CHAPTER 13

MODELING OF MEMBRANE
PROTEINS AND PEPTIDES

Jeffrey Skolnick and Mariusz Milik

INTRODUCTION

Even as the number of solved protein structures has increased exponen-
tially over the last few years, the gap between the number of known
protein sequences and structures has continued to grow. This disparity is
particularly apparent in the area of membrane proteins, where only a few
structures are known at satisfactory resolution.! Because of the paucity of
solved structures, the use of computer modeling approaches for the pre-
diction of three dimensional structures of proteins from sequence has
become increasingly important. There have been a variety of approaches
to the protein folding problem. These have ranged from inverse folding
or threading approaches which attempt to match a given sequence to a
known structure,’ to de novo approaches that attempr to predict the ter-
tiary structure from sequence information alone.* As might be expected,
inverse folding approaches have met with greater success, but there still
are problems with identifying folds of the same topology but random
sequence homology.” These approaches have been mainly applied to wa-
ter soluble, globular proteins. In contrast, in this chapter, we focus on
preliminary atcempts to predict the tertiary structure of membrane pro-
teins where the field is less highly developed, but where the need is no
less crucial.

Most modeling efforts have concentrated on the area of water-soluble
proteins, where more structural information is known, and it is possible
to use statistically derived potentials of mean force to evaluate the rela-
tive preference of a sequence for a given conformation.® Furchermore,
since there is a plethora of structural information available, validation of

Fhe approach is straightforward, even if the derivation of suitable potentials
is not,
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Much less information is available for
membrane protein structures, and very few
such structures are known at atomic reso-
lution. Bacteriorhodopsin from Halobac-
terinm balobium is the first membrane pro-
tein whose structure was solved®® and
carefully analyzed.'® The final structure at
3.5 A resolution became the model for the
whole family of membrane proteins con-
taining seven transmembrane helices. Many
membrane protein 3-D structure prediction
methods use the bacteriorhodopsin struc-
ture as a structural template on which the
prediction is based. This is true despite the
fact that sometimes there is no sequential
homology between the bacteriorhodopsin
and the protein which is modeled (for ex-
ample, the models of G-protein coupled
receptors''). Given that there are so few
known membrane protein structures, this
approach is very understandable. However,
it must be kept in mind that it is equiva-
lent to modeling all helical proteins on the
basis of myoglobin, which was the first
solved crystal structure of a water soluble
protein.'? While the number of topologies
of helical membrane proteins may be more
limited than in the case of water soluble
proteins, there is no reason to believe a
priori that most membrane proteins will
be comprised of all helical scructures, or
that their topology must be that of BR.
Alternatively, one may employ a combined
method which attempts to build a model
consistent with the known experimental
restraints. One very promising approach that
adopts this viewpoint has been proposed by
Herzyk and Hubbard.!?

A great step forward in the area of
membrane protein structure analysis was
the solution of the structure of photo-
synthetic reaction centers from Rhodop-
sendomonas viridis**V and Rhbodobacter
sphaeroides.'*'* These large complexes of
membrane bounded proteins gave new in-
sights into the rules of spatial organization
of proteins in membranes. All the trans-
membrane fragments from protein struc-
tures mentioned above were a-helices,
‘which lie more or less perpendicular to the

membrane surface. The analysis of theg
examples led some rescarchers to the cop.
clusion that most membrane protein heljce
have a simple, up-down helical topology,
The idea that the structure of membrape
buried protein fragments is predominantly
helical was very popular until the stryc.
tures of porins were discovered.'%20 Traps.
membrane fragments of these proteins are
formed by a 16-stranded, antiparalle] B-
barrel structure. The porin example very
clearly shows how dangerous it is to draw
general conclusions about membrane protein
structure on the basis of very incomplete
structural darta.

A new type of membrane protein rto-
pology was found for the structure of light
-harvesting complex from photosystem II,
which was solved by Kuhlbrandrt et al us-
ing electron crystallography.?' In this pre-
dominately helical structure, one of the
helices is positioned parallel to the mem-
brane surface. This helix has the additional
possibility of forming a membrane bound
structure. Prostaglandin H2 synthase,
whose X-ray structure was published in
1994, exhibits yet another topology. It
is the first example of a monotopic (non-
spanning) membrane protein structure,
Prostaglandin H2 synthetase is anchored to
the membrane by surface adsorbed amphi-
pathic a-helices, Furthermore, nobody can
exclude the possibility that in the near
future a structure of membrane protein
with an wp topology will be solved. In
summary, the problem of prediction of to-
pology and 3-D structure of membrane pro-
teins turns out to be more difficult than one
would expect on the basis of the initially
solved structures.

Most work in the area of membrane
protein structure prediction concerns the
prediction of transmembrane helical frag-
ments using sequence analysis methods.?%
This approach implicitly assumes a simple
up-down helical topology for membrane
proteins. Some researchers congentrate on
the prediction of the point at which a
transmembrane helix leaves the bilayer.”
Other investigators use the information
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They showed that including this addi-
tional information results in about a
10% improvement in accuracy.

