterion
(jDOGTj R TThreshold ^ I R IThreshold). A reference fre-
quency without consideration of OGT, where only (I >
IThreshold) is required, is then subtracted to account for posi-
tional conservation within the family. This yields the fre-
quency of change at each position as a consequence of
relative OGT differences (fPairwise(i); Eq. S1 in the Support-
ing Material). Although it is analogous to previous pairwise
analyses (14,15), this method differs in that it leverages
thousands of close homologs to identify conserved hotspots
of thermoadaptation, at the expense of computational time
and amino acid specificity.
MATERIALS AND METHODS

Alignment preparation and OGT assignment

OGTs were approximated from nontorpor body temperatures of endo-

therms and previously measured OGTs (23–31), or the culture conditions

of ATCC (32) and DSMZ (33). Taxa were assigned using the NCBI Tax-

onomy Database (34). Homologous sequences were collected by BLAST

(35) search and aligned in Promals3D (36). OGTs were assigned to se-

quences based on genus and species annotations in UniProt (37). Se-

quences without an assigned genus and species, including ambiguous

residues, annotated as fragment, or without OGT data for the species,

were excluded from further analysis. All bioinformatic analyses were

done using Python 2.7 scripts based on Biopython (38), SciPy (39), and

Matplotlib (40).
Global method of analysis

Sequences in the MSAwith >95% sequence identity were removed. The

alignment was then divided based on the species’ OGT into thermo-

philes (OGT R 45�C) and mesophiles (45�C > OGT R 20�C). The fre-
quency of amino acid by position was calculated for the thermophiles

and mesophiles, and the difference in frequency by position was then

calculated.
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Pairwise method of analysis

Primary sequences were compared pairwise for each sequence of the

MSA. Where the difference in OGT was greater than a Tthreshold of

10�C and the overall sequence identity was greater than an Ithreshold of

50%, the positions of difference were recorded. The amino acids of the

higher and lower OGT sequences were noted. To account for positional

amino acid conservation, the overall differences, irrespective of tempera-

ture, were calculated from all pairs with a sequence identity greater than

Ithreshold. The difference in frequency, by position, was then calculated.

Positions with a >50% gap assignment in the MSA were excluded from

further analysis.
Source code

The source code for these analysis methods, with the species-OGT

list, is available at http://www.med.nyu.edu/skirball-lab/dwanglab/files/

thermostability_v1.1.tar.gz.
Screening of individual mutants for
thermostability

Protein was expressed in Escherichia coli strain BL21 (DE3) pLysS as

a GFPuv fusion using the pCGFP-BC vector (41). The transporter was

expressed by induction (at OD595 ~1.0) with 1 mM of isopropyl b-D-1-

thiogalactopyranoside at 32�C for 2 h. Cells were harvested by centri-

fugation and cell pellets were frozen at �20�C until use. The cells

were resuspended in lysis buffer (50 mM Tris pH 7.5, 300 mM NaCl,

5 mM EDTA) to equivalent density and lysed by sonication. Protein

was extracted with 1% n-dodecyl-b-D-maltopyranoside (DDM) for

10 min at 4�C, and lysates were clarified by centrifugation. The lysates

were then thermally stressed for 30 min at 4�C and 42�C, centrifuged
to remove insoluble material, and injected on a Shodex KW803 analytical

