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Abstract A set of 298 protein families from psychrophilic

Vibrio salmonicida was compiled to identify genotypic

characteristics that discern it from orthologous sequences

from the mesophilic Vibrio/Photobacterium branch of the

gamma-Proteobacteria (Vibrionaceae family). In our com-

parative exploration we employed alignment based bioin-

formatical and statistical methods. Interesting information

was found in the substitution matrices, and the pattern

of asymmetries in the amino acid substitution process.

Together with the compositional difference, they identified

the amino acids Ile, Asn, Ala and Gln as those having the

most psycrophilic involvement. Ile and Asn are enhanced

whereas Gln and Ala are suppressed. The inflexible Pro

residue is also suppressed in loop regions, as expected in a

flexible structure. The dataset were also classified and

analysed according to the predicted subcellular location, and

we made an additional study of 183 intracellular and 65

membrane proteins. Our results revealed that the psychro-

philic proteins have similar hydrophobic and charge con-

tributions in the core of the protein as mesophilic proteins,

while the solvent-exposed surface area is significantly more

hydrophobic. In addition, the psychrophilic intracellular (but

not the membrane) proteins are significantly more nega-

tively charged at the surface. Our analysis supports the

hypothesis of preference for more flexible amino acids at the

molecular surface. Life in cold climate seems to be obtained

through many minor structural modifications rather than

certain amino acids substitutions.

Keywords Psychrophiles � Vibrio � Comparative

genomics � Substitution matrix � Physicochemical

properties

Introduction

The analysis of cold adaptation has been parsimonious

because of lack of genome sequences from cold-adapted

organisms, compared with the mesophilic and thermophlic

cases. The first draft genome sequences of the cold-adapted

Archaea Methanogenium frigidum and Methanococcoides

burtonii were published in 2003 by Saunders et al. Their

optimum growth temperature (Topt) is 15 and 23�C,

respectively. The psychrophilic genomes Desulfotalea

psychrophilia, Colwellia psychrerythraea, and Pseudoal-

teromonas haloplanktis have also been published lately

(Rabus et al. 2004; Methe et al. 2005; Medigue et al. 2005).

The family Vibrionaceae comprises bacteria inhabiting

aquatic environments, especially marine and estuarine

waters, where they often are linked with organisms ranging
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from fish to plankton. Currently this family includes,

among others, the genera Vibrio and Photobacterium. The

vibrios are one of the species with the greatest amount of

published genomes, reaching 5 competed genomes last

year, and 13 ongoing whole genome sequencing projects

including the cold-adapted Vibrio salmonicida. V salmon-

icida is one of the vibrios with the lowest known Topt, 15�C

on solid media and 10�C in liquid media (Colquhoun et al.

2002). The group of Photobaceria has one completed

genome, the cold-adapted marine Photobacterium profun-

dum (Vezzi et al. 2005; Campanaro et al. 2005), and two

ongoing genome projects.

In our study, we focused on orthologous protein data

from a relatively narrow range of closely related species

belonging to the group Vibrionaceae of gamma proteo-

bacteria—a strategy also adopted by Saunders et al. (2003)

and Bae and Phillips (2004). While focusing on ortholo-

gous proteins has certain advantages, it also greatly reduces

the number of sequences available for analysis. To meet

this need, we take advantage of the recent whole-genome

sequencing projects to compare protein sequences of psy-

chrophiles and mesophiles, to yield sufficient sample size

for statistical modeling. Protein families from five meso-

philic and two psychrophilic bacterial genomes from the

Vibrionaceae were aligned and analysed.

Although the study of the psychrophiles is still in its

infancy, both physiological and structural adaptations al-

ready appear to be important for life in cold climate. The

present lack of consensus among studies (D’Amico 2002)

has given rise to the recognition that no sets of simple

factors distinguish all mesophile and psychrophile proteins.

If there are general rules to cold adaptation and function-

ality, a broader approach to the problem will be required to

elucidate them. We apply a bioinformatical approach and

make use of computational univariate statistical methods to

extract the relevant information with respect to cold

adaptation. Different new statistical analysis based on a

range of physicochemical attributes of the amino acids has

been used in this study (Thorvaldsen et al. 2006). We also

studied amino acid composition and substitution from the

aligned sequences and performed a comparative statistical

analysis. This approach is based on comparisons to extract

important features for thermal adaptation from the back-

ground or random differences. It should be noted that the

statistical analysis described in this work can only detect

general factors of cold adaptation and overlooks the subtle

structural modifications that can be identified by detailed

single-family structural comparisons.

The molecular mechanisms of cold adaptation are still

relatively unknown, and each protein family may adopt

different structural strategies to adapt to low temperatures

(Gianese et al. 2002). However, some common trends of

the enzyme families studied so far has been reported: The

number of ion pair interactions, the side chain contribution

to the exposed surface, and the hydrophobic fraction of

buried residues are all observed to decrease with adaptation

to low temperature (Gianese et al. 2001, 2002). The surface

is also observed to be somewhat more hydrophobic, and in

some protein families the volume of cavities is increasing.

From previous studies it also appears that optimization of

the surface charge distribution, with an excess of negative

charges at the surface of the molecule, is one of the strat-

egies of cold adaptation, because it will improve the

interactions with the solvent, and thus the elasticity and

fluctuation of the protein (Marx et al. 2004). The ease of

this ability to change shape reduces the energy costs of the

conformational changes required to interact with the sub-

strate, and is important for the efficiency in the process.

Therefore, the current accepted main hypothesis suggests

that cold adapted enzymes have to increase their flexibility

in order to compensate for the low thermal energy provided

by the surroundings. Cold adapted enzymes are also likely

to have more unfavourable (and thus unstable) secondary

structures. Flexibility may also involve an increased

number and clustering of flexible Gly residues, a decrease

in rigid Pro residues, and eventually a reduction in Arg

residues, capable of forming multiple electrostatic inter-

actions (Fields 2001). However, the hypothesis of in-

creased flexibility of cold active proteins still lacks a direct

experimental verification, even if inflexible Pro has been

used to increase the protein stability in the several muta-

tional studies.

Evidently, each protein may use a few of the structural

alterations mentioned above to acquire the required flexi-

bility to be more or less adapted to the temperature of the

environment.

Previous attempts to identify the amino acid substitu-

tions preferred at different temperatures have compared a

relatively small number of protein sequences from a wide

variety of organisms. Argos et al. (1979) compared the

sequences of three proteins from a variety of taxa living at

different temperatures, Gianese et al. (2001, 2002) com-

pared homolog structures from 7 and 21 different enzymes,

and in a recent paper 60 thermophilic structures and

sequences were compared with their mesophilic homolog

(Sadeghi et al. 2006).