In the area of membrane protein mod-
eling, Milik, Skolnick and coworkers have
presented a model for membrane bound
peptides and proteins.?”*® The model rep-
resents the first stage of a larger project
whose goal is to develop a method for
simulating complex membrane-protein sys-
tems. In the initial stages of the project,
separate models of the lipid membrane and
the membrane protein were prepared and
extensively explored. The lipid membrane
originated from a simple model of chains
anchored to an interface.’ Subsequently, a
united atom, Monte Carlo model of the
lipid bilayer was developed.®® The model
reflects the internal molecular geometry of
lipid molecules and the essential, physical
properties of real lipid membranes. Using
this model, the authors were able to re-
produce the gel/liquid phase transitions and
the lateral diffusion of phospholipids in the
lipid bilayer. Additionally, the existence of
a free-diffusion regime outside of the bi-
layer phase was confirmed by the resules
of the simulacions.

The model of structure and dynamics
of membrane proteins started from a sim-
plified lattice representation.® The poly-
peptide molecule was represented by a dia-
mond lattice chain, where every amino acid
consisted of three consecutive diamond lat-
tice points representing the NH, Ca plus
side chain, and carbonyl group, respec-
tively. The water and the hydrocarbon
chain environments were taken into ac-
count via an effective, coordinate depen-
dent hydrophobic potential. The model
demonstrated that changes in the sequence
of the model peptide chain may change the
pathway of the helical hairpin insertion
from “end first” to “turn first.” Addition-
ally, cthe results of the simulations support
the idea of structural subassembly during
the process of spontaneous insertion of a
protein into a membrane. During the mod-
eled insertion process, the fragments of
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secondary structure were preassembled on
the surface of the membrane, and then
transported into the membrane. This effect
is consistent with the conjecture that the
interface may play a very important role
in the spontaneous insertion process.?

The importance of the interface region
was even more evident in the next, more
detailed model of membrane proteins.?” In
this model, the protein chain was repre-
sented by a chain of balls with centers at
the Co carbon position. The internal struc-
ture of membranes was also schematically
considered in this model. The lipid mem-
brane phase was divided into head-group
and hydrocarbon phases. The interactions
between a protein chain and environment
were modeled by a new hydropathy scale,
based on experimental data. In spite of its
simplicity, the model reproduced the ex-
perimental behavior of a number of sys-
tems. For example, it successfully distin-
guished between transbilayer (M25) and
surface adsorbed (magainin2) helical pep-
tides.’”” The model also gave a good pre-
diction for the transbilayer and surface-
adsorbed fragments of the bacteriophage
coat proteins. The predicted structures of
pfl and fd coat proteins are in very good
agreement with the experimental data for
the positions and orientation of the resi-
dues in the membrane bounded system.’®

These simulations confirmed the exist-
ence of a two stage insertion process for
the spontaneous insertion of membrane
peptides that was originally proposed by
Jacobs and White*2 and is known as the
“helix insertion” hypothesis. In the first
stage, the peptide chain adsorbs on the
membrane surface with accompanying for-
mation of helical scructure. The resulting
preformed secondary structure fragmenct is
then inserted into the membrane. This oc-
curs because the energetic cost of not hav-
ing any hydrogen bonds in the bilayer
phase is very large. Thus, these simulartions
have provided new insights into the pro-
cess of membrane peptide transport and
stability.

Subsequently, the role of the internal
structure of the membrane in the insertion
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process was explored by Baumgarener and
Skolnick."% They used a dumbbell mode]
for the molecules in each leaflet of the bi-
layer. In an initial scudy,® they examined
the translocation of an inert polymer which
is driven across the model membrane g a
function of field strength. Below a charac.
teristic field strength, they find that the
membrane is practically impenetrable,
Above this threshold, but at low fields,
translocation can be described as a Kramers
process associated with the escape of 5
Brownian particle over potential barriers.
Next, they examined the effect of mem.
brane curvature on the nature of the trans-
location process.* For flat membrane mod.
els, they find that a structureless polymer
having attractive interactions with the bj.
layer spontaneously crosses the bilayer with
equal probability in each direction. This
is reasonable, since space is isotropic, and
there are no field gradients across the bj-
layer. However, when the bilayer is highly
curved, then there is essentially irrevers-
ible transport from the outside to the in-
side of the bilayer. This is due to an en-
tropic effect arising from the fact thar the
bilayer is less dense in the interior leaflet
than in the exterior leaflec. The importance
of these studies resides in the fact that there
may be situations where the internal struc-
ture of the membrane is important and im-
portant physical effects may be missed if ic
is simply treated as a structureless medium.

