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Abstract

Transmembrane helices are the most readily predictable secondary structure components of proteins. They can be
predicted to a high degree of accuracy in a variety of ways. Many of these methods compare new sequence data with
the sequence characteristics of known transmembrane domains. However, the known transmembrane sequences are not
necessarily representative of a particular organism. We attempt to demonstrate that parameters optimized for the known
transmembrane domains are far from optimal when predicting transmembrane regions in a given genome. In particular,
we have tested the effect of nucleotide bias upon the composition and hence the prediction characteristics of trans-
membrane helices. Our analysis shows that nucleotide bias of a genome has a strong and predictable influence upon the
occurrences of several of the most important hydrophobic amino acids found within transmembrane helices. Thus, we
show that nucleotide bias should be taken into account when determining putative transmembrane domains from
sequence data.
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Membrane proteins are of extreme importance in biomedical reallows quick and accurate domain prediction. Indeed, this is the
search. Most pharmaceuticals in use today interact with transmemmost accurate protein domain classification known, which is based
brane proteins. Membrane proteins are also extremely abundanipon sequence data alone. More recently, even better methods
and previous analysé#rkin et al., 1997 suggest that about one- have appeared, most notably those that employ neural network
quarter of all proteins are anchored in a lipid bilayer by virtue of algorithms (Rost et al., 1995, 1996 These methods learn the
a transmembrane-helix. Given this abundance, the number of characteristics of the known transmembrane regions during a train-
potentially therapeutic targets is huge. It is only now, with theing period, after which they can predict the presence or absence of
advent of mass genome sequencing projects, that we can begin tansmembrane regions in new sequences. Both the membrane
realize the whole scope of potential transmembrane targets, withreference scales and the neural network methods use the known
the first step along this route being the prediction of transmem+iransmembrane regions as their foundation. As the known trans-
brane spans from sequence data. membrane domains are severely biased toward model organisms
Membranex-helices are generally characterized by a hydropho-and higher eukaryotes, we have decided to investigate how differ-
bic stretch of between 12 and 25 amino adidsn Heijne, 1995; ent hydropathy analysis parameters predict transmembrane do-
Whitley et al., 19986 The amino acid composition of these trans- mains in different genomes. We wish to test whether a single set of
membrane regions has given rise to the many hydropholfi€itte parameters, optimized on the known transmembrane helices can be
& Doolittle, 1982; Engelman et al., 1986; Rees et al., 1989; Degliapplied, with equal results, to a diverse range of different organ-
Esposito et al., 1990; White & Wimley, 199%nd membrane isms. If the amino acid composition of transmembrane domains
preference scalgwon Heijne, 1992; Li & Deber, 1994aSearch-  varies significantly according to organism, then a single set of
ing new sequences using these membrane preference parametsesrch parameters, derived from the known helices, will not take
this into account. Hence, we aim to determine if a readily obtain-
able organism specific parameter, genomic nucleotide bias, affects
Reprint requests to: Isaiah T. Arkin, Cambridge Centre for Molecularthe amino acid composition of transmembrane domains.
Recognition, Department of Biochemistry, University of Cambridge, 80 There are now a number of completed genomes, with represen-
Tennis Court Road, Cambridge CB2 1GA, United Kingdom; e-mail: tatives from all of the three domains of life. Our analysis uses
sa232@cam.ac.uk. . : :
Abbreviations: AT, deoxyadenylic acid-thymidylic acid; GC, de- proteomic databases constructed from the predicted open rea@ng
oxyguanylic acid-deoxycylidylic acid; ORF, open reading frame; TM, frames of these genomes. In each proteome, we have determined
transmembrane. the compositions of the putative transmembrane helices and the
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Table 1. A table to show the nucleotide bias rich codons, a significant AIGC bias within a genome is expected
in the genomes of the organisms studied to constrain the abundance of the relevant amino acids, provided
alternative residues can be used.

