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The amino acid composition of transmembrane proteins was analyzed for their three separate portions: the transmembrane apolar, cytoplasmic

and extracellular regions. The composition was differen! between cytoplasmic and extracellular peptides; alanine and arginine residues were

preferentially sited on the cytoplasmic side, while the threonine and cysteine/cystine were preferentially sited on the extracellular side. The

composition of cytoplasmic and extracellular peptides of membrane proteins corresponded to those of intracellular and extracellular types of soluble

proteins, respectively. This difference in composition was independent of the peptide orientalion against the membrane. Peptide chains could be

correctly assigned as either cytoplasmic or extracellular, solely from an analysis of sequence composition, For single-spanning membrane proteins
the predictive accuracy was 90%, whereas for multi-spanning proteins this was 85%.

Amino acid composition; Membrane protein; Transmembrane topology; Prediction

1. INTRODUCTION

The analysis of an amino acid sequence is a simple
and useful way to classify proteins into groups. Dayhoff
[1] originally classified proteins into families or superfa-
milies using standard alignment procedures and, more
recently, about 8,000 proteins from the Protein Identifi-
cation Resource (PIR) database [2] were classified into
around 2,500 superfamilies. We have reported [3-6] that
the character of a protein is also related to its amino
acid composition and this varies with location (inside or
outside of the cell), function (enzyme or non-enzyme)
and folding type. The amino acid composition of an
extracellular protein, which is characterized as having
a signal peptide at the N-terminus, is different from that
of intracellular proteins {4].

Here we have analyzed membrane proteins to see
whether a difference in amino acid composition also
occurs between cytoplasmic and extracellular portions.
We initially focused our analysis on single-spanning
membrane proteins because their chain constitution is
simple. Furthermore, the location and orientation of the
single transmembrane region can be determined with
greater accuracy be experimental means than multi-
spanning ones. The amino acid composition was ana-
lyzed for three distinct regions: the cytoplasmic and
extracellular domains, as well as the transmembrane
segment. Those proteins which have reverse orienta-
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tions to the membrane were also included in order to
examine the effect of peptide chain directionality. A
similar analysis was then applied to multi-spanning
membrane proteins to ascertain whether the trends ob-
served in single-spanning membrane proteins held true
for all membrane proteins.

2. MATERIALS AND METHODS

2.1, Protcin data

The 45 single-spanning and 24 multi-spanning membrane proteins
were taken from release 27.0 of the PIR database [2]. The first 30
single-spanning proteins listed in Table I have been classified into
superfamilies [2), while the remainder have yet to be classified. Most
arc plasma membrane proteins such as hormone receptors or antigen
proteins, Others are endoplasmic reticulum membrane proteins com-
prising 38 from eukaryotes, 4 from prokaryotes and 3 from viruses.
Only proteins with less than 25% residue identity were included in this
analysis, Information on transmembrane location and orientation was
obtained from the annotations of the PIR database or the literature
cited in Table I.

The classification of transmembrane proteins proposed by von
Heijne and Gavel [7} was adopted. A type-I proiein has a signal
peptide for secretion, which is cleaved upon maturation. The N-termi-
nus of the mature protein sits on the extracellular side, whereas its
C-terminus is in the cytoplasm. A type-Il protein has the opposite
orientation to type 1 and no signal peptide. A type-IIl protein hasthe
same orientation as type-I but has no cleavable signa! peptide. In this
work 32 type-l, 8 type-I and 5 type-III proleins were used as examples
of singie-spanning membrane proteins (Table 1).

Multi-spanning transmembrane proteins are classified as type-IV
[7]. 24 examples are shown in the footnote of Table III together with
their PIR codes. They comprise 18 eukaryolic, 4 prokaryotic and 2
virus proteins.

2.2, Calculation of composition and distarice
Since the amino acid composition of short peptides can vary signif-

141



Volume 303, number 2,3

icantly we have examined only those cytoplasmic and extracellular
peptides longer than 50 residues, excluding the cleavable signal pep-
tide. In total, 73 peptides in single-spanning proteins and 54 peptides
in multi-spanning proteins were used. The number of residues in each
cytoplasmic and extracellular domain examined is shown in the col-
umns of N,,, and N, in Table L

A protein or peptide can be represented as one point in amino acid
composition space [3-6). Two proteins (or pepiides) are compared by
measuring the distance between them. The normalized composition is
defined as CA4; = A/SD;, where A, is the content (in percentage) of
amino acid type-i and SD, is the standard deviation over a large set

Table 1
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of proteins. The distance between two peptides, j and k, is thus given
by:

20
djk = {El (CAij = CAik)zlé

The average composition (4 1)) and standard deviation ($D,) listed in
Table 11 were calculated using a large number of proteins [6).