With the above caveat in mind, at the
very least, the membrane peptide model
must be extended to include a more real-
istic representation of amino acid side
chains, a side chain-side chain interaction
potential and a membrane-protein interac-
tion potential. Here, we describe initial
investigations along this direction and de-
scribe 2 method based on the approach of
Jones et al®® for extracting information
abour protein-membrane interactions from
protein sequence data. The objective is fo
develop a mean-force asymmetric potential
that includes spatial information which was
absent in our original membrane protein
models and to examine the consequence
when such a potential is implemented in

o
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the simplified protein model. Having such
a potential in hand, we then explore
whether the additional terms in the poten-
tial produce results which are consistent
with experiments regarding to the location
of the helices with respect to the bilayer.
We also wish to establish that the inclu-
sion of an amino acid specific, spatially
anisotropic potential is compatible with
other terms in the potential. These simu-
lations offer the advantage that the helical
locations are not encoded a priori, but may
change. In fact, an amphipathic helix may
lie on the surface of the membrane. They
suffer from the disadvantage that the com-
putational cost is substantially larger than
more standard sequence based approaches.
The first problem which should be ad-
dressed in order to prepare a statistical
potential that describes protein-membrane
interaction is that the membrane itself is
not an amorphous, isotropic system,; rather,
it has a complicated internal structure. 46
Lipids are asymmetrically discributed be-
tween the inside and outside leaflet of the
membranes. For example, in mammalian
erythrocyte membranes, phosphatidylcho-
line (PC) and sphingomyelin (Sph) mol-
ecules are preferentially concentrated in the
outside leaflet of the membrane, while
phosphatidylethanolamine (PE) and phos-
phatidylserine (PS) prefer the inside leaflec
of the membrane.*’ An analogous situation
also obtains in the case of plasma mem-
branes, but PC is rather equally distributed
between the leaflets.*” This asymmetry in
lipid composition is probably important for
the cell function, because, according to
experimental data, it is probably artificially
maintained by a specialized apparatus.®
One possible explanation why mem-
brane asymmetry is so essential for living
cells is thac this affects both the structure
and function of membrane proteins. Some
membrane proteins may be activated or
inhibited by specific phospholipids. For
example, according to experimental data,
protein kinase C requires PS for its func-
tion, and b-hydroxybutyrate dehydrogenase
requires PC.%* A typical cell membrarie has
a ratio of 100 phospholipid molecules per

membrane protein molecule.® Thus, every
membrane bound protein is surrounded by
several shells of phospholipid molecules.
One can expect that the structure and
orientation of a membrane protein must de-
pend on the phospholipid type in the neigh-
borhood. In particular, it may be sensitive
to the chemical identity of the head-groups.

The asymmetry in the composition of
loops exterior to the membrane in mem-
brane protein sequences was discovered by
von Heijne and co-workers.**! Based on
these observations, they formulated the
“positive inside” rule. The rule reflects the
observation that positively charged amino
acids (Lys and Arg) are comparatively rare
in periplasmic loops (about 5%) but are
very common in cytoplasmic loops (about
15%).3! This empirical rule has already been
successfully used to predict the topology of
membrane proteins.?!3%3%:32

A suitable membrane-protein model
should account for the internal membrane
structure. However, the detailed treatment
of the membrane makes the problem
computationally intractable. Thus, we pro-
pose to develop a statistical or knowledge
based potential that reflects the differen-
tial preferences of the various amino acids
for the different regions of the membrane.
In the case of globular protein structure
prediction, many methods use information
extracted from already known protein
structures in the derivation of knowledge
based potentials for protein folding.®3
Unfortunately, in the case of helical mem-
brane proteins, there are too few known
structures to make this practical. However,
in the case of membrane proteins, we have
the advantage that the helical transmem-
brane fragments are confined to the phos-
pholipid bilayer boundaries and may be
used to extract information about their
environment. Using a set of transmembrane
helices with known orientation, it should be
possible to find some statistical regularities
in the spatial distribution of amino acids.
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STATISTICAL ANALYSIS OF
TRANSMEMBRANE HELIX
SEQUENCES

PREPARATION OF THE DATABASE
OF TRANSMEMBRANE HELICES

The fragments of protein sequences
containing the transmembrane helices were
extracted from the “TMbase” which is a
database of membrane spanning protein
segments.’” The database contains trans-
membrane sequences extracted from Swiss
Prot release 25 and includes some addi-
tional information about the orientation of
the helices and the type of membrane

(when known). The orientation was de.
duced from Swiss Prot annotations or from
the positions of glycosylation and phospho-
rylation sites.

