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G-protein coupled receptors (GPCRs) are thought to be proteins with 7-membered

transmembrane helical bundles (7TM proteins). Recently, the X-ray structures have been

solved for two such proteins, namely for bacteriorhodopsin (BR) and rhodopsin (Rh), the

latter being a GPCR. Despite similarities, the structures are different enough to suggest

that 3D models for different GPCRs cannot be obtained directly employing 3D structures

of BR or Rh as a unique template. The approach to computer modeling of 7TM proteins de-

veloped in this work was capable of reproducing the experimental X-ray structure of BR

with great accuracy. A combination of helical packing and low-energy conformers for

loops most close to the X-ray structure possesses the r.m.s.d. value of 3.13 Å. Such a level

of accuracy for the 3D-structure prediction for a 216-residue protein has not been

achieved, so far, by any available ab initio procedure of protein folding. The approach may

produce also other energetically consistent combinations of helical bundles and loop con-

formers, creating a variety of possible templates for 3D structures of 7TM proteins, in-

cluding GPCRs. These templates may provide experimentalists with various plausible op-

tions for 3D structure of a given GPCR; in our view, only experiments will determine the fi-

nal choice of the most reasonable 3D template.

G-protein coupled receptors (GPCRs) are

transmembrane proteins with 7-membered trans-

membrane helical bundles (7TM proteins). Until

recently, this view has been based on indirect evi-

Vol. 48 No. 1/2001

53–64

QUARTERLY

�
Presented at the International Conference on “Conformation of Peptides, Proteins and Nucleic Acids”, Debrzyno, Po-

land, 2000.
�

The authors wish to thank the Monsanto Company and the US National Institutes of Health for grant support

(EY12113, GM48184 and HL54085).
�

Correspondence should be addressed to: Gregory V. Nikiforovich, phone: (314) 362 1566; fax: (314) 362 0234;

e-mail: gregory@ibc.wustl.edu

Abbreviations: BR, bacteriorhodopsin; 3D, 3-dimensional; GPCR, G-protein-coupled receptor; OOC, cytochrom c

oxidase; PCR, photosynthetic reaction center; Rh, rhodopsin; r.m.s., root mean square; r.m.s.d., root mean square dis-

placement; TM proteins, transmembrane proteins; 7TM proteins, 7-membered transmembrane proteins.



dence, such as hydrophobicity plots for many

GPCRs showing several fragments consisting of

highly hydrophobic residues which are suffi-

ciently long to form helical segments crossing the

membrane (see, e.g., [1]). Direct structural evi-

dence for 7TM-type 3D models of transmembrane

proteins, including GPCRs, has been obtained re-

cently. The X-ray structures have been solved for

two 7TM proteins, bacteriorhodopsin (BR) [2] and

rhodopsin (Rh) [3], the latter being a GPCR. It is

known that most GPCRs display sequence

homology with Rh [4].

Recent progress in the X-ray crystallography of

7TM proteins hopefully will reveal more 3D struc-

tures for other GPCRs. One can expect that those

3D structures will reflect differences between

GPCRs that ensure the selectivity and specificity

of receptor interaction with any given ligand. It is

noteworthy that 3D structures revealed by the

X-ray studies for BR and Rh, that both belong to

the same class of the light-activated 7TM proteins,

are similar, but by no means identical. On the

other hand, the X-ray crystallography produces

“snapshots” of 3D protein structures; it cannot

elucidate structural details of highly flexible parts

of proteins, such as loops (see, e.g., [5]). In the

case of 7TM proteins, besides flexible interhelical

loops and the N- and C-terminal fragments out-

side the membrane, one has to consider the possi-

bility of movements within the helical bundle it-

self that appears to be associated with switching

from the inactive to the active state of the GPCR

(e.g., [6]).

It is, therefore, likely that while 3D models for

different GPCRs obtained by X-ray crystallogra-

phy may show overall similarities with BR or Rh,

there will be also significant differences. For ex-

ample, the N-terminus and extracellular loops of

rhodopsin form a structured plug that caps the

retinal binding site. This cannot be the case with

GPCRs that bind ligands such as catecholamines

or peptide hormones that require access to bind-

ing sites from the extracellular space. Thus, com-

putational approaches to modeling 3D structures

of 7TM proteins become even more important,

since they are indispensable to complement new

experimental structural data. In our view, this

task can hardly be fulfilled by the wide-spread

homology modeling that employs 3D structures of

BR or Rh as unique templates (see, e.g., [7]). On

the contrary, computer modeling for 7TM pro-

teins would be much more productive if adequate

computational tools and procedures to build a va-

riety of energetically consistent 3D models for dif-

ferent GPCRs were available.

