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ABSTRACT: Understanding the molecular basis for the enhanced stability of proteins from thermophiles
has been hindered by a lack of structural data for homologous pairs of proteins from thermophiles and
mesophiles. To overcome this difficulty, complete genome sequences from 9 thermophilic and 21 mesophilic
bacterial genomes were aligned with protein sequences with known structures from the protein data bank.
Sequences with high homology to proteins with known structures were chosen for further analysis. High
quality models of these chosen sequences were obtained using homology modeling. The current study is
based on a data set of models of 900 mesophilic and 300 thermophilic protein single chains and also
includes 178 templates of known structure. Structural comparisons of models of homologous proteins
allowed several factors responsible for enhanced thermostability to be identified. Several statistically
signficant, specific amino acid substitutions that occur going from mesophiles to thermophiles are identified.
Most of these are at solvent-exposed sites. Salt bridges occur significantly more often in thermophiles.
The additional salt bridges in thermophiles are almost exclusively in solvent-exposed regions, and 35%
are in the same element of secondary structure. Helices in thermophiles are stabilized by intrahelical salt
bridges and by an increase in negative charge at the N-terminus. There is an approximate decrease of 1%
in the overall loop content and a corresponding increase in helical content in thermophiles. Previously
overlooked catiortsr interactions, estimated to be twice as strong as ion-pairs, are significantly enriched

in thermophiles. At buried sites, statistically significant hydrophobic amino acid substitutions are typically
consistent with decreased side chain conformational entropy.

Hyperthermophilic organisms grow optimally at temper- atures 6, 9, 10). Thus, most thermophilic proteins are not
atures between 80 and 1PC (1—-3). Proteins of these  only intrinsically more stable but can also fold properly even
organisms have evolved to function optimally at temperatures at temperatures as much as®Dbelow their physiological
above 70°C. Some enzymes from these organisms are activetemperature. However, there are reports of a few thermophilic
at temperatures as high as 12C and above 4, 5). proteins requiring extrinsic factors (e.g., salts or polyamines)
Thermophilic organisms grow optimally between 50 and 80 or posttranslational modifications such as a glycosylation for
°C with their proteins showing optimal activity above 60 thermostability 8, 11). There is obvious biotechnological
°C (3). Despite intense efforts, a detailed understanding of interest in engineering proteins with enhanced thermal
the factors responsible for enhanced thermal stability of stability and altered activity 12—16). This requires a
protein from thermophiles/hyperthermophiles remains elu- comprehensive understanding of the factors responsible for
sive. Thermophilic proteins and their mesophilic homologues enhancing thermal stability 7, 18). Although understanding
typically share 40 to 85% sequence similarity, their three- of the molecular mechanisms of thermal adaptation of
dimensional structures are superimposable, and they haveproteins have been the focus of many studies for several
the same catalytic mechanisr6—8). In spite this close  decades, it has so far been difficult to pin down any single
similarity, thermophilic and hyperthermophilic proteins are factor as being primarily responsible for enhancing thermal
intrinsically more stable compared to their mesophilic stability (19—26). This is probably because protein stability
homologues. In fact, the majority of thermophilic proteins is determined by a multitude of both local and long-range
studied to date, when expressedHscherichia colj retain interactions, and there is a fine balance between several
all of the native protein’s biochemical properties, proper contributing factors Z7, 28). It has been shown that
folding, themostability, and optimal activity at high temper- pronounced thermal stability was achieved when several
changes each with a relatively small effect were combined
T This work was supported by grants from Department of Biotech- (29—32). This emphasizes the fact that in many cases the
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mophilic protein with one or more mesophilic homologues MATERIALS AND METHODS

(33—37); (ii) systematic study involving analyses based on ) ]
sequence and structural information for a group of proteins  Construction of the Data Sethe translated open reading
to reach general conclusior 26, 38—41); and (iii) large frames (ORFs) of the 30 completed microbial (only bacterial

scale comparison between thermophilic and mesophilic @1d archaeal) genomes were obtained from the web-page
genomic sequencedZ—46). This is now possible due to http://Aww.ncbi.nlm.nih.gov/PMGifs/Genomes/micr.html. The

list of PDB templates was taken from the 1999 version of
the PDBselect set of 95% homologous proteins (http://
www.sander.embl-heidelberg.de/pdbsé&B)( The coordi-

recent progress in genome sequence projects.
The main focus of the systematic studies has been to

