
Article No. jmbi.1999.2889 available online at http://www.idealibrary.com on J. Mol. Biol. (1999) 290, 595±604
Transproteomic Evidence of a Loop-Deletion
Mechanism for Enhancing Protein Thermostability

Michael J. Thompson and David Eisenberg*
UCLA-DOE Laboratory of
Structural Biology and
Molecular Medicine
Box 951570, University of
California Los Angeles, Los
Angeles, CA 90095-1570, USA
E-mail address of the correspond
david@mbi.ucla.edu

Abbreviations used: ORF, transla
frame; AA, Aquifex aeolicus; AF, Arc
BB, Borellia burgdorferi; BS, Bacillus s
Caenorhabditis elegans; CT, Chlamydi
Escherichia coli; HI, Haemophilus in¯u
Helicobacter pylori; MG, Mycoplasma
Methanococcus jannaschii; MP, Mycop
MT, Methanobacterium thermoautotro
Pyrobaculum aerophilum; PH, Pyrococ
Rickettsia prowazekii; SC, Saccharomy
Synechocystis sp. PC6803; TB, Mycob
TP, Treponema pallidum; SD54, datab
proteins and their ORF homologs; H
homologous ORF pairs from 20 com

0022-2836/99/270595±10 $30.00/0
Understanding the molecular determinants of protein thermostability is
of theoretical and practical importance. While numerous determinants
have been suggested, no molecular feature has been judged of paramount
importance, with the possible exception of ion-pair networks. The dif®-
culty in identifying the main determinants may have been the limited
structural information available on the thermostable proteins. Recently
the complete genomes for mesophilic, thermophilic and hyperthermophi-
lic organisms have been sequenced, vastly improving the potential for
uncovering general trends in sequence and structure evolution related to
thermostability and, thus, for isolating the more important determinants.
From a comparative analysis of 20 complete genomes, we ®nd a trend
towards shortened thermophilic proteins relative to their mesophilic
homologs. Moreover, sequence alignments to proteins of known structure
indicate that thermophilic sequences are more likely than their mesophilic
homologs to have deletions in exposed loop regions. The new genomes
offer enough comparable sequences to compute meaningful statistics that
point to loop deletion as a general evolutionary strategy for increasing
thermostability.
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Introduction

Although the molecular basis of protein thermo-
stability has been an area of active research for at
least two decades (Perutz & Raidt, 1975; Argos
et al., 1979), a fundamental understanding of the
phenomenon remains elusive. The most obvious
conclusion that can be drawn from the literature is
that different proteins have adapted to different
thermal environments by a variety of evolutionary
devices. The lack of a fuller understanding has
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been due to limited data. Experimental studies
comparing the structures of homologous proteins
from psychrophilic (cold-adapted), mesophilic and
thermophilic organisms have necessarily focused
on one or a few proteins. As these studies have
been relatively few in number, subsequent theoreti-
cal surveys have also been limited. Beyond the
scarcity of data, our comprehension of thermo-
stability is hampered by the large number and
complexity of possible contributing factors (for
recent discussions and reviews, see Vogt et al.,
1997a,b; Ladenstein & Antranikian, 1998; Jaenicke
& BoÈhm, 1998).

The problem with scarcity of sequences has been
overcome with the complete sequencing of gen-
omes from 20 organisms, including mesophiles,
thermophiles, and hyperthermophiles. With this
vast amount of data, the various suggested mech-
anisms for altering thermostability can be exam-
ined to see if they are, in fact, general evolutionary
strategies. Although there is high-resolution struc-
tural data for only a miniscule fraction of these
proteins, this limitation can be overcome some-
what by aligning a subset of the translated open
reading frames (ORFs) of these 20 proteomes to
proteins with known structures. With these
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596 Loop Deletion and Protein Thermostability
``inferred'' structures, the structural context of
observed sequence differences can be interpreted.

One possibility for increasing the thermostability
of a protein is to lower its unfolding entropy, �Su.
This possibility has been investigated by a number
of researchers using site-directed mutagenesis
(Hecht et al., 1986; Matthews et al., 1987; Nicholson
et al., 1992; Hardy et al., 1993; Zhang et al., 1995;
Kawamura et al., 1996; Bogin et al., 1998; Van den
Burg et al., 1998). Some examples of this are the
substitution of other residues with the confor-
mationally constrained proline or the replacement
of glycine with less ¯exible residues. In addition to
mutating one residue to another, the conformation-
al entropy of the protein can be lowered by short-
ening the polypeptide chain.