size-exclusion chromatography (SEC) HPLC column into a buffer

containing 200 mM Na2SO4, 50 mM Tris pH 7.5, 3 mM NaN3, and

0.05% DDM (42,43). Mean and standard deviations were calculated

(n ¼ 2–4).
Apparent melting temperatures of
thermostabilized mutants

Protein was expressed in Escherichia coli and cells were solubilized as

described for the thermostability screen (6,7). Cell lysates were thermally

stressed for 30 min at each test temperature, centrifuged to remove

insoluble material, and injected on a Shodex KW803 analytical SEC

HPLC column into a buffer containing 200 mM Na2SO4, 50 mM Tris

pH 7.5, 3 mM NaN3, and 0.05% DDM. The height of the fluorescent

BsTetL peak was measured and normalized to the 4�C sample. Mean

and standard deviations were calculated (n ¼ 2), and apparent melting

temperatures, Tm, were calculated by fitting to the sigmoidal equation

using Prism5.
Tetracycline minimum inhibitory concentration

Complementation studies were performed in a manner similar to that

previously described (44). Exponential growth phase cultures of thermo-

stabilized constructs transformed into Top10F0 competent cells were

used to inoculate LB media with 200 mg/mL of ampicillin and varying

concentrations of tetracycline-HCl. Cultures were grown without induc-

tion at 37�C and 41�C, and the OD595 was measured at 16.25 h and

23.25 h, respectively. Mean and standard deviations were calculated

(n ¼ 3–4).
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RESULTS

We applied both the global and pairwise methods to a mem-
brane transporter family and tested the predicted stabilizing
mutations.
Tetracycline transporter BsTetL as a case study

TetL from Bacillus subtilis (BsTetL) is an integral mem-
brane protein that induces tetracycline resistance by export-
ing tetracycline from the bacterial cytoplasm (45). TetL is a
member of the major facilitator superfamily, although the
TetL subfamily has an atypical number of transmembrane
helices (number of helices ¼ 14). Biochemical studies
have found that BsTetL couples extrusion of the tetracy-
cline-metal complex to the import of protons. Although it
has been studied extensively in vitro and in heterologous
expression systems, the structure and transport mechanism
of this protein have not yet been described.
Identification of potential thermostabilizing
mutations of BsTetL

Protein sequences homologous to BsTetL were collected by
means of an extensive BLAST search. OGTs were assigned
from a list of species-OGT pairs (Fig. S1 C). In total, 2343
sequences were retained after the removal of sequences an-
notated as fragments, without genus and species, or con-
taining ambiguous residues. For the global analysis, after
removing highly similar sequences, we analyzed 1513 se-
quences, including 140 thermophilic sequences. By
comparing the amino acid frequency by position for ther-
mophiles and mesophiles (Figs. 2 B and S2), we selected
the 20 most over- and underrepresented amino acids (i.e.,
those with the greatest absolute frequency difference).
From this set, we pursued 10 possible mutations (Table 1;
Fig. S3), all of which were highly significant. For each mu-
tation, the native BsTetL residue was mutated to the most
common thermophilic amino acid observed. The remaining
amino acid differences corresponded to gaps, were coinci-
dent positions, or the thermophile-associated residue was
already present in BsTetL.

The pairwise-method data set contained all 2343 sequences,
including 154 thermophilic sequences. By comparing the
positions of difference between close homologs, we deter-
mined the 18 most frequently different positions (Figs. 2 C
and S4). We then examined 15 of these positions (Table 2).
Mutations were made in BsTetL to introduce the amino acid
that was most frequently seen in the higher-temperature
sequences. The remaining three positions were excluded
because BsTetL already contained the residue that was most
frequently seen in the higher-temperature sequences.

The positions of difference noted are broadly distributed
across the protein (Fig. 1 A), suggesting no single mecha-
nism of thermoadaptation. Interestingly, the pairwise and

http://www.med.nyu.edu/skirball-lab/dwanglab/files/thermostability_v1.1.tar.gz
http://www.med.nyu.edu/skirball-lab/dwanglab/files/thermostability_v1.1.tar.gz


