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INTRODUCTION: ENVIRONMENTS, STRATEGIES,
AND ORGANISMS

The proteins of halophilic (literally salt-loving) archaea are
highly adapted and magnificently engineered to function in a
milieu containing between 2 and 5 M inorganic salt. Because of
this extreme and unfriendly saline environment, halophilic pro-
teins and their encoding genes represent a valuable repository
and resource for reconstructing and visualizing processes of
natural selection and adaptive evolution.

Hypersaline environments, although often rich in radiant
energy and organic nutrients, are subject to exploitation by a
relatively small number of closely related microbial species
(reviewed in reference 11). The presence of a high concentra-
tion of solute ions is generally devastating to proteins and
other macromolecules: (i) it causes aggregation or structural
collapse of proteins because of enhancement of hydrophobic
interactions; (ii) it interferes with essential electrostatic inter-
action within or between macromolecules because of charge
shielding; and (iii) it reduces the availability of free water
below that required to sustain essential biological processes
because of salt ion hydration (reviewed in references 12 and
31).

A number of different eubacterial and eucaryotic microor-
ganisms have evolved the ability to exploit moderately saline
environments. In general, they use an ion-pumping mechanism
to maintain a low (physiological) intracellular solute concen-
tration and thereby protect macromolecules and essential pro-
cesses from the adverse effects of salt ions (11, 31). Many of
these organisms also produce and accumulate biologically
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compatible solutes such as glycine betaine or ectine to partially
buffer the osmotic imbalance. These strategies are effective in
environments up to about 1.5 M in salt; above that concentra-
tion, they are ineffective and energetically unfavorable.

A small group of halophilic archaea are capable of exclusive
exploitation of hypersaline environments that are between 2
and 5 M in salt (11). Remarkably, these extremely halophilic
organisms have abandoned the strategy of maintaining an os-
motic gradient across the cell envelope. Instead, adaptation is
achieved (i) by balancing the extracellular ionic strength
against the intracellular ion concentration (where K* is the
predominant cation) and (ii) by modifying soluble intracellular
proteins and other macromolecules to function in this high-
ionic-strength milieu (3, 6, 12, 21, 24, 32).

The evolutionary modifications required to reengineer a
protein so that it becomes halophilic seem to involve the in-
troduction of additional acidic (glutamic and aspartic acid)
residues onto the surface of the protein. Acidic residues are
more highly hydrated than other amino acids and can coordi-
nate the organization of a hydrated salt ion network at the
surface of the protein (7). Replacements with acidic and other
hydrophilic residues also reduce protein hydrophobicity and
help prevent the structural collapse or aggregation (salting
out) of the protein (6, 12, 32). Moreover, certain acidic resi-
dues can be used to form salt bridges with strategically posi-
tioned basic (lysine and arginine) residues. Salt bridges, posi-
tioned so that they are protected from shielding by solute ions,
provide structural rigidity and are important determinants in
the stabilization of the three-dimensional structure of the halo-
philic protein (5). In solutions of low ionic strength, halophilic
proteins often denature and unfold due to charge repulsion.

Environments inhabited by halophilic archaea contain Na*,
K", Mg?*, and Ca®* as the predominant cations and CI,
SO,%7, and CO5*" as the major anions (22, 26). The concen-
trations and relative proportions of these ions vary in different
localities and, within a given locale, fluctuate with time due to
solubilization-precipitation or dilution-evaporation processes.
Extreme halophiles achieve a near balance in the overall in-
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tracellular cation concentration with that of the external envi-
ronment by concentrating predominantly K* and extruding
Na™; chloride is the predominant intracellular anion. The ac-
cumulation of K* rather than Na™ is important because the
K™ ion hydrates less water than the Na* ion does.

In this review, the sequence divergence of halophilic ar-
chaeal protein-encoding genes has been analyzed and com-
pared to the divergence of homologous nonhalophilic eubac-
terial protein-encoding genes. The comparisons indicate that
halophilic genes accumulate two to three times as many non-
synonymous nucleotide substitutions as the homologous non-
halophilic eubacterial genes. We suggest that many of these
substitutions, resulting in amino acid replacements, represent
“evolutionary tinkering” at sites which influence the hydropho-
bic and surface hydration properties of the proteins. Moreover,
we propose that fluctuations in environmental salinity provide
the driving force for fixation of many of these nucleotide sub-
stitutions. In a constant saline environment, a slightly delete-
rious mutation is likely to be eliminated from the population,
whereas in a fluctuating saline environment, an existing muta-
tion which was previously deleterious may on occasion become
advantageous and have an increased probability of achieving
fixation in the population.

METHODS OF ANALYSIS

Organisms, Genes, and Alignments

In this analysis, protein-encoding gene sequences from six
species representing three genera of halophilic archaea
(Halobacterium cutirubrum, Halobacterium sp. strain GRB,
Haloferax volcanii, Haloferax mediterranei, Haloarcula his-
panica, and Haloarcula marismortui) have been compared.
Based upon 16S rRNA sequences, these three genera are be-
lieved to have diverged from a common halophilic ancestor in
an ill-defined order about 600 million years ago (17; also, see
below).

The gene sequences used in the analysis encode either the
L11, L1, L10, and L12 ribosomal proteins or Mn/Fe superoxide
dismutase (SOD) proteins. Ribosomal protein genes are single
copy and essential in all three genera, whereas sod genes are
duplicated in Halobacterium and Haloferax and single copy in
Haloarcula and presumably are not essential (1, 8, 9, 14-16, 27,
28). Complete sod gene sequences are available from Halobac-
terium cutirubrum (sod, slg), Halobacterium sp. strain GRB
(sod, slg), Haloferax volcanii (sodl, sod2), and Haloarcula
marismortui (sod). Partial sequences of the paralogous (dupli-
cated) sod genes from Haloferax mediterranei (sodl, sod2)
and the single-copy gene from Haloarcula hispanica (sod)
were obtained by PCR amplification. The primers used
were oPD62 (TGGCAYCACGACACCCACCAYCA; for-
ward primer, codons 30 to 37) and oPD63 (GTCCCAGTC
GAY(GCA)ACCTCGAAGAA; reverse primer, codons 189
to 182). These primers amplify the region between codons
38 and 181; this represents about 70% of the coding region
of halophilic sod genes.