RESULTS

This study reports on a novel approach to molec-

ular modeling of 7TM proteins that has been de-

veloped to build varieties of plausible 3D struc-

tures for any given GPCR. This ab initio approach

starts from the amino-acid sequence, and is based

on very general physical principles discussed be-

low. As a validation test, we have used bacterio-

rhodopsin (BR), which until very recently (August

2000) was the only 7TM protein whose 3D struc-

ture has been determined by X-ray diffraction at

high resolution (entry code 1AP9 in the Brook-

haven Protein Data Bank [2]).

General considerations

Our approach to 3D modeling of 7TM proteins

utilizes some 3D information on 7TM proteins

that is known a priori. For instance, we know that

TM helices are immobilized in the membrane, so

their mobility is certainly lower than that of the

interhelical loops. Also, protein fragments pro-

truding from the outer surface of the membrane

(the N-terminus and the extracellular loops)

would certainly not interact with fragments inside

the cell (the intracellular loops and the

C-terminus). TM fragments are connected by rela-

tively short loops (up to 20–25 residues), so it is

reasonable to suggest that they pack together as

antiparallel helices; the short loops also ensure in-

teractions between TM helices neighboring in a

sequence. Therefore, 3D models for 7TM proteins

can be built in a “block-by-block” manner, which is

certainly not the case for soluble globular pro-

teins.

Figure 1 illustrates our general view of the prob-

lem. Generally, we assume that the 3D structures

of TM proteins may be described in terms of local
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internal coordinates, i.e., dihedral angles. Accord-

ingly, we use the ECEPP force field [8, 9] in our

energy calculations assuming rigid valence geom-

etry. For assembling helical bundles, one needs to

include also the “global” coordinates, three vari-

ables defining the spatial position of the center of

mass, X, Y and Z, and three more variables of gen-

eral rotations, Tx, Ty and Tz, for each TM helix

(see Fig. 1). To simplify the problem further, we

apply an assumption of “hard helical cores” (back-

bones) and “soft shells” (side chains) for each he-

lix. Practically, this means that the dihedral an-

gles for backbones of helices are “frozen” at the

values obtained by energy minimization for each

separate helix. For BR, energy calculations pre-

serve the 3D structures of individual helices with

great accuracy, the r.m.s. values calculated for C
�

atoms differing from 0.42 Å to 1.61 Å (“coordi-

nate” r.m.s. values).

We divide our approach into several distinct

steps: (i) finding possible TM helices in a se-

quence; (ii) assembling helical bundle(s); and (iii)

restoring interhelical loops.

Determining possible TM helices in a sequence

Since establishing of the rules for predicting he-

lices requires substantial experimentally defined

training sets, generally not available for TM pro-

teins, we have developed a novel procedure that

predicts TM helical fragments in the sequence by

analyzing possible breaks in TM helices [10]. The

procedure consists of stepwise elongation of the

“core” helical fragment determined by the consen-

sus results of several available statistical predic-

tions to increase reliability. At each step, we cal-

culate conformational energies corresponding to

the helical conformer of the “core” fragment elon-

gated by two flanking residues, E(�), as well as to

several options for the fragment to continue or to

exit the helix by changing conformations of the

flanking residues, Ei. (We have used the options

to continue or to exit the helix suggested in [11,

12].) The minimal values out of Ei–E(�), �k, ob-

tained at the each elongation step, can be viewed

as a profile of relative energies, where each mini-

mum of �k is a signal to start or to stop the TM

helix. We assumed that the boundaries of the TM

helix would be determined by the largest break

signals that are the closest to the “core” sequence

in the �k profiles.

Our procedure has been applied to the predic-

tion of the N- and C-termini for 45 trans-

membrane helices from the photosynthetic reac-

tion center (PRC) from Rhodopseudomonas viridis

[13], bacteriorhodopsin (BR) [2] and cytochrome c

oxidase (OCC) from Paracoccus denitrificans [14].