correlate specific sequence and structural features with5ias of all the templates were obtained from RCSB.(
enhanced thermal stability24, 37, 38 47-50). These  1ne sequences of the templates were taken from the
fe_z_atur_es have '”ClUd?d amino acid composition, h_el|x Sta- «SEQRES” information provided in the header of each
bilization, hydrophobic and electrostatic optimization, in- coordinate file. All the pairwise alignments between ORFs
creased hydrogen bonding, and enhanced secondary structurgng templates were performed using the gapped version of
content. A recent systematic study on 25 protein families {he BLAST sequence alignment algorith6#). The multiple
consisting of 64 mesophilic and 19 thermophilic proteins (the alignments used in this analysis were carried out using
largest so far) concluded that different protein families adapt CLUSTALW (55). All the 3D models used in this analysis
to higher temperatures utilizing different sets of structural \ere obtained from MODBASE (http://guitar.rockefeller.edu/
devices 26). The only generally observed trend of an modbase) §2). MODBASE is a database of annotated
increase in the number of ion pairs with increasing growth comparative protein structure models generated by the
temperature was also confirmed in the above study. However,program MODELLER §6, 57). The models consist of
the number of hydrogen bonds and polarity of buried surface coordinates for all non-hydrogen atoms in the modeled part
did not show any clear-cut correlation with growth temper- of the protein. Models are generated entirely by an automated
ature. procedure %2, 58). MODELLER, a homology modeling
The difficulty in reaching a general conclusion about the Program, uses pairwise sequefstructure alignment to
role of specific structural features for enhancing thermal Puild 3D models for the matched part of the target sequence
stability is largely due to the limited amount of sequence Pased on the template structufb,(57).
and structural data available for proteins from hyperthermo- Secondary StructureThe secondary structure definition
philes and thermophiles. Recent progress in genome project®f residues in both modeled and template PDB structures
has made it possible to overcome this difficulty by perform- were obtained using DSSBY). We merged different DSSP
ing statistical analyses on protein sequences from entiresecondary structure elements into three categories: helix,
genomes to bring out differences between proteins from strand, and other. Residues having a letter H or G in the
thermophiles and mesophile4é3-46). These studies have DSSP output were considered to be in helices, those having
focused on statistics derived from sequence alone or fromE or B were considered to be in strands, and the remaining
predicted secondary structur@8(44) and do not make any ~ residues were considered to be in irregular regi@. (
reference about tertiary structural features that contribute to  Residue DeptHResidue depth6Q) was used to distinguish
thermal stability. In the present study, we present a systematicburied residues from solvent exposed ones. Residues with
study on a large set of modeled proteins of mesophilic and depth greater than 5.5 A were considered buried. A pair of
thermophilic origin, which helps to overcome this lacuna. residues, such as those involved in a salt bridge, was
Complete genome sequences from 9 thermophilic and 21considered buried if the average depth of the pair was greater
mesophilic bacterial genomes were aligned with protein than 5.5 A.

sequences with known structures from the RC$BI). Salt Bridge/lon Pair Salt bridge/ion pairs were defined
Sequences with high homology to proteins with known using a simple distance based criterion: two oppositely
structures were chosen for further analysis. High quality charged residues were considered to form a salt bridge if
models of these chosen sequences were obtained fromboth the distance between the centroids of the two side chains
MODBASE (52). The current study is based on a data set as well as the shortest distance between the oppositely
of models of 900 mesophilic and 300 thermophilic protein charged atoms in the salt bridge were less than 6 A. Arg,
single chains. This data set has been classified into 125Lys, His, Asp, and Glu residues were considered for salt
groups such that members within a group share more thanbridge calculations.

40% homology to each other and that every group contains Residue ContactsWe define residue contacts as the
at least one thermophilic, one mesophilic, and one protein nymber of neighoring residues in contact with a particular
of known structure from the RCSB. Systematic statistical resjdue within 6.5 A. The distance in this case is measured
anaIySiS of various pOtential StabIIIZIng factors in these 125 between the side chain centroids of residues, and for G|y it
groups was carried out to obtain insight into structural is calculated from the centroid of the peptide unit. This
features responsible for increased thermal stability. parameter is used to compare the residue pair proportions
in the two populations (thermophiles and mesophiles). Two

1 Abbreviations: RCSB, research collaboratory of structural bioin- reSqueS are paired if the side chain centroids of the residues

formatics; ORF, open reading frame; BLAST, basic local alignment are within 6.5 A of each other.

search tool; ASA, accessible surface area; DSSP, dictionary of ; ;
secondary structure of proteins; SCOP, structural classification of Hydrern BondlngHydrogen bonds were determined by

protein: PDB, protein data bank: TIM, triose phosphate isomerase; the program pr|U36(1)_- The number_ of unsatisfied hydro-_
NADP, nicotinamide adenine dinucleotide phosphate. gen bonds was determined by counting the number of buried
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(depth> 6 A) hydrogen bond donors and acceptors that did ~ (vii) Phe-Cys/Met interaction: The interaction between

not have an opposing acceptor/donor partner. Phe and Cys/Met side chains at positionsi (+ 4) can
Helix Propensity The preference of a particular amino acid  stabilize helices through interaction between aromatic elec-

to be in helices, is defined as/(\;)/h, wheren; is the number ~ trons and sulfur atoms§).

of times residué occurs in helicedy; is the total number of Statistical TestWe have carried out the Z test and the

residuei in the population, anth is the fraction of helical pairedt test to evaluate the statistical significance of the

residues in the populatio2, 63). Helix propensity of each  difference in a property/feature between the thermophilic and

of 20 amino acids were determined for thermophilic and mesophilic proteins for the entire data set.

mesophilic populations. () Z test The Z test was used for comparisons of
Helix Stabilization The helical residues were classified proportions, e.g., fraction of amino acids or fraction of

according to Richardson and Richardson (198&) (as residues in different secondary structures, etc.fhét= xi/

follows: N;) andp, (= x/Ny) be the proportions of a quantity (e.g.,

fraction of Ala) in the thermophilic and mesophilic popula-

-N"—N'—Ncap—N1—N2—N3-... tions, respectivelyx; andx, are total number of occurrences
C3—-C2—-C1-Ccap-C—-C"- of that quantity, and\; and N, are the total number of

residues in the thermophilic and mesophilic populations,
where Ncap and Ccap are the N- and C-terminal residues ofrespectivelyp = (x; + x2)/(N1 + N); =1 — p; D = pg(1/
the helices, respectively. The occurrence of the following N; + 1/N,); Z = (p. — po)/(v/D).
factors known to affect helix stability was examined. A positive value ofZ indicates that the proportion of the
(i) p-branched residuesf-branched residues are found quantity is higher in the thermophilic population. The 99.9%
to destabilize helices56, 66). Rotameric conformations of  confidence interval i€ > 3.0 orZ < —3.0.
C-3 branched side chains are constrained by the helical (i) t Test The't test was carried out for systematic

conformation of the backbones?). The number of G3 comparison of various traits in the 125 groups of homologous
branched amino acids, i.e., Val, lle, and Thr was calculated proteins used in this study. For a particular trait, e.g., number
for residues in the N1-...-C1 segment. of salt bridges, we calculated the average number of the trait