Several large-scale studies have also compared ther-

mophile organisms with different growth temperatures to

achieve a closer insight on protein thermostability at high

temperatures (McDonald et al. 1999; Chakravarty and

Varadarajan 2000, 2002). Some of these studies have

focused on comparison within closely related lineages,

mesophilic and thermophilic Methanococcus species

(Haney et al. 1999), two mesophilic Corynebacterium

species (Corynebacterium efficiens and Corynebacterium

glutamicum) with slightly different optimum temperatures
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for growth (Nishio et al. 2003), and two closely related

hyperthermophilic genus from the Thermococcus order

with optimum temperature for growth of 85�C and 98–

103�C, respectively (Fukui et al. 2005). Such large-scale

comparative analysis among closely related psychrophiles

has not been reported.

Alignment-free sequence analysis has also been used in

previous studies to compare amino acid compositions in

whole genome and proteome datasets (Karlin et al. 2002;

Pe’er et al. 2004). However, in our study we mainly em-

ployed alignment-based methods for examination of dif-

ferences at the molecular level by comparing amino acid

divergence in the protein sets. We selected 298 aligned

protein families commonly existing among Vibrionaceae,

and extracted specific amino acid replacements and a range

of physicochemical attributes. The present work confirms

the importance of some of the factors identified from ear-

lier analyses and, in addition, identifies some new factors

possibly responsible for enhanced protein activity in cold

climate.

Materials and methods

Data for comparative analysis

The potential proteins from about 12% of the completed

genome of V. salmonicida were compared against the

corresponding genes of the other sequenced Vibrionaceae

genomes, V. cholerae (Heidelberg et al. 2000), V. fischeri

(Ruby et al. 2005), V. parahaemolyticus (Makino et al.

2003), V. vulnificus CMCP6 (van Passel et al. 2005) and P.

profundum (Vezzi et al. 2005; Campanaro et al. 2005) in

order to identify homologues. From the genome of V.

salmonicida, 529 potential coding sequences (CDS) were

aligned with the other sequenced Vibrionaceae proteins by

running a Python script using Blast and T-coffee (Notre-

dame et al. 2000). All alignments were inspected and

verified manually for a minimum cut-off score of 40%

identity with all other sequences. Proteins with low identity

were eliminated because of uncertain alignments. No at-

tempt was done to remove paralogs. The corresponding

amino acid sequences of the Vibrionaceaes were extracted

in 298 final alignments, each of 7 sequences.

Relationship of the species of Vibrio and relatives, based

on the 16S rRNA gene sequence, is shown in Garrity

(2005, vol 2B p 517). To avoid oversampling and statisti-

cal dependences in the data, one of the two genomes of V.

vulnificus (YJ016) was excluded from the statistical anal-

ysis. The resulting sample was considered to be represen-

tative. The genomes were divided in three temperature

classes based on Topt: psychrophile (P. profundum and V.

salmonicida), intermediate (V. fischeri) and mesophile (the

rest). V. fischeri was placed in an intermediate class

because of its psychrotolerant physiologies. Temperatures

were assigned according to those of optimal growth or

normal living environment for the species involved.

To look for sequences with experimentally known sub-

cellular annotation, we performed a manual Swiss-Prot

search for all sequences from V. salmonicida. In the further

work we also made extensive use of sequence based pre-

dictors developed in the latest years, and the sub-cellular

location of all the remaining sequences was automatically

predicted using CELLO (Yu et al. 2004), with a threshold

score of ‡3 for all sequences in the alignment. Although

transmembrane proteins are known to be less conserved in

different species, the overall prediction accuracy of CEL-

LO is close to 89% (Yu et al. 2004). Surface and secondary

structure were predicted using SABLE (Adamczak et al.

2004) with the sequence from V. cholerae as input. The

secondary structure was predicted with default settings, and

the solvent accessible surface area (ASA) was predicted

with 0-buried core; 1,2-intermediate twilight region and

3,5,6,7,8,9-fully exposed surface. With these cut-off values

the number of residues will be approximately equal in each

of the three states, and the thresholds between the states are

around 10 and 40% ASA (Pollastri et al. 2002). The

algorithm for ASA prediction has accuracy of about 77%

for a two state prediction, with ASA of 25% separating the

buried and exposed residues (Adamczak et al. 2004).

However, the algorithm avoids definition of discrete clas-

ses, enabling predictions for a range of different ASA. The

algorithm of the secondary structure prediction has an

accuracy of close to 78% (Adamczak et al. 2005). Using

these sequence based predictors make it possible to analyse

the alignment data relative to both its secondary and some

of its three-dimensional (3D) structural constraints:

• cellular location (intracellular, membrane, extracellu-

lar)

• secondary structure (alpha, beta, loop)

• 3D structure location (core, twilight zone, surface)

As long as the errors made by the predictors are unbi-

ased, a statistical approach will handle them in a proper

way. We looked for patterns in the data following from this

partitioning and decompositions, and made a special study

of the predicted intracellular and membrane proteins from

cold-adapted organisms.

Changes in amino acid composition

We examine the change in composition of amino acids in

the different temperature populations. For each gene family,

the mean change of amino acid frequency, Df, was com-

puted from the mean values in the psychrophilic population

P, and the mesophilic population M, by this formula:
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Df ðxÞ ¼ f
ðPÞðxÞ � f

ðMÞðxÞ

where x stands for the 20 amino acid residues. The total

number of gene families is 298, each with three mesophilic

and two psychrophilic sequences, and may be compared

statistically as well as graphically (Fig. 2).

However, the analyses of compositions have serious

limitations. They simply indicate the degree of evidence

for an over- or under-representation of amino acids, and are

not sufficient for answering other more detailed questions

about the data. One should also study the nature and effects

of these differences.

Amino acid substitution pair bias

By comparative genomics it is also possible to do a more

detailed analysis and identify genome-wide amino acid

directional biases in substitutions among proteins from

different sources of interest. First we examine the substi-

tutions of amino acids between pairwise aligned sequences.

