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Abstract A prerequisite for the survival of (micro)organisms at
high temperatures is an adaptation of protein stability to ex-
treme environmental conditions. In contrast to soluble proteins,
where many factors have already been identified, the mecha-
nisms by which the thermostability of membrane proteins is
enhanced are almost unknown. The hydrophobic membrane en-
vironment constrains possible stabilizing factors for transmem-
brane domains, so that a difference might be expected between
soluble and membrane proteins. Here we present sequence anal-
ysis of predicted transmembrane helices of the genomes from
eight thermophilic and 12 mesophilic organisms. A comparison
of the amino acid compositions indicates that more polar resi-
dues can be found in the transmembrane helices of thermophilic
organisms. Particularly, the amino acids aspartic acid and glu-
tamic acid replace the corresponding amides. Cysteine residues
are found to be significantly decreased by about 70% in ther-
mophilic membrane domains suggesting a non-specific function
of most cysteine residues in transmembrane domains of meso-
philic organisms. By a pair-motif analysis of the two sets of
transmembrane helices, we found that the small residues glycine
and serine contribute more to transmembrane helix-helix inter-
actions in thermophilic organisms. This may result in a tighter
packing of the helices allowing more hydrogen bond formation.
© 2002 Published by Elsevier Science B.V. on behalf of the
Federation of European Biochemical Societies.
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1. Introduction

In contrast to soluble proteins, no rigorous analysis has
been performed on integral membrane proteins of thermo-
philes. As with mesophiles, most isolated soluble enzymes
from hyperthermophiles show maximal activities at temper-
atures close to the optimal growth temperatures of the host
organisms [1]. Previous biophysical and computational studies
have revealed many factors that contribute to the thermo-
stability of soluble proteins, including hydrogen bonding, hy-
drophobic internal packing, tighter packing and salt bridge
optimization (for a recent review see [2]). From these studies,
it became obvious that there is no single or most preferred
mechanism for increasing thermostability. The hydrophobic
environment of the membrane restricts the possibilities for
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adaptation of membrane proteins to high temperatures. It
has been shown that the loops connecting the individual
o-helices of membrane proteins contribute to the stability of
the interactions of the individual transmembrane helices (TM)
[3], enhancement of the interactions within these loops could
increase the stability of helix—helix interactions without chang-
ing the helices themselves. It is also known that microorgan-
isms adapt to high temperatures by changing their lipid com-
position [4]. Since the lipid environment contributes to the
stability of membrane protein’s helix—helix interactions [5,6],
the different lipid composition might modulate the stability of
the interaction of transmembrane o-helices. But, what of the
contribution of the helices themselves?

Here we present amino acid composition analysis and a
statistical pair-motif analysis of the TMs from eight thermo-
philic and 12 mesophilic organisms. The results indicate that
hydrogen bonding and tighter packing of the TMs add extra
stability to TM-TM interactions at higher temperatures.

2. Materials and methods

2.1. Dataset

Open reading frames from eight (hyper)thermophilic and 12 meso-
philic bacteria from a proteome analysis database [7] (Table 1) were
submitted to the TMHMM server [8] for TM prediction. To eliminate
most signal sequences, predicted TM sequences were excluded if they
had a charged residue within the first seven residues and a stretch of
14 residues with a GES hydrophobicity value under —1 kcal/mol
[9,10].

For the prediction of pair motifs, the TM sequences were screened
for homology by eliminating each sequence that was highly similar to
another sequence in the same TMs, as described in detail by Senes et
al. [11]. The pair analysis was performed on all combinations of ami-
no acids separated by one to 10 residues. Pairs of amino acids at the
positions i, i+k are separated by k—1 residues. In order to limit the
pair analysis to the core amino acids of the TMs, the analysis was
performed using a hydrophobic window of 18 amino acids instead of
the entire TM.

The statistical significance of an identified amino acid pair from the
respective average expected value of this pair was calculated by the
two-tailed integral of the probably pair distribution as discussed in
detail previously [11].

The statistical significance of the difference in the amino acid com-
position of the thermophilic and mesophilic sample means was calcu-
lated by a one-tailed #-test. The number of degrees of freedom was 18.
The t-test assumes a normally distributed sample. A less than 5%
possibility (|z]-values>1.73) that the difference between the means
is due to chance (P <0.05) was accepted to be significant. At a 1%
level of significance (P < 0.01) |#]-values of <2.55 were rejected.

