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The cell membrane is a complex mixture of several classes of biomolecules but amino acids and lipids
are the main constituents. For this reason we are establishing a data base of transmembrane proteins
with the intent of using the data base to identify interfacial peptide sequences useful for studying
protein-lipid interactions at membrane interfaces. Our present intention is to characterize transmem-
brane peptides and amino acids found near the membrane interface. A data base containing only signal
peptides is available (G. von Heijne. Prot. Seq. Data Anal. 1:41-42, 1987).
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INTRODUCTION

The diversity of biological functions associated with dif-
ferent membrane proteins justifies the study of protein-lipid
interactions near the interfacial region of cell membranes.
Membrane proteins have several functions including ion
transport (1-4), anchoring proteins to the cell surface, trans-
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locating information across the cell membrane (5,6), and
drug resistance (7-9). However, functional membrane pro-
teins are not always synthesized as mature proteins; some
membrane proteins require posttranslational processing for
normal biological activity. For example, HTLV viruses (10),
paramyxoviruses (11), and orthomyxoviruses (12) express
fusogenic membrane proteins that require posttranslational
proteolytic cleavage for normal biological activity. In addi-
tion to processing membrane proteins by posttranslational
proteolytic cleavage, some membrane proteins are pro-
cessed by the attachment of fatty acids co- or posttransla-
tionally. Fatty acid acylation of proteins participates in con-
trolling the intracellular distribution of the molecule. The
majority of palmitoylated proteins is anchored to the cyto-
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AMINO ACID

Fig. 1. Distribution of amino acids at the membrane interface. Both cytoplasmic and noncytoplasmic interfacial amino acids are
included in the frequency distribution. The method of data tabulation using the IGF-1 receptor is shown.
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Table I. Proteins Containing Transmembrane Sequences
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Table I. Continued

Ref No. Ref No.

Acetylcholine receptor MHC II HLA S alpha 38
T. californica 108 MHC II beta-chain (human) 150
T. marmorata 55 HLA-DR (human) invariant chain (alpha) 130
Muscarinic, porcine, cerebrum 87 HLA-DZ (alpha, human) 135
Muscarinic, porcine, atrial 110 HLA-DP (alpha, human) 38
Nicotinic, Drosophila 78 HLA-DQW-1 (alpha, human) 38

Adrenergic receptor HLA-DQW-2 (alpha, human) 46
B,, hamster 56 HLA-DX (alpha, human) 38
B, avian 148 HLA-DR (alpha, human) 93
B,, human 57 HLA-DC (human)

ADP/ATP translocator protein Alpha (invariant chain, 2 cell lines)

N. crassa 34 PIIas 122
S. cereviseae 34 PDCHI 122
Bovine 34 Beta (variant chain, 3 cell lines)

Asialoglycoprotein receptor PII-B-1 122
Human, liver 129 PII-B-2 122
Rat, liver 82 COSII-102 122

Aspartate receptor Immunoglobulins
S. typhimurium 119 IgGl1, IgG2a, IgG2b mouse, gamma chain 144

ATPase IgM (mu chain nonsecreted form) 115
H™* (N. crassa) 74 Immunoglobulin receptors
H™* (E. coli) 79, 140 IgA and IgM (rabbit) 101
K* (E. coli) 80 Insulin receptor (human) 22
Ca?* (sarcoplasic reticulum) 80 Insulin-like growth factor receptor (IGF-1) 6
Ca?* + Mg?* (rabbit, muscle) 95 Integrin (chick embryo fibroblasts) 132
Yeast plasma membrane 149 Interleukin-2 receptor (human) 49
H* + K" (rat stomach) 126 Lactose permease 139
Na* + K™ beta subunit (sheep/kidney) 127 Leader peptidase (E. coli) 151
Na* + K% alpha subunit (sheep/kidney) 129 Lectins

Bacteriorhodopsin (H. halobium) 60 Hepatic, chicken (clears blood proteins) 58

Beta protein of amyloid fiber 113 Lens fiber (bovine) 71

CAM (cell adhesion molecules) Leukocyte common antigen
L-CAM (liver cell adhesion, chick) 68 Human 111
N-CAM (neuronal cell adhesion, chick) 77 Rat 39

Can 1 (amino acid permease, S. cerevisiae) 81 Mouse 120

Cytochrome p-450 LDL receptor (bovine, adrenal) 118
p450 isozyme 2 rabbit liver 133 LDL receptor (human) 146
p450 porcine, hepatic 76 Maltose transport proteins