To visualize normal evolutionary processes in the absence of
salinity-mediated selection, homologous L11 and L1 ribosomal
protein genes from three enteric bacteria, Escherichia coli,
Serratia marcescens, and Proteus vulgaris, were analyzed in par-
allel (19, 29). Proteus and Serratia are believed to have diverged
from Escherichia about 350 and 200 million years ago, respec-
tively (see below). These were the only homologous sequences
in the databases that had a sufficiently small number of synon-
ymous nucleotide substitutions per synonymous site (K) to
make appropriate comparisons with the halophilic ribosomal
protein sequences.
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TABLE 1. Organisms and gene sequences used in the analysis of
nucleotide substitution rates in halophilic archaea

Accession

Gene(s)* and organism Abbreviation Reference(s)
L11, L1, L10, L12

Haloferax volcanii Hfvo X58924 28

Halobacterium cutirubrum Hbcu X15078 27

Haloarcula marismortui Hama X51430 1

E. coli Eco V00339 19

S. marcescens Sma X12584 29

P. vulgaris Pvu X12585 29

sod

Halobacterium cutirubrum Hbcu J04956 16
M26502 15

Halobacterium sp. strain GRB  Hb.GRB  M97483 8,9
M97484 8,9

Haloferax volcanii Hfvo M97486 8,9
M97487 8,9

Haloferax mediterranei Hfme U78907  This work
U78908 This work

Haloarcula marismortui Hama M97485 8,9

Haloarcula hispanica Hahi U78906 This work

M. avium May X81384 33

M. fortuitum Mfo X81385 33

M. gordonae Mgo X81386 33

M. intracellulare Min X81387 33

M. kansasii Mka X81388 33

M. scrofulaceum Msc X81389 33

“ The database accession numbers for small-subunit rRNA sequences are as
follows: Hfvo, K00421; Hfime, D11107; Hbcu, K02971; Hama, M27042, M27043;
Hahi, U68541; Eco, V00384; Sma, M59106, Pvu, J01874; Mfo, X52933; Msc,
X52924; Mav, X52918; Mgo, X52923; Min, X52927; Mka, X15916; Methanobac-
terium thermoautotrophicum (Mth), Z37156; Vibrio cholerae (Vch), X76337.

Similarly, homologous Fe/Mn SOD-encoding genes from six
species of the genus Mycobacterium were subjected to compar-
ative analysis (33). These mycobacterial species diverged from
a common ancestor during the last 250 million years (23). The
mycobacterial sequences were obtained by PCR amplification
of a 489-nucleotide region within the sod gene (33). This re-
gion is homologous to 80% of the coding region. The database
accession numbers for the nucleotide and deduced amino acid
sequences used in this study are listed in Table 1. All ribosomal
protein and SOD nucleotide and amino acid sequences were
aligned manually. The alignments are in general uncompli-
cated and unambiguous. However, regions of doubtful align-
ment, particularly around deletion and insertion events ap-
pearing in one or more of the sequences, were excluded from
the analysis.

Quantitation of Synonymous and Nonsynonymous
Nucleotide Substitutions

The aligned sequences were compared in all possible pair-
wise combinations, and the number of synonymous nucleotide
substitutions per synonymous site (K;) and the number of non-
synonymous substitutions per nonsynonymous site (K,) were
estimated by the method of Li (13). In a table of the genetic
code (with translation termination codons excluded), 28% of
all possible sites for substitution are synonymous and 72% are
nonsynonymous. In any given sequence, the exact percentages
of synonymous and nonsynonymous sites vary depending on
the amino acid composition and codon utilization. For calcu-
lation of the K| and K, values in pairwise comparisons, the
number of synonymous and nonsynonymous sites was taken as
the average of the values for the two sequences. Moreover, the
K, and K, values as calculated contain a correction for the
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transition-transversion bias and, most importantly, a correction
for multiple substitutions at the same site by using the Jukes-
Cantor model (10, 13). To compare multiple pairs of se-
quences with different or uncertain divergence times, the ratio
K /(K + K,) has been calculated. This ratio is (on a per-site
basis) the fraction of total substitutions that are nonsynony-
mous; when comparing two sequence pairs, differences due to
divergence times cancel in the ratio.

Accurate estimations of K; and K, are often difficult to
obtain because synonymous substitutions are much more fre-
quent than nonsynonymous substitutions and because synony-
mous sites are far less prevalent than nonsynonymous sites
(28% versus 72% in the standard genetic code). This means
that synonymous sites can become saturated with substitutions
before a significant number of substitutions have occurred at
nonsynonymous sites. We have attempted to minimize these
difficulties by choosing sequences where the estimated values
of K, are almost always below 1.0 and never exceed 1.602.
There is no indication that the higher K, values are grossly
inaccurate or have biased the interpretation of the data in any
significant way.

Estimation of Divergence Times

Divergence time for organisms used in this study were esti-
mated from small-subunit 16S rRNA sequences. These se-
quences were assumed to diverge at a constant and uniform
rate of 1% per 50 X 10° years (18). Phylogenetic distance trees
based on 16S rRNA sequences from the halophiles, enteric
bacteria, and mycobacteria used are illustrated in Fig. 1.
Among halophilic genera, 16S rRNA sequences differ by about
11 to 13% (17). From this, we conclude that the three genera
diverged from each other about 600 X 10° years ago. The
precise branching order is uncertain, although Haloferax ap-
pears to represent the deepest branch. Within the genus
Haloferax, separation of the two species, H. volcanii and H.
mediterranei, occurred about 85 X 10° years ago. The situation
within Haloarcula is somewhat more complicated. Two 16S
rRNA genes have been cloned and characterized from H.
marismortui. These rrnA and rrmB 16S sequences differ at 5%
of the nucleotide positions (17). The rnB 16S sequence is
more similar (98.4% identity) to the single 16S sequence avail-
able from H. hispanica than is the rmnA 16S sequence (96.0%
identity); based on the rmmB sequence, we estimate the diver-
gence time for the two species to be about 80 X 10° years ago.
Within Halobacterium, only the H. cutirubrum 16S gene has
been sequenced. Halobacterium sp. strain GRB and H.
cutirubrum are very closely related by a number of criteria and,
along with H. halobium, are generally considered to be sub-
strains of the type species H. salinarium.

The enteric bacterial 16S rRNA tree is uncomplicated. The
16S sequences of E. coli and S. marcescens are about 4%
divergent from each other and about 7% divergent from P.
vulgaris. From this, we conclude that Escherichia-Serratia di-
verged from Proteus about 350 X 10° years ago and from each
other about 200 X 10° years ago.

The situation within the mycobacteria is also complicated
because a number of different culture collection entries
(ATCC versus DSM) have been given the same species desig-
nation. The 16S rRNA and sod database entries for M. fortui-
tum (ATCC 6841), M. scrofulaceum (ATCC 19981), and M.
kansasii (DSM 43224) were apparently derived from the same
isolates (23, 32). The 16S rRNA sequences are about 4% and
1.5% divergent; from this, we conclude that M. fortuitum di-
verged about 200 X 10° years ago and that M. scrofulaceum and
M. kansasii diverged from each other about 75 X 10° years ago.
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FIG. 1. Phylogenetic trees of 16S rRNA sequences. The sequences of 16S
rRNA genes from organisms used in this study were aligned and analyzed by the
neighbor-joining method (25). Species abbreviations and data accession numbers
are presented in Table 1. The three groups of organisms are halophiles (A),
enteric bacteria (B), and mycobacteria (C). The outgroups used for rooting the
trees are, respectively, Methanobacterium thermoautotrophicum (Mth), Vibrio
cholerae (Vch), and Mycobacterium fortuitum (Mfo). The scale at the bottom of
each tree is percent divergence; here we have assumed that 16S rRNA sequences
diverge at a rate of 1% per 50 X 10° years (18).

In spite of the well-defined 16S rRNA phylogeny for these
three species, the sod gene from M. kansasii represents a co-
nundrum. The sod gene is the most divergent within the my-
cobacterial sod gene tree and exhibits a much higher level of
nonsynonymous substitution than do other mycobacterial sod
genes (see below). We cannot explain this apparent discrep-
ancy. For the remaining mycobacterial species (M. avium, M.
intracellulare, and M. gordonae), correspondence between sod
and 16S gene sequences is somewhat uncertain, although their
branching positions within the two trees are congruent. The
database accession numbers for all 16S rRNA sequences used
to estimate divergence times are given as a footnote in Table 1.