3. Results and discussion

Using the TMHMM program, a total of 21473 TMs for the
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mesophilic set of proteins and 13340 for the thermophilic
organism were predicted. The average length of the predicted
TMs was 22 for both sets of proteins (thermophilic and me-
sophilic), which is in good agreement with the average length
of TMs predicted in other studies [11,12].

Previous studies of the amino acid composition of all pro-
teins in an organism [2,13] as well as a study of the amino acid
compositions of soluble proteins from mesophilic and thermo-
philic organisms [14] have already indicated trends for the
mechanism of thermostabilization of proteins. In these studies
an increase in the content of charged residues was found in
thermophiles, mostly at the expense of uncharged polar resi-
dues [2,14]. In thermophilic o-helical proteins the charged
residues are preferentially arranged in an i, i+4 helical repeat
pattern, suggesting stabilization of the thermophilic proteins
via intrahelical salt bridges [13]. However, this trend may not
apply to the thermophilic membrane proteins, since acidic and
basic amino acids are often uncharged in the membrane en-
vironment and therefore are unlikely to form salt bridges.
However, the presence of uncharged basic and acid residues
could still result in strong interactions of TMs [15,16]. By
analyzing the localization of polar residues in the TMs of
solved membrane protein structures, it has been shown that
these residues form hydrogen bonds between TMs, resulting
in strong interactions between pairs of TMs [17,18]. Although
the content of ionizable residues is generally very low in the
hydrophobic membrane environments, the amino acid analy-
sis of the sets of mesophilic and thermophilic TMs showed
that the compositions of the acidic residues, Asp and Glu, are
increased in the TMs of thermophiles (Fig. 1) while those of
the basic residues, Lys, His, and Arg, remains almost un-
changed. As already observed in an overview of thermophilic
proteins, the higher content of ionizable residues is coupled to
the reduction of the uncharged polar residues Gln and Asn in
the TMs. The reduction of the content of Asn and Gln could
be explained by the fact that the amides are less stable under
high temperature conditions and these residues can be deami-
nated to Asp and Glu. On the other hand, although Asp and
Glu cannot contribute to the membrane protein’s stability by

Table 1
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forming salt bridges, they can form stronger interhelical hy-
drogen bonds than Asn and Gln [16], resulting in a more
stable packing between two TMs. The enhanced strength of
the hydrogen bonds is most likely caused by the higher elec-
tronegativity of the oxygen atom in the acids compared to the
nitrogen atom in the corresponding amides. Generally, TMs
contain fewer ionizable residues, because the free energy of
partitioning ionizable amino acids into the non-polar mem-
brane environment is not favorable [19]. Nevertheless, the
membrane incorporation of polar residues is thermodynami-
cally more favorable under higher temperature conditions,
which may explain the increased occurrence of the ionizable
residues in TM helices of thermophilic organisms compared to
the mesophilic TM domains. Since most proteoms of thermo-
philes are from archeae, we also cannot completely exclude
the possibility that the observed differences in the composition
of the polar residues is due to generic effects between archaea
and bacteria.

A somewhat higher content of Tyr and Trp is found in the
TMs of thermophiles (5.44%) versus the mesophiles (4.88%),
and Tyr is used more than Trp. It is well known that these
amino acids are frequently found near the boundary between
the non-polar bilayer interior and the lipid headgroups, where
they may stabilize TMs by a combination of non-polar and
hydrogen bonding interactions with the bilayer [20-23]. Fur-
ther, Tyr may contribute to individual helix stability, as it is
able to form intrahelical hydrogen bonds [17,18].

We found that the content of Cys in TM helices from ther-
mophilic organisms is strikingly decreased, to about 30% of its
occurrence in mesophiles. Statistical analysis of the soluble
proteins of mesophiles and thermophiles revealed that the
occurrence of Cys is, on average, reduced by 10% in thermo-
philes [14]. Since most thermophiles used in this study are
acrchaea, we compared the Cys content of the thermophilic
eubacteria Aquifex aeolocus to the average Cys content of the
mesophilic eubacteria. Compared to the mesophilic group, the
Cys content in the membrane protein domains of Aquifex is
decreased by over 80%, indicating that the observed difference
in the Cys content is not caused by the analysis of the archaea