FIGURE 2 Identification of positions in TetL

correlated with increased native growth tempera-

ture. (A) Topology of BsTetL. Positions tested

are boxed in blue and magenta for global and pair-

wise predictions, respectively. (B) Heatmap of

positional amino acid conservation by the global

method corresponding to helices 1–6; data for

the entire protein are shown in Fig. S2. Positive

values indicate overrepresented in thermophiles,

and negative values indicate underrepresentation

(or overrepresented in mesophiles). (C) Frequency

of amino acid change as a function of relative

OGT differences for helices 1–6; data for the

entire protein are shown in Fig. S4. Positions of

low conservation (>50% gaps) are hidden. To

see this figure in color, go online.
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global mutant sets do not overlap, suggesting distinct mech-
anisms of absolute and relative adaptation to temperature.
Notably, the global mutants are largely located in the N-ter-
minal domain of the protein, whereas the pairwise mutants
are generally found in the C-terminal domain. The reason
for this segregation is unknown.
Screening of BsTetL mutants for thermostability

We tested the above predictions experimentally by overex-
pressing each mutant in E. coli with a C-terminal GFP
fusion and solubilized in DDM. The TetL-GFP fusion had
an expression level of ~0.75 mg/L, which is slightly lower
than that of the His-tagged construct (45). Lysates were split
into two aliquots and incubated at either 4�C or 42�C, and
then both samples were examined by analytical SEC with
fluorescence detection (41). Total expression levels were
approximated by the peak height of the 4�C sample, and
TABLE 1 Potential TetL-stabilizing mutations identified by the glo

Position Thermophilic AA fThermo(AA,i) fMeso(

31 S 0.393 0.1

94 A 0.557 0.3

124 A 0.443 0.2

126 A 0.614 0.3

132 F 0.714 0.4

134 P 0.550 0.3

167 G 0.514 0.2

173 Y 0.414 0.1

215 L 0.614 0.3

394 N 0.243 0.1

Overrepresented amino acids by position in the thermophilic sequences are note

ophilic sequences at that same position, with corresponding p-values calculate

fluorescence, after thermal stress, was significantly greater than that of the wild
thermostability was evaluated based on the peak intensity
of the thermally stressed sample normalized to expression.
Relative to wild-type BsTetL, seven mutants appeared to
thermostabilize significantly and three showed increased
expression (Fig. 2). Overall, the mutants exhibited stability
that ranged from 70% to 135% that of the wild-type, and
expression ranged from 50% to 200% (Fig. S5). Of the
seven stabilizing mutations, three came from the global
method and four came from the pairwise method, giving a
30% and 26% success rate, respectively.

As the effects of thermostabilizing mutations can, in some
cases, be combined for further stabilization (3,13,46), we
combined single mutants pairwise to look for added stabil-
ity. We tested the 21 possible pairwise combinations of the
seven single mutants, and found that nine had greater stabil-
ity than either parental mutant. The greatest was V126A/
F184L, with an ~90% increase in stability relative to the
wild-type (Fig. 3), albeit with 13% of wild-type expression.
bal method

AA,i) p-Value TetL Mutation Successful

49 2.44E-10 M31S

18 1.01E-23 I94A

07 1.18E-14 V124A

08 5.28E-23 V126A þ
15 5.38E-33 I132F

07 9.80E-23 K134P

79 2.90E-20 H167G

73 4.36E-12 L173Y

33 4.26E-25 M215L þ
17 4.46E-08 F394N þ
d with the frequency of that amino acid in both the thermophilic and mes-

d by the binomial test. A mutant was considered successful if the residual

-type.
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TABLE 2 Potential TetL-stabilizing mutations identified by

the pairwise method

Position

fdiff(i: jDOGTj R
Tthreshold ^ I R Ithreshold)

fdiff(i: I >

Ithreshold)

TetL

Mutation Successful

109 0.652 0.279 A109F

131 0.611 0.244 Y131V

184 0.656 0.290 F184L þ
208 0.714 0.259 S208T

232 0.795 0.448 A232F

233 0.712 0.363 F233L

241 0.832 0.338 R241K

250 0.569 0.183 P250L þ
270 0.614 0.248 G270V

335 0.819 0.435 S335L þ
341 0.692 0.332 A341S þ
350 0.699 0.342 I350T

353 0.815 0.461 I353L

358 0.641 0.219 V358L

436 0.788 0.364 F436I

The frequency of a difference at a position is listed for both the presence

and absence of a significant OGT difference between pairs. A mutant

was considered successful if the residual fluorescence, after thermal stress,

was significantly greater than that of the wild-type.