In the present work, we concentrated
on membrane proteins from mammalian
plasma membranes and proceed in a fash-
ion that is similar in spirit to that of Jones
et al.® This greatly decreased the size of
our data base, but it increases the coher-
ence of our results. We expect that helical
fragment spanning the same (or at least,
very similar) membranes might give us
some insight into specific protein-phospho-
lipid interactions. Additionally, we filtered

Table 13.1. Names of proteins whose sequences were used in the transmembrane fragment

database

Swiss Prot Name

Chosen Helices

Swiss Prot Name

Chosen Helices

5HT2_HUMAN 1234567
SHTA_HUMAN 1234567
5HTC_HUMAN 124567
SHTE_LHUMAN 124567
S5HTX_HUMAN 167
ATAA_RAT 1
A1AC_BOVIN 12347
A2AB_HUMAN 14567
A2AC_HUMAN 4
AA2A_HUMAN 137
ACH2_RAT 1234
ACH5_HUMAN 24
ACHA_BOVIN 34
ACHB_HUMAN 4
ACHD_MOUSE 4
ACHG_BOVIN 4
ACHN_HUMAN 4
ACM2_HUMAN 1
AG2R_BOVIN 1234567
B2AR_HUMAN 4
B3AR_MOUSE 1
C5AR_HUMAN 1234567
CANR_HUMAN 1234567
D3DR_MOUSE 267
D5DR_HUMAN 124567
DBDR_RAT 4567
ET1B_BOVIN 1234567
FML1_HUMAN 1234567
FSHR_HUMAN 1234567
GAA4_BOVIN 134
GAB1_BOVIN 23

SHT3_HUMAN 1234
SHTB_MOUSE 123457
SHTD_HUMAN 1234567
5SHTE_MOUSE 1367
ATAA_HUMAN 124567
ATAB_RAT 1234567
A2AA_HUMAN 1234567
A2AB_MOUSE 1
AATR_BOVIN 1234567
AA2B_HUMAN 147
ACH3_RAT 4
ACH5_RAT 4
ACHB_BOVIN 2
ACHD_BOVIN 24
ACHE_BOVIN 234
ACHG_HUMAN 23
ACM1_HUMAN 1234567
ACM_HUMAN 1
B1AR_HUMAN 12457
B3AR_HUMAN 234567
BRB2_HUMAN 1234567
CALR_PIG 1234567
D2DR_BOVIN 13456
D4DR_HUMAN 124567
DADR_HUMAN 134567
EDG1_HUMAN 1234567
ETIR_BOVIN 124567
FMLR_HUMAN 6
GAAT_BOVIN 1234
GAA6_MOUSE 3

GAC2_BOVIN

1
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out the chosen transmembrane helices in
order to remove very similar sequences. In
the remaining set, no pair of transmem-
brane helix sequences is more than 50%
identical. Table 13.1 presents the set of
chosen mammal plasma membrane proteins
with information about which transmem-
brane helices from these proteins are in-
cluded in our data base. The resulting da-
tabase consists of 484 transmembrane
fragments extracted from 112 mammal
proteins. Additionally, to all membrane
spanning sequences, we added short (5 resi-
dues) flanking sequences from the N and
C termini of the helices. These flanking se-
quences were also used in our statistical
analysis.

Figure 13.1 presents a histogram of the
length of transmembrane fragments in our
database. Extremely long (greater than 26
residues) or short helices (shorter than 19

residues) were removed. After chis pro-
cedure, the database consisted of 447
transmembrane fragments.

STATISTICAL ANALYSIS

As stated above, experiments indicate
that the distribution of different types of
phospholipids in cell membranes is asym-
metric. The outside leaflet of the lipid bi-
layer from the plasma membrane contains
more Sph, while the inside leaflet is richer
in PE. The main difference betrween these
phospholipids is in the shape and physico-
chemical features of their head groups.
Thus, we expect that most of the informa-
tion about the asymmetrical distribution of
amino acids in membrane spanning frag-
ments will be contained in the fragments
of sequence closest to the head group frag-
ment of the membrane—near the termini
of the transmembrane fragments.

Table 13.1. (continued)

Swiss Prot Name

Chosen Helices

Swiss Prot Name

Chosen Helices

GAC2_BOVIN 1
GAR1_HUMAN 1
GCRT_RAT 123457
GLPR_RAT 1234567
GRA3_RAT 3
GRPR_HUMAN 124567
ILBA_HUMAN 1234567
IL8B_HUMAN 57
LSHR_MOUSE 1
MAS_HUMAN 1234567
NK2R_BOVIN 12567
NMBR_HUMAN 1457
NY1R_HUMAN 1234567
OLFO_RAT 1234567
OLF3_MOUSE 14567
OLF5_RAT 45
OLF7_RAT 13457
OPSD_BOVIN 124567
OXYR_HUMAN 1234567
PTRR_RAT 14567
RTA_RAT 1234567
TA2R_HUMAN 1234567
THRR_MOUSE 7
TSHR_HUMAN 5
V2R_HUMAN 12457

GAD_MOUSE 3
GCRB_RAT 1234567
GLGP_RAT 1234567
GRAT_HUMAN 1234
GRB_RAT 123
HH2R_HUMAN 124567
ILBA_RABIT 123456
LSHR_HUMAN 12345
LSHR_PIG 7
NKT1R_HUMAN 1234567
NK2R_RAT 4