There is evidence, both theoretical and exper-
imental that deletion of exposed loop regions of
protein structure can enhance stability. Simu-
lations of protein unfolding have shown that
unfolding beings in exposed loop regions
(Daggett & Levitt, 1992; Lazaridis et al., 1997).
Loop truncation has been a factor noted in sev-
eral studies comparing crystal structures from
mesophilic and thermophilic sources (Russell
et al., 1994, 1997a; Sakon et al., 1996; Macedo-
Ribeiro et al., 1996; Auerbach et al., 1997;
Villbrandt et al., 1997; Tahirov et al., 1998). In
one notable example, Usher et al. compared the
structures of the CheY protein from Thermotoga
maritima and Escherichia coli, and found no
increase in ion-pairs, ion-pair networks or hydro-
gen-bonding (Usher et al., 1998). Rather, they
observed a shortening of the N and C termini of
the thermostable protein, truncation of one of its
loops and an increase in proline residues, all
entropic factors. On the low end of the tempera-
ture scale, the inverse effect has been observed.
From comparisons of structures from mesophilic
or thermophilic versus psychrophilic (cold-
adapted) organisms the psychrophilic proteins
are found to have insertions in exposed loop
regions (Davail et al., 1994; Narinx et al., 1997;
Russell et al., 1997b). The most compelling
example of this stability-enhancing strategy is
found in the work of Nagi & Regan (1997) who
found a near perfect inverse correlation between
loop length and stability based on designed ver-
sions of the protein Rop. Of course, there can be
limitations to such a strategy. As pointed out by
Robinson & Sauer (1998) in their study of linker
length effects on stability of single-chain Arc
repressor, truncations might interfere with bio-
logical activity or create destabilizing strain in
the protein structure.

Prompted by the theoretical, experimental, and
observational evidence and the wealth of proteome
data at hand, we have investigated whether nature
has employed loop deletion as a means of improv-
ing protein thermostability. We ®nd that there is a
statistically signi®cant trend for sequence trunca-
tion with elevated environmental temperature.
Moreover, using alignments of proteomic
sequences to proteins of known structure we ®nd
that thermophilic sequences have an increased pro-
pensity for sequence deletions corresponding to
surface loop regions of protein structure.

Results

Sequence lengths of thermophiles
versus mesophiles

From all-against-all sequence alignments of the
61,947 ORFs from 20 proteomes, the average length
differences for pairs of homologous sequences
between each pair of proteomes was computed.
These are shown as the density plot (Mathematica
(Wolfram, 1996)) in Figure 1. The trend for short-
ness of sequences from thermophilic organisms
relative to mesophilic organisms can be seen by
eye (the dark blue to magenta squares in the lower
right-hand rectangle).

To quantify and analyze the data presented in
Figure 1, we computed the correlation coef®cients
between the average differences in sequence length
for pairs of homologous proteins from pairs of pro-
teomes and the differences in: (1) growth tempera-
tures of the organisms; (2) thermophilic types of
the organisms; and (3) phylogenetic classi®cations
of the organisms. These are given in Table 1 along
with the p-values for obtaining these correlations
by chance. Notice that all three correlations are
statistically signi®cant and are consistent with the
hypothesis that shorter proteins are generally more
thermostable.

Principal component analysis was performed on
composition vectors for all of the 20 complete pro-
teomes to investigate the relative role of deletions
compared to residue composition. The results of
this analysis can be seen in Figure 2, a 2D projec-
tion of the proteome amino acid and gap compo-
sition vectors onto the two dominant axes
(eigenvectors with the largest eigenvalues). The
horizontal axis, which accounts for 58 % of the var-
iance of the proteomic data, is dominated by the
compositional peculiarities of some of the mesophi-
lic proteomes (overabundance of lysine and iso-
leucine and depletion of alanine in the positive
direction) that are not of interest to this thermo-
stability study. However, the horizontal axis,
which accounts for an additional 24 % of the total
variance in the data, shows a clear separation of
the mesophiles from the thermophiles. Moving
down the vertical axis from mesophiles to thermo-
philes is associated with an increase in the fraction
of deletions. In terms of amino acid composition,
moving down the vertical axis is also associated
with an increase in glutamate, valine, arginine and
glycine and a decrease in glutamine, serine, aspara-
gine and lysine. The implications of these relative
compositional differences for thermostability is
under investigation.