Cytochromes (general) malF (E. coli) 66
Cytochrome b of complex III yeast 142 Melibiose carrier (E. coli) 147
Cytochrome b, (yeast) 73 MDR cell surface antigen
Cytochrome bS (bovine, liver) 64, 53 Mouse 72

Cytochrome ¢ peroxidase 86 Human MDR 1 8

Enkakephalinase 54 Hamster 9

Epidermal growth factor receptor (human) b MRCOX-2 antigen (mouse) 47

Fc receptors Myelin-associated proteins
IgG murine (Fc-gamma, R-alpha) 112 Myelin proteolipid, bovine, brain 90
IgG murine (Fc-gamma, R-beta-1) 112 Myelin-associated glycoprotein 37
IgG murine (Fc-gamma, R-beta-2) 112 Nerve growth factor receptor
IgE human (Fc-epsilon) 84 Human 85

Fibronectin receptor 131 Oncogenes/protooncogenes

Glucose transporter protein (human, hepatic) 102 Neu (human) 40

Glutamyl transpeptidase (rat, kidney) 89 Neu (rat) 26

Glycophorin, erythrocyte (human) 134 HER 2 27

Hemolysin B (E. coli) 61 c-erb-B2 (human) 145

Histocompatibility antigens c-fms (proto-oncogene) 50
PH-2¢-1 (H-2 mouse) 44 c-ros-1 99
PH-2¢-3 (H-2 mouse) 44 c-fes/fps (proto-oncogene) 114
H-2KP (mouse, class I) 48 v-fms 75
I-AK (class II, mouse) 41 v-erb B (avian) 27
I-AD (class II, mouse) 41 v-ros (ASV) 107
I-EK (class II, mouse) 98 c-ros (chicken) 106
MHC II alpha-chain (human) 93 91

Phosphotransferase (enzyme I11™%)
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Table I. Continued

Ref No.
Pro-sucrase-isomaltase 83
Ribophorins
Ribophorin I (human) 52
Ribophorin II (human) 52
Rhodopsin/opsin
Bovine 104
Halorhodopsin 42
Human 105
RH2 opsin (Drosophila) 51
R7 opsin (Drosophila) 67
Serine receptor
E. coli 43
Spumatovirus
Human 65
Ty/T-cell receptor complex (human)
Gamma chain 94
Delta chain 136
Epsilon chain 70
T,/T-cell receptor complex (murine)
Alpha chain 121
Beta chain 121
Delta chain 137
T cell
CD2 (T11) antigen 125
Thy 1 (rat) 124
T-cell growth factor (rat) 92
Transferrin receptor (human) 123
Uncoupling protein, mitochondria 36
UDP-glucuronosyltransferases
UDPGTg-2F 97
UDPGTg-3 96
Virus membrane proteins (host/mammal)
Adenovirus AD5 (E3 region) 143
Coronovirus (E1, MHV-AS59) 116
EBV1 62
Herpes simplex virus (gD) 141
Influenza virus
M, (human) 88
A/FPV/Rostock/34 100
Hong Kong, A/Aichi/2/68 138
Hong Kong A/Victoria/3/75 138
Neuraminidase 63
Rabies glycoprotein (ERA) 35
Semilike Forest virus membrane
glycoprotein 69
Vacinnia virus polypeptide 45
Vesicular stomatitis virus 117
Moloney murine leukemia virus 59
G.A.feline leukemia virus 59
Akv 152
Influenza neuraminidase
N, A/Victoria/3/75 153
N, A/PR8/34 153
N,; A/WSN/33 153
Adenovirus E-19 109
Virus membrane proteins (host/bacteria)
If1 103
Ike 103
zj2 103
fd(f1)(m13) 103

Vitronectin receptor

131

plasmic side of the plasma membrane, whereas myristoy-
lated proteins may or may not be membrane associated in-
side the cell (13,14). With regard to protein processing, it is
believed that myristoylation occurs cotranslationally,
whereas palmitoylation occurs posttranslationally (13,14).

This diversity of membrane protein function and the cel-
lular processing (cleavage, myristoylation, palmitoylation,
etc.) of membrane proteins encouraged us to study protein—
lipid interactions at the membrane interface with the intent
of trying to identify molecules that will interact with proteins
at this region of the cell membrane. Molecules that specifi-
cally bind to an interfacial peptide sequence may perturb the
function of the membrane protein and/or inhibit processing
of the membrane protein. Molecules that affect protein func-
tion by acting near the interfacial region of the cell may have
biological activity and thus drug leads may evolve from this
work.