1424 Sauer et al.
The single mutant M215L did not have increased stability in
any combination and may represent a false positive from the
initial screen; alternatively, however, it may be epistatically
forbidden with the other mutants. For those double mutants
with increased stability relative to either parental mutant,
FIGURE 3 Overexpression and stability of single BsTetL mutants. (A)

Fluorescence of wild-type BsTetL-GFP and single mutants. Mutants pre-

dicted by the global and pairwise methods are colored blue and magenta,

respectively. The horizontal bar indicates wild-type BsTetL fluorescence.

(B) Residual fluorescence (fractional fluorescence that remains after 42�C
thermal stress) of BsTetL-GFP and single mutants. Mutants predicted by

the global and pairwise methods are colored blue and magenta, respectively.

The stability of wild-type BsTetL is indicated by the horizontal bar. To see

this figure in color, go online.

Biophysical Journal 109(7) 1420–1428
commutativity was assumed and triple mutants were gener-
ated. Among these, and all mutants tested, the triple
mutant F184L/P250L/A341S had the greatest thermosta-
bility, ~3-fold higher than the wild-type (Fig. 4).

The most stable mutants, V126A/F184L and F184L/
P250L/A341S, also had the lowest expression of all mutants
screened (Fig. S3). However, it is worth noting that this is
not a general trend in the thermostability of BsTetL. Among
all the mutants screened, there does not appear to be
any overall correlation between expression level and ther-
mostability (Fig. S5). This suggests that although the most
FIGURE 4 Overexpression and stability of select double and triple

BsTetL mutants. (A) Fluorescence of BsTetL-GFP and mutants. Single,

double, and triple mutants are colored orange, red, and maroon, respec-

tively. The horizontal bar indicates wild-type BsTetL-GFP fluorescence.

(B) Residual fluorescence of BsTetL-GFP and mutants after 42�C thermal

stress. Single, double, and triple mutants are colored orange, red, and

maroon, respectively. The stability of wild-type BsTetL is indicated by

the horizontal bar. To see this figure in color, go online.
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promising constructs for stability were among the lowest
expressed in this case, expression and stability are not
necessarily coupled for BsTetL. This is notable given the
varying strong (47), weak (48), or absent (11) correlations
between expression and stability seen in stabilized mem-
brane proteins where mutations were identified by other
methods. The particular reason for the decreased expression
in the V126A/F184L and F184L/P250L/A341S mutants
is unknown, but it may reflect the combined effects of
decreased expression of the constituent single mutants.
Addition of the highly expressing M31S mutation (Fig. 3)
was unable to improve expression of these mutants (data
not shown).
FIGURE 5 In vitro stability and tetracycline resistance of BsTetL mu-

tants. (A) Thermal denaturation of BsTetL and mutants. (B) Growth curve

of BsTetL and mutants in the presence of tetracycline at 37�C. Single, dou-
ble, and triple mutants are colored orange, red, and maroon, respectively.

Wild-type and empty vector control are indicated by open squares and cir-

cles, respectively. To see this figure in color, go online.
BsTetL mutants have increased absolute Tm

values

To further characterize the contributions of individual mu-
tants to stability, we measured the apparent Tm in solubilized
lysates for the most stabilized double (V126A/F184L) and
triple (F184L/P250L/A341S) mutants, and the constituent
single mutants. Melting curves have the advantage of quan-
tifying stability on an absolute scale and describing the co-
operativity of unfolding. Although it is not a measure of
thermodynamic stability, this irreversible melting provides
a convenient measure of resistance to thermal denaturation.
The wild-type protein had a Tm of 30.0�C, whereas the sin-
gle mutants had apparent Tm values of 35.8�C, 31.0�C,
34.5�C, and 33.6�C for V126A, F184L, P250L, and
A341S, respectively (Fig. 5 A). The V126A/F184L and
F184L/P250L/A341S mutants had Tm values of 35.8�C
and 35.6�C. Notably, although the cooperativity of unfold-
ing did not significantly increase in any mutant, it was
clearly reduced in the triple mutant.
Stabilized BsTetL mutants retain tetracycline
transport activity