We have predicted helical endpoints within an er-

ror of ±2 residues with an accuracy of about 55%.

For comparison, three different statistical ap-

proaches, namely the TMPRED program that is

basically a neural network application [15], the

SOSUI program based mainly on the spectral den-

sity of hydrophobicity plots [16], and the DAS

method that is a generalization of se-

quence-alignment techniques [17] made the same

predictions with an accuracy not greater than

40%. (Interestingly, a very recent paper on deter-

mining TM helices within a sequence specifically

pointed out that the accuracy of our procedure re-

mains unsurpassed [18].) Specifically for BR, our

predictions have been as follows: (first to last resi-

due in the helix; experimental data in parenthe-

ses): 10–32 for BR1 (10–32), 39–68 for BR2

(38–61), 83–101 for BR3 (80–100), 108–127 for

BR4 (105–126), 138–157 for BR5 (134–157),

178–198 for BR6 (166–189), and 205–224 for

BR7 (202–225). It is noteworthy that, in any par-

ticular case, the exact length of TM residues ob-

tained by our predictions can be slightly altered in

the process of restoring the interhelical loops.
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Assembling of helical bundle(s)

Any significant similarity between the X-ray

structures of BR and Rh, noted above, is most pro-

nounced in the type of helical packing in the plane

of the membrane (see [2] and [3]). Our analysis of

possible reasons for such packing has been associ-

ated with finding the rough values for the “transi-

tional” global parameters X, Y and Z.

Y and Z coordinates

Packing of TM helices in the membrane plane

YZ may be considered as packing of the cylinders

with the identical diameter parallel to the X axis

(see Fig. l). Obviously, according to the principle

of dense packing, the densest packing of these cyl-

inders can be achieved in a hexagonal arrange-

ment where the central cylinder is in contact (“in-

teracts”) with six neighbors. However, the most

dense packing of “amphiphilic cylinders” that

avoids unfavorable contacts between “hydro-

philic” and “hydrophobic” cylinder surfaces re-

sults in two other types of packing each featuring

5 contacts of the non-neighboring cylinders (see

Fig. 2). One of these types is very close to the heli-

cal packing observed in BR and Rh (Fig. 2). As-

suming that the diameter of the cylinders is 10 Å,

which corresponds to the average diameter of TM

helices [19], we immediately obtain Y and Z coor-

dinates for the roughly packed BR helical bundle

that are in good agreement with those from the

X-ray structure (the largest individual difference

is 3.45 Å, see Table 1, the Z coordinate for helix

BR5). Note that the numbering of cylinders (heli-

ces) in the two possible types of packing in Fig. 2

may be different; in that case, new options for

packing helices may be created.

X coordinates

To solve this problem, we have applied a previ-

ously developed computational procedure for ar-

ranging isolated TM helices across a membrane

[20]. This simple procedure considers the “mem-

brane” as a space with a given “membrane thick-

ness” between two infinite parallel planes filled in-

side with a homogeneous octanol environment.

Similarly, the homogeneous water environment

occupies the space outside the planes on both

sides. Octanol and water environments differ in

their contributions to the solvation energy for

each particular atom transferred from one envi-

ronment to another. The procedure pulls the heli-

cal fragment through the membrane along the X

axis with step increments of 1.5 Å. At each step,

the helical fragment is tilted in the direction nor-

mal to the axis (tilt angle Ty) up to ±40� in 20� in-

crements, and is rotated around the X axis (rota-

tion angle Tx) from 0
o

to 150� in 30� increments.

This corresponds to the total circle of rotation,

since both positive and negative tilts are consid-

ered. (Note that a recent analysis of helical pack-

ing for TM proteins based on X-ray data [19]

showed that the values of the tilt angles (Ty and

Tz in our notation) are generally small, not ex-

ceeding ±40�.) Totally, at each vertical step, 25 po-

sitions of the helical fragment are examined. For

each of these 25 global spatial positions, the opti-

mal solvation energy of the helical fragment, Esol,

is calculated. Energy values themselves are the

sum of two parts. The first one is the regular

intramolecular atom–atomic interactions inside

the helical fragment calculated by the ECEPP/2

force field. The second one is a sum of solvation

energies for each atom calculated by the “ex-

cluded volume” procedure [21]. As a general re-

sult, this procedure calculates a profile of the en-

ergetic cost for transferring the helical fragment

from one side of the membrane to another. The

lowest point(s) in this profile may be used for indi-

cating the optimal position(s) of the helical frag-
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Figure 2. Dense packing of “amphiphilic” cylinders.