Our first goal is to identify model compounds for the
study of protein-lipid interactions at the membrane inter-
face. Consequently a data base of transmembrane proteins
was established and the frequency of amino acids bracketing
the predicted transmembrane domains of approximately 400
transmembrane sequences was calculated. Below is a de-
scription of the data base and histograms describing the dis-
tribution of amino acids near the interfacial region of cell
membranes. Concurrently with establishing the data base we
are developing high-perforraance liquid chromatographic
(HPLC) techniques to study protein-lipid interactions. The
HPLC technique, denoted immobilized artificial mem-
branes, involves covalently bonding membrane lipids to
solid supports to study protein-lipid interactions (15).

METHODS

Identification of Transmembrane Peptide Sequences

All transmembrane peptide sequences were obtained
from published sequence data. The transmembrane domain
of proteins is virtually always predicted from computer al-
gorithms. Predictions are based on energy calculations (16),
hydrophobic moment plots (17,18), or hydropathy plots (19).
These algorithms adequately predict regions of proteins that
span membranes, but the accuracy of these programs in
clearly specifying where the membrane spanning domain be-
gins and ends has never been addressed. Because of this
uncertainty, the definition of membrane interface was estab-
lished based on the physicochemical nature of membrane
lipids and proteins comprising the membrane as described
below.

Definition of the Membrane Interface

The primary difficulty in defining the cell membrane
interface and identifying amino acids residing in this region is
that the structure of membrane proteins and the position of
membrane proteins in the membrane is unknown. Lack of
this knowledge makes identifying interfacial amino acids
somewhat speculative. Nevertheless, a functional definition
of the membrane interface is necessary for tabulating the
expected frequency distribution of amino acids bracketing
the predicted transmembrane domain of proteins. A func-
tional definition of the membrane interface can be developed
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by comparing the size of lipid headgroups to the size of
peptide sequences as shown below.

Lipids with different headgroups may protrude from the
membrane’s glycerohydrocarbon region by as little as 4 A
for layer-parallel phosphatidylcholine (PC) or more than two
times this distance (10 A) as found for lactocerebrosides (20).
Solute binding to lipid headgroups can cause conformational
changes resulting in different thicknesses of the headgroup
region. This is exemplified by extended PC headgroups be-
ing 7 A when lanthanide ions bind (21). Thus different lipid
headgroups interact with transmembrane peptides at differ-
ent distances from the glycerohydrocarbon region of the
membrane, depending on the headgroup conformation and
headgroup size.

Peptides in an a-helical conformation require 3.6 amino
acids per turn and the distance between helical turns is about
5.4 A. An o-helical peptide exiting the membrane’s glyc-
erohydrocarbon region and penetrating the lipid headgroup
region would require approximately one helical turn (or four
amino acids) to escape layer-parallel PC headgroups (4 A).
As discussed, headgroup conformations vary, and conse-
quently more than four amino acids (for a-helical proteins)
will have direct access to lipid headgroups, particularly PC
headgroups. We note that the conformation of peptides at
the interfacial region of cell membranes is unknown and all
peptides may not assume an o-helical conformation.

From these considerations, the interfacial region of the
membrane is variable but at least five amino acids extending
form the predicted transmembrane domain interact directly
with membrane lipid headgroups. These five interfacial
amino acids bracketing the predicted transmembrane do-
mains were used as a first approximation of interfacial amino
acids.

Data Tabulation

Data were tabulated as depicted in Fig. 1 for the insulin-
like growth factor (IGF-1) receptor. The five interfacial
amino acids bracketing the predicted transmembrane do-
main of the IGF-1 receptor are His-Arg-Lys-Arg-Asn and
His-Ile-Phe-Asn-Gln on the cytoplasmic and noncytoplasmic
side of the membrane, respectively (Fig. 1). Due to the dif-
ficulty in unambiguously specifying the cytoplasmic and
noncytoplasmic side of all transmembrane sequences in the
data bank, data calculation combined amino acids bracketing
both sides of predicted transmembrane sequences.

Proteins listed in Table I were used for data calculation.
Approximately 150 proteins were used for the analysis. His-
tograms were calculated from 773 interfacial peptide se-
quences; however, 632 interfacial amino acid sequences con-
tained exactly ‘‘S amino acids in length.”” The remaining
interfacial sequences were obtained from short connecting
sequences linking two transmembrane domains. Short con-
necting sequences containing less than 10 amino acids be-
tween adjacent transmembrane domains did not have
enough residues to assign 5 interfacial amino acids to each
transmembrane sequence. Consequently, short connecting
sequences linking transmembrane peptides were included in
the data calculations but the amino acids were partitioned
between two transmembrane domains. Only sequence data
references in Table I were used, even though some of these
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references reported only one domain or part of a protein.
These proteins are listed in Table I as the alpha, beta, etc.,
subunit for the proteins in question.