A substitution pair (SP) is defined as the ordered combi-

nation of two amino acids, (xM, yP), where residue x in

population M is converted to residue y in population P. For

a given pair of amino acids, the substitution order refers to

the M fi P direction. The number of the SP x fi y can

be computed as:

nx;y ¼
X
ðx; yÞ; x 6¼ y

The SP-matrix is the count of all such pairs observed in the

alignment by summing over all sites. This accumulated

array contains the occurrence of all position specific

pairing of residues. When there are multiple sequence

samples in a population, we use the average countings in

the representative SP-matrix:

nðM;PÞ
x;y ¼ 1

GMP

X
nx;y; x 6¼ y

where GMP is the number of ordered pairs of gene se-

quences in the two populations. The use of sample mean

also removes some of the random genetic drift (noise).

We may both calculate SP-matrices between two pop-

ulations, as well as within one population. Gaps may be

counted as an ‘‘extra’’ amino acid.

It is well known that amino acid substitutions between

mesophilic and thermophilic organisms are not all sym-

metrical (Haney et al. 1999; McDonald et al. 1999). This is

commonly interpreted as an indication that certain amino

acids are favoured over others by adaptive selection at

different temperatures, and a natural question is witch

substitutions are over- or under-represented compared to a

random model. The substitutions of residue x fi y, may

be computed versus the following backgrounds (cf. Chak-

ravarty and Varadarajan 2002):

1. (xM,yP) versus (yM,xP) [forward (M fi P) versus

reverse (P fi M)]

2. (xM,yP) versus (xM,yM) [forward (M fi P) versus

internal (M fi M)]

3. (xM,yP) versus (xM’,yP’) [forward (M fi P) versus

forward (M¢ fi P¢)]

M¢ and P¢ are independent of the original dataset. The

probability of a directional amino acid bias greater than or

equal to that observed is compared relative to several rel-

evant background frequencies (control data). For this pur-

pose 2 · 2 contingency tables were constructed, with the

number of aligned sites exhibiting each of the possible

pairwise substitution patterns.

Since there is more than one sequence in each popula-

tion, we combine all the replicated data by using the mean

cell counts in a representative 2 · 2 table. For purposes of

illustration we consider model 2 above. The statistical test

is computed from Table 1.

P-values were calculated by the two-tailed Chi-square

test. In model 1 above, only two sequences are needed as

input for an independent cell counting, and the biased

mutations from mesophiles to psychrophiles are extracted

by simply analysing the differences between the SP-matrix

and its transposed matrix. In model 2 we need minimum

three sequences as input, and we have to use two separate

SP-matrices. Testing of multiple SPs will potentially in-

crease the number of false positives (Type I error), but

similar results from models 1 and 2 will add weight to the

conclusions. The statistical power of these tests depends

strongly on the sample size and the composition of the

sample (Fleiss et al. 2003), and instead of comparing two

tests with low power, model 3 was used to find dissimilar

adaptations in membrane proteins relative to the intracel-

lular proteins.

Amino acid properties

The amino acids have many different physicochemical

characteristics, often denoted by propensities or properties,

and the amino acid alphabet can be efficiently reduced

based on the physicochemical properties of each acid. All

property scales assigns specific numerical values to each of

the 20 amino acids (e.g., its volume or hydrophibicity). An

alignment is a set of matched sites where there is a

meaningful one-to-one correspondence between the data

points in one sequence and those in the others. This gives

us the possibility to investigate the property differences in

the sequences by statistical methods. A non-parametric

cumulative Mann–Kendall trend test was carried out for

systematic comparison of various traits of the sequences
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between the groups of ortholog proteins in this study, as

described in an earlier paper (Thorvaldsen et al. 2006).

A comprehensive set of properties should cover many of

the functional and structural aspects of proteins. The most

relevant propensities related to secondary structure are al-

pha helical tendencies, beta sheet tendencies, and coil

tendencies (Chou and Fasman 1978). Furthermore, the

amino acids were divided in four main groups: negative

charged, positive charged, polar and hydrophobic. For the

property negative charge Asp and Glu were assigned a

charge magnitude of 1, and all other amino acids were

assigned a negative charge of 0. For the property positive

charge Arg and Lys were assigned a charge magnitude of

1, His was assigned a charge of 0.3, and all other amino

acids were assigned a positive charge of 0. The amino acids

Ala, Val, Phe, Pro, Met, Ile and Leu were classified as

hydrophobic, with Trp assigned a hydrophobic magnitude

of 0.3. The rest of the amino acids were classified as polar,

with magnitude 0.7 for His and Trp. For properties related

to 3D structure we also used these properties: isoelectric

point and polarity (Zimmerman 1968), hydrophobicity

(Kyte and Doolittle 1982), molecular weight (Fasman

1976), denaturated ASA and Gibbs free energy change of

hydration for native protein (Oobatake and Ooi 1993),

bulkiness (Zimmerman 1968), shape as position of branch

point in side-chain (Gunsteren and Mark 1992) and flexi-

bility.

The bulkiness of an amino acid is defined as the ratio of

the side-chain volume to length, which provides a measure

of average cross-section of the amino acid, thus having a

relevance to packing considerations. Flexibility is complex

to predict. We used the new scale of peptide flexibility

published by Huang and Nau (2003, 2005), which is based

on photochemical techniques for measuring collisions in

polypeptides, and thus should provide a relevant bio-

chemical measure for flexibility of the backbone in the

protein. Hydrophobicity of membrane proteins was calcu-

lated by the combined membrane scale of Ponnuswamy

and Gromiha (1993).

Results

From the potential coding sequences of V. salmonicida,

298 alignments were made, which became the basic data

for our investigations. The final alignments comprised of

105,586 multiple aligned amino acid sites. Of the 298

alignments, 183 were determined to be intracellular pro-

teins, and 65 membrane proteins.

Amino acid sequence comparisons

Sequence alignments of the Vibrio proteins reveal a high

degree of identity between the different species (Table 2,

Fig. 1). The mean identity is highest at the predicted core

(80–94%) and lowest at the surface (56–83%). We applied

the methods of comparative analysis of protein sequences

as described in the methodological part.