Thermophilic and mesophilic organisms whose proteoms were used for TM prediction and analysis

Organism Taxonomy

Growth temperature (°C) Predicted TM helices

Thermophiles
Aeropyrum pernix K1

Aquifex aeolicus Bacteria: Aquificales

Archaea: Crenarchaeota

Archaeoglobus fulgidus

Archaea: Euryarchaeota

Methanococcus jananashii Archaea: Euryarchaeota
Methanobacterium thermoautotrophicum Archaea: Euryarchaeota
Pyrococcus abyssi Archaea: Euryarchaeota
Pyrococcus horikoshii Archaea: Euryarchaeota
Thermoplasma acidophilum Archaea: Euryarchaeota
Mesophiles

Borellia burgdorferi Bacteria: Spirochaetales
Bacillus subtilis Bacteria: Firmicutes
Chlamydia pneumoniae AR39 Bacteria: Chlamydiales
Chlamydia trachomatis Bacteria: Chlamydiales
Escherichia coli K12 Bacteria: Proteobacteria
Haemophilus influenzae Bacteria: Proteobacteria
Heliobacter pylori 26695 Bacteria: Proteobacteria
Mycobacterium tuberculosis Bacteria: Firmicutes
Mycoplasma genetalium Bacteria: Firmicutes
Mycoplasma pneumoniae Bacteria: Firmicutes
Rickettsia prowazekii Bacteria: Proteobacteria
Treponema pallidum Bacteria: Spirochaetales

90-95 1637
95 1306
83 2120
85 1143
65 1144
97 1826
98 1932
55 1950
37 848
37 4929
37 916
37 767
37 5273
37 1728
37 1257
37 2999
37 415
37 535
37 1007
37 799
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Fig. 1. Relative amino acid composition of TM domains from mesophilic and thermophilic proteoms. A: Amino acid composition (%) of meso-
philic and thermophilic TM domains. The variations within the mesophilic and thermophilic proteoms are given as error bars. B: Variation of
the amino acid composition in thermophilic relative to mesophilic TM domains. Columns of differences that are statistically significant (z-statis-
tics) at the 5% level (P <0.05) are dashed. Columns of differences statistically significant at a 1% level (P <0.01) are shown in black.

vs. eubacteria. A further differentiation of the thermophilic
group into moderately thermophilic (Methanobacterium ther-
moautotrophicum and Thermoplasma acidophilium) and hyper-
thermophilic organisms also did not show significant differ-
ences. Although there is a certain variation in the Cys content
in mesophiles (0.87-2.98%) as well as in thermophiles (0.14-
1.13%), the limits are strongly shifted to much lower percen-
tages in the proteomes from thermophilic organisms. This
general decrease may be explained by the higher reactivity
and sensitivity of Cys at high temperatures [2]. While in solu-
ble proteins disulfide bonds can contribute to the stability of
an extracytoplasmic protein by decreasing the entropy of the
protein’s unfolded state [24], the occurrence of a disulfide
bridge in the membrane environment has not yet been ob-
served and pairs of Cys residues close enough in space to
interact with each other can only rarely be found in the trans-
membrane domains of membrane proteins [18]. In the mem-
brane, Cys can form hydrogen bonds stabilizing a TM (by
forming an intrahelical hydrogen bond) or TM-TM interac-
tion [17,18,25]. Previous statistical analysis of the amino acid
distribution within 22 protein families showed that a GC bias
in the DNA sequence results in an enrichment of some amino

acids while others are under-represented [26,27]. Though Cys
is one of the amino acids found to be under-represented in the
proteins from extreme thermophiles (Ile, Met, Phe, Ser, Thr,
Cys, Trp) [27], only the content of Trp is also decreased in
TMs from thermophilic organisms, which suggests that this
factor does not generally affect the amino acid composition of
TM domains. Since the thermolability of Cys alone cannot
explain the different degree of Cys reduction in soluble and
TM domains, its decreased occurrence might be explained by
some specific function of this amino acid in the membrane
environment. Besides contributing to the stability of a TM
by forming hydrogen bonds, Cys also fulfills specific func-
tions, like cofactor binding. A recent statistical analysis of
Cys clustering in thermophilic versus mesophilic proteomes
revealed that, even though the Cys residues involved in spe-
cific functions are conserved, the overall content of Cys resi-
dues was found to be decreased in the proteome of thermo-
philes [28]. The high number of replaceable Cys residues in
membrane proteins might reflect a minimal usage of this res-
idue in specific functions in membrane proteins compared to
soluble proteins.