Some proteins contain identical subunits, and conse-
quently identical transmembrane domains. For instance, the
acetylcholine receptor and insulin receptor (22) contain iden-
tical subunits. In contrast to identical subunits within the
same protein, some different proteins share a common sub-
unit. A group of proteins sharing a common subunit are the
lymphocyte function-associated antigen (LFA-1), compli-
ment receptor type 3 (CR3), and the p150, 95 antigen. These
three proteins are heterodimeric complexes containing a
unique o subunit noncovalently associated with a common 8
subunit (23). These identical transmembrane domains from
identical protein subunits were included only once in the
calculated frequency distribution.

Statistical Calculations

For statistical calculations, X; was the observed fre-
quency of amino acid i bracketing all predicted transmem-
brane domains; P; was the probability of finding amino acid
i in the average protein (based on the Dayhoff data base); N
was 3479, the total amino acids bracketing the predicted
transmembrane domains listed in Table I; and NP; was the
number of expected occurrences of amino acid i near the
membrane interface. Each amino acid residue was treated as
an independent population. For each amino acid i the bino-
mial standard deviation o; = [NP{1 — P)]"* was calculated
and o; was then transformed into a Z scale by Z = (X)) —
NP)/g;. Z is thus a standardized scale. We evaluated the
statistical significance of each Z score by reference to a stan-
dard normal (Gaussian) distribution. (The normal approxi-
mation to the binomial distribution is quite good if NP = 5 o;
this was true for each amino acid we studied.) The signifi-
cance threshold chosen was =3 on the Z scale. This thresh-
old corresponds to the 5% significance level (« = 0.05) but
conservatively adjusted by the Bonferroni method (24). The
Bonferroni adjustment divides « by 20 because there are 20
amino acids under consideration. From tables of the normal
distribution we find that the value of Z corresponding to o =
0.05/20 = 0.0025 is Z= =*3.

RESULTS

The distribution of amino acids bracketing the predicted
transmembrane domains of proteins in Table I is shown in
Fig. 1.> The most frequently occurring amino acids in de-
scending order are Arg = Lys > Ser = Leu = Gly. Arg and
Lys both had approximately 310 occurrences. Ser, Leu, and
Gly had similar occurrences = 22S5. The least frequently
found amino acids at the membrane interface were Cys <
Trp = Met < His. This distribution might have been antic-
ipated in view of the function these particular amino acids
play in proteins. Cys stabilizes the tertiary structure of pro-
teins; His and Trp are frequently found in the active site of

3 We have calculated amino acid frequency distributions for the
cytoplasmic and noncytoplasmic sides of the cell membrane. How-
ever, unambiguous assignment of transmembrane orientation was
not possible. Consequently, these distributions have not been in-
cluded here but are available from the author.
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Fig. 2. Enrichment of amino acids at the membrane interface. The distribution was calculated by normalizing the
distribution shown in Fig. 1 by the natural abundance of amino acids in proteins.

proteins. Although Cys, Trp, Met, and His are rarely found
at the membrane interface, they may in fact play an impor-
tant role in the function of the protein bearing the group.

Enrichment or depletion of amino acids in the interfacial
region can be evaluated by normalizing the distribution by
the relative abundance of amino acids found in all proteins.
The natural abundance of amino acids in proteins was orig-
inally calculated by Dayhoff (25) using 314 proteins; one
protein from each class of proteins was used for the distri-
bution. Normalization of the distribution of interfacial amino
acids (Fig. 1) for natural abundance using the Dayhoff dis-
tribution yields the distribution shown in Fig. 2. Based on
Fig. 2, Arg, Trp, and Lys are enriched at the membrane
interface, whereas, Val, Ala, and Cys are depleted from this
region. The enrichment of Trp at the membrane interface,
i.e., the boundary between hydrophobic and hydrophilic re-
gions, is consistent with the hydropathy value of Trp =
—0.9 (19). This hydropathy score indicates that Trp is nei-
ther hydrophobic nor hydrophilic. Trp thus prefers the in-
terfacial region of protein surfaces and also the interfacial
region of cell membranes. It is interesting that Cys is the
least likely amino acid at the membrane interface (Fig. 2) and
is even depleted relative to the natural abundance of amino
acids in proteins (Fig. 2).