Amino acid composition

To examine if there were detectable trends in the amino

acid composition with growth temperature, amino acid

compositions of mesophilic and psychrophilic genomes

were compared. Despite the high level of sequence con-

servation, there are some differences in composition that

may be symptomatic for cold adaptation (Fig. 1). Some

systematic trends are observed in the direction Meso-

Table 1 Example of how the Chi-square test (with 1 df) for two

independent proportions is carried out for the comparison of popu-

lation mean evaluated on a mesophilic background

Substitutions of x y Not y

Adaptation M fi P nðM;PÞ
x;y n

ðM;PÞ
x;non�y

Background M fi M nðM;MÞ
x;y n

ðM;MÞ
x;non�y

This testing scheme removes some of the phylogenetic noise that may

exist in the data

Table 2 Overall sequence identity and mean sequence length of the organisms in this order from left to right: V. vulnificus YJ016, V. vulnificus
CMCP6, V. parahaemolyticus, V. cholerae, V. fischeri, V. salmonicidia and P. profundum

V. vul Y V. vul C V. par V. chol V. fis V. sal P. pro Mean sequence

length

Topt(�C)

V. vul Y 1 0.975 0.855 0.807 0.738 0.728 0.698 346.0 37

V. vul C 0.975 1 0.851 0.803 0.736 0.725 0.694 340.1 37

V. par 0.855 0.851 1 0.808 0.750 0.740 0.708 343.7 37

V. chol 0.807 0.803 0.808 1 0.730 0.722 0.694 344.4 37

V. fis 0.738 0.736 0.750 0.730 1 0.893 0.716 341.6 28

V. sal 0.728 0.725 0.740 0.722 0.893 1 0.713 341.3 15

P. pro 0.698 0.694 0.708 0.694 0.716 0.713 1 344.8 15
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phile fi Psychrophile, as measured from the mesophilic

mean value. The strongest increase was for Ile (up by 0.41–

0.69% points), with weaker contributions from Asn (up by

0.32–0.42% points), while Ala, Val and Gln all show

corresponding decrease (down by 0.25–0.70, 0.18–0.35 and

0.36–0.52% points, respectively). The charged residues

Lys and Arg appear to have a different behaviour in dif-

ferent species at the compositional level.

At the predicted surface, the same tendencies are ob-

served for Ile, Asn and Gln (up by 0.43–0.60, up by 0.61–

0.96 and down by 1.03–1.44% points, respectively), but

Ala shows no systematic behaviour and Val is instead

increasing somewhat (data not shown). In both psychro-

philic and mesophilic organisms, the relative abundance in

charged amino acids at the surface of the proteins are high,

but not notably different.

In the present dataset, the compositional changes on

the basis of each protein family were also computed. We

observed that the nature of protein compositional varia-

tions differ at buried and exposed locations (Fig. 2). The

overall compositional difference between the mesophilic

and psychrophilic population is largely due to differences

in the surface-exposed regions of proteins, in agreement

with general knowledge about proteins. These results are

also in agreement with mutational studies (Martin et al.

2001) that highlight the important role of surface resi-

dues in protein thermal stability. Changes in densely

packed protein cores (Richards 1977) often create pack-

ing defects and are thus destabilising (Lim and Sauer

1991). Residues at the surface tend to be more flexible

because of fewer intra-protein interactions, and thus their

contribution to stability are often locally confined and

additive.

We also noticed a stronger decrease in Pro content in the

predicted loop regions (down by 0.26% points) than in the

other parts of the molecule.

The compositional changes of the membrane and the

intracellular proteins were also studied (data not shown).

Both groups follow the same main trends as reported

above, although the membrane proteins shows no increase

in mean of Ser, and the intracellular proteins show no mean

increase of Lys. In loop regions the mean number of Ser

even decreases in the membrane proteins.

Specific amino acid substitutions

The preceding compositional analysis overlooks the

importance of amino acids that are gained in some contexts

and lost in others. To better understand the individual

contributions by substitutions, Fig. 3 reports all 380 SPs

(421 when gaps are included). The SPs were all tested for

statistical significance in both models 1 and 2 by using the
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two-sided Chi-square test, as defined in section ‘‘Materials

and methods’’ above, and ranked according to their P-value

in model 2. In Table 3 we present the most significant

substitution biases in the (M fi P) direction. The tests

were performed with an assumption that the significant

changes seen in substitution patterns may be interpreted as

due to thermal adaptation.

In terms of involvement in significant pairwise substi-

tutions, Ile, Glu, and Ala are the most central residues

(Fig. 3). Ala is repeatedly substituted by a variety of other

residues consistent with the reduced Ala content in psy-

chrophiles. Ala in mesophilic Vibrio proteins is especially

replaced by Ile, but avoids Gln and Glu in the psychro-

philic counterparts, with noteworthy directional bias.

Substitution bias is more prominent at exposed regions

than a buried site. At exposed sites, the approximately

isosteric substitution Ser fi Ala are avoided, and Ser are

instead preferentially substituted by Ile, with increased side

chain. Most prominent substitutions at exposed sites, and in

the overall molecules, involve charged residues (Asp, Glu,

Lys) and are preferentially substituted with hydrophobic

Ile, polar Asn or positive charged Lys. This is consistent

with the increased content of Ile and Asn in psychrophiles.

The positive residues Lys and Arg behave quite differently

with respect to substitution. Arg is rarely substituted,

whereas Lys is preferentially substituted with Ile. Most of

the significant enhanced or suppressed substitutions are

observed both at the surface and in the entire data set. In

the loop regions we found that substitutions of Ala avoids

inflexible residue Pro (P-value = 0.044 in model 2, and

P-value = 0.012 in model 1).

Table 3 also summarises the most frequently observed

replacements in number. It appears that most of the sub-

stitutions are for hydrophobic amino acids between them-

selves, or for non-hydrophobic amino acids between

themselves. The most frequent substitutions are between:

Val–Ile, Glu–Asp, Ala–Ser and Leu–Ile. However, many of

the often occurring replacements are also commonly ob-

served among mesophilic Vibrionaceae, indicating that

they do not correlate with a typical procedure of cold

adaptation. The observation suggests frequent substitutions

of these amino acids between Vibrionaceae.

The ratio of forward substitutions to reverse substitution

for a given pair of amino acids, relative to its background

distribution, reveals the most biased exchanges. These

biased substitutions suggest distinct selective pressures on

the amino acids between the mesophilic and psychrophilic

population. However, most of these SPs are so rare, even in

the favoured direction, that they cannot be the major con-

tributor to protein thermal adaptation. Only Ile–Val con-

tribute an average of nearly one net replacement per typical

300-aa protein, and only 16 other biased replacements

contribute a net compositional shift of 30 or more residues

in the entire data set (one per second or third typical pro-

tein).

To find a better statistical approach to detect substitution

biases, it appears natural from Fig. 3 to pool the substitu-

tion data that share the same outcome in the psychrophilic

population, e.g. to study the substitutions x fi aa, where

x may be any amino acid. The results given in Table 4

show with strong significance (P-value < 10–6) that Ile,

Asn, Ala and Gln has the most psycrophilic involvement.