NTR_RAT 1234567
NY3R_BOVIN 124567
OLF2_RAT 45
OLF3_RAT 145
OLF6_RAT 124567
OPSB_HUMAN 1234567
OPSG_HUMAN 123456
PAFR_HUMAN 1234567
RDC1_HUMAN 1234567
SCRC_RAT 5
THRR_HUMAN 1234567
TRFR_MOUSE 1234567
V1AR_RAT 124567
VIPR_RAT 4
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30 b a2

length of transmembrane fragment

Fig. 13.1. Distribution of lengths of transmembrane helices used in the present work. The helices were
extracted from mammal plasma membrane proteins,

From the sequence database, we ex-
tracted information about the interface re.
gions and the central region of the cell
membrane. Thus, as suggested by Jones et
al,® we specify five regions: inside head
group (HDI), inside hydrocarbon (HCI),
central hydrocarbon (HCQ), outside hydro-
carbon (HCO) and outside head group
(HDO). As shown in Figure 13.2, three
residues comprise the inside and outside
regions (about one turn of an o-helix) and
five residues comprise the central region
(see Fig. 13.2). With this spatial division,
the question we asked was: is there any
preference in the distribution of amino ac-
ids in the membrane spanning sequences
chosen by us among these five regions?

To answer this question, we first cal-
culated the frequencies of amino acids in
the selected regions of the sequence. Fig-
ure 13.3 presents histograms of the calcu-
lated frequencies in comparison with the
frequencies of amino acids in the whole
Swiss Prot sequence data base. As expected,
the transmembrane fragments are enriched
in hydrophobic amino acids (Ile, Leu, Val)

and contain less hydrophilic ones (Asp,
Glu, Lys, Gln). Note that the frequencies
of Asn and Arg in the transmembrane frag-
ments are close to the average frequencies
in the entire Swiss Prot data base. That is,
in contrast to the other polar residues, their
relative frequency is not substantially sup-
pressed in membrane proteins. This may
suggest that these residues play a specific
role in transmembrane fragments.

Having in hand the expected values of
occurrences of the individual amino acid
in the transmembrane fragments, we cal-
culated for all amino acids and al] sequence
fragments the ratio:

A4 Ny (1)
d=(r) = - (1)
chp(r)
where: d*(r) is the ratio for amino acid
type AA in region r; N*(r) is the num-
ber of the observed occurrences of amino
acid AA in region r; NZA(r) is the number
of the expected occurrences of amino acid
AA in region r and calculared from statis-
tics for transmembrane fragments and size
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Fig. 13.2. Schematic view of the membrane divided
into five regions.

of the region. That is, we simply calculate
the ratio, q(r), of the length of region r to
the total length of all five regions. N4%.(r)
is just the total number of residues of type
AA times q(r).

Values of d**(r) for all regions and
amino acid types are presented in Table
13.2. Graphically, a portion of the data are
presented as histograms in Figure 13.4a-e.
Figure 13.4a presents the ratios for the five
different regions for the hydrophobic amino
acids—Ile, Leu, Val and Phe. As one might
expect, these amino acids are mostly con-
centrated in the hydrocarbon regions; the
differences in ratios between inside and
outside leaflets of the hydrocarbon portions
of the membrane are on the level of the
statistical error.

Figure 13.4b presents analogous histo-
grams for positively charged amino acids:
Lys, Arg and His. Again, as expected, these
residues are concentrated in the head-group
regions and the distribution is asymmet-
ric, particularly for Arg, where ratio in the
region HDI is almost two times larger than
in the region HDO and to a lesser extent

frequency (%)

BTvVH
HALL

Fig. 13.3. Frequencies of amino acids in transmembrane helices in comparison to average frequencies in the

Swiss Prot database.
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for Lys. In contrast, for His the differences
are on the level of the statistical error.

Histograms for the negatively charged
amino acids Asp and Glu are presented in
Figure 13.4c. The distribution is again
asymmetric for Glu, but this time with a
preference for the outside part of the mem-
brane. In the case of Asp, the differences
are on the level of the error of the method.
The overall trend for the positively and
negatively charged residues supports the
“positive inside” rule (discussed above),
which was originally formulated for the
outside of membrane loop fragments of
membrane proteins. Our statiscical data
show that this rule is valid for the resi-
dues from the head-group region as well.
However, in the case of His and Asp, the
rule may hold weakly at best.