Organism %GCY%AT
B. burgdorferi 0.400 Amino acid composition
R. prowazekii 0.408
M. jannaschii 0.458 The plot presented in Figure 1 depicts the composition of the TM
M. genitalium 0.464 regions, from each of the proteomes in our database, for which we
H. influenzae 0.617 can be most certain of a transmembrane identity. The data illus-
H. pylori 0.636 trated(Fig. 1) represents 409,890 residues in 26,436 predicted TM
S. cerevisiae 0.656 helices from 8,269 genes. Of the abundant, hydrophobic amino
M. pneumoniae 0.664 acids leucine has a high abundance in all organisms. Isoleucine and
C. pneumoniae 0.683 . . . .
C. trachomatis 0.704 phenylalanine, however, have a high abundance in some organisms
P. horikoshii 0.721 and a low abundance in others. From this chart, it is apparent that
C. elegans 0.742 when isoleucine and phenylalanine are of low abundance, valine
A. aeolicus 0.769 and alanine abundance is higher and vice versa. Although valine
B. subtilis 0.770 does not necessarily have an AT or GC rich codon, it would seem
S. PCC6803 0.913 that its abundance is elevated when the genome is biased against
A. fulgidus 0.945 AT bases. This suggests that the abundance of valine is compen-
M. thermoautotrophicum 0.982 sating for the lack of the AT constrained amino acids, particularly
E. CO"_ 1.032 isoleucine, with which it shares similar physical properties. Also of
T. pallidum . L1118 note is that isoleucine complement is not particularly substituted
M. tuberculosis 1.908

by leucine, which is the most abundant transmembrane residue.
The standard deviation in the abundance of each amino acid across
the different organisms, as presented in Table 3, confirms that the
amino acids lle, Phe, Val, and Ala have the greatest variation in
proteomic abundance.

number of putative transmembrane proteins predicted by different The graph illustrated in Figure 2 shows further conformation of
hydropathy search parameters. Our analyses reveal that the numhike correlated abundances of the amino acids lle, Phe, Val, and Ala.
of putative transmembrane domains, predicted across a wide rangéne Phe+ lle composition(Fl) has a linear relationship with the

of search parameters, varies according to the organism, and that tMal + Ala composition(VA). A lower proportional composition of
composition of transmembrane domains is different in differentPhe and lle in a proteome, and within its TM domains, is com-
organisms. We illustrate that the differing composition of the trans-pensated for by a higher proportion of Val and Ala and vice versa.
membrane domains is strongly correlated with, and may be due, ateucine did not show any significant correlation in its abundance
least in part, to the nucleotide bias of the organism’s genome. with any other amino aci¢data not shown The graph presented

Results
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Table 2. A table to show the codons for the abundant
transmembrane amino acids and the minimum number
of AT and GC bases required to code for the amino acid

Amino acid Codons Min. AF T Min. G + C | 1 ﬁ'f.’-"!”” .
1 4 H.influenzae
t + M.genitalinm
Ala GCX 0 2 1 + M jannaschii
Gly GGX 0 2 t + R.prowazekii
val GTX 1 1 - B.burgdorferi
Leu CTX TTA/G 1 1 FMILVCWATGSPYHQONEEKDR
lle ATA/C/T 2 0 . o - o
Phe TTQT 2 0 Fig. 1. A plot to show the amino acid composition of the TM domains in

each of the proteomes under investigation. Percentage of TM composition
exhibited by a residue in each organism increases from blue to red.
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Table 3. A table to show the meamp, and standard deviation, in Figure 3 confirms that alternate hydrophobic amino acid use
o, for the % abundances of each amino acid across the within TM domains(FI vs. VA) is strongly correlated with the
organisms studied both within TM domaing, orm) nucleotide bias of the genom@C vs. AT). Indeed, it would
and for the complete protein sequenge-( oc) appear that, over the range studied,\A is proportional to GQ@

‘ _ AT, with a gradient of 0.827correlation coefficient= 0.987).
Amino acid T™ MM oc M From this it is clear that nucleotide bias imposes constraints upon
F 1.86 10.67 0.79 4.60 codo_n_use, _and h(_ence, amino acid (_:om_posmon. As the hydro-
M 0.66 283 0.40 223 pho_b_lcny of isoleucine a_md phenylalaqlne |s_greate_r than Fhe com-
| 3.16 14.48 1.76 737 Positionally compensating TM domain amino acids valine and
L 1.26 19.53 0.74 1025 alanine, one may also expect that when GC bias favors valine—
Vv 1.70 11.64 1.00 6.80 alanine use, the average hydrophobicity of the delix residues
c 0.96 1.57 0.40 1.15 decreases.