Ile and Asn are enhanced whereas Gln and Ala are sup-

pressed. We also notice that Pro is significantly suppressed

in loop regions (P-value = 0.04 in model 2, and P-value <

10–6 in model 1).

The difference in substitution pattern in the membrane

and the intracellular proteins were also compared. A sig-

nificant difference was noted for the Ser fi Ala substi-

tution (P-value = 0.02), witch is avoided in intracellular

proteins and not in membranes, and for Ala fi Glu (P-

value = 0.05), that is avoided in membranes and more

preferred in intracellular proteins.

Physicochemical properties

We also investigated further how strongly some of the

physical, chemical, and geometric properties of the 20

amino acids can be attributed to thermal adaptation. The

alignments were analysed for features that have been pro-
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Fig. 3 Visualisation of the number of all the pairwise substitutions

observed in the comparison of 298 ortholog proteins between the

mesophilic and psycrophilic groups. The size and colour of each
marker indicates the magnitude of the substitution (see colour-bar).

Favoured substitutions (P-value < 0.05) in the mesophile fi psy-

chrophile direction (described as model 2 in the text) are also marked

with upward-pointing triangles, and non-favoured substitutions (P-

value < 0.05) with downward-pointing triangles. Amino acid abbre-

viations are as in Fig. 1, and a tilde (~) indicates deletion
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posed as important for protein function at low temperature

(Georlette et al. 2004; Marx et al. 2004). In the examina-

tion of how different physicochemical properties may

contribute to cold adaptation, we used 14 different prop-

erties.

Tables 5, 6, and 7 list the strength in the statistical bias

between the temperature populations of the 183 intracel-

lular and the 65 membrane protein families, for all prop-

erties and in different regions. P-values were calculated by

a two-tailed cumulative Mann–Kendall trend test. When

analysing all the 298 proteins in one pool, the results

essentially came out as for the intracellular case (Table 6),

and are not shown.

Significant differences are located both in the secondary

regions, and in the core, twilight and surface of the mole-

cule. Our calculations on the amino acids forming helices

and beta-strands indicate a lower degree of stabilisation for

psychrophiles compared with mesophiles both in intracel-

lular and membrane proteins (Table 5). The surface

hydrophobicity is also increased significantly in both psy-

chrophilic protein collections, but the isoelectric point

property acts differently.

Discussion

We performed comparative analysis using protein align-

ments from the Vibrionaceae to find general characteristics

for a cold-adapted organism. The use of proteins from the

same taxonomy reduced problems associated with physi-

ology and genetic diversity that have been a problem in

other studies, and the model is robust against differences

due to differences between different phylogenetic lineages.

Eventual horizontal gene transfer will make this more

complicated, but environmental adaptations of Vibriona-

ceae species are suspected to be driven mainly by vertical

Table 3 Amino acid replacements in the dataset of 298 protein alignments that are most biased in difference between mesophile fi psy-

chrophile and mesophile–mesophile (model 2), with the comparison based on psychrophile fi mesophile (model 1) shown in parentheses

Most biased substitutions Most frequent substitutions in number

Pair Forward Reverse P-value model 2 (1) Pair Forward Reverse P-value

EQ 252 363 <10–6 (<10–6) VI 962 696 0.35

DE 536 689 0.00001 (0.031) IV 696 962 0.0013

EK 213 171 0.00003 (0.14) ED 689 536 0.58

KQ 249 322 0.00004 (0.013) AS 599 441 0.39

AI 93 59 0.00060 (0.096) LI 589 499 0.55

EI 40 23 0.00064 (0.059) DE 536 689 0.00001

SA 441 599 0.00077 (0.00039) IL 499 589 0.98

AQ 134 164 0.00099 (0.00072) SA 441 599 0.00077

HQ 85 107 0.0012 (0.013) ST 390 351 0.97

IV 696 962 0.0013 (0.19) RK 379 359 0.19

TI 103 78 0.0016 (0.0042) QE 363 252 0.061

AE 268 269 0.0097 (0.024) KR 359 379 0.081

DQ 77 144 0.010 (0.00049) TS 351 390 0.021

~A 95 154 0.012 (0.00002) VL 331 295 0.64

SI 44 32 0.017 (0.062) QK 322 249 0.89

~N 109 64 0.018 (0.0016) LM 296 281 0.29

FY 199 212 0.018 (0.34) LV 295 331 0.10

TS 351 390 0.021 (0.65) ML 281 296 0.087

DK 80 71 0.02 (0.087) EA 269 268 0.096

QI 39 22 0.035 (0.19) AE 268 269 0.0097

PA 132 128 0.036 (0.38) AT 265 199 0.84

VA 216 256 0.039 (0.00077) AV 256 216 0.70

DI 13 9 0.040 (0.19) EQ 252 363 <10–6

DN 251 212 0.041 (0.0002) DN 251 212 0.041

KI 41 27 0.042 (0.048) KQ 249 322 0.00004

NH 65 113 0.048 (0.050) LF 219 204 0.70

The right part of the table shows the substitutions that are most frequent in numbers, with P values from model 2. Substitutions that are found to

be significant (P value < 0.05) in both models are shown in bold. A tilde (~) indicates deletion
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processes like substitutions, rather than horizontal gene

transfer (Thompson et al. 2004). And instead of focusing

on the details of a specific subset of proteins, we calculated

mean values for the total dataset in order to determine

whether general trends were apparent.

There are both similarities and differences between our

finding and those reported previously. One of the main

differences is an increase in the Ile and a decrease in the

Gln amino acid content. However, large variation in Gln is

also observed in the mesophilic dataset, and this may

possibly eliminate its role as a mean to enhance the protein

low-temperature adaptation.

Properties of the most frequent SPs

Above we presented a statistical analysis of the most biased

amino acid substitutions pairs, and many of these SPs

consist of the most hydrophilic/hydrophobic residues, like

(Asp, Gln, Glu, Lys fi Ile). In general, residues forming

the most biased SPs have extreme values of one or more

essential physicochemical properties.