Figure 13.4d shows histograms for the
polar, noncharged residues: Asn, Gln and
Trp. The histograms show a distinct dif-
ference in the Gln and Asn distribution in
transmembrane helices from plasma mem-

branes. While the Asn discribution is al-
most symmecric, the Gln residues are
strongly concentrated in the HDO region
of the membrane. If this is not an artifact
of the small size of our data base, this may
provide an interesting insight into the
specificity of protein-membrane interac-
tions. This observation is consistent with
that of Persson and Argos who used a set
of transmembrane fragments in different
environments.”® Another interesting obser-
vation is the distribution of Trp residues.
The staristics suggest that Trp has a pref-
erence for “outside” side of the plasma
membrane. This tendency is also consistent
with the work of Persson and Argos.?s

Figure 13.4e shows histograms of ra-
tios for residues with a tendency to con-
centrate in'the hydrocarbon phase of mem-
brane, but close to its border (regions HCI
and HCO), namely Ala, Met, and Tyr. This
effect is most evident for the Met and Tyr
side chains.



Table 13.2. Numbers of observed (N4:(r) ) and expected (N/;(r) ) occurrences of amino acids in different regions of the membrane
HDI HCI HCC HCO HDO

Nexp Nops  Ratio Nexp N,ps Ratio Newpy Ngps  Ratio Nexw Nops Ratio Nexpy Nops  Ratio
A 110.8 88 0.79 110.8 161 1.45 184.7 194 1.05 110.8 99 0.89 110.8 86 0.78
C 46.8 21 0.45 46.8 53 1.13 779 121 1.55 46.8 22 0.47 46.8 48 1.03
D 305 62 2.03 30.5 3 0.10 50.9 21 0.41 30.5 21 0.69 30.5 66 2.16
E 25.1 47 1.88 25.1 1 0.04 41.8 10 0.24 25.1 18 0.72 25.1 66 2.63
F 93.2 59 0.63 93.2 115 1.23 1553 180 1.16 93.2 130 1.40 93.2 44 0.47
G 521 33 0.63 52.1 34 0.65 86.8 120 1.38 52.1 56 1.08 52.1 52 1.00
H 21.2 44 2.08 21.2 4 0.19 353 12 0.34 21.2 19 0.90 21.2 41 1.94
I 1241 81 0.65 124.1 187 1.51 206.8 222 1.07 1241 141 1.14 124.1 72 0.58
K 40.2 122 3.03 40.2 5 0.12 67.1 3 0.04 40.2 13 0.32 40.2 85 2.11
L 1879 79 0.42 1879 223 1.19 313.2 413 1.32 1879 239 1.27 1879 111 0.59
M 38.1 19 0.50 38.1 62 1.63 63.5 56 0.88 38.1 57 1.50 38.1 22 0.58
N 48.7 83 1.70 48.7 31 0.64 81.2 65 0.80 48.7 33 0.68 48.7 64 1.31
P 386 31 0.80 38.6 8 0.21 64.4 70 1.09 38.6 35 0.91 38.6 75 1.94
Q 224 28 1.25 22.4 4 0.18 373 11 0.29 224 24 1.07 22.4 60 2.68
R 59.8 215 3.59 59.8 18 0.30 99.7 1 0.01 59.8 18 0.30 59.8 87 1.45
S 89.8 65 0.72 89.8 70 0.779 149.7 231 1.54 89.8 57 0.64 89.8 86 0.96
T 819 103 1.26 81.9 69 0.84 136.5 127 0.93 81.9 72 0.88 89.8 93 1.14
\'% 129.4 69 0.53 129.4 177 1.37 2156 249 1.16 129.4 157 1.214 129.4 81 0.63
w 344 12 0.35 344 27 0.78 57.4 66 1.15 344 45 1.31 34.4 45 1.31
Y 66.0 80 1.21 66.0 89 1.35 110.0 63 0.57 66.0 85 1.29 66.0 57 0.86

See the text for explanation.
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PREPARATION OF MEAN
FORCE POTENTIALS

The mean-force potentials were pre-
pared from the statistical data using the
supposition of a Boltzmann distribution of
energetic states. The values of the one-body
potential for different regions and differ-
ent amino acids were calculated according
to the equation:

AA

p“(r)=—len(d"‘(r)):-kT]n-—N‘;’:(r; £2)
exp

where: p™(r) represents the value of the

asymmetrical membrane potential for

amino acid “AA” in che region “r”, and

dA4(r) is defined in Equation 1.

Table 13.3 presents the values of the
potential calculated using equation 2. For
most amino acids, the values of this po-
tential are insignificant in comparison to
the values of the hydrophobic potential
used in the simulation procedures. For
amino acids like Asp and Glu, the differ-
ence between the “inside” and “outside”
leaflets of the membrane can be more than

1 kcal/mol. For Lys, Arg and Trp, these

differences are about 0.5 kcal/mol. These
numbers are indicative of the moderate to
relatively strong preferences for these amino
acids to be in the outside or inside leaflets
of the membrane.

This coordinate dependent potential
was then included as an additional energy
factor into the simulation scheme previ-
ously employed in our previous work.?’ In
effect, the z-dependent hydrophobic mem-
brane potential is now asymmetrical, as is
seen in the plots for the potential for Asp,
Glu, Arg, Lys, Phe and Trp (Fig. 13.5).