Both of the above-described bioinformatics methods iden-
tify stabilizing mutations that are conservative within the
protein family and therefore likely preserve protein func-
tion. To validate the transport activity of the TetL thermo-
stabilizing mutations, we examined tetracycline resistance
in E. coli expressing the same stabilized TetL-GFP mutants
at 37�C. The two most stable mutants, V126A/F184L and
F184L/P250L/A341S, had no apparent activity by com-
parison with an empty vector and wild-type controls
(Fig. 5 B). Among the parental single mutants, V126A
had reduced tetracycline resistance relative to the wild-
type, whereas A341S had apparent activity. Interestingly,
F184L and P250L both showed increased tetracycline resis-
tance. The single mutants clearly show that the mutations
suggested by both methods can preserve protein function.
The absence of activity in the double and triple mutants
may be a consequence of their extremely low expression
levels or the dominant effects of the V126A and A341S mu-
tations. The varying activity of the single mutants, where
total expression is likely similar to that of the wild-type
(Fig. 3), may reflect changes in the substrate-binding site
or enzyme kinetics. Growth at 41�C was insufficient to
recover transport activity in the A341S mutant (Fig. S6).
However, the increased growth temperature did increase
the relative activity of V126A, suggesting that this particular
mutation alters the energetics of the transport cycle.
DISCUSSION

For biomedical studies or industrial applications of a partic-
ular protein, the protein must be stable in vitro. Although or-
thologous proteins from extremophiles are often stable in
harsher conditions than can be tolerated by mesophiles,
they are frequently less well characterized and therefore
may be of less (or unknown) utility for the desired applica-
tion. In this study, we used sequence differences between
thermophiles and mesophiles to identify the positions and
Biophysical Journal 109(7) 1420–1428
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amino acids that are critical for thermoadaptation. Based on
these findings, we introduced amino acids from thermoa-
dapted homologs into a mesophilic protein of interest, and
demonstrated an increase in thermostability. Here, we
used a membrane protein, BsTetL; however, these methods
are applicable to any protein family with enough available
sequences for statistical significance.

The mechanism underlying the increased thermostability
of the BsTetL mutants is unknown, although a majority of
the mutations (e.g., the V126A and F184L mutants) intro-
duced smaller side chains. Also, most of the mutations,
including the P250L and S335L variants, introduced or
maintained a hydrophobic side chain. These observations
suggest that the thermostabilization arises from altered pro-
tein packing rather than from the introduction of hydrogen
bonds or electrostatic interactions. However, novel inter-
actions can be accomplished by indirect means, as was
recently modeled in stabilized Neurotensin Receptor 1
(49). Thermostabilization may result from a protein directly
favoring a folded state or slowing down the enzyme kinetics
and thereby limiting entry into the states preceding unfold-
ing (50,51). Slowed enzyme kinetics, in particular, could
correspond to the decreased transport activity of some mu-
tants. In a homology model based on the distantly related
glycerol-3-phosphate (52) and peptide transporters (53),
equivalent positions were found to be broadly distributed
across the protein (Fig. S7). Although these findings do
not provide a clear mechanism, they suggest that thermosta-
bilization is not achieved through one or a few structural
points. Notably, among the tested mutants, there did not
appear to be a correlation between tetracycline transport
and the distance to the substrate-binding pocket or
domain-domain interface.
Bioinformatic analysis quickly identifies
thermostabilizing mutants

Although previous computational analyses of thermosta-
bility have addressed whole proteome amino acid distribu-
tions, such analyses often have limited utility for a
particular protein family (29,54). Experimental methods
for identifying thermostabilizing mutants of a particular pro-
tein have relied upon efficiency to overcome the large muta-
tional space. Alanine scanning limits the mutational space,
with a success rate of 2–14% (2,11). Alternatively, all-
versus-all mutations can be coupled with fluorescence-acti-
vated cell sorting to identify stabilizing and well-expressed
mutants (13,47). Although the success rate is vanishing
low, given the large number of mutants screened, the
increased throughput allows one to sample a vastly enlarged
sequence space, including multiple mutations. Both methods
reveal similar or greater increases in Tm than those seen here.
However, both are constrained to ligand-bound states.