In terms of involvement in significant SPs, Ile is the

most mutable residue, being involved in 8 of 26 pairs of

Fig. 3. The psychrophile population contains a larger

number of Ile, even in the core of the molecule. If Ile and

Leu residues are compared, these two residues have the

highest (and equivalent) partial specific volumes of the

hydrophobic residues. In proteins, the Leu side chain is

most often found in two of its three rotamer conformations

(v1 of 180� or 300�). The Ile side chain frequently adopts

four different rotamer conformations, and the three v1

values are found. With this conformational flexibility, Ile

might be better able to fill various cavities that can occur

during protein core packing (Britton et al. 1995; Lovell

et al. 2000; Kazuoka et al. 2003). Similar considerations

can be made for the Val and Thr residue, which mainly

adopts only two of their three different rotamer confor-

mations.

Table 4 P-values from pooled

substitutions, where the amino

acids are the outcome in the

psychrophilic population.

Substitutions with P-

value \ 0.05 in both models

are shown in bold. Particular

secondary and 3D regions in the

hosting molecule are also

marked if they have specific

regional significance: a = alpha

helix, b = beta sheet, l = loop,

c = core, t = twilight zone and

s = surface. The tilde (~) in the

last line indicates deletion, but

deletions mostly fall outside

regions with known structure

Subst.to aa Model 1 Model 2

Changes in entire

dataset

Regions with

P-value < 0.05

Changes in entire

dataset

Regions with

P-value < 0.05

A fl (<10–6) a,b,l,c,t,s fl (3 · 10–6) a,l,t,s

R fl (0.002) a,l,s fl (0.04) l

N › (<10–6) a,l,t,s › (5 · 10–4) a,l,s

D › (5 · 10–5) a,l,c,t › (0.29) t

C › (0.23) › (0.08)

Q fl (<10–6) a,b,l,s fl (<10–6) a,b,l,s

E fl (0.01) a,s fl (1 · 10–4) a,s

G fl (0.19) l,t,s › (0.08)

H fl (0.05) l,t,s fl (0.06) l

I › (<10–6) a,b,l,c,t,s › (<10–6) a,b,l,s

L fl (0.18) a,c,t, ›(s) › (0.15) s

K › (0.04) c › (0.02) t,s

M › (0.38) c, fl(s) › (0.04)

F fl (0.71) › (0.02)

P fl (0.01) l,s fl (0.41) l

S › (0.0001) a,b,c,t fl (0.72) l

T › (2 · 10–4) l,t › (0.06)

W fl (0.14) b › (0.30)

Y › (0.67) › (0.02) l

V fl (<10–6) a,b,l,c,t, ›(s) fl (0.57) c,t, › (s)

~ fl (0.15) › (a,b,l,c,t,s) fl (0.63) l, ›(s)

Table 5 Changes in secondary structure propensity and peptide

flexibility from mesophile to psychrophile populations of intracellular

and membrane proteins, with P-values from the cumulative trend test

in parenthesis

Region Alpha Beta Loop

Propensity intracellular fl (<10–6) fl (0.0002) fl (0.25)

Propensity membrane fl (0.004) fl (0.05) › (0.93)

Flexibility intracellular › (0.45) fl (0.42) › (0.08)

Flexibility membrane fl (0.003) › (0.58) fl (0.91)

Regions that are highly significant (P-value < 0.001) are marked with

arrow in bold (i.e. fl)
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There is also a general trend for more Asn residues in

psychrophiles, and this may be attributed to this residue

having a great propensity at high temperatures to make

proteins age by oxidative damage. Asn residues often

undergo deamidation cyclisation, a process extremely

sensitive to temperature (Daniel et al. 1996). An overall

enrichment of Asn residue was also found in a resent study

of the psychrophile Pseudoalteromona proteome (Medigue

et al. 2005). On the other hand, the closely related Gln

shows the opposite trend in occurrence, and is also able to

deamidate, but at a much lower rate than for Asn (Daniel

et al. 1996).

The high mutability of Ala is probably due to its ‘‘de-

fault residue’’ role. The lack of a gamma-carbon, besides

contributing to the high alpha-helical propensity, also al-

lows substitutions with small steric hindrances. Ser fre-

quently substitute with Ala, although somewhat

underrepresented. Both residues have the lowest free en-

ergy of hydration (Levitt 1976). Ser can weaken hydro-

phobic interaction inside proteins, because Ala is more

hydrophobic in the environment of a protein than Ser

(Taylor 1986). The Ser residue tends to impair hydrophobic

interaction between beta-strands, while the Ala can be

effective in bridging strands (Nishio et al. 2003). A lower

Ala content in psychrophilic proteins can be supposed to

reflect the fact that Ala is the best helix-forming residue.

Ser also frequently replaces with Thr due to their enhanced

capacities to form hydrogen bonds and beta-sheets and to

their high apparent partial specific volumes.

To simultaneously emphasize the magnitude of substi-

tution bias and the frequency of substitution, we examined

the amino acid pairs with the largest numerical difference

between forward and reverse substitutions (Table 3, right

part). We may expect that these substitutions may have the

broadest roles in cold adaptation. The list is dominated by

conservative substitutions within its main category

(charged, uncharged polar, or nonpolar), some less con-

servative changes are interspersed. Their frequent occur-

rence means that these substitutions can be accepted in

many contexts, while their significant bias suggests that

they are useful to cold adaptation. Yet, even these

numerically most biased substitutions are far from uni-

versal. Individually, only the substitutions Val fi Ile are

sufficiently common to contribute a net shift of almost one

residue per typical protein, and 25 other substitutions are

statistically significant. Overall, the 26 SPs with P-val-

ues < 0.05 in Fig. 3 contribute a net shift in the forward,

cold adapting direction of 1,342 residues in the 298 se-

quences analysed. Under the (overly simple) model that

cold adaptation is caused by this alter of expected changes;

these amino acid substitutions would contribute four to five

changes per typical protein.