w 0.48 1.81 0.27 1.03
A 2.44 11.50 1.98 7.31
T 0.54 5.89 0.65 5.09 Hydropathy searches
S 132 Z:Zi 1?2 Zlgg The plots presen_ted_ in Figure 4 illustrates how the prt_adicted % of
p 0.21 1.93 0.78 403 Membrane proteins in each of the proteomes varies with the simple
Y 0.26 155 0.54 339 hydropathy search parameters of window size and hydrophobicity
H 0.06 0.23 0.40 1.96 threshold. By ordering these plots according to decreasing AT:GC
Q 0.09 0.34 1.26 3.48 bias (%GC/%AT), it can clearly be seen that the pattern of pre-
N 0.15 0.53 1.53 4.63 diction varies. The regions in Figure 4 that correspond to permis-
E 0.04 0.09 1.28 6.84  sive hydropathy searchéslue areasdo not vary markedly across
K 0.05 0.06 2.29 6.91  organisms. However, this is expected as a limitation on hydropho-
g g'gi 8'82 2'22 i'gé bicity, imparted by AT:GC bias, will only effect hydropathy searches
: ’ : : that use restrictive search parametgesl region. The transmem-
brane predictions that arise from permissive searches that are dom-
40
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Fig. 2. A graph to show the correlation between the percentage abundance of valine plus alanine (®8ifl@esl the percentage
abundance of phenylalanine plus isoleucine resid&és Data are shown for each organism, for both the amino acids within the
predicted TM domain$®) and the whole proteom@).
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Fig. 3. A graph to show the correlation between the nucleotide bias of a ge(@®@&T) and alternate hydrophobic amino acid use
(VA /FI). Data are shown for both the amino acids within the predicted TM don{@nsand for the whole proteom@).

inated by false positive results and, hence, domains of reducedhay give rise to longer transmembrane helices; however, this is
hydrophobicity are not resolvable. not resolvable in this analysis.

We cannot directly measure the length and, hence, the average
residue hydrophobicity of the transmembrane regions identified
This is because of difficulties encountered in defining the ends o
the transmembrane helices. The analysis we present here usef\a the amino acids phenylalanine and isoleucine seem to be so
consistent but arbitrary means of determining the ends of the transeadily substitutable for valine and alanifieig. 2) within trans-
membrane domains, based upon a hydrophobicity. Although wenembrane helices, according to the base pair preferences of the
are satisfied that this is sufficient to determine the bulk composi-organism(Fig. 3), the general, bulk composition of transmembrane
tion of TM domains across a whole proteome, the ends are nat-helices would seem to be able to vary quite dramatically while
sufficiently well defined to make confident length and mean hy-the function of proteins is preservédhou et al., 199Y. Moreover,
drophobicity measurements. However, although we cannot accuhe correlation between nucleotide bias and alternate amino acid
rately determine average hydrophobicity, it is clear from theuse is so good that we suggest that /BT can be used to accu-
multiparameter hydropathy search pl¢Eg. 4) that stringent hy-  rately predict VA/FI and vice versa. For the known membrane
dropathy searche@mall window, large thresholdpredict fewer  spanning sections, as described in the SWISS-PROT database,
membrane proteins in genomes with restricted AT content. ThusyA /FI = 1.05. According to the relationship described above, this
assuming that the proportion of membrane proteins in a proteomeould correspond to a G@T of about 0.87, an intermediate
does not correlate with nucleotide bias, restricted AT content givesiucleotide bias similar to the eukaryotic genomes studied. Further,
rise to transmembrane helices with less hydrophobic residues, comas each of the hydropathy “landscapéi#fustrated in Fig. 4 is
sistent with the alternate residue content described above. The ugarticular to the organism, the hydropathy search characteristic of
of less hydrophobic amino acids within transmembrane domainghe known transmembrane domains cannot be representative of a

iscussion

Fig. 4 (facing page. The amount of predicted membrane proteins using hydropathy thresholds-f2fo —33 kcal mol* and
window sizes from 12 to 20 residues, for each of the organisms studied. The plots are displayed in order of decreasing g&iome GC
bias(given after the organism namen each plot the color scale indicates the proportion of predicted membrane proteins, relative to
the maximum number predicted, at the most permissive parameters for the-gbkcal mol threshold and a window of 12
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particular organism and will show marked differences to pro-Materials and methods
teomes that are under the influence of a significant nucleotide bias.
Throughout this analysis, we have use the GES hydrophobicitpatabase selection

scale(Engelman et al., 1986Although there are many alternative A proteome database was constructed, which consists of the pro-