ANALYSIS OF HALOPHILIC ARCHAEAL AND
EUBACTERIAL GENE SEQUENCES

Ribosomal Protein Gene Sequences

The essential L11, L1, L10, and L12 ribosomal proteins are
functionally conserved and highly specialized components of a
complex translational apparatus (20). The availability of nu-



VoL. 61, 1997

cleotide sequences from three halophilic genera, Haloferax vol-
canii, Halobacterium cutirubrum, and Haloarcula marismortui,
makes it possible to directly visualize the divergence that has
occurred within genes that encode proteins with a conserved
and essential function since their separation from a common
ancestral sequence about 600 million years ago. In the analysis,
a conservative approach was followed; all initiation and termi-
nation codons, all codon positions that are not represented in
one or more of the sequences and, most importantly, all
codons within regions of ambiguous alignment were excluded
from consideration (Fig. 2). For example, in the most extreme
case, only 294 of 356 codons in the halophilic L10 alignment
were considered. All codons beyond position 297 were ex-
cluded because the large number of apparent deletions, cou-
pled with the high proportion of acidic residues, makes homol-
ogy at any given position far from certain. Thus, the numbers
of nucleotide substitutions or amino acid replacements ana-
lyzed are underestimates of the actual number of differences.

At the nucleotide level and over the regions analyzed, these
halophilic ribosomal protein genes are 71 to 81% identical, and
at the amino acid level the corresponding proteins are 65 to
81% identical (Fig. 2). The most striking feature in these com-
parisons is the high proportion of nonsynonymous nucleotide
substitutions. Over the regions analyzed, 47% (414 of 885) of
all observed nucleotide substitutions in the alignment are non-
synonymous and result in amino acid replacements in the en-
coded protein (Fig. 2). This is reflected in a transition-to-
transversion ratio of considerably less than 1 (on average,
about 0.5) and in an elevated proportion of substitutions oc-
curring at the first and second codon positions. The most
extreme example of this feature is between codons 65 and 75 of
the L12 genes, where there are on average three substitutions
per codon position and very little amino acid sequence con-
servation. Normally, for closely related genes encoding pro-
teins with conserved function in enteric bacteria, the vast ma-
jority of nucleotide substitutions (80 to 99%) are synonymous
changes at the third codon position and the transition-to-trans-
version ratio is around 2 (18).

To quantitate these features, K, and K, have been computed
for all pairwise combinations of sequences (Table 2). These
parameters contain adjustments for transition-transversion
bias and for multiple substitutions at the same site by using the
Jukes-Cantor correction (13). To account for differences or
uncertainties in the divergence times between the pairwise
combinations of sequences, the ratio K,/(K, + K;) was calcu-
lated. These calculations indicate that on a per-site basis and
for an aggregate of all four halophilic proteins, K, represents
14.4 to 16.7% of all nucleotide substitutions in these halophilic
ribosomal protein genes (Table 2).

On their own, values of K, K, and even the ratio K,/(K, +
K,) are relatively meaningless. Genes accumulate synonymous
and nonsynonymous substitutions at characteristic rates that
can vary substantially from one gene to another. To bring the
K, and K, values for halophilic L11, L1, L10, and L12 ribo-
somal protein genes into perspective, the nucleic acid sequence
database was searched for nonhalophilic homologous se-
quences from organisms that have diverged from each other
during the last 600 million years. Sequences for L11 and L1
ribosomal protein genes from three enteric bacteria, E. coli, S.
marcescens, and P. vulgaris, were recovered. The L10 and L12
genes from the last two species have unfortunately not been
sequenced. Based on 16S rRNA sequences, Proteus and Serra-
tia are believed to have diverged from Escherichia about 350
and 200 million years ago, respectively. No other entries suit-
able for comparison were recovered.

At the nucleotide level, the enteric L11 and L1 genes are 80
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to 90% identical, and at the amino acid level, the correspond-
ing proteins are 88 to 95% identical (Fig. 3). There is a nearly
twofold variation in the pairwise K; and K, values because of
the more recent divergence between S. marcescens and E. coli.
However, the value of the ratio K,/(K, + K,), in which differ-
ences in divergence time cancel, indicates that only 6.3 to 8.3%
of the substitutions on a per-site basis and for the aggregate of
the L11 and L1 sequences are nonsynonymous (Table 2). Thus,
in halophilic ribosomal protein genes, the ratio K,/(K, + K,) is
more than twofold greater than that observed in nonhalophilic
but homologous bacterial genes. That is, halophilic ribosomal
protein genes contain an inordinately high proportion of non-
synonymous nucleotide substitutions, which result in greater
numbers of amino acid replacements in the encoded proteins.

Superoxide Dismutase Gene Sequences

Is this excessive abundance of nonsynonymous nucleotide
substitutions unique to these particular halophilic ribosomal
protein genes, or is this a more general characteristic of halo-
philic genes? To address this, seven complete halophilic Mn/Fe
SOD gene sequences from Halobacterium cutirubrum (two
nonidentical genes), Halobacterium sp. strain GRB (two non-
identical genes), Haloferax volcanii (two virtually identical
genes), and Haloarcula marismortui (one gene) and three par-
tial sod gene sequences (codons 38 to 181) from Haloferax
mediterranei (two nonidentical genes) and Haloarcula his-
panica (one gene) were subjected to quantitative reanalysis.
The gene and protein alignment is unambiguous and has been
published previously (4, 8). It contains 198 internal codon
positions that are common to all seven complete gene se-
quences. The three additional partial PCR generated se-
quences match the alignment perfectly between codons 38 and
181, with the exception that the Haloferax mediterranei sod?2
sequence contains two single-codon insertions between align-
ment positions 92 and 93 and positions 116 and 117. For
purposes of comparison, we have analyzed the nine halophilic
sod gene sequences for synonymous and nonsynonymous nu-
cleotide substitutions between codon positions 38 and 181;
within this region, the sod! and sod2 genes from Haloferax
volcanii are absolutely identical, and therefore only the sodl
sequence was included. This region represents about 70% of
the coding region of these genes. At the nucleotide and amino
acid levels, the sequences are, respectively, 72 to 99% and 66 to
99% identical. In the alignment, 50% (137 of 274) of the
nucleotide substitutions are nonsynonymous. From analysis of
the 36 different pairwise comparisons, the average value of
K, /(K, + K,) indicates that on a per-site basis, K, represents
18.7% of the total substitutions in these halophilic sod genes
(Table 3). Virtually identical results are obtained when the
seven complete sod genes are analyzed over the 198 common
codon positions; K, represents 17.9% of the total substitutions.