Whereas Table 3 and Fig. 3 addresses specific amino

acid substitutions, we also looked for basic themes asso-

ciated with the events, by the list of amino acid properties

in Tables 5, 6, and 7. Interpreting the results from the

property analyses are complicated by pairwise correlations

Table 6 Changes in number and physicochemical values of intra-

cellular proteins in various molecular layers from mesophile to psy-

chrophile populations

Property Core Twilight Surface

No. of positive charge aa › (0.001) › (0.86) fl (0.06)

No. of negative charge aa › (0.01) › (<10–6) › (0.02)

No. of charged aa › (<10–6) › (0.002) fl (0.96)

Isoelectric point scale › (0.24) fl (<10–6) fl (<10–6)

No. of polar aa › (10–6) › (<10–6) › (0.50)

Polarity scale › (0.09) › (0.40) fl (<10–6)

No. of hydrophobic aa fl (<10–6) fl (<10–6) fl (0.40)

Hydrophobicity scale fl (0.34) fl (0.03) › (<10–6)

Molecular weight › (<10–6) › (6 · 10–4) fl (0.002)

Accessible surface area › (<10–6) › (0.53) fl (0.002)

Bulkiness fl (<10–6) fl (<10–6) › (0.72)

Shape (position of branch

point)

fl (0.17) › (0.38) fl (1 · 10–5)

Gibbs free energy change fl (0.12) fl (0.24) › (<10–6)

Flexibility, peptide fl (<10–6) › (0.75) › (4 · 10–6)

P-values from the cumulative test are included in parenthesis. Re-

gions that are highly significant (P-value < 0.001) are marked with

arrow in bold (i.e. fl)

Table 7 Changes in number and physicochemical values of mem-

brane proteins in various molecular layers from mesophile to psy-

chrophile populations

Property Core Twilight Surface

No. of positive charge aa › (0.11) › (0.07) fl (0.11)

No. of negative charge aa › (0.27) › (0.31) fl (0.14)

No. of charged aa › (0.02) › (0.18) fl (0.005)

Isoelectric point scale › (0.65) fl (0.06) fl (0.55)

No. of polar aa › (0.13) › (2 · 10–5) fl (0.27)

Polarity scale › (0.56) › (0.16) fl (2 · 10–5)

No. of hydrophobic aa fl (0.01) fl (<10–6) › (3 · 10–5)

Hydrophobicity scale fl (0.82) fl (0.04) › (9 · 10–6)

Hydrophobicity membrane fl (0.46) fl (0.004) › (0.002)

Molecular weight › (9 · 10–5) › (0.02) fl (0.06)

Accessible surface area › (2 · 10–6) › (0.18) fl (0.86)

Bulkiness fl (0.0002) fl (0.02) › (0.06)

Shape (position of branch

point)

fl (0.03) fl (0.27) fl (1 · 10–5)

Gibbs free energy change › (0.23) fl (0.90) › (<10–6)

Flexibility, peptide fl (<10–6) fl (0.55) › (0.04)

P-values from the cumulative test are included in parenthesis. Re-

gions that are highly significant (P-value < 0.001) are marked with

arrow in bold (i.e. fl)
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among some of the properties, ranging from 0.93 (molec-

ular weight and ASA) to –0.77 (Shape and Gibbs free

energy change). But several properties were also signifi-

cantly correlated with cold adaptation; and most of the

strongest correlations could be placed into some general

categories, which show good agreement with other studies.

Surface and core

At the molecular surface of the intracellular molecules we

find no great differences in the number of charged, polar or

hydrophobic residues. But the isoelectric point is decreased

very significantly. A more negative charged surface is

considered beneficial for cold adaptation, because it will

increase the solubility of the protein in water. In addition,

the numbers of charged amino acids are found to increases

significantly in the twilight region of the protein. Polaris-

ability is a fundamental concern in solvated systems, and

the surface commonly redistributes electrons in response to

the surrounding electric fields.

A similar decrease of isoelectric point is not observed in

the membrane proteins (Table 7). The cell membrane of

gram-negative bacteria is composed of two lipid polar bi-

layers, which interacts with the transmembrane protein. All

membranes also have a substantial fraction of negatively

charged lipids (Wieslander and Rosén 2002), yielding a

certain surface charge density and potential of the lipid

bilayer. Since electrostatic interactions do not significantly

depend on temperature, it is reasonable that the electro-

statics of the membrane protein is more conserved than for

cytoplasmic proteins.

It is well known that the hydrophobicity of amino acid

residues plays an important role in protein folding. In

aqueous environments the hydrophobic effect destabilizes

unfolded forms, and the temperature corresponding to the

maximum stability of a protein increase with increasing

hydrophobicity of the folded core (Creighton 1991).

However, it should be noted that low temperatures weaken

hydrophobic effects. By comparing the surface hydropho-

bisity in the population of all mesophilic Vibrionaceae with

the corresponding populations of proteins active at lower

temperatures, we find that the surface is significantly more

hydrophobic both in the intracellular proteins (P < 10–6)

and in membrane proteins (P = 9 · 10–6).

The lipid layer, with a strongly hydrophobic interior, is

the structural base for all biological membranes and the

surrounding environment for most transmembrane proteins.

Since there are different ways of measuring hydrophobisity

of amino acids, there exists an alternative combined

hydrophobicity scale relative to membrane surroundings

(Ponnuswamy and Gromiha 1993). To control the result

above, we performed the same test by this scale, and found

that this confirmed the previous result (Table 7).

The enhanced surface hydrophobicity may be compen-

satory for its separate fading by low temperature, or it may

destabilise the entire structure and increase its disorder and

flexibility. Most of the gain in hydrophobicity is caused by

conservative amino acid replacements: minor changes that

could increase van der Waals contacts and packing density

without requiring major structural rearrangements. How-

ever, significant hydrophobicity is also contributed by

substitutions of charged and polar residues in the meso-

phile proteins with the Ile residue in the psychrophile

counterpart. The higher fraction of the hydrophobic

molecular surface and the lower accessible area in cold

adapted enzymes may also prevent the effects of cold

denaturation that involves more favourable interactions

between water and residues. Interestingly, special impor-

tance seems to be attached to conservation of structure

around the beta-carbon of the amino acid (compare the

frequencies of substitutions Thr fi Val with Ser fi Val,

and Thr fi Ile with Thr fi Leu). Perhaps this helps to

increase the flexibility in the geometry of the protein

backbone.

In the core we find some different tendencies. There is

significant increase in the number of charged and un-

charged polar residues, and a decrease in the number of

hydrophobic residues, although these trends are not very

significant when we use the corresponding amino acid

scales (where all residues may contribute) to measure the

same. In total we may conclude that the psychrophilic

population has an equal or less hydrophobic core. The

residue weight increases, and consequently also volume,

while the bulkiness decreases in the core region. Volume is

important because of the ability of bigger residues to ex-

clude water from the protein interior, to close internal

cavities, and to decrease the entropic freedom of the un-

folded protein backbone.

Flexibility

Catalysis often requires movements or ‘‘breathing’’ of all

or of a particular region of the protein architecture. The

ease of such molecular movement is considered important

for cold adaptation. We observe a trend for more backbone

flexibility at the molecular surface. In our analysis of

secondary structures, it appears that psychrophilic proteins

are likely to have more unfavourable secondary structure

elements (Table 4), and which may destabilise the tertiary

structure. The loop regions are also found to contain a

decrease of inflexible Pro residues, as expected in a flexible

structure, but show no significant increase of flexible Gly

residues.