3. RESULTS AND DISCUSSION

The average amino acid composition of the cytoplas-

45 single-spanning transmembrane proteins listed with their PIR codes

No. Code Protein Type Ny N Ref.
l URXLA2 Alpha-araidating enzyme II — African clawed frog I BR 724 8
2 RDRTO04 NADPH cytochrome P-450 reductuse - Rut I 634 9, 10
3 *GQHUE Epidermal growth factor receptor — Human I 542« 621
4 NMIvV Sialidase ~ Influenza A virus 1 415 11
5 LWECB H -transporting ATP synthase b chain - Escherichia coli 1 130 12
6 PWRYNB Na*, K*-iransporting ATPase beta chain - Electric ray I 242 13
7 OYURGA Guanylate cyclase — Sea urchin 1 458 478
8 *QRHULD LDL receptor — Human I 50 767
9 *GQHUN Nerve growth faclor receptor - Human 1 155 222

10 UHHU2 Interleukin-2 receptor - Human | 219

11 *QRRBG Poly-Ig receptor — Rabbit 1 103 629

12 *BNRT3 Myelin-associated glycoprotein, long form — Ral 1 90 494

13 TDRTOX 0OX.2 membrane glycoprotein —~ Rat I 202

14 RWHUC2 T-ce!l surface glycoprotein CD2 -~ Human | 115 182

15 HLHUDA Class 1 histocompatibility antigen alpha chain - Human 1 191

16 HLHUG Class Il histucompatibility antigen gamma chain — Huinan i 160*"n

17 RWHUD)| T-czll surface glycoprotein CD3 delta chain - Human [ %

18 *TDRTLT Leukocyle common antigen ~ Rat (fragment) 1 705

19 SAHU4F Cell surface antigen 4F2 heavy chain - Human I 8l 425%%

20 QRHUA4 Alzheimer's disease amyloid A4 protein - Human | 607**

21 MPRTO Myelin PO protein - Rat I 69 124

22 LNHU2A Hepatic lectin H2a ~ Human I1 58 233

23 GFHUE Glycophorin A — Human | 72

24 *NBHUIA Platelet glycoprotein Ib alpha chain - Human I 96 485

25 IJHULM Leukocyte adhesion protein beta chain — Human I 678

26 JIXHU Transferrin receptor — Human 11 61 671

27 *TFHUM Melanotransferrin - Human I 694

28 QRECS Serine chemoreceptor protein — Escherichice coli I 323 151** 14

29 *HNVZVY Hemagglutinin — Vaccinia virus 1 259

30 MMIvV2 Matrix (M2) protein - Influenza A virus Ll $4 15

31 A25970 Transcriptional activator protein - Vibriv cholerac 1 182 96 16

32 A22841 Reaction center H chain - Rhodupseudumonas virvidis I 223 17

33 *S00670 Gene Delta protein — Fruit fly | 261 572 18

34 S03900 Gene torso protein — Fruit fly [ 503 379 19

35 A31932 1gG Fc receptor - Human 1 76 178 20

35 A30342 Interleukin-2 receptor beta chain — Human 1 286 214 21

37 A26168 Ribophorin I - Human 1 150 416 22

38 B26168 Ribophorin 11 ~ Human [ 70%* 517 22

39 S04530 Somatotropin receptor, hepatic -~ Human 1 350 246 23

40 *426396 T-cell surface glycoprotein CDS - Human I 93 347 24

41 A27068 Cation-dependent mannose 6-phosphule receptor ~ Bovine 1 67 165 a5

42 *A30788 Cation-independent mannose 6-phosphate receptor — Bovine i 163 2269 26