Six partial Mn/Fe sod gene sequences from a group of re-
lated mycobacterial species were recovered from a database
search and used as a comparison (32). These eubacterial sod
sequences generated by PCR contain 163 codon positions,
align end-to-end without deletion or insertion, and correspond
approximately to codons 30 to 190 in the halophilic sod genes.
At the nucleotide and amino acid levels, the sequences are
respectively 79 to 93% and 81 to 97% identical. In the align-
ment, 32% (52 of 162) of the nucleotide substitutions are
nonsynonymous. Moreover, the average value of the ratio K,/
(K, + K;) from the 15 pairwise comparisons indicates that K,
on a per-site basis represents only 7.9% of the substitutions in
the mycobacterial sod genes (Table 3). This value is more than
twofold below the corresponding value of 18.7% for halophilic
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Hvo-tina 39 45 84(75%) 35(69%) AGY only: 106
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FIG. 2. Alignment of the halophilic L11, L1, L10, and L12 nucleic acid and protein sequences. The sequences of the L11 (A), L1 (B), L10 (C), and L12 (D) genes
and protein from Haloferax volcanii (Hvo), Halobacterium cutirubrum (Hcu), and Haloarcula marismortui (Hma) are aligned. Dashes in the nucleic acid and protein
alignments represent identities with the illustrated Haloferax volcanii sequences. Amino acids are indicated by the standard single-letter designation. In the nucleic acid
alignments, capital letters in the Halobacterium cutirubrum and Haloarcula marismortui sequences represent nonsynonymous substitutions whereas lowercase letters
represent synonymous substitutions when compared to the Haloferax volcanii sequences. Where a particular codon contains multiple substitutions and the third-position
change is ambiguous, it has been indicated in lowercase letters and counted for purposes of illustration as synonymous. Solid circles represent positions of nucleotide
or amino acid deletion. At the end of each alignment, the number of synonymous (SS) and nonsynonymous (NS) substitutions, the total number of nucleotide
substitutions (nt sub; equal to NS + SS), and the total number of amino acid replacements (aa rep) for pairwise comparisons are indicated. The values in parentheses
are the percent identities between the nucleic acid or protein sequences. For each gene, the codon positions where Ser appears in at least two of the three sequences
are categorized according to serine codon utilization: (TCN and AGY) or (TCN) or (AGY). At the very bottom, the total numbers of synonymous (total SS) and
nonsynonymous (total NS) substitutions in the Halobacterium cutirubrum and Haloarcula marismortui sequences when compared to the Haloferax volcanii sequence are

indicated.

sod genes. The reason for the anomalously high frequency of
nonsynonymous substitutions (K, of 12.5%) in the sod gene
from M. kansasii is unknown. The average value of K,/(K, +
K,) for M. kansasii when compared to all other strains is 0.126,
whereas values excluding M. kansasii are between 0.028 and
0.067.

A three-dimensional X-ray crystal structure has been deter-
mined for the Mn SOD from the eubacterium Thermus ther-
mophilus (30). Comparisons with this structure indicate that
important amino acid residues involved in metal ion binding,
formation of the hydrophobic active-site cavity, catalysis, and
subunit interaction are immune to replacement in both the
halophilic and mycobacterial SODs (4, 9). Most of the posi-
tions subject to replacement appear to be located at or near the
surface of the protein.

Phylogeny Based upon sod Gene Sequences

The halophile and mycobacterial sod gene sequences have
been used to construct a phylogenetic distance tree. Halophiles
serve as the outgroup for mycobacteria, and mycobacteria
serve as the outgroup for halophiles (Fig. 4). Within this tree,
we have calculated the value of K,/(K, + K|) for each branch.
The values are listed at the nodes and were determined by
averaging the comparisons of all representatives on one branch
above the node with all representatives on the other branch
(Table 3).

Within the mycobacterial group, M. kansasii is anomalous in
that it is the deepest branch and exhibits, when compared to all
other mycobacteria, the highest K/(K, + K;) ratio of 0.126. As

pointed out above (Fig. 1), 16S rRNA analysis positions M.
kansasii not at the base but rather high up in the tree above M.
scrofulaceum. We cannot explain this anomaly. With the ex-
ception of M. kansasii, the sod gene divergence within halo-
philes appears to be remarkably uniform, with K, (on a percent
basis) representing 4 to 6% of the total nucleotide substitution.

The situation within the halophilic archaea is more interest-
ing and complicated. First, the divergence of the three halo-
philic genera is, as in the 16S rRNA tree, poorly resolved,
although Halobacterium is the deepest branch. Second, the
variation in K/(K, + K) is remarkably variable, ranging from
10 to 30% within different regions of the tree. This implies (i)
that the substitutions are not derived solely from a burst of
divergence occurring during the inception of the halophilic
lineage and consequent adaptation to extreme halophilic con-
ditions and (ii) that there must be some fluctuation in the
selection for fixation of nonsynonymous substitutions in the
sod genes in different halophilic lineages. In contrast to the sod
genes, halophilic ribosomal protein genes appear to accumu-
late synonymous and nonsynonymous substitutions at uniform
rates in all three genera (Table 2).

Third, some halophilic species have a single sod gene
whereas other species contain paralogous duplicated genes.
The most parsimonious explanation for this would be that the
last common halophilic ancestors had duplicated genes and
one of the genes was subsequently lost from the Haloarcula
lineage leading to Haloarcula hispanica and Haloarcula maris-
mortui. As expected, the single-copy sod genes from these two
species group together, implying that they are orthologs and
were derived from a relatively recent speciation event. The
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TABLE 2. Nucleotide sequence divergence within halophilic (archaeal) and enteric (eubacterial) ribosomal protein genes

% Identity No. of:

Gene and species” % NS/(NS+SS) K}P K} % K. J(K; + K,)
Amino acids Nucleotides SS NS
L11
Hfvo Hbcu 81 81 53 39 42 0.78 = 0.16 0.12 £ 0.02 13.3
Hfvo Hama 80 81 50 38 43 0.61 = 0.10 0.12 £ 0.02 16.4
Hbcu Hama 79 81 52 40 44 0.70 £ 0.13 0.13 = 0.02 15.7
Eco Pvu 88 81 58 21 27 0.85 = 0.14 0.07 £ 0.02 7.6
Eco Sma 94 90 33 11 25 0.34 = 0.07 0.04 £ 0.01 10.5
Pvu Sma 90 84 51 16 24 0.63 = 0.11 0.06 = 0.01 8.7
L1
Hfvo Hbcu 79 77 83 58 41 1.05 = 0.22 0.13 £0.02 11.0
Hfvo Hama 78 79 66 64 49 0.63 = 0.11 0.15 = 0.02 19.2
Hbcu Hama 80 79 76 56 42 0.85 =0.17 0.14 £ 0.02 14.1
Eco Pvu 89 81 98 32 25 0.81 £ 0.11 0.07 £ 0.01 8.0
Eco Sma 95 88 62 15 20 0.48 = 0.07 0.03 £ 0.01 5.9
Pvu Sma 88 80 101 35 26 0.87 £ 0.12 0.08 £ 0.01 8.4
L10
Hfvo Hbcu 71 74 104 122 54 1.06 = 0.29 0.22 £0.02 17.2
Hfvo Hama 71 71 128 126 50 1.44 = 0.48 0.23 £ 0.02 13.8
Hbcu Hama 70 72 123 124 50 1.48 = 0.51 0.22 £0.02 12.9
L12
Hfvo Hbcu 66 76 39 40 51 0.79 = 0.28 0.18 = 0.03 18.6
Hfvo Hama 69 75 45 39 46 0.91 = 0.22 0.18 £ 0.03 16.5
Hbcu Hama 65 75 45 39 46 1.03 £ 0.35 0.19 = 0.03 15.6
Total
Hfvo Hbcu 0.92 = 0.11 0.18 = 0.01 16.4
Hfvo Hama 0.85 = 0.08 0.17 £ 0.01 16.7
Hbcu Hama 1.01 £ 0.11 0.17 £ 0.01 14.4
Eco Pvu 0.82 = 0.08 0.07 £ 0.01 7.9
Eco Sma 0.42 = 0.05 0.03 £ 0.01 6.3
Pvu Sma 0.77 £ 0.08 0.07 £ 0.01 8.3

“ Abbreviations are defined in Table 1.