(i) Salt bridges: Oppositely charged residue pair interac- per protein for mesophilic and thermophilic members in a
tions, i.e., Glu-Lys, Glu—Arg, Asp—Lys, Asp—Arg at particular group. This gives 125 pairs of numbers for a
positions {, i £ 3) and (, i + 4) are stabilizing §8). particular trait, one from each group. A two-tailed paited

(iii) Charge—dipole interaction: Ptitsyn (1969)69) test of these 125 pairs of numbers was carried out for the
pointed out that negatively (Asp and Glu) and positively statistical significance with 124 degrees of freedom. A
(Arg, Lys, and His) charged residues are preferentially found positive value ot would indicate the property/feature to be
at the N- and C-terminal end of helices. This suggested thathigher in the thermophilic population. The 99.9% confidence
the helix dipole is stabilized by positively charged residues interval ist > 2.6 ort < —2.6.
at the C-terminus and negatively charged residues at the
N-terminus 70). Charged dipole interactions were evaluated RESULTS AND DISCUSSIONS
in terms of the number of Asp and Glu at Ncap, N1, N2,
and N3 positions, and the number of Arg, Lys, and His at T

the C3, C2, C1, and Ccap positions. Only helices longer than philic organisms used in this work along with their respective

eight reS|dges were considered to avoid the overlap of N- ORFs and optimal growth temperatures are listed in Table
and C-_terrr_unal regions. The net charge (number of Arg, Lys, 1. All the ORFs (targets) from all 30 proteomes (17 275
and His minus the ”“”.‘Per of Asp and G_Iu) for each set of thermophilic and 47 105 meophilic targets) were aligned to
fou.r terminal .heI|x positions was dgtermmed. ) 3084 chains (templates) from the 1999 version of the
(iv) N-capping box: In an N-capping box, the side chain  pppselect set of 95% homologous representative proteins
of the residue at N_3 is hyo_lrogen bon(_jed to the amide group(53) using the gapped version of the BLAST sequence
of Ncap and the side chain of Ncap is hydrogen bonded 10 gjignment algorithm %4). Only those alignments with an
the amide group of N37(1). Potential N-capping boxes are  E.yajye < 10-5 were chosen for this analysis. From this set
characterized by the simultaneous presence of Ser, Thr, Aspof glignments, we only retained those where the sequence
Asn, His, Glu, or GIn at both the Ncap and N3 positions jgeniity of the targets was 40% over at least 90% of the
(71). template length. The 40% sequence identity cut off was
(v) Schellman motif: This typical C-terminal helix ter- chosen because above this cutoff, the median overlap
mination signature is defined by the presence of Gly'at C petween a model and the corresponding experimentally
hydrogen bonds between C2 and C3 carbonyl groups anddetermined structures is 90% (58). The total number of
C' and C' amides, and the presence of a hydrophobic target-template pair (alignments) that satisfied these criteria
interaction between C3 and'G72). were 6750, and the individual numbers of targets and
(vi) Hydrophobic staple: The interaction between hydro- templates were, respectively, 3652 and 666. The sequences
phobic residues at 'Nand N4 positions was observed in of these 666 templates were clustered into 394 groups such
several proteins, and considered an expansion of the N-that members within a group hatd 40% sequence identity
capping box 13) or as a specific motif, called the “Hydro-  to each other. Each target sequence was assigned to the group
phobic-staple motif’ 74). The presence of this motif has containing the corresponding template. A total of 125 of these
been highlighted by the simultaneous presence of Leu, lle, 394 groups contained at least one each of thermophilic and
Val, Met, or Phe at both the 'Nand N4 positions7{4). mesophilic target sequences; twenty contained only thermo-

The Construction of Data Set for Structural Comparison.
he completed proteomes of 21 mesophilic and 9 thermo-
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distribution of structural classes and folds of domains in our
data set using the SCOP databa&.(Our data set contained
175 domains belonging to the following SCOP classes: 50