Given the statistically signi®cant trend for
thermophilic sequences to be shorter than their
mesophilic homologs and the consequently



Figure 1. Sequences from ther-
mophilic organisms tend to be
shorter than their homologs from
mesophilic organisms. The color of
each cell (X, Y) denotes the average
change in sequence length for
ORFs from proteome Y relative to
their homologs in proteome X. The
bold lines separate the thermo-
philes from the mesophiles. The
scale to the right shows correspon-
dence between color and length
difference in number of residues.
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increased deletions, we would like to know
where these deletions occur in terms of struc-
ture. This is provided by the propensities for
®nding deletions corresponding to each of six
types of local structure as obtained from our
SD54 dataset (see Materials and Methods). These
propensities and their associated uncertainties
are given in Figure 3.

Because insertions in the proteomic sequences
have no aligned structures, they cannot be ana-
lyzed in the same fashion as the deletions. Unlike
deletions, we ®nd no signi®cant differences in the
fraction of insertions in mesophiles and thermo-
philes. The average fraction of inserted residues in
mesophilic homologs and thermophilic homologs
Table 1. Differences in sequence length correlate more
strongly with thermophily than with phylogeny

Descriptor C p

�TEMP ÿ0.52 0.3 � 10ÿ37

�THERM ÿ0.51 0.1 � 10ÿ36

�PHYLO ÿ0.48 0.2 � 10ÿ33

Correlation coef®cients (C) between the average differences
in sequence length between pairs of proteomes and the differ-
ences in their growth temperatures (�TEMP), the differences in
their thermotypic classi®cation (�THERM), or the differences in
their phylogenetic classi®cations (�PHYLO). The probabilities
of obtaining these correlations or better by change (p) are also
given. See Table 2 for the values of TEMP, THERM. and
PHYLO.
of the proteins of known structure was the same
(2.4(�3)%).

Discussion

Thermodynamics

As reviewed in the Introduction, there is theor-
etical, observational and experimental support that
deletion of exposed loops enhances protein ther-
mostability by lowering the entropy change of
unfolding, thus raising the free energy of unfold-
ing. In the following, we present a thermodynamic
plausibility argument for this mechanism.

If protein X0 has a higher thermostability than its
homolog protein X, then the unfolding transition
temperature of protein X0, Tu(X0), is greater than
that of protein X, Tu(X):

Tu�X0� > Tu�X� �1�

The standard free energy difference between the
denatured state and the native state at tempera-
ture, T, can be expressed as:

�G�u � �Hu ÿ T�Su �2�
where �Hu and �Su are the respective changes in
enthalpy and entropy for unfolding. Because native
and denatured proteins are in equilibrium at Tu,
the standard free energy difference is zero at this
temperature. Thus, we obtain the following



Figure 2. Thermophiles cluster
based on compositional differences
and deletions. Depicted in a projec-
tion of composition-difference vec-
tors for each proteome onto the
two principal axes (eigenvectors
with largest eigenvalues) obtained
from principal component analysis
as explained in Materials and
Methods. Each point is labeled by a
two-letter code for the proteome, as
given in Table 2. Notice that the
thermophilic bacteria Aquifex aeoli-
cus (AA) clusters with the archael
thermophiles rather than with the
mesophilic bacteria. The com-
ponents (compositional changes),
sorted according to magnitude,
which de®ne the vertical axis are: E
(ÿ0.53), Q (0.43), V (ÿ0.30), S
(0.28), R (ÿ0.26), N (0.25), L (0.25),
- (ÿ0.24), T (0.17), G (ÿ0.13), K
(ÿ0.13), H (0.12), Y (ÿ0.11), C
(0.10), F (0.09), P (ÿ0.06), A (0.06),
D (0.03), I (ÿ0.03), W (0.02), M
(ÿ0.01).