While in soluble proteins the amino acid Pro is known not
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Table 2

The most significant over-represented pair-motifs of mesophilic and thermophilic TM helices sorted by significance down to 106

Pair Occurrence Expectation Standard deviation Significance Odds ratio
Mesophiles

IG1 11956 2569 39.17 6.22x107% 1.27
114 24962 3083 42.35 7.59x 1074 1.23
GG4 17888 1647 31.28 4.05%x10732 1.30
IP1 4662 897 23.21 6.56x1072 1.35
V4 13885 2416 40.13 435% 1072 1.19
IA1 13701 2864 43.00 2.92x10718 1.15
IL4 18978 3825 50.47 1.11x 1077 1.12
VL4 18272 3643 49.22 3.59%x 10717 1.13
AV1 14312 2944 43.73 1.13x 10713 1.13
1G2 11956 2190 38.34 1.85x10713 1.15
GL3 14949 3040 44.99 2.16x 10713 1.12
VV4 22849 2275 38.65 5.85x 1071 1.13
V4 13885 2293 40.13 7.97x1071 1.13
ICS 2653 374 15.48 3.08x107% 1.34
PL1 5402 1208 28.00 3.68x107% 1.16
VG2 11714 2009 37.39 4.19x107% 1.12
GI1 11956 2246 39.17 1.53x 10798 1.11
AA3 23521 2673 41.48 4.09x 10708 1.09
VV3 22849 2384 39.73 4.99x 10708 1.10
IC4 2653 387 15.96 1.34x 10777 1.29
LCl 3128 690 21.02 1.42x 10797 0.01
VY10 5008 405 16.93 1.63x 1077 1.30
LL4 37506 5487 58.77 5.94%x107%7 0.11
WL10 4036 441 17.67 7.08x 10777 1.26
IY10 5343 468 18.40 7.40x 10797 1.25
IG3 11956 1966 37.46 1.54x 10796 1.10
17 24962 2149 37.81 1.69x 1079 1.09
LV5 18272 3220 48.00 2.49x 10706 1.08
LG2 14949 3089 45.94 2.75% 1079 1.07
IS2 9615 1611 33.76 3.06x 10796 1.11
LDI10 1099 138 9.16 3.30x 10796 1.47
vC2 2642 399 16.42 3.66x 10706 0.12
LC4 3128 565 19.58 43010706 1.19
WA7 3435 383 16.42 5.16x107% 1.25
AG4 11936 1832 36.48 5.16x107% 1.10
LC5 3128 528 19.03 5.17x107% 1.20
AC3 2612 381 16.06 5.19%x107% 1.24
GA4 11936 1831 36.48 6.46x 1070 1.10
Thermophiles

GG4 12225 1264 25.47 1.71X107% 1.50
114 20043 2725 38.98 1.08x 1074 1.27
1G2 8832 1845 33.45 1.11x10728 1.26
IP1 3847 827 21.59 1.24x 10726 1.41
Vi4 10380 1833 35.01 6.28x10715 1.18
AV1 9590 1959 35.43 1.70x 10714 1.16
GG7 12225 825 22.77 3.18x 10712 1.25
SL1 9222 2103 36.69 9.76x 107! 1.13
FF4 13532 1199 27.89 2.77x10710 1.18
GI1 8832 1771 34.16 3.20x 10710 1.14
AA4 16876 1829 34.06 3.24x10710 1.13
LL4 27125 4084 50.02 5.84x107% 1.08
GI2 8832 1660 33.45 5.90x 1079 1.14
S 8055 1476 31.60 1.31x 10798 1.14
PI2 3847 674 21.10 1.88x 10708 1.22
LL3 27125 4351 51.31 2.08x 10798 1.07
LAl 13083 3088 44.39 2.14x107%8 1.09
VG2 7680 1296 29.86 2.91x107% 1.15
IS2 8055 1469 31.60 4.70x 10708 1.14
1A2 10826 2131 37.96 6.60x 10708 1.11
AF1 8151 1507 32.08 1.15x107Y7 1.13
GF1 6774 1157 28.22 1.87x 10777 1.15
VL4 12291 2322 40.09 2.75%107Y7 1.10
Y7 5104 623 21.03 3.12x 10797 1.22
A2 10826 2119 37.96 3.67x107Y7 1.10
VS1 63839 1140 28.26 4.55%10777 1.13
IY10 5104 468 18.34 5.05%107%7 1.26
VGl 7680 1340 30.52 7.65%107Y7 1.12
SG4 5577 725 22.84 8.28x 10777 1.18

LI1 14983 3563 47.92 1.41x107% 1.06
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Table 2 (Continued).