SIMULATIONS

The resulting potential field was then
tested on the example of a membrane pro-
tein from the human plasma membrane:
interleukin-8 receptor A (ILBA_HUMAN)
from the family of G-protein coupled re-
ceptors (GPCR).* The sequence was cho-
sen because of the well-known overall
membrane topology of GPCRs (positions
of transmembrane helices and their orien-
tations). In test runs, we have used trans-
membrane fragments from IL8A, extracted

Table 13.3. Values of asymmetric membrane potential for different membrane regions and

different amino acids

Name HDI HCI HCC HCO HDO
A 0.13 -0.22 0.03 0.06 0.15
C 0.46 -0.07 -0.25 0.43 -0.02
D -0.41 1.34 0.51 0.22 -0.44
E -0.36 1.86 0.82 0.19 -0.56
F 0.26 -0.12 -0.08 -0.19 0.43
G 0.26 0.24 -0.19 -0.04 0.00
H -0.42 0.96 0.62 0.06 -0.38
| 0.24 -0.24 -0.04 -0.07 0.31
K -0.63 1.20 1.79 0.65 -0.43
L 0.50 -0.10 -0.16 -0.14 0.30
M 0.40 -0.28 0.07 -0.23 0.32
N -0.31 0.26 0.13 0.22 -0.16
P 0.13 0.91 -0.05 0.06 -0.38
Q -0.13 0.99 0.70 ~-0.04 -0.57
R -0.73 0.69 2.65 0.69 -0.22
S 0.19 0.14 -0.25 0.26 0.02
T -0.13 0.10 0.04 0.07 -0.07
Vv 0.36 -0.18 -0.08 -0.11 0.27
w 0.61 0.14 -0.08 -0.15 -0.15
Y- -0.11 -0.17 0.32 -0.14 0.08
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according to their annotations in the Swiss
Prot database. Two flanking fragments,
each 5 residues in length, were added to
both ends of the helices. The sequences
(with the flanking fragments) are presented
in Table 13 .4.

The simulation procedure consists of
28 independent simulated annealing runs
for every helix, with a starting tempera-
ture of 500° K and a final temperature of
290° K. The geometrical parameters of
membrane were the same in all simula-
tions. The thickness of the hydrocarbon
phase was equal to 33 & and che thickness
of both head group layers was equal to 4 A.
Uniform helical propensities of 1 kcal/mol
per residue were used for all the chains,
All the modeled chains started from ran-
dom conformations whose centers of mass
are about 30 A from the membrane bor-
der. Half of the runs started from the chain
situated on the “outer-cellular” side of the
model membrane, and the other half
started from the “cytoplasmic” side. For all
tested transmembrane fragments, we ob-
served topologies with “N-terminus in-
side,” and “N-terminus outside” orienta-
tions. The average values of the energy for
both the orientations and for al] of the
tested transmembrane helices are presented

in Table 13.4.

According to the literature, all GPCRg
have an overall “N-outside” topology 32
This means that the firsc heljx has j¢s
N-terminus situated on the outside leafle,
of the plasma membrane, the second one
is inside, etc. The expected result from the
test of our potential is that the helical frag-
ment in the native orientation should have
lower average energy. This is the case for
the first, second, fifth, and seventh helj-
ces. For the third and sixth helix, our
method does not prefer any orientation, Iy
the case of the helix number four, the pre-
dicted orientation is reversed. However, one
can calculate the average total energy of
the linked transmembrane helices, know-
ing that if the first helix is oriented with
N terminus outside of the cell, the second
one must be oriented in a N-inside topol-
0gy, etc. In the case of the tested protein,
we have two possible topologies for the
seven linked helices. The difference in en-
ergies between the N-outside and N-inside
topologies is 12 kcal/mol in favor of the
native topology. This suggests that the
preference for N-inside versus N-outside is
result from the sum of differential prefer-
ences, some of which may be indifferent
or weakly in conflict.

Table 13.5 contains the positions of
beginning and end of the putative trans-

Table 13.4. Sequences of transmembrane fragments used in our testing simulations and
minimal values obtained in simulated annealing procedures for native and inverse

orientations
Minimal Energy Minimal Energy

No. of for the “N- Inside” for the “N- Outside”
Helix Sequence Topology Topology

1 ETLNK YVVI IAYALVFLLSLLGNSLVMLVIL YSRVG 21.56 16.30

2 RSVTD VYLLNLALADLLFALTLPIW AASKV 5.81 9.47

3 LTFLC KWSLLKEVNFYSGILLLACIS VDRYL -1.30 -1.33

4 RHLVK FVCLGCWGLSMNLSLPFFL FRQAY -0.72 -1.98

5 TAKWR MVLRILPHTFGFIVPLFVML FCYGF -7.55 -10.67

6 HRAMR VIFAWLIFLLCWLPYNLVLL ADTLM -8.45 -8.36

7 NNIGR ARDATEILGFLHSCLNPIIYAF‘ IGONF 8.27 6.29

The bold numbers denote energies of transmembrane helices in native orientationab
a. Energy for 7 linked transmembrane fragments in the N-outside topology (native): 7.23 kcal/mol
b. Energy for 7 linked transmembrane fragments in the N-inside topology (inverted): 20.11 kcal/mol
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Table 13.5. Positions of starts and ends of putative transmembrane helices in IL8A
sequence, obtained by analysis of our simulation trajectories in the native and inverse
orientations as well as the positions from the Swiss Prot annotations