Figure 3. Thermophilic sequences have an increased
propensity for deletions in exposed loops. This
Figure gives the structural propensities for gaps found
in alignments between proteins of known structure and
their mesophilic or thermophilc homologs. Propensities
less than or greater than 0 for a given structure type
indicate that, respectively, fewer or more gaps are
associated with that structure type than random expec-
tation. Propensities were averaged over homologs for
each protein of known structure. Standard deviations in
these propensities are shown with vertical bars. Notice
that exposed loops of thermophiles are the only struc-
tura elements having signi®cantly greater gaps com-
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relation at temperature Tu:

Tu � �Hu

�Su
�3�

Substituting this into equation (1) yields:

�Hu�X0�
�Su�X0� >

�Hu�X�
�Su�X� �4�

We are interested in knowing what changes would
have to be made to protein X to transform it into
protein X0 with higher thermostability. Thus, we
are primarily interested in the differences between
these unfolding enthalpy and entropy changes for
the two protein forms:

��Hu�X; X0� � �Hu�X0� ÿ�Hu�X� �5�

��Su�X; X0� � �Su�X0� ÿ�Su�X� �6�
Substituting these relationships into equation (4)
we obtain:

�Hu�X� ���Hu�X; X0�
�Su�X� ���Su�X; X0� >

�Hu�X�
�Su�X� �7�

After cross-multiplication, cancellation of terms
and substitution of equation (3), we obtain the fol-
lowing relation:

��Hu�X < X0� > Tu�X� ���Su�X < X0� �8�
where Tu(X) is a constant. This provides a criterion
for the relative changes in unfolding enthalpy and
unfolding entropy necessary for increasing a pro-
tein's thermostability.
The question, then, is whether the truncation

of exposed loop residues in a protein structure

would ful®ll the requirement expressed in
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equation (8). One component to both the �Hu

and �Su that we can neglect is that arising from
the hydration of buried groups during unfolding.
Because we are considering deletion of exposed
residues, we expect the contributions of buried
groups to be small.

We must also consider the affect of loop deletion
on the contributions made by hydrogen bonds to
�Hu (Privalov, 1979). Little change in this term
would result from deletion of residues in exposed
loop sites, because these structural locations imply
relatively few interactions between these residues
and the rest of the protein. Any interactions with
the solvent would be the same in the denatured
and native states, so deletion of these would have
minimal impact. Barring the loss of particularly
stabilizing interactions, it seems reasonable that
��Hu(X, X0) � 0 upon removal of exposed loop
residues.

Finally, we consider the contribution of confor-
mational entropy to �Su. Deletions would
decrease the entropy of both the native and
denatured states. However, while the decrease in
conformational entropy of the native state would
be small and localized to the loop itself, the del-
etion would have a multiplicative effect on the
number of conformations for the entire chain in
the unfolded state. The overall effect would be a
decrease in the entropy term, �Su(X0), resulting
in ��Su(X, X0) < 0. Given the arguments of the
preceding paragraph, the condition expressed in
equation (8) would be ful®lled and the thermo-
stability of the protein would be increased.

Transproteomic evidence for
sequence truncation

From our analysis of 20 complete proteomes,
we have uncovered a statistically signi®cant
trend for sequence truncation in thermostable
proteins compared to their mesostable homologs.
This is shown in Figure 1 and Table 1. This is
consistent with at least a dozen previous studies
(Davail et al., 1994; Sakon et al., 1996; Macedo-
Ribeiro et al., 1996; Narinx et al., 1997; Russell
et al., 1994, 1997a,b; Auerbach et al., 1997;
Villbrandt et al., 1997; Wallon et al., 1997;
Tahirov et al., 1998; Usher et al., 1998) in which
comparisons of individual homologous structures
from psychrophilic, mesophilic, and thermophilic
sources have suggested truncation or deletion of
loop regions with increased temperature. It
appears that these suggestions are examples of a
general trend in evolutionary adaptation for high
temperature environments.

Thermophily or phylogeny?

The major problem with interpreting statistical
correlations between thermostability and sequence
characteristics from the 20 available proteomes
arises from the fact that ®ve of the six thermophilic
proteomes are from archaea and only one from a
eubacterium. This leads to the question of whether
the relative sequence shortening we observe in
thermophiles is truly an adaptation for higher
thermostability or whether it is an historical feature
shared by the archaea because of their common
ancestry, perhaps the result of some non-thermal
adaptation.