® The standard errors for the estimates of K, and K, are given. K, and K, were determined by the method of Li (13).

duplicated sodl and sod2 genes of Haloferax volcanii are vir-
tually identical, differing only by the use of a TCA and AGC
serine codon at position 2 and the deletion of a GAC aspartic
acid codon from sod2 at position 3. In spite of this nearly
perfect gene sequence identity, the 5’- and 3’-flanking regions
are unrelated except for a canonical promoter element and the
two genes are transcriptionally regulated in different manners
(8, 9). We have suggested that the perfect identity between the
sodl and sod2 genes of Haloferax volcanii between codons 4
and 200 is the result of a very recent gene conversion which
homogenized the two coding sequences but left the flanking
regions intact and undisturbed.

The paralogous sodl and sod2 genes from Haloferax medi-
terranei are very divergent, and their common ancestor appears
to pre-date the divergence of Haloarcula and Haloferax. The
sodl gene from Haloferax mediterranei groups with the nearly
identical sod1 and sod2 genes from Haloferax volcanii, whereas
the sod2 gene is ancient and deeply branching. The paralogous
sod and slg genes from Halobacterium are less ancient and have
a common ancestral sequence that existed well after Halobac-
terium separated from Haloarcula and Haloferax. It seems
likely that this ancestral sod-slg gene sequence was generated
by a conversion event similar to the recent event seen in
Haloferax volcanii. Since the time of sequence homogenization,
the Halobacterium sod and slg genes have once again diverged.
Divergence is evident as recently as the separation of Halobac-
terium cutirubrum from Halobacterium sp. strain GRB; eight
substitutions have occurred in the four genes (representing
2,400 nucleotides of sequence), and at least four of these are
nonsynonymous. In contrast, only one substitution was de-

tected in a total 1,064 nucleotides of noncoding 5’ and 3’
regions flanking the sod and slg genes (8).

Synonymous and Nonsynonymous Substitution Rates

It has been suggested that small-subunit rRNA sequences
diverge at a nearly constant rate of about 1% per 50 X 10°
years (18). By using 16S rRNA sequences as a chronometer, we
estimate that Halobacterium, Haloferax, and Haloarcula di-
verged from a common ancestor about 600 X 10° years ago. If
the ribosomal protein and sod genes diverged at the same time
as the organism and if the situation has not been complicated
by genetic exchange across species, it is possible to estimate the
absolute rates of synonymous and nonsynonymous nucleotide
substitution. For the sod and L11, L1, L10, and L12 ribosomal
protein genes from the three halophilic genera, the rate of
synonymous substitutions per synonymous site per 10° years is
about 0.8 and the rate of nonsynonymous substitutions per
nonsynonymous site is about 0.15 (Table 4). The correspond-
ing bacterial rates based on mycobacterial sod and enteric
r-protein genes are about 1.2 and 0.10. Thus, these halophilic
protein-encoding sequences appear to be accumulating, in ab-
solute time, fewer synonymous and more nonsynonymous nu-
cleotide substitutions than are the homologous sequences in
mycobacteria or enteric eubacteria.

It should be noted that estimates of the synonymous and
nonsynonymous mutation rates are relevant to only the genes
and organisms examined. It has been shown previously, by
comparison of 22 different protein-encoding sequences (rep-
resenting over 20 kbp) from E. coli and Salmonella typhi-
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FIG. 3. Alignment of enteric L11 and L1 nucleic acid and protein sequences. The sequences of the L11 (A) and L1 (B) genes and proteins from E. coli (Eco), P.
vulgaris (Pvu), and S. marcescens (Sma) are aligned. Dashes in the nucleic acid and protein alignments represent identities with the illustrated E. coli sequence. Other

details are as indicated in the legend to Fig. 2.

murium, that the synonymous substitution rate can vary more
than 20-fold among different genes (18); the average rate of
synonymous substitution determined by Ochman and Wilson
was about 6 to 8 per 10° years. Thus, the enteric L11 and L1
r-protein genes and the mycobacterial sod genes appear to
exhibit a much lower synonymous substitution rate than do
many eubacterial genes.

Polymorphic Positions and Serine Codon Utilization

Given the high proportion of nonsynonymous substitutions
in halophilic protein-encoding genes, it is not surprising to see
that the proportion of polymorphic amino acid positions within
these proteins is substantially greater than in the eubacterial
homologous protein. What is more interesting, however, is the
proportion of polymorphic sites that contain both acidic (glutamic
or aspartic) and nonacidic amino acid residues. For halophilic
proteins, about 40% of the polymorphic sites contain at least one
acidic residue, whereas for the homologous eubacterial proteins,
only about 15% of the polymorphic site contains one or more
acidic residues (Table 5). Acidic residues in halophilic proteins
are known to be important determinants of protein hydrophobic-
ity, surface hydration, and tertiary structure (5, 6, 12, 32).

Alignment positions containing serine residues are also ex-
tremely interesting and informative (2, 4). Serine is important
in halophilic adaptation because of its compact size and bor-
derline hydrophobic-hydrophilic properties (21). It is encoded
by both the TCN and AGY families of codons; conversion
between the two families requires at least two nonsynonymous
nucleotide substitutions and presumably a nonserine protein

intermediate. In both eubacteria and halophilic archaea, there
appears to be no restriction as to which family is used, although
TCN is somewhat more frequent than AGY. All positions in
the sod and r-protein alignments where serine is present in at
least two of the represented sequences have been examined for
codon utilization. Surprisingly, at 35% of the sites where serine
occurs in two or more of the aligned halophile sequences, both
the TCN and AGY codons are used. In the corresponding
bacterial alignments, only 9% of the positions containing mul-
tiple serines use both the TCN and AGY codons (Fig. 2 and 3;
Table 6).

The nine alignment positions in the halophilic SODs that
use both the TCN and AGY serine codons are illustrated in
Table 7. Positions 2 and 24 are monomorphic for serine. In
eubacterial SODs, these homologous positions often contain
nonserine amino acid replacements. Apparently, serine has not
always occupied these positions even in the halophilic proteins;
that is, in some halophilic ancestral sequences a nonserine
residue almost certainly occupied the position. The two differ-
ent serine codon families now present presumably arose by two
or more nonsynonymous substitutions of the ancestral codon.
In the table of the genetic code, only the threonine (ACN) and
cysteine (UGY) codons interconnect the two serine codon
families by two nonsynonymous nucleotide substitutions. All
other amino acid intermediates would require three or more
nonsynonymous substitutions to make this connection. Alter-
natively, simultaneous substitutions at adjacent base pairs
could interconnect the TCN and AGY codons without a non-
serine intermediate. It seems unlikely that this infrequent pro-
cess could explain all such instances.
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Total S5 89 Total HS 42

FIG. 3—Continued.