Helix Predicted, Predicted, Swiss Prot
Number Native Topology Inverse Topology Annotation
1 42 -63 43 -63 40- 66

2 77 -94 78 -94 76 -96
3 121-136 120-134 112-133
4 153-175 152-174 155-174
5 202-224 201 - 221 200- 220
6 244 - 266 244 - 262 243 - 264
7 286 - 309 288 - 311 286 - 308

membrane helices in the IL8A sequence,
obtained by analysis of our simulation tra-
jectories. The table presents results ob-
tained for both native and inverse topolo-
gies. According to our simulations, we
would predict that the differences in the
location of the transmembrane helices in
the two different topologies are minor. The
only difference between the native and in-
verse topology is their energy, which is
lower for the native one (see Table 13.4).
For comparison purposes, the values from
the Swiss Prot annotations are presented in
the same table. The differences between our
predictions and the Swiss Prot annotation
are in most cases in the range of two resi-
dues (what is probably in the range of the
error level of the method). The only sig-
nificant difference is for the third helix,
whose starting point is shifted by nine resi-
dues. It is possible that this is due to the
placement in Swiss Prot of the residues
“KEVN" in the central part of the puta-
tive transmembrane helix. Our method in-
terprets this strongly hydrophilic fragment
as a signal that it is outside of the mem-
brane. This is suggestive that perhaps the
positional assignment of the third helix
needs to be reexamined.

CONCLUSIONS

At present, the prediction of membrane
protein tertiary structure is still in the early
stages of development. This is partly due

to the paucity of known membrane pro-
tein structures against which the various
prediction methods can be tested. The most
powerful and general tools for the predic-
tion of the helix location and overall to-
pology (intra versus extra cellular handed-
ness) are those which are amino acid
composition based. In such cases, the as-
signment accuracy is quite high. Motivated
by the success of such amino acid compo-
sition based methods, the potential in a re-
duced protein model developed by Milik
and Skolnick?’ has been extended to in-
clude such terms. In contrast to sequence
based approaches, this method starts from
a protein fragment in an aqueous phase and
simulates the conformational equilibria of
the peptide between the aqueous and mem-
brane phase. Such an approach is designed
to predict the orientation and conforma-
tion of the peptide fragment with respect
to the membrane bilayer. The effect of in-
clusion of the amino acid specific terms
that reflects the environmental asymmetry
for a given amino acid in the membrane
has been investigated in a preliminary set
of simulations on the interleukin-8 re-
ceptor. The simulations predict that the
majority of the helices favor the native to-
pology, but some may be indifferent to or
even favor the alternative topology. In-
terestingly, the Swiss Prot annotation for
the location of the third helix is inconsis-
tent with the simulation results, whose
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starting point is shifted by 9 residues. This
suggests that the method may be used to
refine the putative location of the trans-
membrane fragments.

The next stage in membrane tertiary
structure prediction will require the devel-
opment of potentials that describe the rela-
tive lipophilicity of a given amino acid in
the bilayer. For example, does a leucine
prefer to interact with the lipid or does it
prefer to be buried in the membrane inte-
rior? Then, having such potentials in hand,
terms which describe differential prefer-
ences for interacting pairs of amino acids
are required. A major problem with the
development of such potentials is the lack
of solved membrane protein structures, but
here multiple sequence alignment informa-
tion may be of some help. Such potentials
will be required for the de novo predic-
tion of membrane protein tertiary structure,
a capability which does not yet exist.

These simplified models can also pro-
vide a number of insights into the mecha-
nism of membrane protein insertion into
the bilayer, and the detailed role played
by the membrane in determining mem-
brane protein structure. At the very least,
information such as a generalized positive
inside rule needs to be encoded into such
models. Indeed, the differencial preference
for amino acids to locate in the various
regions of the membrane can provide a
thermodynamic driving force for protein
insertion. More generally, effects of mem-
brane curvature may need to be considered,
and there may well be situations where the
detailed membrane structure needs to be
accounted for. However, computational
tractability will require that these models
be kept as simple as possible. Neverthe-
less, simplified models have proven to pro-
vide a number of insights into the water
soluble, globular protein folding problem,
and this is reason to hope that they will
prove to be as powerful when applied to
the prediction of membrane protein tertiary
structure. This will constitute the direc-
tion of research taken by our group in the
next few years.
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