43 *S05479 Neural cell adhesion molecule - Mouse i 114 1104 27

44 A27410 Plasma cel! membrane protein - Mouse 1 58 826 28

45 A25742 Platelet-derived growth fuctor receptor — Mouse 1 542 499 29

“Type’ indicates the type of membrane protein as defined by von Heijne and Gavel [7], "N’ and *N,,," indicate the number of residues of a peptide

on the cytoplasmic and extracellular sides, respectively. Those peptides of less than 50 residues long which were not used in the analysis are left

blank. Proteins marked with * before the code contain duplication in their sequences. Peptides marked with ** are those which failed (he assignment
based on the composition data.
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mic (CYT), extracellular (EXT) and apolar membrane
(MEM) regions of single-spanning membrane proteins
are shown in Table I1. These were calculated using 33,
40 and 45 proteins, respectively (Table I). Compared to
the average (AV) composition calculated from proteins
of the PIR database [6], the content of hydrophobic
residues was low and that of hydrophilic residues was
high for both cytoplasmic and extracellular regions.
This is because the average calculated from the PIR
database includes a considerable number of proteins
with transmembrane regions, whereas our cytoplasmic
and extracellular peptides are without them, The trans-
membrane region was rich in hydrophobic residues such
as Leu, Ile, and Val (the three letter nomenclature for
amino acids is used hereafter), and this was similar to
other analyses [6,7,30,31].

Table IT shows deviation in the amino acid composi-
tion between the CYT and EXT regions. It is interesting
to note that a-helix-favoring residues [32,33] such as
Glu, Met, Ala and Leu are more frequently observed in
the peptide on the cytoplasmic side, while S-sheet-favor-
ing residues [32,33], such as Val, Ile, Phe and Tyr, are
more frequently found on the extracellular side.
Charged residues, both basic (Arg, Lys) and acidic

Table 11

Average amino acid compositions (%) of cytoplasmic (CYT), extracel-
lular (EXT) and membrane (MEM) regions of single-spanning trans-
membrane proteins

AminoCYT (CYT2) EXT
acid

(EXT2) MEM AV SD

Ala 8063 (10.88) 5.15 (5.04) 9.90
Cys 103 (0.69) 3.24 (2.20) 2,55
Asp 624 (613) 5.75 (5.26) 0.35 22

80 37
1.8
5.1
Glu 782 (5.3 7.08 (6.07) 008 61 3.0
38
6.9

23

Phe 273 (2.93) 3.52 (3.72) 6.47 1.9
Gly 680 (1.72) 6.38 (7.09) 8.14 . 34
His 270 (2.15) 2,69 (2.99) 020 22 16
lle 348 (1.80) 4,40 4.32) 1525 58 25
Lys 625 (611) 525 (6.31) 016 60 34
Leu 844  (8.03) 8.11 (9.88) 2228 92 34
Met 214  (3.79) 1.60 (1.85) 1.85 25 14
Asn 418 (5.75) 4.81 (5.93) 094 43 23
Pro 628 (7.21) 5.65 6.22) 238 50 32
Gin 476 (4.68) 4,45 (4.50) 087 40 24
Arg 675 (6.01) 4,38 (3.73) 009 59 33
Ser 853 (7.25) 8.04 (8.05) 417 68 28
Thr 443 (3.51) 741 (5.20) 433 58 26
val 544 (4.57) 7.00 (6.19) 1434 6.7 23
Trp 080 (047) 1.68 2.10) 221 1.3 L2
Tyr 254 (1.01) 3.42 (3.32) 342 32 1.8

No. of 33 5 40 8 45
peptides

CYT2 and EXT? indicate composition of type-1I proteins. The total

number of peptides used in the estimation is indicated in the bottom

row. Amino acid composition was estimated for individual peptides

and then the average was calculaied over all the peptides considered.

AV and SD stand for average and standard deviation obtained from
a large number of proteins [6).
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Fig. 1. Average amino acid composition of the cytoplasmic (in open

bars) and extracellular domains (in dotted bars) of single-spanning

transmembrane proteins. The difference calculated as (cytoplasmic-
extracellular)/{standard deviation) is plotted with filled circles.

(Glu, Asp) are prefercntially sited on the cytoplasmic
side whereas aromatic residues (Trp, Tyr, Phe) are pref-
erentially found on the extracellular side. For histidine,
which is aromatic in terms of character and charge,
there is no preference.