%in sequences of predicted ORFs from the organisms that, to this

diction of transmembrane domaiisyte & Doolittle, 1982; Li & date, have had their genomes completely sequenced. These organ-
Deber, 1994b; White & Wimley, 1999we do not believe thatthe . . 9 p v seq . 9
isms include members of arche&rchaeoglobus fulgidusKlenk

use of a par_tlcular sc_ale will have a substantial influence upon t.h Bt al., 1997, Methanobacterium thermoautotrophicuy8mith et al.,
results of this analysis. The allocation of transmembrane domain

within the proteins is made primarily by homology to known mem- fggn, Methanococcus jannaschiBuit et al., 1996, and Pyro-

brane proteins with only the use of an extremely permissive hy-C occus horikoshifKawarabayasi et al., 1998ubacteriaAquifex

dropath rch 1o ensure that th 0 mpared in t eolicus (Deckert et al., 1998 Bacillus subtilis (Kunst et al.,
opathy search 1o ensure fhat the sequences compare 1597), Borrelia burgdorferi(Fraser et al., 1997 Chlamydia pneu-
alignment have some degree of membrane character. When searc

ing proteomes with various search parameters. different scales .ﬂﬁbniae(KaIman et al., 1999 Chlamydia trachomatig¢Stephens
Ing p with variou p i WIEL al., 1998, Escherichia coli(Blattner et al., 19977 Haemophilus

have different prediction results. However, we believe that the . . . .
basic result of this analysis remains, in that the composition andlnfluenzae(FIelschmann etal., 1933Helicobacter pylori(White

hence, predictability of transmembrane domains seems to varg'j(t al., 1997, Mycobacterium tuberculosi€ole et al., 1998 My-

. . . ) I italiuniF t al., 1995M I -
according to nucleotide bias. Thus, for any fixed membrane- oplasma genitaliunFraser et a 95Mycoplasma pneumo

preference scale, the best search parameters will vary according (%ae(HimmeIreich etal,, 1996 Rickettsia prowazek{ndersson
organism. It is noted that in some hydrophobicity scél&bite & al., 1998, SynechocystBCCE803 Nakamura et al., 1998and

Wimley, 1999, the difference in the hydrophobicity between Val EgggEiimeﬁe%iu:(%ngéselrgegtaalgn%jgsngcnhdari)unli;x;ta;?s\zzi-a e
Ala and Phe+ lle is greater than in the GES scale used here; :

hence. with th cales the average hvdrophobicity of a m (Chervitz et al., 1999 Initially, for each genome the nucleotide
ence, ese scale € average hydrophobicily 0 €M5ias was calculated; the ratio between the combined abundance of

brane. residue may vary even more markedly according to th% and G bases and the abundance of the A and T bases.
organism.

Although the analysis we present is mostly based upon data =
derived from prokaryotic sequences, the results may be of signiff f@hsmembrane composition
icance for the analysis of eukaryotic genomes. Within eukaryotioye have predicted the occurrence of transmembrane helices within
genomes there are different regions of DNA which have distinctoyr proteome database on the basis of both homology to known
but consistent nucleotide biaseSabeur et al., 1993; Bradnam  transmembrane proteins and hydropathy analysis. The set of known
etal.,, 1999. The particular GC:AT bias of these isochore regions transmembrane proteins used in this analysis are those proteins
may have a significant and predictable effect upon the compositioRithin SWISS-PROT(Bairoch & Boeckmann, 1991which have
of transmembrane domains, analogous to the results presented abo¥epredicted hydrophobic membrane spanning redfaiRANS-
Thus, it may be possible to improve the prediction of the transyEm" within the FT field). Each of thes€11,110 protein se-
membrane domains for eukaryotic sequences if the GC:AT bias ofyences was compared to all of the ORFs within for each of our
the isochore, in which the gene lies, is known. However, furthergrganisms using the FAST@Pearson & Lipman, 198&ilgorithm.
analyses will be required to confirm an icochore specific influence|, each instance, the best matching protein within a given pro-
on eukaryotic transmembrane composition. Indeed, it may be ofsome was selected for further analysis if the random probability of
value to also consider the local GC:AT context within prokaryotic 3 homology match was10-5. A FASTA alignment of each SWISS-
genomes, as there are some regions of distinct nucleotide biapRrOT membrane protein and corresponding proteome homologue