Table 1: List of the Complete Genomes

optimal growth

organism type  ORF temp (C)?
g — /y: - AL, of a+f (28%), 71 ofo/f (40%), 21 of alla (12%), 23 of
: - Hyperthermophile/thermophile all 8 (13%), 9 of multidomain ofx & S (7%), and 1 small
Aquifex aeolicus bacteria 1522 80 ) P .
Thermotoga maritime bacteria 1864 30 protein. _Thls indicates that the data set was not biased to
Archeoglobus fulgidus archaea 2409 83 any particular structural class. The most frequent folds of
Aeropyrum pernix ; archaea 2694 90 the o+ class were the ferredoxin-like fold (10%) and the
methamcoccusla””“(’h" archaea 1771 83 class Il aa RS and biotin synthase (8%) and that ofottfe
ethanobacterium archaea 1871 65 o L
thermoautotrophicum class were TIMp/o. barrel (20%), NAD(P) binding Ross-
Pyrococcus abyssi achaea 1765 98 mann fold (10%), and P-loop containing nucleotide triph-
Pyrococcus horikoshii archaea 2061 98 osphate hydrolase (15%). On the basis of biochemical
Thermoplasma acidophilum arf:haea 1478 66 functions, the most common groups were ribosomal proteins
) ] Mesophile (S5, S8, S15, S7, S17, L1, L6, L7/L12, L9, L11, L14, and
Eggﬁuz Eg{ggﬁ:;irs' Eggg:g }1822 2(7) L30), tRNA aminoacyl synthetases, and transcription and
Bacillus subtilis bacteria 4100 30 translation factors (IF1, |F3, TF||-3, Ef_Tu, and EF-G).
Campylobacter jejuni bacteria 1634 37 Accuracy of Modelszarlier studies indicated factors such
Chlamydia pneumoniae bacteria 1052 37 as salt bridges/ion pairs, secondary structure content, and
Eh'amYd"".‘ trachomatis bacteria 894 37 helix stability as being likely contributors to the higher
scherichia coli bacteria 4290 37 s . - L
Helicobacter sp bacteria 2058 37 stability of proteins of thermophilic origin2@). To s_t_udy
Helicobacter pylori bacteria 1577 37 these factors from modeled structures, we verified the
Haemophilus influenzae bacteria 1707 37 reliability of the models for our study. An earlier study by
m;ggg:gzmg gﬁggf‘r']'gma Eggg:g g;g g; Sanchez and Salb) quantified the accuracy of the models
Mycobacterium tuberculosis ~ bacteria 3924 37 by measuring the overlap between the model and the actual
Neisseria meningitidis bacteria 2025 37 structure using 1085 models of protein chains of known
;_sekudomonas aerukg_inosa Eacteria 5325 g; structure (PDB). The overlap was defined as the fraction of
ickettsia prowazeki acteria H ithi H
Synechocystis sp strain PCC6808acteria 3168 25 rﬁSIdlIJes \ll;lhose ‘Catom‘z are within |3'5 A O.f e?ch other in
Treponema pallidum bacteria 1030 37 the globally superposed targetemplate pair of structures
Ureaplasma urealyticum bacteria 611 37 (58). “Good” models are those that have 30% of their
Vibrio cholerae bacteria 3828 28 residues overlapped with the corresponding actual structures
Xylella fastidiosa bacteria 2766 26 (58). We selected 625 “good” models of 267 PDB templates

2 The optimal growth temperatures of the organisms were obtained from the earlier work of Sanchez and Sali (1998) whose chain
from the German Collection of Microorganisms and Cell Cultures lengths were> 50 residues and targetemplate sequence
(http:/www.dsmz.de). identity was> 40% over 90% of the template length. A total

of 267 PDB structures (actual structures) were compared with
philic target sequences, and 249 contained only mesophilictheir corresponding models from the set of 625 “good”
sequences. Our current study is based on this set of 125models for the following features: secondary structure, salt
groups of protein sequences comprising a total number of bridge/ion pair, and residue pair contacts. Figure 1a,b shows
300 thermophilic and 900 mesophilic targets and 178 the histograms of the percentage of models as a function of
templates such that every group has at least one thermophiliche fraction of residues with correctly predicted and over-
member, one mesophilic member, and one template. Thepredicted secondary structures, respectively. The average
sequences were clustered into groups because we chose taccuracy of correctly predicted secondary structure (ratio
perform a systematic study on homologous proteins of between number of correctly predicted and total number of
thermophilic and mesophilic origin. Using BLAST sequence residues) is 83%, and there is 16% overprediction. Figure
alignments, we checked that no particular stretch of a 1c,d shows histograms of the percentage of models as a
sequence of a particular group was aligned with membersfunction of the fraction of residues with correctly predicted
of any other group with ai-value less than I0. The total and overpredicted salt bridges. On average, the accuracy of
number of members in a group varied from 2 to 25 and the correctly predicting a salt bridge is 64%, and the overpre-
fraction of thermophilic sequences in a group varied from diction is about 28%. Figure 1, panels e and f, respectively,
10 to 50%. Models of these 1200 proteins were obtained show histograms for correct and overprediction of residue
from MODBASE (http://guitar.rockefeller.edu/modbasg)( contacts. The accuracy of prediction is 72%, and the
In cases where a particular target had multiple models, we overprediction is 22%.
accepted only that model that had the highest sequence These prediction accuracies are high enough to permit
homology to the cognate template or had a better modelvalid comparisons of differences in these features between
quality score as described by Sanchez and S8Ji {Ve also modeled structures from thermophiles and mesophiles. It
verified that the template for a particular group we picked should be noted that many of the comparisons made here
was identical to that used by MODBASE. In cases where depend primarily on the quality of the target/template
the PDB code for the template differed from that of ours, alignment and the overall similarity in the three-dimensional
we incorporated the one used by MODBASE into our data structures. The high level of identity in the alignments used
set. The reason for the difference was mainly due to our usein this study suggests that the alignments are very likely to
of the 1999 PDBselect set, whereas MODBASE uses thebe correct and that the true structures of the target will
most recent version of the PDB. We then checked the typically be similar to that of the template.
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201} a _ b Table 2: Amino Acid Composition (%) in Thermophiles and
] u Mesophiles
Overall Exposed Buried
=z ] ) %) )
'§ Amino Acid  TH®  ME"  Z° TH ME" Z° TH ME'  Z°
é 10 H G 8.3 83 00 8.9 89 -02 638 70 08
< | A 8.0 92 6.5 83 133 129 13
= L v 8.3 76[ 72 65 59[ 52 147 138 31
51 - 1 [ H 1 7.2 7.0 54 52 128 131
rrl‘l_ rh-l-n-h L 8.6 89 28 7.0 71 -08 13.7 14.8
R R . N R . M 25 24 11 1.9 19 15 35 36 05
15tc + [T d P 44 3.9 5.0 43 2.7 27 02
F 37 35 17 29 29 06 5.8 56 1l
— - al Y 33 26 114 35 27[ 101 3.1 2.7
10l w 08 0.6 46 038 06 50 0.8 08 06
B R 5.6 48| 94 6.8 580 93 17 16 09
E K 7.9 68 [ 112 9.9 8.4 109 15 12 26
; H 1.9 20[ 33 20 23| 46 1.7 L6 09
I D 53 58[ 56| 6.5 69| 36 20 22 -7
E 9.4 73[ 203 11.6 8.8 | 202 24 20 27
S 4.1 55(-172 4.1 58[-153 3.6 4.3
T 4.7 53] 80 44 54 93 53 51 12
25 e S f [¢ 0.8 09 -49| 0.5 0.6 36 1.5 2.0
N 32 41[124 35 46 (121 1.9 18 11
2} 1 B Q 23 35(17.0 25 39 (165 13 14 02
z _| Charged 300 267 193 36.7 32.1( 205 9.2 86 25
'§ 57T 3 Polar 15.0 194296 15.0 203 [ 2838 13.6 14,5
E Hydrophobic ~ 46.8 457 57| 39.5 38.7 34| 704 700 12
=
sor a Thermophile.” Mesophile.Z score in the box indicates the
difference between TH and ME is significant at the 99.9% confidence
5t I level.
0.00 025 050 075 100000 025 050 075 1.00 and Trp. Leu is decreased whereas Val is increased at buried
fraction of correctly predicted residues fraction of overprediction sites in thermophiles. Cys is decreased at both buried and