An alternative is to use computational methods for
rational identification of thermostabilizing mutants. By con-
Biophysical Journal 109(7) 1420–1428
sidering protein packing efficiency, conformational state,
and fold energetics, these methods have success rates of
15–100% (55–57). However, they require a high-resolution
crystal structure of the target protein or a homolog for anal-
ysis. Additionally, both screening and in silico methods
are insensitive to evolutionary pressures on function and
may sample nonconservative mutations, yielding inactive
proteins.

The methods presented here provide a speed advantage
by applying an in silico analysis, without requiring a crystal
structure, with a success rate of 26–30%. Further, these
methods identify thermostabilizing mutations that are con-
servative within a protein family and thus are likely biased
toward preserving protein function. This is validated by
the tetracycline resistance found in most of the single mu-
tants tested. However, the energetics of transport had clearly
shifted in some mutants, which had adapted to an elevated
growth temperature.

Although these methods are not limited to any particular
protein family, the significance of the noted amino acid
differences is dependent upon the OGT and sequence
identity ranges of the input MSA. The global method is typi-
cally limited by the number of thermophiles described
(Fig. S1 A). Increasing the number of sequences by
including more distant homologs allows for greater theoret-
ical significance, at the expense of specificity to a particular
protein of interest. However, as the number of sequenced ge-
nomes and characterized species increases, the sensitivity of
these methods will also increase. Additionally, if modeling
of growth temperature is used (30,58,59), many more
OGTs can be approximated. Increasing the OGT and
sequence data will improve the statistical power of both
methods and allow investigators to study exclusively eu-
karyotic genes, for which few thermophilic orthologs are
available (Fig. S1 B).

Furthermore, thermosensitive mutants are very useful for
in vivo identification of gene function. Using the same anal-
ysis methods, but comparing mesophiles and psychrophiles,
might allow one to identify temperature-sensitive mutants of
a gene of interest without having to perform extensive
phenotypic screening or exhaustive mutagenesis.
Further considerations of thermostability by
bioinformatics

Although it was not considered in this study, it is possible
that epistasis between positions explains why many of
the single mutants screened did not show an appreciable
increase in stability. A statistical analysis (60) of the
family would likely provide insight into the coevolving
positions within the primary sequence of the protein
family, and indicate which thermostabilizing mutations
might be epistatically linked. Alternatively, mutations
that did not stabilize the protein may be a consequence of
an indirect association with the OGT related to other
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properties of thermoadaptation, notably including adapta-
tions to the distinct membrane environment and lipids of
thermophiles (61).