Pair Occurrence Expectation Standard deviation Significance Odds ratio
Iv4 10380 1725 35.01 1.48x 10706 1.11

GV1 7680 1338 30.52 1.94x107% 1.12

LGl 10242 2279 38.77 2.51x1079% 1.09

1G1 8832 1704 34.15 6.83x107% 1.10

PA4 3439 473 18.17 7.81x107% 1.21

GA4 8055 1233 29.73 9.11x107% 1.12

to be tolerated in B-sheets as well as in o-helices, this amino
acid can frequently be found in TM o-helices. The relatively
high occurrence of Pro in TMs can be explained by distinct
roles of Pro in membranes as discussed in [29]. In addition,
recent data suggest that Pro residues in TMs are destabilizers
of misfolded states of TM domains helping to prevent mis-
folding of membrane proteins [30]. In this context, the signifi-
cantly higher content of Pro in TMs of thermophilic organ-
isms (Fig. 1) can be explained by the higher possibility of
hydrophobic proteins to aggregate and misfold under high
temperature conditions. The higher occurrence of Pro in
TMs could facilitate to prevent TM protein misfolding in
thermophiles.

To find possible pair-motifs that mediate TM-TM interac-
tions in membrane domains from thermophiles vs. mesophiles,
we analyzed frequently occurring pairs of residues in the two
datasets of TM domains (Table 2). In the group of over-rep-
resented pair-motifs for mesophilic TMs, seven motifs can be
found that contain a Cys residue, while in thermophilic TMs
none can be found containing this residue. The occurrence of
Cys residues in over-represented pair motifs suggests an archi-
tectural function of these residues in the TMs of mesophilic
organisms, and the absence of Cys in the TM domains of
thermophilic organisms suggests that the architectural func-
tion of the Cys residue containing motifs can be fulfilled by
other motifs at high temperatures. This assumption again
shows the strong disfavor of Cys in thermophilic proteins.

We also found that Ala, Gly and Ser residues have higher
occurrences in pair motifs in thermophilic TM domains. At a
107% significance level 24 of 36 pairs (67%) contain one of
these three in thermopbhiles, whereas only 16 of 38 pair motifs
(42%) do so in mesophiles. The role of Gly residues for the
interaction of membrane proteins was recently described [11],
and it was also shown that pair-motifs containing Gly resi-
dues stabilize proteins under higher temperature conditions
[31]. It is likely that the presence of small residues (Ala,
Gly, Ser) favors a tighter packing of TM helices which can
allow the formation of more hydrogen bonds, especially with
the backbone of a TM [32]. Ser residues can also drive the
interaction of TMs by forming hydrogen bonds [17,33], pos-
sibly explaining its higher occurrence in thermophilic helix
motifs. Although seven out of the eight thermophilic pro-
teoms are from archaea, while all mesophiles are bacteria,
the generally higher preference for small residues due to ge-
neric effects of genetic drift between archaea and bacteria can
be excluded since #-statistics on the amino acid composition
did not prove any significant differences of these residues in
thermophiles vs. mesophiles.

4. Conclusions

By analyzing eight thermophilic and 12 mesophilic pro-

teomes, we found a significant increase in the relative amount
of the charged residues Asp and Glu and a decrease of the
polar, non-ionizable amino acids Asn and Gln. It is likely that
the ionizable residues contribute to a network of hydrogen
bonds for stabilizing the TM-TM interactions under high
temperature conditions. The preference for the small residues
Ala, Gly and Ser in pair-motifs suggests a more tightly packed
TM interface in membrane proteins of thermophilic bacteria.
As observed already for soluble proteins, the content of Cys
residues is reduced in helical membrane proteins of thermo-
philic bacteria. This most likely reflects a non-specific function
of most Cys residues in helical membrane proteins, allowing a
replacement of this residue by less reactive residues.
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