FiGuRE 1: Evaluation of model accuracy. Models of known PDB ~ €XPosed sites in thermophiles. The amino acid frequencies
structures were obtained to check the model accuracy as describedresented here are obtained from a set of homologous
in the text. The distribution of the models (in percentage) as function proteins and need to be compared to frequencies obtained
of fraction (a) of correctly predicted secondary structures, (b) of from entire genomes. Our previous analysis of amino acid

overpredicted secondary structures (c) of correctly predicted salt o . .
bridges, (d) of overpredicted salt bridges, (e) of correctly predicted compositions based on putative soluble proteins from 20

residue contacts, and (f) overpredicted residue contacts. Bin sized€nomes had shown Val, Glu, and total charged residue
is 0.05. content to be significantly higher and GIn, Asn, Ser, Thr,

His contents to be significantly lower in thermophilic

Comparison of Various Features between Thermophilic genomes43). This is in agreement with the current result,
and Mesophilic Proteins. (a) Amino Acid Compositidhe although changes in the proportions of other charged residues
proportions of 20 amino acids (in percentage) in the (Arg, Lys, Asp), aromatic residues, Pro and Ala could not
thermophilic and mesophilic populations are shown in Table be concluded to be significantly different from the previous
2. The Z test was performed with an assumption that the study. Cambillau and Claverie have recently compared the
frequency of any particular amino acid is independent of amino acid compositions of proteins from 30 genomes (22
other amino acids and the changes in frequency seen arenesophiles, 1 thermophile, and 7 hyperthermophiles) and
solely due to thermal adaptation. A boxed Z score indicated observed statistically significant increase in the proportions
that the difference in composition between the two popula- of (Lys, Arg, Asp, Glu) and decrease in the proportions of
tions is significant at the 99.9% confidence level. Compo- (Asn, GIn, Ser, Thr) in thermophileg%). Computing water-
sitional differences for buried and surface-exposed residuesaccessible surface area for amino acids in 131 mesophilic
are shown separately. Residues are classified as charged (Argand 58 thermophilic proteins, they concluded that proportions
Lys, His, Asp, and Glu), polar (Asn, GIn, Ser, Thr, Cys), of charged residues are higher at the surface for thermophilic
and hydrophobic (Ala, Val, lle, Leu, Met, Phe, Tyr, Trp, proteins.
Pro). A related study by Haney et al. based on comparison of

Compositional differences are much more pronounced at sequences of 115 proteins from hyperthermophilic archaeon
exposed positions. At exposed sites, there is a large increasélethanococcus jannaschivith their homologues from
in charged residues and decrease in polar residues. UnlikenesophilicMethanococcuspecies arrived at similar conclu-
other charged residues, His and Asp are decreased insions B7). In this work, the number of gains and losses of
thermophiles. There is a large decrease in Ala content ata particular amino acid replacement in the direction of
exposed sites in thermophiles, but there is no change in Alamesophile— thermophile was calculated based on the
content at buried sites. Hydrophobic amino acids are pairwise alignment. A two-tailed binomial distribution was
increased at exposed sites due to increases in Val, Pro, Tyrused to calculate the probability of such replacements. The
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gain in Arg, Lys, Glu, lle, Pro, Tyr in thermophiles was °C. Since the bulk of the data are from hyperthermophiles
significantly higher than their losses, while the reverse was most of the comparisons desrcribed in this work will relate

observed for Ser, Asn, Thr, GIn, Gly (Table 1 of Haney et. to differences between mesophiles and hyperthermophiles
al. 1999). Arg showed the maximum gain of 17% and Ser rather than between mesophiles and thermophiles. To
showed a maximum loss of 32%. examine if there were detectable trends in the amino acid

In the present dataset, the percent change in the aminocomposition with growth temperature, amino acid composi-
acid composition was also computedt; ¢ M;)/M; where tions of mesophilic, thermophilic, and hyperthermophilic
Ti and M; are the proportion of a particular amino acid in proteins were compared. In the vast majority of cases where
the thermophile and mesophile in the entire dataset. In theTable 2 showed a statistically significant difference betweeen
present case, percent changes for Arg and Sett-aiand mesophiles and thermophile/hyperthermophile, a clear trend
—26%, respectively, similar to that observed earlier. How- could be observed in the direction mesophkitéhermophile
ever, we find changes in several other amino acids not — hyperthermophile. For example, relative percentages of
observed in the previous study such as Ala, Val, Cys, Asp, Ala, Leu, Ser, Thr, Asn, and GIn all decrease going from
and His. In addition, we show that the amount and the nature mesophile— thermophile— hyperthermophile while Pro,
of protein compositional variation differ at buried and Tyr, Arg, Glu show corresponding increases in the same
exposed locations. direction.