In order to show the deviation more clearly we calcu-
lated the difference defined as (CYT-EXT)/SD. The
composition of both cytoplasmic and extracellular pep-
tides are plotted in Fig. 1 in decreasing order of differ-
ence (CYT-EXT). As shown in Fig. 1, the siting of Ala
and Arg residues shows a strong preference for the cyto-
plasmic side, while that for Thr, Cys and Trp residues
shows a preference for the extracellular side. A similar
deviation in amino acid content was observed between
intracellular and extracellular types of soluble proteins
(4].

The compositions of type-1I membrane proteins,
which have the reverse orientation, are shown sepa-
rately in columns CYT2 and EXT2 of Table Il. The
average composition of type-II proteins does not differ
significantly from those of cytoplasmic and extracellu-
lar peptides, indicating that the difference in the amino
acid composition is independent of peptide orientation.

Next the deviation of amino acid content was exam-
ined for 28 single-spanning proteins that have peptides
of more than S0 residues on both sides of the membrane
(see Table I). For 22 of these proteins, Ala was more
frequently found on the cytoplasmic side. Conversely,
in 25 of the 28 proteins, Thr was found preferentially
on the extracellular side. The deviation of amino acids
was correlated with the average composition of peptide
chains on the cytoplasmic and extracellular sides.

Each peptide in Table I (33 cytoplasmic and 40 ex-
tracellular) was characterized using the distance in com-
position space. Distances for a given peptide to the
points defined by the average compositions of CYT and
EXT (Table I1) were used to classify each peptide de-
pending on which had the shorter distance. For in-
stance, in the first protein in Table I, URXLAZ2, the
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cytoplasmic peptide (88 residues) has distances of 5.53
and 6.09 to the average points of CYT and EXT, respec-
tively. Thus, it is classified as CYT type because of the
shorter distance to CYT. In other words, the peptide
has a composition typical of a cytoplasmic peptide. The
extracellular peptide (724 residues) of the same protein
is also typical, having a closer distance to EXT. The set
of distances in this case are CYT=2.88 and EXT=2.27,
In this way, all the peptides of single-spanning proteins
were examined and the results showed that 90% (66/73)
of them have typical compositions. In other words, they
can be correctly assigned as either of CYT or EXT types
from their amino acid composition. Peptides incorrectly
assigned are marked in Table I. It should be noted that
the success was similar for type-II proteins where 11
peptides out of 13 (85%) were correctly assigned. This
reinforces the previous statement and suggests that the
characteristic composition of each domain is independ-
ent of the transmembrane topology.

The analysis was repeated for 24 multi-spanning
membrane proteins. Average compositions for 34 cyto-
plasmic and 20 extracellular peptides (longer than 50
residues) are shown in Table III. The average composi-
tion of multi-spanning proteins does not differ signifi-
cantly from those of single-spanning proteins (Table I1).
The assignment with distance in composition space was
also applied to show that distinction between cytoplas-
mic or extracellular sides could successfully be made.
For multi-spanning proteins an accuracy of 85% (46/54)
was observed. These data indicate that the trend found
in single-spanning proteins generally holds for mem-
brane proteins, including those with long connecting
loops between transmembrane segments.

Since the three-dimensional structures for proteins in
Table I are not available, except for the photosynthetic
reaction center H chain [17], the locations of transmem-
brane regions are not certain. Consequently we fol-
lowed the authors’ assignments given in the literature.
In the present study, however, we are concerned with
the amino acid composition of cytoplasmic and ex-
tracellular peptides composed of at least 50 residues, so
deficiencies in the assignment of transmembrane re-
gions should not affect the results significantly. The
number of membrane proteins available from prokar-
yotes and viruses are not large enough to draw any firm
conclusions. Some of the proteins in Table I contain
duplicated sequences of longer than 50 residues, such as
the LDL receptor which has repeated sequences of the
EGF-like module [35]. We checked whether the amino
acid composition might be biased towards duplication,
and found that the average composition for 13 proteins
with duplications did not differ significantly from the
others in either the cytoplasmic or extracellular pep-
tides.