This ambiguity can be addressed by consider-
ation of the thermophilic bacterium, Aquifex aeoli-
cus. This organism can be grouped with the
thermophilic archaea (thermotypic classi®cation) or
with the mesophilic eubacteria (phylogenetic classi-
®cation). If the correlation between temperature
and sequence length were induced by a correlation
between phylogeny and sequence length, we
would expect a stronger correlation when A. aeoli-
cus is grouped with its bacterial relatives. This is
not the case, as seen in Table 1. Although the
difference in these correlation coef®cients is small,
this comparison suggests that the trend for relative
shortening of sequences is shared by thermophilic
organisms regardless of phylogenetic lineage. It is
more likely that the inverse case is true, the corre-
lation between sequence length and phylogeny is
induced by the real correlation between sequence
length and thermophily through the strong overlap
between the phylogenetic and thermotypic classi®-
cations.

The clustering of A. aeolicus with the thermophi-
lic archaea can be seen in the principal component
analysis plot of Figure 2. The Figure shows a pro-
jection of the residue composition vectors for each
of the proteomes onto the two principal eigenvec-
tors that de®ne the residue composition space for
theses 20 proteomes. One of the major components
of the vertical axis that separates the organisms
according to thermostability is the relative fraction
of gaps (increased when moving down the axis).
Sequences from thermophilic organisms show an
increased fraction of gaps compared to their homo-
logs from mesophilic organisms.

Surface loop deletion

Consistent with the shortening of the thermophi-
lic sequences, an increased percentage of gaps in
thermophilic sequences was found in all structure
types (data not shown). In looking at Figure 3, we
also see an increased propensity for ®nding gaps
in exposed loop regions in thermophilic sequences.
This is consistent with the thermodynamic plausi-
bility argument presented earlier in this Discus-
sion. Deletion of the exposed loop residues would
decrease the unfolding entropy while having mini-
mal impact on the enthalpy of unfolding.

Conclusions

We have taken a proteome-wide perspective on
the problem of protein thermostability. While tra-
ditional studies have been limited to the compari-
son of two or a few homologs from organisms
living at different temperatures, we have analyzed
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45,942 homologous relationships among 19,989
ORFs from the complete set of 61,947 ORFs from
the 20 proteomes. This has allowed us to detect a
weak but statistically signi®cant signal. In our
analysis, we have focused on the putative stability-
enhancing mechanism of loop-deletion. While this
determinant has not received as much attention as
ion-pair networks, we ®nd that there is a general
trend in nature for thermophilic sequences to be
shorter than their mesophilic homologs. Our calcu-
lations also show that this trend is more likely due
to thermostability than phylogeny. In addition,
through alignments to proteins of known structure,
we have found an increased occurrence of del-
etions in thermophilic sequences along with an
increased propensity for these deletions to occur in
regions of exposed loop in protein structure. Thus,
it appears there exists a natural strategy for enhan-
cing protein thermostability through truncations of
exposed loop regions to lower the entropy of
unfolding. This strategy could prove useful to pro-
tein engineers who have primarily relied on side-
chain mutations in their efforts to improve protein
thermostability.

Materials and Methods

The HOPS20 database

The 20 proteomes used in this work are listed in
Table 2. The translated open reading frames (ORFs) for
each of these proteomes were obtained through links
accessible through TIGR's web-site (http://www.ti-
gr.org). All ORFs from all 20 complete proteomes were
aligned against one another using a gapped version of
the BLAST sequence alignment algorithm (Altschul et al.,
Table 2. Proteomic data used in the analysis of thermostabili

ID PROTEOME

AA Aquifex aeolicus (Deckert et al., 1998)
AF Archaeaoglobus fulgidis (Klenk et al., 1997)
BB Borellia burgdorferi (Fraser et al., 1997)
BS Bacillus subtilis (Kunst et al., 1997)
CE Caenorhabditis elegans (CESC, 1998)
CT Chlamydia Trachomatis (Stephens et al., 1998)
EC Escherichia coli (Blattner et al., 1997)
HI Haemophilus influenzae (Fleischmann et al., 1995)
HP Helicobacter pylori (Tomb et al., 1997)
MG Mycoplasma genitalium (Fraser et al., 1995)
MJ Methanococcus jannaschii (Bult et al., 1996)
MP Mycoplasma pneumoniae (Himmelreich et al., 1996)
MT Methanobacterium thermoautotrophicum (Smith et al., 199