The overall compositional difference between the meso- (¢) ASA and Sehtion. The role of proteir-solvent
philic and thermophilic population is largely due to differ- interactions on protein stability has been extensively studied
ences in the surface-exposed regions of proteins. This is in(24, 49, 90, 91). Most of the earlier studies have used a
agreement with a recent study by Fukushi and Nishikawa simplification based on the accessible surface area of atom
(46). These results are also in agreement with recenttypes to compute the free energy of interaction between
mutational studies7(7, 78) that highlight the important role  protein surface residues and solvent molecules. Table 2
of surface residues in protein thermal stability. Changes in shows that surface residue compositions differ significantly
densely packed protein core39 often create packing between thermophiles and mesophiles suggesting that protein/
defects and are thus destabiliziif), Residues at the surface solvent interactions may also differ. We have therefore
tend to be flexible and show few intra-protein interactions, compared the polar and the apolar accessible surfaces of
and thus their contribution to stabililty are often locally mesophilic and thermophilic proteins. The accessible surface
confined and additive8(1). A number of recent studies have areas (ASA) were calculated using the implementation of
shown that surface salt bridges make a significant contribu- the Lee and Richards algorithrA2) with a probe radius of
tion to protein stability $2—86). Thermophiles appear to 1.4 A and a z-section of 0.05 A. NE, CZ, NH1, NH2 atoms
have an increased proportion of charged residues on theof Arg; NZ of Lys; HD1, NE2 of His; CG, OD1, OD2 of
protein surface enabling them to form surface salt bridges. Asp; CD, OE1, OE2 of Glu; OG of Ser; OG1 of Ser; CG,
Karshikoff and Ladenstein have very recently demonstrated OD1, ND2 of Asn; CD, OE1, NE2 of GIn, OH of Tyr; and
that optimization of electrostatic interaction by increasing C, N, O of backbone were considered polar atoms based on
the number of salt bridges is the driving force for the the partial charges assigned to atoms in the AMBER suite
enhancement of thermotolerence of proteins from thermo- of programs 93). The remaining atoms were considered
philic organisms&7). The dramatic decrease in noncharged apolar. Polar and apolar areas of each protein were computed
polar residues at exposed sites in thermophiles is probablyby summing the ASA of the respective polar and apolar
because Asn and GIn side chain deamidation is pronouncedatoms. The total polar surface area of thermophilic proteins
at high temperature87, 88), and Ser and Thr are known to  are significantly different from that of corresponding meso-
facilitate this deamidation process. philic homologuest(= 6.0). The fractions of polar (polar

It has been shown that proteins can be stabilized by ASA/total ASA) and apolar ASA (apolar ASA/total ASA)
decreasing the conformational entropy of the unfolded statefor each protein were also calculated. The fractions of polar
(89). In the unfolded state, Gly and Pro are residues having ASA (t = 5.97) and apolar ASAt(= —5.97) of a
the highest and lowest contribution to conformational thermophilic protein are significantly different from that of
entropy, respectively. Thus, the mutations GtyXaa or Xaa a homologous mesophilic protein. On average, the ASA of
— Pro should decrease the conformational entropy of a athermophilic protein consists of 464 @.1)% polar surface
protein’s unfolded state and result in protein stabilization. and 53.6 &£ 2.1)% apolar surface, whereas that of a
We do not find a difference in Gly content, but the Pro mesophilic protein consists of 45.4(3.2)% polar surface
content is higher at exposed sites in thermophiles indicating and 54.6 £ 3.2)% apolar surface in the present dataset. This
a Xaa— Pro mechanism of protein stabilization. Above 100 qualitatively emphasizes the fact that protegolvent inter-
°C, the thermal stabilities of amino acids are (Val, Leu) actions may make a significant contribution to protein
lle > Tyr > Lys > His > Met > Thr > Ser> Trp > (Asp, thermal stability.

Glu, Arg, Cys) @5). The observed preference of branched  (d) Residue SubstitutioResidue substitution is based on
chain amino acids in thermophiles may be associated with the multiple alignment of homologous proteins. The frequen-
the stability of amino acids itself apart from the conforma- cies of substitution of residue % Y were computed in the
tional entropy factor. three following backgrounds:

(b) Trends in Amino Acid Composition with Increasing 1. (XY)ur vs (YX)ur [forward vs backward for M— T]
Growth TemperatureAs shown in Table 1, of the organisms 2. (XY)ur vs (XY)um [(M — T) vs (M — M)]
that grow at high temperature, six are from hyperthermo- 3. (XY)ur vs (XY)rr [(M — T) vs (T—T)]
philes with optimal growth temperatures80 °C, while two For computing the Z scores, we first computed the
are from thermophiles with growth temperatures around 65 fractions of (XY )r and (Y X)ur replacements from the total
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Table 3: Sub;titution Matrix for (A) Buried Residues and (B) Table 4: Residue Pair Proportions
Exposed Residués buried exposed
AP GAVILMPT FYWRZKHDETSTTCNQ ~ - - - -
G pair z pair 2z pair Vi pair Vi
A ] VE 5.9 KE 102 AT -30 DS -53
v ] ME 35 RE 7.0 NQ -30 QQ -55
1 - RN 33 PY 5.3 HQ -31 AS —6.7
L ]+ AV 30 DE 5.3 Q -3.1
o * MY 30 VI 5.1 IN -31
v FF 30 YK 5.0 KS —3.2
v AH  —45 VK 4.9 KQ -32
w YS -33 PE 4.9 ST -33
R sC -33 EE 4.7 FT —-33
K VvC -32 YE 4.3 NN —3.3
H IC -32 YY 4.2 FQ -—3.4
0 LC -50 VP 41 AW -35
s s PV 4.1 LS -35
T WK 3.9 IS -36
c + + PD 3.6 KN —-3.6
N + LY 36 VvVQ —37
Q %A% 3.6 TN —4.1
- KD 35 LN  —4.2
B;GAVILMPF&JWRKHDESTCNQ~ II\R/IIE gg 1(?5 :ig
YW 32 DQ —43
A " cE : RK 30 AA 48
v o IK 30 AQ -50
1 PK 3.0 SS -5.0
L + o+ + AN —51
:{ D . 2 Only residue pairs with Z scores 3 or < —3 are reported here.
F + +
Y[ .. [] and lle by the smaller and more rigid Val residue. At buried
w sites, the polar residues Asn and Ser are also preferentially
R FT 1 L substituted by approximately isosteric Val and Ala. Most
K - B - prominent substitutions at exposed sites involve charged and
H Tt o noncharged polar residues. Noncharged polar (Thr, Ser, Asn,
E il AN o and GIn) residues are replaced either by rigid (Pro), branched
s D:h N al | e, nonpolar (lle or Val), large aromatic (Tyr or Trp), or charged
T . S (Lys, Arg, Asp, or Glu) residues. Asp and Glu residues
c + - behave quite differently with respect to substitution. Glu is
N+ s + + + rarely substituted, whereas Asp is preferentially substituted
Q rE s ] with Arg, Lys, and Glu. This is consistent with the reduced
- | N ! Asp content in thermophiles. His is replaced by Arg, Lys,

a A positive sign indicates the substitution rewcolumn is favored and Glu (consistent with reduced His content in thermo-
in the M— T direction. We report only those substitutions for which  philes). Ala is repeatedly substituted by a variety of other
the Z scores for all three backgrounds (described in the text) are all ogjqes consistent with the reduced Ala content in thermo-
either> 3.0 or < —3.0. Only the sign is shown. A boXdj indicates . N . .
that this holds true for the YX pair with an inverted sign. A tilda)( philes. The overall features of the substitutions in this study
indicates deletion. are qualitatively similar to those observed by Haney et. al.
(37). However, there are several differences. The substitu-
of number of M— T replacements. Similarly, the fractions tions considered in this study are from multiple alignments
of (XY)uw and (XY}t were determined from the total of and not from pairwise alignments. The total number of X
number of M— M and T— T replacements, respectively. — Y replacements in the data set is substantially larger than
Z scores were then determined by treating these as simplan the previous study. The number of occurrences of over
comparison of proportions. In doing so, we assume that 70% of the X— Y replacements in this study exceeds 300.
residue substitutions are independent events and that subin general, because of the much larger sample size used in
stitution of amino acids in the M~ T direction is primarily the present study, several additional substitution biases can
due to thermal adaptation. be detected.

Table 3 (A, B) shows the most frequent substitutions in  (e) Residue Pair Comparisoné/e determined the residue
buried and exposed regions, respectively. We report only pair propensity at buried and exposed sites (Table 4). Once
those substitutions that are statistically significant (iZe>, again, the largest differences between thermophiles and
3 orZ < —3) at all the above three backgrounds. We report mesophiles occur at exposed sites. Exposed residue pairs
the substitution bias in the (M> T) direction. Substitution involving at least one of the polar uncharged residues (Ser,
bias is more prominent at an exposed site than a buried siteThr, Ala, and GIn) show a significant drop in thermophiles.
in the M — T direction. At buried sites, all significant This is consistent with the observation that uncharged polar
hydrophobic replacements are consistent with decreased sideesidues are drastically reduced at exposed sites on thermo-
chain conformational entropy, e.g., Leu is preferentially philic proteins. Oppositely charged pairs (RE, RD, KE, and
substituted by3-branched residues Val and lle, Met by lle  KD) on the surface are significantly higher in thermophiles
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Table 5: Results of PairedTest for Various Factors Potentially
Linked to Protein Thermal Stabilization

% 10 f factor t-statistié
é no. of salt bridge/protein 3.4
2 cation—s interactions 4.2
g difference in average helix length 3.0
& difference in average loop length —-2.2

2 st helix stabilization

= ion pair/helix 3.1
= negative charge at N-terminus 3.0

a Other factors such as unsatisfied hydrogen bonds, Beta-branched
residues/helix, positive charge at C-terminus, N-cap box, Schellman
04 boPo000 motif, hydrophobic staple, prolines/helix, Cys/Mé®hy interactions,

: and protein size do not show a significant difference.