Although insertions and deletions were noted in the
calculation, they were specifically excluded from testing
in the BsTetL case study to simplify the analysis. There ap-
pears to be a discrepancy in the thermoadaptation of loop
length between soluble (62) and membrane proteins (29),
and testing such mutations may provide additional thermo-
stabilizing mutations.
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Supplementary Figure 1. OGT distributions within distinct taxa. A. Histogram of OGT 
by domain for all species data collected. B. Sub-histogram of A, OGT by kingdom for 
eukaryotes for all species data collected. C. Histogram of OGT assignments by 
kingdom for the BsTetL analysis. !
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Supplementary Figure 2. Heatmaps of amino acid frequencies from the Global 
method. The heat maps of positional amino acid frequency in the multiple sequence 
alignment for thermophiles (A) and mesophiles (B). C. The difference in amino acid 
frequency by position between thermophiles and mesophiles. Positive (red) values 
indicate over-represented amino acids in thermophiles, negative (blue) values 
indicate amino acids under-represented (or over-represented in mesophiles). !
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Supplementary Figure 3. Amino acid frequencies for the Global method at various 
positions. Histogram of amino acid frequency are shown for BsTetL positions 31, 94, 
124, 126, 132, 134, 167, 173, 215, 394. Amino acid frequency is plotted in red or blue 
for thermophiles or mesophiles, respectively. !
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Supplementary Figure 4. Positional frequency of amino acid change among high 
similar homologs. A. The positional frequency of amino acid change between all 
close homologs with |ΔOGT| > 10°C. B. Positional frequency of amino acid change, 
irrespective of OGT differences. C. Positional frequency of amino acid change after 
subtracting the frequency of change without OGT difference, positions of greater than 
50% gap are hidden. !
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Supplementary Figure 5. Stability versus expression of BsTetL mutants. Stability and 
over-expression level for all mutants tested, normalized to wild type BsTetL. Single, 
double, and triple mutants are plotted as orange, red, and maroon circles, 
respectively. Error bars indicate standard deviation of duplicate experiments. !
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Supplementary Figure 6. Tetracycline resistance of BsTetL mutants at 41°C. Growth 
curve of BsTetL and mutants in the presence of tetracycline. Mutants are colored 
orange, red and maroon for single, double, and triple mutants, respectively. Wild type 
and empty vector control are indicated by open squares and circles, respectively. 	  
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Supplementary Figure 7. Location of BsTetL thermostabilizing mutants within the 
Major Facilitator Superfamily fold. Equivalent positions to the thermostabilizing 
mutations are noted on a BsTetL homology model. Mutants predicted by the global 
and pairwise methods are colored blue and magenta, respectively. !
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Equation S1. 
 
𝑓!"#$%#&' 𝑖

=   
𝐻 𝐴𝐴!,! ,𝐴𝐴!,!!

!
!
!!!!! ×(( ∆𝑂𝐺𝑇 𝑎, 𝑏 > 𝑇!!!"#!!"#) 𝐼 𝑎, 𝑏 > 𝐼!!!"#!!"# )

(( ∆𝑂𝐺𝑇 𝑎, 𝑏 > 𝑇!!!"#!!"#) 𝐼 𝑎, 𝑏 > 𝐼!!!"#!!"# )!
!

!
!!!!!

−     
𝐻 𝐴𝐴!,! ,𝐴𝐴!,!!

!
!
!!!!! × 𝐼 𝑎, 𝑏 > 𝐼!!!"#!!"#

𝐼 𝑎, 𝑏 > 𝐼!!!"#!!"#!
!

!
!!!!!

 

 
𝐻 𝑥,𝑦 =    0  𝑖𝑓  𝑥 = 𝑦

1  𝑖𝑓  𝑥   ≠ 𝑦 
 
∆𝑂𝐺𝑇 𝑥,𝑦 =   𝑂𝐺𝑇! − 𝑂𝐺𝑇! 
 
𝑛   ≡ 𝑛𝑢𝑚𝑏𝑒𝑟  𝑜𝑓  𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑒𝑠  𝑖𝑛  𝑀𝑆𝐴 
 
𝐴𝐴!,! ≡ 𝑡ℎ𝑒  𝑎𝑚𝑖𝑛𝑜  𝑎𝑐𝑖𝑑  𝑜𝑓  𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑒  𝑥  𝑎𝑡  𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛  𝑖 
 
𝑂𝐺𝑇! ≡ 𝑡ℎ𝑒  𝑂𝐺𝑇  𝑜𝑓  𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑒  𝑥 
 
𝐼 𝑥,𝑦 ≡ 𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑒  𝑖𝑑𝑒𝑛𝑡𝑖𝑡𝑦  𝑏𝑒𝑡𝑤𝑒𝑒𝑛  𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑒𝑠  𝑥  𝑎𝑛𝑑  𝑦 
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