PA
Pyrobaculum aerophilum (Fitz-Gibbon et al., personal

communication)
PH Pyroccoccus horikoshii (Kawarabayasi et al., 1998)
RP Rickettsia prowazekii (Andersson et al., 1998)
SC Saccharomyces cerevisiae (Goffeau et al., 1996)
SP Synechocystis sp. PCC6803 (Kaneko et al., 1996)
TB Mycobacterium tuberculosis (Cole et al., 1998)
TP Treponema pallidum (Fraser et al., 1998)

ID is the two-letter identi®cation abbreviation for the proteome
temperature (�C) of the organism as found at the German Collectio
www.tigr.org, http://www.dsmz.de). THERM gives the thermoty
lic = 1) PHYLO gives the phylogenetic classi®cation (non-archael = 0
reading frames found in the publicly available lists.
1997). As there were 61,947 ORFs in this total dataset,
only alignments with E-value 4 1.6 � 10ÿ5 were selected
for analysis.

By ®ltering the sequences used in the analysis, we
have attempted to minimize the noise associated with
other evolutionary processes. For example, we can avoid
comparing sequences that have undergone radical
changes in length (e.g. aligning a single-domain protein
to a multi-domain protein). Therefore, we excluded pairs
of homologs where either of the sequences had una-
ligned N or C termini with more than 15 residues. Also
excluded were homolog pairs for which the difference in
the number of residues internal to the aligned region
was greater than 30 residues. Finally, the total length
difference for the pair was restricted to 30 residues or
fewer. After applying these criteria to the all-against-all
proteomic ORF comparisons, we obtained a dataset of
45,942 pairwise homologous relationships containing
19,989 ORFs. A particular ORF could participate in more
than one homologous pair. We denote this dataset of
homologous ORF pairs from 20 proteomes as HOPS20.

The choices for particular values of the criteria for
dataset ®ltering given above are somewhat arbitrary.
However, the results reported here were stable to the
choice of these thresholds for less restrictive (larger)
lengths. For more restrictive (smaller) length thresholds,
the resulting lack of data yielded results with weak or
no statistical signi®cance.

Computing average length differences

The complete set of homologous ORF pairs, HOPS20,
was segregated into sets for each pair of proteomes. For
example, the set (Pi, Pj) contains all the matches of ORFs
from proteome Pi to their homologs in proteome Pj. For
each protein in proteome Pi we computed the average
difference in sequence length relative to all of its homo-
logs in proteome Pj. Then, an average was taken over all
the proteins in proteome Pi. This gave us the average
ty

TEMP THERM PHYLO ORFs

80 1 0 1522
83 1 1 2409
37 0 0 1638
30 0 0 4100
25 0 0 19,099
37 0 0 894
37 0 0 4290
37 0 0 1707
37 0 0 1577
37 0 0 479
83 1 1 1771
37 0 0 672

7) 65 1 1 1871

98 1 1 2681
98 1 1 2061
37 0 0 837
25 0 0 6217
25 0 0 3168
37 0 0 3924
37 0 0 1030

of the organism in the NAME colume. TEMP is the growth
n of Microorganisms and Cell Cultures or from TIGR (http://

pic classi®cation of the organisms (mesophillic = 0, thermophi-
, archael = 1) of the organism. ORFs gives the number of open

http://www.tigr.org
http://www.tigr.org
http://www.tigr.org
http://www.dsmz.de
http://www.tigr.org
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difference in length for sequences in proteome Pi relative
to proteome Pj. This quantity is denoted as h�Lii,j.

Measuring correlations

The correlation between any two random variables X
and Y can be quanti®ed by the well known correlation
coef®cient:

C�X; Y� �
P

i�xi ÿ �X��yi ÿ �Y��������������������������P
i�xi ÿ �X�2

q ������������������������P
i�yi ÿ �Y�2

q �9�

where X and Y are the mean values of X and Y.
The h�Lii,j values were computed for all pairs of (Pi,

Pj) from the 20 complete proteomes, and the correlation
between these average differences in protein lengths
between pairs of proteomes and the respective differ-
ences in the organismal growth temperatures, �TEMPi,j

was calculated.
There is some uncertainty about what temperatures

to use in this analysis, because organisms can survive
over a range of temperatures. However, the organisms
can be loosely clustered into mesophilic and thermo-
philic temperature domains (thermotypes) and labeled
with the binary classi®cation denoted by the THERM
variable in Table 2. Therefore, we also measured the
correlation between the average differences in protein
lengths between pairs of proteomes and the differ-
ences, �THERMi,j, between the thermotypes of the
organisms.