It is known that carbohydrate attachment by N-gly-
cosidic linkage occurs at Asn-X-Ser or Asn-X-Thr sites
on the extracellular side. Since 82% (37/45) of single-
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spanning proteins used here were glycoproteins, the
content of Asn, Ser and Thr residues had been expected
to be higher in the extracellular side than in the cyto-
plasm. However, on the extracellular side the content of
Asn was not as high as that of Thr, and Ser was found

Table 111

Average amino acid compositions (%) of cytoplasmic (CYT), extracel-
lular (EXT) and membrane (MEM) regions for 24 multi-spanning
transmembrane proteins,

Amino acid CYT EXT MEM
Ala 6.69 5.08 9.36
Cys 1.70 295 2,56
Asp 497 5.96 0.94
Glu 1.76 6.04 0.94
Phe .59 4,36 10.99
Gly 6.23 8.20 6.17
His 211 2,10 0.47
Ile 4,51 4.95 13.73
Lys 8.36 493 0.58
Leu 823 8.03 16.64
Met 246 2,61 3.93
Asn 4,49 575 2.31
Pro 5.20 4.84 1.96
Gin 5.39 4.24 1.14
Arg 6.65 475 0.27
Ser 7.40 6.41 5.58
Thr 5.18 5.87 4.68
Val 5.27 6.07 12.43
Trp 1.06 2.3} 2.20
Tyr 2.75 4.55 313
No. of peptides 34 20 127

The total number of peptides used in the estimation is indicated at the
bottom row. The 24 multi-spanning membrane proteins used in this
analysis are listed below with protein name, PIR code, and regions of
cytoplasmic or extracellular peptides: a region indicated in reverse
order, e.g. 314-221 in the first protein below, represents an extracellu-
lar peptide from residues 221 to 314, and one in the norma! order as
340-887 represents a cyloplasmic peptide from residues 340 to 887,
Peptide regions shorter than 50 residues are not shown, Hydroxymeth-
ylglutaryl-CoA reductase (RDHYE 314-221, 340-887) [39]; Na*/K*-
transporting ATPase a chain (PWSHNA 1-93, 148-288, 347-784 [40];
myelin proteolipid protein (MPBOPL 150-97) [41]; B-2-adrenergic
receptor (QRMYB2 221-274, 330-418) [42]; nicotinic acetylcholine
receptor a chain (ACHUA1 230-21, 319-428) [43); sodium channel
protein (CHEE 1-113, 378-265, 403-557, 766-712, 12351153, 1543~
1475, 1568-1820) {44]}; multidrug resistance protein | (DVHU1 1-5],
237-396, 778-832, 875-936) [45]; inner membrane protein ma/F
(MMECMF 276-92) [46), virulence membrane protein phoQ
(VZEBPT 219-487) [47); env polyprotein (YCLISP 1-63, 578-88) [48];
El membrane glycoprotein (MMIHIB 102-225) [49]; cytochrome ¢
oxidase polypeptide I1 (S00106 297-130) [50]; reaction center protein
M chain (B25102 2-52)[17]; membrane protein patched (S06119 1-73,
426-93, 586-676, 966-700) [51]; potassium channel protein A (S00479
1-227, 479-616) [32]; follicle stimulating hormone receptor (JN0122
631-695) [53];, glucose-transport protein (A27217 207-271) [54]; mus-
carinie acetylcholine receptor M2 (A27386 208-387) [$5]; y-aminobu-
tyric acid/benzodiazepine receptor (B27142 245-26, 328-451) [56);
peripherin (A34608 263-122, 283-345) [57); dihydrophyridine recep-
tor (A30063 1-51, 309-219, 335-432, 636-582, 662-799, 1066-]118,
1356-1290) [58]; glutamate receptor (807059 48019, 633-805, 907-
827) [59); glycine receptor (A27141 315-398) [60); and steroid 17-a-
monooxygenase (A30828 22-168, 507-187) [61,62),
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more often on the cytoplasmic side. Therefore, the high
content of Thr on the extracellular side cannot be ex-
plained by glycosylation alone. The high content of Cys
residues on the extracellular side may result from disul-
fide bond formation. Basic residues (Arg, Lys) were
frequently observed at the edge of the cytoplasmic side
as stop-transfer signals [7,36-39]. This may help to ex-
plain why Arg and Lys are more abundant in cytoplas-
mic peptides.

The reason why such an imbalance of the amino acid
composition exists between the cytoplasmic and ex-
tracellular peptides is currently unexplained. One possi-
ble reason is that some kind of restriction in the se-
quence is required for transportation of a peptide chain
through the lipid bilayer of the membrane. Neverthe-
less, this study shows that it is possible to infer for
membrane proteins which peptide portion flanking a
transmembrane segment is located on which side of the
membrane.
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