4 6 8 10
Residue depth [A]

R - ) strand-loop and helix-strand, respectively. This analysis
FiGUrRe 2: Depth dlst;_!\butlon of the missing salt bridges. The gyggests that such exposed salt bridges significantly stabilize
g;sttkrllgudtg)n peaks at 4 A. The depth of the salt bridge is the average o ices and that stabilization of individual helices can lead
pths of the partners. . - .
to increased protein thermal stability.

consistent with increased salt bridge formation. Proportions ~ Several other helix stabilizing factors were also analyzed
of charged pairs of similar type (RK, DE, EE) on the surface (Table 5). In addition to an increase in intrahelical salt
are also higher in thermophiles, indicating that these residuesbridges, there is also an increase in the net negative charge
take part in ion pair networks in thermophiles. There are close to the N-terminus of helices in thermophilic proteins.
also increases in aromati@romatic and cationaromatic This was also observed previously by the whole genome
pairs at exposed sites in thermophiles. Residue pairs involv-comparison study4@). An earlier study 48) concluded that
ing Pro are increased in thermophiles at exposed sites.  69% of helices from 13 thermophilic proteins were more

(f) Salt Bridges.The number of salt bridges for every stable than their mesophilic homologues, and the enhanced
modeled protein in a group was determined as well as thestabilization was observed primarily due to the intrinsic
difference in the average number of salt bridges between ahelical propensities of amino acids present in helices from
thermophile and mesophiles. The results of the pditedt thermophiles and only minor effects were linked to side
are shown in Table 4. The number of salt bridges in a chain—side chain interaction, helix capping, and charge
thermophilic protein is significantly higher than in the dipole effects48). We do not find helix-capping, proportion
corresponding mesophilic homolog. Although this result is of S-branched residues/helix, Cys/M&®he interactions,
consistent with earlier observationdl}, to minimize the Schellman motif, hydrophobic staple, or proline/helix to be
errors resulting from the use of modeled structures, “missing significantly different in mesophile and thermophile. Fur-
salt bridges” were examined in further detail. The missing thermore, the helical propensities of various amino acids were
salt bridges in mesophiles are defined as follows: (i) A salt found to be identical in thermophiles and mesophiles, in
bridge that is conserved in all thermophilic members of a contrast to the earlier study®). This suggests that helix
group and absent in at least one mesophile, or (ii) present instabilization in thermophiles does not occur by using amino
at least one thermophilic member of a group and absent inacids with higher propensity.
all mesophilic members. Since every group has a true (g) Cation—ux Interaction.Aromatic rings of Phe, Tyr, and
structure (template) results from missing salt bridges would Trp are nonpolar as they do not have a net permanent dipole
have low error associated with them. There are 1231 of type moment. However, they have quadrupole moments that are
1 and 2626 of type 2 missing salt bridges. The depth quite substantial in magnitud®&). The quadrupole of the
distribution of the missing salt bridges (Figure 2) shows that aromatic ring system can be viewed as two opposing dipoles
most missing salt bridges are on the surface. This is originating from either face of the ring. Due to this, cations
consistent with the high frequency of surface substitutions. interact very strongly with the aromatic ring system, and the
There are controversies regarding the stabilizing effect of strength of these interactions are estimated to be twice as
salt bridges 94). It has been suggested that the free energy strong as salt bridges due to a smaller desolvation penalty
of hydration of charged groups become less favorable atfor a cation-r pair compared to an ion pai®7—99). It has
higher temperatures. Hence, the unfavorable desolvationbeen shown that over 70% of all Arg side chains are near
penalty incurred on forming a salt bridge is reduced in aromatic side chains99, 100 and 26% of all Trps are
magnitude at high temperaturedby. In the present study, involved in energetically significant catienr interactions
most of the missing salt bridges are on the surface and areon the surface of protein99, 101). An increased frequency
solvent exposed. For such exposed salt bridges, there isof both exposed aromatic and positively charged residues in
unlikely to be a large desolvation penalty at any temperature.thermophiles suggests that catiem interactions may have

A total of 35% of these missing salt bridges are in the a significant stabilizing effect in enhancing thermal stability.
same unit of secondary structure (24% in helices, 10% in We performed a simple distance based calculation to pick
loops, and 1% irB-strands). Of the 24% in helices, 19% are potential catior-r interacting partners. We considered a
separated by 34 residues, and the remaining 5% are3 potential cation-sr interaction when the CZ and CE atom
residues apart. Of the remaining 65% of the missing salt of Arg and NZ and CE atom of Lys were within 6.5 A of
bridges, 12, 10, and 4% are in adjacent helices, loops, andthe centroid of the phenyl ring of Phe, Tyr, or indole ring of
strands, respectively, and 26, 8, and 5% are in hdtnp, Trp. The accuracy of detection of such interactions in the
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data set is 65%, and there is an over- and underpredictionmesophiles and thermophiles occur at exposed sites. Surface
of 30 and 27%, respectively. We had shown earlier that salt bridges, cations interactions, increased protein rigidity,
incorporation of an uncertainty factor, arising from prediction and stabilization of secondary structure all appear to be
errors of similar magnitude, in the statistical tests did not important contributors to increased thermal stability. A list
make any change in the results obtained with and without of statistically significant, preferred amino acid substitutions
error incorporation 43) as the prediction errors are equal that occur in thermophiles has also been provided. Algo-
for thermophilic and mesophilic proteins. Paitgdsts were rithms that suggest substitutions to enhance thermal stability
carried out to evaluate statistical significance (Table 5). Here, of proteins primarily focus on choosing combinations of
we show that previously neglected catiominteractions may  residues that would improve packing interactions of the
contribute very significantly in enhancing thermal stability. hydrophobic coreX3). The present work clearly shows the

(h) Secondary Structure Contenthe proportion of importance of optimizing interactions between surface
residues in regular secondary structure were determined fromresidues. These findings can be exploited in experimental
the ratio of total number of helical, strand, and loop residues studies to design proteins with improved thermal stability.
to the total number of residues in the thermophilc and
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