Moreover, since all but one of the thermophiles are
archaea, apparent correlation between thermophily and
sequence length might be induced by a correlation
between phylogeny (given by the PHYLO variable in
Table 2) and sequence length. To examine this possi-
bility, the correlation between average protein length
differences between pairs of proteomes and differences
in phylogenetic classi®cation, �PHYLOi,j, was computed.

To assess the signi®cance of the measured corre-
lations, we randomly scrambled the set of h�Lii,j values
10,000 times and recomputed the three correlation coef®-
cients each time. The results of these randomizations
were histogrammed and ®t to Gaussian distributions.
From these distributions, we calculated the probabilities
of obtaining the original correlation coef®cients by
chance (p-value).

Principal component analysis

To gain some insight into the importance of deletions
relative to compositional differences between thermo-
philes and mesophiles we performed principal com-
ponent analysis on our dataset of transproteome
alignments. A relative composition vector was computed
for each proteome by taking the alignments of ORFs
from that proteome to their homologs in the mesophilic
proteomes and computing the average changes in com-
position for each amino acid type and the average
change in fraction of gaps found in the alignments. A
covariance matrix was constructed from these vectors
and the eigenvectors and associated eigenvalues were
calculated. The eigenvectors of the covariance matrix
de®ne the directions in this compositional space along
which variance in the data is found. By sorting the eigen-
vectors according to the magnitude of their eigenvalues,
we can determine the directions in composition space
along which the most variance is found.
Inferred structural data and the SD54 dataset

To investigate the structural implications of the
sequence changes observed between mesophiles and
thermophiles, we constructed a dataset of alignments
between proteomic ORFs and proteins of known struc-
ture. All ORFs from all 20 proteomes were aligned using
a gapped version of BLAST to 890 chains from the
PDBselect set of non-homologous representative proteins
(Hobohm & Sander, 1994). Because these proteins are
non-homologous, derived statistics should be free of
biases toward particular protein families. The same E-
value cut-offs and length criteria that were applied to the
HOPS20 dataset were applied to the alignments of the
ORFs to these proteins of known structure. In addition,
only those proteins of known structure that have both
mesophilic and thermophilic homologs were included.
This resulted in a dataset (SD54) of 54 proteins of known
structure with alignments to multiple proteomic ORFs of
both thermotypes. This set contains a total of 953 pair-
wise alignments.

The dataset SD54 provides information on the struc-
tural locations of changes between mesophilic and
thermophilic sequences. To gain insight into the struc-
tural signi®cance of changes in sequence (for example,
the location of deletions) secondary structures and sol-
vent accessibilities were taken from the DSSP ®les for
the proteins of known structure (Kabsch & Sander,
1983). Three types of secondary structure (helix, strand
and loop) were considered. All sites that were not
canonical helix or strand were considered as loop.
Positions in the proteins of known structure were
de®ned as buried if solvent accessibility is below 0.20,
and exposed if above. Thus, there are six types of
combined secondary structure and solvent accessibility
categories. Residue sites in proteomic ORFs were
assigned the same structure as their aligned site in the
protein of known structure.

Structural propensities

From the dataset SD54 we are able to estimate the pro-
pensities for deletions to occur in each of the six types of
local structure. For each alignment between a protein of
known structure, i, and one of its homologs, we com-
puted the odds ratio, R(f, gap) for gaps aligned to each
of the six structure types, indexed by f. Thus:

Ritj
�f; gap� �

Pitj
�f; gap�

Pitj
�f� � Pitj

�gap� �10�

where P(f, gap) is the probability of seeing a gap
aligned to structure type f and P(f) and P(gap) are the
respective probabilities for observing structure type f
and gap at any alignment position; t denotes the thermo-
type of the homolog; and j is an index over the homologs
of a given type t for protein i.

For each protein of known structure, we then com-
puted two averages over Ritj

(f, gap), one for the thermo-
philic homologs and one for the mesophilic homologs.
Finally structural propensities for each thermotype, St(f,
gap), were calculated by averaging over the 54 proteins
of known structure:

St�f; gap� � hhRitj
�f; gap�ijii �11�

Uncertainties for these average values were computed
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based on the variance observed in the average values for
each protein of known structure.
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