often attributed to insertion eVen(t@arCia—Va”Ve et al., 1999 was obtained. S|mp|e hydropathy searches of the a"gned se-
quences were performed, which considered ver permissive param-
Conclusion eters; a window of 12 residues and a hydrophobicity threshold of

—22 kcal mol . Where the hydropathy searches identified hy-
We have shown that in organisms where the nucleotide content qfyophobic sections in both sequences that overlap with each other
the genome is significantly biased, the composition of its trans4nq the SWISS-PROT assignment of the putative transmembrane
membrane helices is altered. A genomic bias against AT or Gq'egion (according to the FASTA alignmentthe hydrophobic re-
bases constrains codon use and, hence, may constrain use of cgfon of the proteomic sequence was assigned as transmembrane.
tain hydrophobic amino acids. A relatively low abundance of theserne amino acid composition, length, and average residue hydro-
residues leads to an increase in the use of alternative amino aCiOEhobicity of the predicted transmembrane helix was then calcu-
with a more favorable codon. However, as these substitute residugsied and tabulated. Although this method will not identify all of
do not have the same hydrophobicity, the overall hydrophobicity ofhe transmembrane spans within the proteomes, the regions have
TM domains is altered. Specifically, a bias against AT bases leadgot heen identified solely on the basis of an amino acid preference
to less hydrophobic transmembrane residues. As the known memggje. Also, by using a correlation between hydrophobic regions in

brane domains present an average picture, TM prediction analysq§,homo|ogue and a SWISS-PROT transmembrane assignment, we
based upon this or any other nonorganism specific data set alongitempt to minimize false-positive classification.

will be ignorant of the significant compositional differences that
exist in different proteomes. However, as we have showry,RIA

is readily predictable; GEAT ~ 0.83(VA /FIl). Thus, AT bias can
and should be taken into account when undertaking transmenifo show how the transmembraaehelix prediction results vary
brane prediction on a sequence from a known organism. between organisms, hydropathy searches were performed upon

Hydropathy searches
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each proteome using a wide range of search parameters. The hiraser CM, Gocayne JD, White O, Adams MD, Clayton RA, Fleischmann RD,

drophobicity searches consider a given window of residues within ~ Bult CJ, Kerlavage AR, Sutton G, Kelley JM, et al. 1995. The minimal gene
P Y 9 complement oMycoplasma genitaliumScience 27(897—-403.

an amino acid sequence and ClaSSify a region as tran_smembranq:ifaser CM, Norris SJ, Weinstock GM, White O, Sutton GG, Dodson R, Gwinn
the total GES scaléEngelman et al., 1986hydrophobicity ex- M, Hickey EK, Clayton R, Ketchum KA, et al. 1998. Complete genome
ceeds a particular threshold value. We searched each of the pro- sequence ofreponema palliduirthe syphilis spirocheteécience 28B75—

teomes using window sizes ranglpg from 12 to 26 residues fmd a&arcia—Vallve S, Palau J, Romeu A. 1999. Horizontal gene transfer in glycosyl

the integer threshold values, ranging frem5 to —40 kcal mol™. hydrolases inferred from codon usageHscherichia coliandBacillus sub-

The resulting number of putative membrane proteins predicted for tilis. Mol Biol Evol 161125-1134.

each combination of parameters was recorded for each organisifimmelreich R, Hilbert H, Plagens H, Pirkl E, Li BC, Herrmann R. 1996.
Complete sequence analysis of the genome of the bactéviyooplasma
pneumoniaeNucleic Acid Res 24420—-4449.
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