Three of the serine polymorphic alignment positions contain
at least one threonine. Position 62 contains four threonine and
five serine residues. One possible explanation is that the TCN
and AGY serine codons at this position arose by two indepen-
dent single-step nonsynonymous substitutions from an ances-
tral ACN threonine codon (2). Position 87 contains six serine,
one threonine, and two aspartic acid residues. Again, the threo-
nine connects to either of the two serine codon families by a single
nucleotide substitution. To generate an aspartic acid codon, at
least two additional nonsynonymous substitutions are required in
either the threonine or one of the two serine codons. Position 135
contains four serine, four alanine, and one threonine residues.
The alanine and two serine codon families each connect to the
ACN threonine codon family by a single nonsynonymous nucle-
otide substitution. At each of these three positions, the threonine
codon is present in a lineage that branches deep within the halo-
philic sod tree (Fig. 4). This suggests that the threonine codons
may have indeed been ancestral at each of these positions.

Positions 45, 121, 135, 154, and 200 are non-threonine-con-

taining polymorphic positions. Each of these positions is com-
plex in that there is no simple way to interconnect the three or
more different codon families. It is again intriguing that two of
these four positions, along with position 87, contain at least
one acidic amino acid (5, 6, 7, 12, 32).

Model for the Evolution of Halophilic Proteins

When compared to bacterial homologs, the evolutionary
divergence of halophilic SOD and ribosomal protein genes and
probably other halophilic protein-encoding genes is anomalous
in a number of respects. The halophilic sequences exhibit an
inordinately high proportion (i) of nonsynonymous nucleotide
substitutions that result in amino acid replacement in the en-
coded protein, (ii) of serine positions using both the TCN and
AGY codon families, and (iii) of replacements involving acidic
amino acids. In our model, we suggest that fluctuations in
environmental salinity provide the driving force for fixation of
these nonsynonymous substitutions in natural halobacterial
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TABLE 3. Nucleotide sequence divergence within halophilic (archaeal) and mycobacterial (eubacterial) sod genes

% ldentity
Comparison” K K, K,/(K, + KJ)
Amino acids Nucleotides
Halophiles
Hf sod1
Hfvo sodl Hfme sod1 91 88 0.481 = 0.096 0.051 = 0.013 0.096
Ha sod
Hama Hahi 95 93 0.219 + 0.053 0.026 = 0.009 0.106
Ha sod/Hf sod1
Hahi Hfme sod1 79 79 1.062 = 0.292 0.144 = 0.022 0.119
Hahi Hfvo sodl 78 78 1.435 = 0911 0.157 = 0.024 0.099
Hama Hfme sod1 78 76 1.166 = 0.272 0.157 = 0.024 0.119
Hama Hfvo sodl 77 77 1.606 = 0.739 0.166 * 0.024 0.094
Mean 0.108
Hfme sod2/Hfme sodl, Hfvo sodl, Ha sod
Hfme sod2 Hfme sodl 63 71 0.933 = 0.175 0.231 + 0.030 0.198
Hfme sod2 Hfvo sodl 60 79 0.924 = 0.184 0.254 = 0.032 0.216
Hfme sod2 Hahi 71 72 1.161 = 0.270 0.194 + 0.027 0.143
Hfme sod2 Hama 67 70 1.250 = 0.294 0.223 = 0.029 0.151
Mean 0.177
Hb slg
Hbcu slg HbGRB slg 99 99 0.017 = 0.014 0.007 = 0.005 0.292
Hb sod
Hbcu sod HbGRB sod 99 99 0.020 + 0.015 0.003 = 0.003 0.130
Hb sod|slg
Hbcu sod Hbcu slg 88 90 0.218 = 0.057 0.083 = 0.017 0.276
Hbcu sod HbGRB slg 86 90 0.223 + 0.059 0.090 + 0.018 0.288
HbGRB sod Hbcu slg 87 91 0.192 = 0.053 0.087 = 0.017 0.312
HbGRB sod HbGRB slg 86 89 0.205 + 0.056 0.095 = 0.018 0.317
Mean 0.298
Hb/Hf,Ha
Hbcu sod Hfme sodl 77 78 0.857 = 0.172 0.162 + 0.024 0.159
Hbcu sod Hfme sod2 63 71 1.059 = 0.245 0.233 = 0.030 0.180
Hbcu sod Hfvo sodl 78 79 0.790 = 0.189 0.164 + 0.024 0.172
Hbcu sod Hahi 74 78 0.625 = 0.130 0.198 = 0.027 0.241
Hbcu sod Hama 72 76 0.688 = 0.138 0.216 = 0.029 0.239
HbGRB sod Hfme sod1 76 77 0.900 = 0.185 0.167 = 0.025 0.157
HbGRB sod Hfme sod2 63 71 1.096 = 0.274 0.233 + 0.030 0.175
HbGRB sod Hfvo sodl 70 79 0.837 = 0.208 0.169 = 0.025 0.168
HbGRB sod Hahi 74 78 0.643 + 0.137 0.198 + 0.027 0.235
HbGRB sod Hama 72 76 0.672 = 0.134 0.216 = 0.029 0.243
Hbcu slg Hfme sodl 72 76 0.863 = 0.174 0.188 + 0.027 0.179
Hbcu slg Hfme sod2 65 71 1.191 £ 0.306 0.216 = 0.029 0.154
Hbcu slg Hfvo sodl 71 77 0.897 + 0.243 0.197 + 0.027 0.180
Hbcu slg Hahi 79 81 0.664 = 0.141 0.150 = 0.023 0.184
Hbcu slg Hama 75 78 0.716 = 0.139 0.175 = 0.026 0.196
HbGRB slg Hfme sod1 71 76 0.832 = 0.166 0.191 = 0.027 0.187
HbGRB slg Hfme sod2 64 71 1.234 = 0.344 0.225 = 0.030 0.154
HbGRB slg Hfvo sodl 69 77 0.842 = 0.216 0.205 = 0.028 0.196
HbGRB slg Hahi 77 80 0.702 + 0.150 0.159 + 0.024 0.185
HbGRB slg Hama 74 77 0.754 = 0.146 0.184 = 0.026 0.196
Mean 0.189
Overall mean 0.187
Mycobacteria
Mav Min 97 93 0.288 = 0.066 0.017 + 0.007 0.056
Msc May 97 90 0.565 = 0.116 0.016 * 0.006 0.028
Msc Min 95 90 0.469 = 0.098 0.026 = 0.008 0.053
Mean 0.041

Continued on following page
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TABLE 3—Continued.