Flexibility is complex to infer. We used the new scale of

peptide flexibility published by Huang and Nau (2003,

2005). B-values obtained from X-ray diffraction crystal-
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lographic data provide measures of the average displace-

ments of atoms in amino acid residues from their equilib-

rium geometry. These are derived from atomic vibrations

on the millionth of a nanosecond (10–15 s) time scale and

mainly reflect the shallowness of the potential centred

round an energy minimum. The new scale, however, is

based on a fluorazophore method for measuring the

kinetics of end-to-end collision in polypeptides. Such col-

lisions occur on the nanosecond to several hundred nano-

seconds time scale, and should provide a more relevant

biochemical measure of the conformational flexibility of

the backbone. Both flexibility scales may be used to rep-

resent motion of the backbone, but at different time reso-

lutions. Molecular dynamics simulations are typically done

over a few nanoseconds.

In Tables 6 and 7, it is also of importance to note that

the shape property, defined as position of branch point in

the side chain (e.g. ranging from 0 in Alanine to 5 in

Argenine), decreases at the molecular surface with adap-

tation to cold. The opposite trend is observed for Gibbs free

energy change of hydration for native protein. Both these

observations are direct extensions in agreement with results

found earlier in a dataset of 14 thermophilic protein fam-

ilies (Gromiha et al. 1999). A decrease in shape may

indicate a more flexible exterior because of early or no

branching, and an increase in Gibbs free energy change

will theoretically decrease the stability by decreasing the

exposure of polar atoms for native proteins (Gromiha et al.

1999).

Some of the observations reported above, may possibly

be an artefact of the choice of basing the prediction of

secondary and spatial structures on a mesophlic sequence

(V. cholerae), and not a psychrophilic sequence. However,

the predictors we used (Adamczak et al. 2004, 2005) are

train on structures from the PDB database, which is almost

totally mesophilic.

The handling of gaps in the alignment analysis is

problematic, as gaps do not exist in real structures, and it is

also very difficult to get the correct position of gaps in

multiple alignments. The missing physicochemical quan-

tification of gaps represents an additional problem, because

the statistical analysis has to ignore data in positions with

gaps. Obviously, gap regions may contain valuable infor-

mation, so a different strategy should be looked for.

Paralogs (if any) are included in the present analysis,

because temperature adaptation may involve both copies.

But paralogs can also induce a problem, since an additional

adaptation (to new functionality) may potentially mask out

the cold adaptation. Identifying such paralogs will be more

correct and appropriate when the whole genome of V.

salmonicida is completed.

Even though this study is based on new data from clo-

sely related proteins, and the number of occurrences of

over 20% of the x fi y replacements exceeds 100, limi-

tations remain. Still with this amount of data, some of the

amino acid substitutions are sampled only a few times, and

additional data will be required to confirm or to refute some

of the observed directional trends. Although this is unlikely

to affect the overall trends that we discussed, it does limit

discovery of more particular changes that might prove to be

critical in specific contexts. Increasing the data set will

better address these issues and will allow us to find out

whether some trends are dependent on specific organisms,

proteins, structural or cellular contexts.

One of the factors, which may affect amino acid com-

position, is the variation in genome GC content, ranging

from 39–41% in V. fischeri and 47–49% in V. cholerae

(Garrity 2005). This may not be regarded as very dissim-

ilar, and in addition adaptations are considered to take

place both at the DNA, RNA and protein level (Hickey and

Singer 2004). But it is difficult to assess how much is a

primary effect and how much is secondary or tertiary, and

recent studies have concluded that in general there are no

significant evidence of relationship between optimal tem-

perature and GC content (Lambros et al. 2003; Wang et al.

2006).

Conclusions

Our comparative genome analyses suggest that adaptation

to cold seems to be obtained through many minor structural

modifications rather than certain amino acids substitution,

and is usually obtained by exchanging a number of amino

acids in comparison with its mesophile ortholog. To

demonstrate that the observed differences are involved in

the thermostability, the mesophilic protein dataset must

also be compared with other mesophilic orthologs to re-

move noise or background differences. This kind of strat-

egy may be used as a reasonable statistical model in all

types of studies that utilise the results of comparison be-

tween two datasets to extract effective factors of temper-

ature adaptation or other features of proteins.

We have applied and expanded the methods of com-

parative analysis of protein compositions, substitutions and

property patterns; and we were able to detect several sig-

nificant strand-specific factors affecting the cold adaptation

in a dataset of 298 Vibrionaceae protein families. Several

chemical properties were significantly correlated with cold

adaptation; and most of the strongest correlations are found

at the molecular surface.

Our results confirm the customary hypothesis of pref-

erence for more flexible amino acids at the molecular

surface. Our analyses also reveal that psychrophilic and

mesophilic proteins have similar hydrophobic and charge

contribution to the interior, while the surface region of
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psychrophile proteins is significantly more hydrophobic.

For intracellular proteins a significant difference in the

distribution of surface charge residues are also observed,

and results in a more negative electrostatic potential, which

is considered beneficial for the solubility of the protein in

cold water. In terms of amino acids, Ile, Asn, Ala and Gln

are found to have the most psycrophilic involvement. Ile

and Asn are enhanced whereas Gln and Ala are suppressed.

Their overall effect is primarily to increase external

hydrophobicity as well as destabilising the secondary

structure elements. Some factors normally associated with

thermal adaptation, such as lower Pro content in loops, are

compatible with our study, while higher Gly content was

not found.

As a general comment, our results must be regarded

with care. Although several factors have been shown to

contribute to thermal adaptation, not all factors contribute

to thermal adaptation in a given protein. The general

strategy mentioned above may just be considered suitable

for an ‘‘average’’ psychrophilic protein.

A second concern is that although the current sequence

data are restricting to the family of Vibrionaceae and

permitted the analysis of large numbers of very similar

sequences, there still exist other environmental factors or

characteristics of the organisms that might have affected

the observed amino acid substitutions. One obvious factor

is that P. profundum also is a moderate piezophile (pres-

sure-loving) organism adapted to deep-sea life, although

experimental data suggest that its proteins are not exclu-

sively adapted to high pressure (Vezzi et al. 2005). It would

be advantageous to verify the observed trends by studying

other groups of closely related mesophilic and psychro-

philic organisms. To improve the sample size, we are

generating additional sequence data from cold adapted

organisms.
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