The probability of each amino acid bracketing a pre-
dicted transmembrane domain was evaluated using the Z
statistical scale, as explained above. Figure 3 shows the Z
score for each amino acid. Values falling outside the broken
parallel lines at Z = +3 and Z = —3 are unlikely to repre-
sent chance variation. Based on Fig. 3, the enrichment of
Arg, Lys, Trp, Phe, Asn, and the Depletion of Cys, Ala, Val,
Gly, in peptide sequences bracketing predicted transmem-
brane domains is statistically significant. The depletion of
Val and Ala is expected since these nonpolar amino acids are
more likely to be found in the hydrophobic domains of pro-
teins and not the interfacial regions of cell membranes.

DISCUSSION

Arg and Lys are frequently found bracketing predicted
transmembrane sequences but our histograms did not distin-
guish amino acids on the cytoplasmic and noncytoplasmic

side of the cell membrane. Several studies have noted the
occurrence of Arg and Lys on the cytoplasmic side of the
membrane (26-29). However, some studies note the occur-
rence of Arg and Lys bracketing transmembrane sequences
in a few proteins (26-28), whereas other studies describe the
distribution of Arg and Lys in membrane proteins for entire
peptide sequences found on the cytoplasmic side of the cell
membrane (29).

When multiple basic residues are present at the mem-
brane interface of transmembrane peptides, it has been pos-
tulated that these charged residues function as a stop-
transfer sequence (30). Stop-transfer sequences were postu-
lated to be the recognition sequences other proteins require
to abort the secretion of integral membrane proteins. The net
result would be to halt protein translocation at the membrane
interface leaving the integral membrane protein with the
proper transmembrane domain. This hypothesis was re-
cently challenged (31). Using the coliphage f1 gene III pro-
tein (pIll), Davis and Model demonstrated that (Leu-
Ala-Leu-Val), randomly inserted into the pIII gene cause the
protein to anchor (i.e. stop transfer) in the membrane wher-
ever this artificial transmembrane peptide was inserted (31).*
In other words, the membrane topology of the protein was
systematically and predictably varied because the artificial
membrane spanning domain could anchor the protein in the
membrane. From their work, they concluded that the stop-
transfer function of peptide sequences reflects hydrophobic-
ity and not some more subtle feature of structure and se-
quence. These experiments do not support the ideas that
multiple basic residues at the membrane interface function
only as a stop-transfer sequence for membrane proteins be-
cause hydrophobic sequences 16 or more amino acids in
length are sufficient to stop transfer. However, it is reason-
able to expect basic or charged residues bracketing trans-
membrane peptide sequences to participate in controlling the
exact positioning of transmembrane sequences in cell mem-
branes.

Other experiments by Szczesva-Skorupa et al. with sig-

* The endogenous transmembrane domain of PIII was deleted for
these studied.
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Fig. 3. Calculated Z factor for each amino acid. Amino acids are

ordered on the x axis as shown in Fig. 2. Dashed lines denote 3
standard deviations from the mean.

nal peptides demonstrate a functional role for interfacial Arg
and Lys (32). Szczesva-Skorupa et al. replaced the signal
peptide of the secreted hormone preproparathyroid with the
hydrophobic N-terminus of cytochrome P-450 and aborted
processing and translocation of the preproparathyroid. How-
ever, mutagenic replacements of Met-Asp-Leu to Met-
Arg-Lys at the N-teminus of the cytochrome P-450 hydro-
phobic sequence resulted in an artificial signal sequence with
normal biological activity. With this artificial signal se-
quence containing Arg and Lys, preproparathyroid was pro-
cessed and transported across the endoplasmic reticulum
membrane (33). From these experiments it was concluded,
“‘that stop-transfer function is not a simple function of hy-
drophobic interactions with membrane lipids but may in-
volve interactions with membrane proteins.”’

In a recent review of protein membrane assembly,
Wickner emphasized that signal peptides are vital for mem-
brane assembly but structural features of the mature protein
are also important (33). This suggests that the role of basic
residues at membrane interfaces is determined by the protein
bearing the membrane binding domain. For signal peptides,
basic residues permit protein translocation across the mem-
brane but for transmembrane peptides the function of inter-
facial basic amino acids is uncertain. At the membrane in-
terface, Arg and Lys side chains may bind negatively
charged membrane lipids. Interfacial Arg and Lys may thus
promote stable association between membrane proteins and
the boundary lipids surrounding transmembrane sequences.

In summary we are establishing a data bank to identify
biologically relevant sequences to study peptide lipid inter-
actions at the membrane interface. Table I provides se-
quence data for obtaining these interfacial peptide se-
quences. The function of amino acids bracketing predicted
transmembrane domains is uncertain but most likely de-
pends on the protein bearing the transmembrane sequence.
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