% Identity

Comparison” K, K, K. /(K, + K,)
Amino acids Nucleotides
Mgo May 93 89 0.541 = 0.115 0.034 = 0.010 0.059
Mgo Min 93 88 0.574 = 0.121 0.041 = 0.011 0.067
Mgo Msc 93 88 0.528 = 0.102 0.036 = 0.010 0.064
Mean 0.065
Mfo Mav 91 88 0.729 = 0.190 0.046 = 0.012 0.059
Mfo Min 91 88 0.687 = 0.170 0.046 = 0.012 0.063
Mfo Msc 92 87 0.618 = 0.132 0.048 = 0.012 0.072
Mfo Mgo 94 88 0.631 = 0.130 0.028 = 0.009 0.042
Mean 0.059
Mka Mav 82 80 0.772 = 0.172 0.097 = 0.017 0.112
Mka Min 82 81 0.658 = 0.137 0.097 = 0.017 0.128
Mka Msc 81 81 0.678 = 0.135 0.096 = 0.017 0.124
Mka Mgo 82 79 0.750 = 0.152 0.107 = 0.018 0.125
Mka Mfo 79 80 0.700 = 0.154 0.114 = 0.019 0.140
Mean 0.126
Overall mean 0.085

“ Abbreviations are as in Tables 1 and 2. The halophile sod sequences were analyzed between codons 38 and 181. The mycobacterial sequences were generated by
PCR amplification of an internal 489-nucleotide region within the sod gene (33). This region is homologous to the region in the halophilic sod genes from roughly codon

30 to codon 190.

populations. In a constant environment, selection and evolu-
tion results in near-optimal protein fitness. A nonsynonymous
nucleotide substitution in a gene almost always produces a
protein that is less fit, and the less fit substitution is almost

always eliminated from the population. In an altered environ-
ment, a nonsynonymous substitution that was previously dele-
terious may suddenly become advantageous and therefore
have an increased probability of reaching fixation in the pop-
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0.108
I_ Hahi sod
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FIG. 4. Phylogenetic tree of sod genes. The sequences of halophile and mycobacterial sod genes were aligned and analyzed by the neighbor-joining method (25).
Species abbreviations and database accession numbers are presented in Table 1. The average values of K,/(K, + K,)—the fraction of the total nucleotide substitutions
that are nonsynonymous on a per-site basis—are listed at each node and pertain to all sequences above the node. The values are taken from Table 3 and are calculated
by comparing every sequence on one branch above the node with every sequence on the other branch above the node and averaging the values.
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TABLE 4. Estimation of the rates of synonymous and
nonsynonymous nucleotide substitution in halophilic and eubacterial
r-protein and sod genes

Sequence K,/10° yr K,/10° yr
Halophilic sod genes” 0.88 0.16
Halophilic r-protein genes” 0.78 0.14
Mycobacterial sod genes® 1.24 0.10
Enteric r-protein genes? 1.11 0.09

“ For this calculation, the sod gene of Halobacterium cutirubrum, the sodl gene
of Haloferax volcanii, and the single-copy sod gene of Haloarcula marismortui
were compared pairwise (data from Table 3). The divergence times were as-
sumed to be 600 X 10° years between the three genera. To avoid potential
complications with interpretation, only one sod gene from each organism was
included in the analysis.

® For this calculation, the aggregate of the L11, L1, L10, and L12 ribosomal
protein genes from Halobacterium cutirubrum, Haloferax volcanii, and Haloarcula
marismortui (data from Table 2) were used. The divergence times were assumed
to be 600 X 10° years between the three genera.

¢ For this calculation, the single orthologous sod genes from M. fortuitum and
M. scrofulaceum were used. The divergence times were assumed to be 200 X 10°
years between the two species.

“ For this calculation, the aggregate of the L11 and L1 ribosomal protein genes
from E. coli, S. marcescens, and P. vulgaris were used (data from Table 2). The
divergence times were assumed to be 350 X 10° years for the Proteus split from
Escherichia and Serratia and 200 X 10° years for the Escherichia split from
Serratia.

ulation. The evolutionary outcome will probably be deter-
mined by the frequency and longevity of the environmental
changes versus the evolutionary rate at which the substitutions
are fixed. First, extremely slow environmental change may re-
sult in fundamental but similar changes to all proteins—the
adaptation to extreme halophilism has resulted in a superabun-
dance of acidic amino acid residues. Second, if environmental
fluctuation occurs extremely rapidly, the fittest proteins are
likely to be those that are functional over the widest range of
conditions (although not necessarily the most efficient under
any particular condition). Both of these evolutionary pathways
exhibit a low nonsynonymous-to-synonymous-substitution ra-
tio. Finally, when fluctuations occur at a rate similar to the rate
of substitution, nonsynonymous substitutions leading to in-
creased fitness under specific conditions may be fixed before
the environment alters, thus leading to a high nonsynonymous-
to-synonymous-substitution ratio. To understand how this sce-
nario might apply to protein-encoding genes of halophilic ar-

TABLE 5. Quantitation of the proportion of polymorphic amino
acid positions that contain both acidic and non-acidic residues

Polymorphic % Mixed

Amino acid Polymorphic mixed acidic  acidic

Protein

residues* positions” positions®  positions?
Halophilic SODs 144 63 (4) 26 41
Mycobacterial SODs 163 39(3) 5 13
Halophilic L11, L1 366 86 (18) 31 37
Enteric L11, L1 373 45 (6) 8 18

“ Number of positions in the respective alignments excluding gaps and initia-
tion codons that were considered in the analysis.

> Number of positions where more than one amino acid is represented. Ex-
cluded from this number are positions that contain only glutamic acid and
aspartic acid residues, since such replacements are usually considered to be
interchangeable in halophilic proteins. The number of excluded glutamic acid-
aspartic acid positions is given in parentheses.

¢ Number of polymorphic positions as defined in footnote 2 above that contain
at least one glutamic acid or aspartic acid residue and at least one other non-
acidic amino acid residue.

4 Ratio of polymorphic mixed acidic positions (as defined in footnote ¢) to
polymorphic position (as defined in footnote b) X 100.
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TABLE 6. Serine codon utilization in halophilic and
eubacterial genes

No. of codon positions using”:

Organism and gene(s)

TCN AGY TCN and AGY azg XCC:}I\\I(”

Halophilic archaea

sod 10 3 9 41

L11, L1 9 0 4 31

L10, L12 9 3 5 29

Total 28 6 18 35
Eubacteria

sod 5 3 0 0

L11, L1 10 3 2 13

Total 15 6 2 9

“ All positions in ribosomal protein and SOD alignments that contain two or
more serine residues were analyzed for serine codon utilization. Positions were
categorized as using TCN only, AGY only, or both TCN and AGY (Fig. 2 and
3). The nine positions in halophilic sod genes that use both TCN and AGY are
given in Table 7.

®The percentage of positions containing multiple serines that utilize both
TCN and AGY codons was calculated.

chaea, it is useful to look more closely at environmental
habitats and the types of replacements that confer, modify,
alter, or modulate the halophilic “fitness” properties of a pro-
tein.

Hypersaline environments are between 2 and 5 M in total
salt and contain Na*, K*, Mg?*, and Ca®* as the major cat-
ions and C1~, CO;>", and SO,>~ as the major anions (11, 22,
26). The relative proportions and concentration of these con-
stituents vary dramatically from one locale to another; even
within a single locale, composition and concentrations can
fluctuate over time due to physical processes such as evapora-
tion-dilution and precipitation-solubilization. On the one
hand, decaying organic matter and sunlight make these envi-
ronments rich in nutrients and energy; on the other hand, the
adverse effects of high salinity on proteins and other macro-
molecules exclude most forms of biological exploitation. The
lone exceptions to this are the halophilic archaea. These or-
ganisms thrive in hypersaline environments because they bal-
ance the internal salt concentrations with that of the external
environment—they do not need to depend on energy-ineffi-
cient ion-pumping mechanisms to maintain an osmotic gradi-
ent across the cell envelope. These organisms concentrate pre-
dominantly K* as the intracellular cation. This is important
because K™ hydrates less water than Na*; the major counter-
anion is Cl™. In addition, the proteins of halophilic archaea
have been adapted to function in high salt concentrations (12).
These adaptations include a reduction in overall protein hy-
drophobicity and the accumulation of acidic amino acid resi-
dues. In halophilic proteins, most of the acidic residues map to
the protein surface and are believed to coordinate a network of
water and hydrated salt ions at the protein-solvent interface
(57, 32). The negative charges of the carboxylates on the
surface of the protein are shielded from each other by inter-
vening solvent molecules. Indeed, in crystals of halophilic
ferredoxin, water molecules are highly structured and tightly
bound within the hydration shell by protein-water and water-
water hydrogen bonds and by hydration of interspersed K"
ions (7).

Acidic residues are also used to form salt bridges with
strategically positioned basic residues inside the protein,
where they are protected from the shielding effects of salt
ions. In halophilic malate dehydrogenase, all arginine resi-
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TABLE 7. Codon positions within halophilic sod genes utilizing both TCN and AGY codons
Amino acid and codon at position:
Gene*
2 24 45 62 87 121 135 154 200
Hbcu sod
aa S S D T S S S S E
Codon TCC AGC GAC ACA AGC AGC AGC AGC GAG
HbGRB sod
aa S S D T S S S S E
Codon TCC AGC GAC ACA AGC AGC AGC AGC GAG
Hbcu slg
aa S S S T S G A S S
Codon AGC AGT AGC ACT ACT GGC GCC AGC TCG
HbGRB slg
aa S S S T S G A S S
Codon AGC AGT AGC ACT AGT GGC GCC AGC TCG
Hfvo sod1®
aa S S A S S G S S E
Codon TCA TCC GCG TCC TCG GGC TCG AGC GAA
Hfme sodl
aa A S S G S S
Codon GCT TCC TCG GGT TCG TCC
Hfme sod2
aa A S T w T A
Codon GCT TCG ACG TGG ACG GCC
Hama sod
aa S S S S D S A S S
Codon TCC TCC TCG AGC GAC TCA GCC TCC AGT
Hahi sod
aa S S D S A S
Codon TCG AGC GAT TCA GCC TCC

“ The alignment of halophilic sod genes has been published previously (4, 8). Because of two small internal deletions of one and three codons, only 199 of the 203
codon positions were used for analysis. The Haloarcula hispanica sod and Haloferax mediterranei sodl and sod2 gene sequences are incomplete and cover only the region
between codons 38 and 181. All alignment positions specifying two or more serine residues and utilizing both TCN and AGY codons are depicted. aa, amino acid.

b Haloferax volcanii contains two sod genes that are virtually identical within the coding region. The only differences are the use of AGC serine codon at position 2
and the deletion of the GAC aspartic acid codon from position 3 in the sod2 gene. The sodI gene is represented here.

dues not involved in the active-site formation and catalysis
are believed to be involved in ionic interaction with acidic
residues; these internal salt bridges provide structural rigid-
ity to the tetrameric protein (5). In halophilic ferredoxin,
additional rigidity and stability are provided by the cysteine
residues at positions 63, 68, 71, and 102, which serve as
ligands to the iron atoms of the two-iron—-two-sulfur redox
cluster (7).

It is easy to imagine that in a halophilic environment of
constant salt ion composition and concentration, evolution
over time would achieve a near-optimal protein fitness. Once
achieved, further amino acid replacements would be rare be-
cause they would usually be deleterious and diminish fitness. It
is also apparent that optimal fitness (reflected in amino acid
sequence) at one salt composition and concentration is likely
to be substantially different from optimal fitness at a different
salt composition and concentration. We propose that these
differences and fluctuations in environmental salinity, both
within and between locales, are providing the driving force for
fixation of the excessive number of nonsynonymous substitu-
tions in halophilic protein-encoding genes.

What types of amino acid replacement might be expected in
protein-coding sequences subject to fluctuating salinity driven

selection? Replacements that affect hydrophobicity and that
tinker, adjust, and rearrange the negatively charged acidic res-
idues that determine the surface hydration properties of the
protein are anticipated. The number and distribution of acidic
residues over the surface of the protein appear to play a crucial
role in ensuring optimal coordination of the hydrated salt ion
network (5, 7). Indeed, in the halophilic protein-encoding
genes examined here, nearly half of the polymorphic positions
involve acidic amino acid replacement. Serine is also an im-
portant determinant of hydrophobicity because of its compact
size and borderline hydrophobic-hydrophilic character. Many
serine positions are subject to tinkering and adjustment as
evidenced by the use of both TCN and AGY codons at these
single positions (Fig. 2 and 3; Tables 6 and 7).

PERSPECTIVES

The remarkable power of adaptive evolution and natural
selection has permitted living organisms to extract nutrients
and energy from a wide range of environmental habitats. In
moderate environments, competition from other species is the
most serious restriction to exploitation, whereas in extreme
environments, physical conditions detrimental to essential bi-
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ological processes are the more serious limitations. Hypersa-
line environments represent a unique and interesting challenge
to biological exploitation because of the adverse effects of salt
ions on the structure and function of proteins. A high concen-
tration of salt reduces the availability of free water because of
salt ion hydration and dramatically alters the nature of essen-
tial hydrophobic and electrostatic interactions on the solvent-
exposed surface of proteins. To combat these almost insur-
mountable difficulties, new strategies evolved that resulted in
the emergence of halophilic proteins, which retain essential
structure and function in solutions containing up to 5 M salt,
and permitted direct biological exploitation of hypersaline en-
vironments. Characterization of many different halophilic pro-
teins reveals that they contain an inordinately high proportion
of acidic amino acid residues when compared to homologous
nonhalophilic proteins. From the two X-ray crystal structures
now available for halophilic malate dehydrogenase and ferre-
doxin, we can begin to see for the first time how the carboxy-
lates on acidic residues are used (i) to sequester, organize, and
arrange a tight network of water and hydrated K* ions at the
surface of the protein and (ii) to form internal salt bridges with
basic amino acid residues to provide internal structural rigidity
to the protein.

Analysis of the phylogenetic record for halophilic protein-
encoding genes suggests that the balance between fluctuating
environmental salinity and optimal protein structure-function
is delicate and precarious. Halophilic genes exhibit an inordi-
nately high proportion of nonsynonymous nucleotide substitu-
tions, and many of the resulting amino acid replacements in-
volve the addition, removal, relocation, or rearrangement of
acidic residues. The physical and chemical nature of this phe-
nomenon, described here as “tinkering,” is not well under-
stood. It seems possible that many of the principles that govern
protein structure, folding, and surface hydration can be uncov-
ered by combining the continuous variability in protein pri-
mary structure produced by evolution and natural selection
with the powerful three-dimensional technique of crystallogra-

phy.
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