Numbering corresponds to that in BR and Rh.



ment in the membrane. (A similar idea has been

implemented earlier in [22], where differences in

experimentally estimated energies for “residue–

water” vs “residue–cyclohexane” interactions

were used for establishing possible arrangements

of TM helices across the membrane in the process

of a stepwise residue- by-residue immersion.)

The procedure has been applied to a validation

set of the same 45 transmembrane helices men-

tioned above. In two thirds of the helical frag-

ments considered, the procedure has predicted

the vertical shifts of the fragments across the

membrane with an accuracy of (–0.15 ± 3.12) resi-

dues compared to the experimental data. The ac-

curacy for the remaining 15 fragments was (2.17

± 3.07) residues, i.e. about one-half of a helix turn.

The procedure has been applied for finding the

relative positions for all BR helices along the X co-

ordinate. Four options of such relative arrange-

ments have been found that correspond to two

equivalently optimal positions for helices BR3

and BR6. Table 1 contains the X coordinates most

close to those revealed by the X-ray studies. The

largest individual difference between the calcu-

lated X coordinates and those from the X-ray

structure was 3.32 Å (helix BR7 in Table 1).

The efficiency of employing the procedures de-

veloped for finding the X, Y and Z coordinates

demonstrates helical packing obtained by using

only the values of X, Y and Z described in Table 1

(i.e., with the Tx, Ty and Tz values equal to zero).

Even this rough option of helical packing pos-

sessed an r.m.s.d. value of 3.37 Å relative to the

X-ray structure (C
�
-atoms, “distance” r.m.s.

value). Other options differing in the X coordi-

nates (see above) possessed r.m.s.d. values rang-

ing from 3.33 Å to 4.47 Å�

Ty and Tz coordinates

The types of helical packing shown in Fig. 2 sug-

gest a high degree of cooperativity in the values

for the tilt angles (Ty and Tz) for each individual

helix included into a helical bundle. For instance,

if the Ty and Tz angles for BR3 helix are defined

as equal to zero, all other helices will try to adopt

the values of Ty’s and Tz’s to maintain dense

packing between helices that exists in the “initial”

point when all Ty’s and Tz’s are equal to zero. As

a result, we can suggest only two most probable

sets of Ty’s and Tz’s for BR1, BR2, BR4, BR5,

BR6 and BR7, corresponding to the “clockwise”

or “anti-clockwise” tilt sense of these helices

around BR3. The absolute values of those angles

have been chosen as 20�, in agreement with litera-

ture data [19]. The set of Ty’s and Tz’s closest to
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Table 1. Global coordinates X, Y, Z (Å) and Ty, Tz (degrees) for the X-ray structure of BR (upper row), and

those suggested for rough packing of helices (lower row).

Helix X Y Z Ty Tz

BR1 0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

BR2 6.73

4.50

7.28

8.66

3.17

5.00

–13.56

–20.00

–162.47

–160.00

BR3 3.61

5.00

16.97

17.32

3.41

0.00

25.47

10.00

18.34

20.00

BR4 1.13

2.00

26.30

25.98

6.71

5.00

–9.13

–20.00

–163.00

180.00

BR5 –2.74

–1.50

29.59

25.98

–1.55

–5.00

26.90

0.00

3.60

0.00

BR6 2.40

3.50

20.29

17.32

–10.24

–10.00

–17.05

–20.00

177.82

180.00

BR7 –2.82

0.50

9.15

8.66

–5.27

–5.00

9.23

0.00

1.00

0.00



the values in the X-ray structure of BR is de-

scribed in Table 1; the values are recalculated to

the reference point where Ty and Tz for BR1 are

equal to zero. One can see that the suggested Tz

values are very close to those in the X-ray struc-

ture; as to the Ty values, the differences are more

pronounced. Interestingly, the set of Ty and Tz

values most close to the X-ray structure of Rh [3]

possesses the same absolute values, but with the

opposite tilt sense.

Tx coordinates

Energy calculations with optimization of the

side chain dihedral angles have been performed

for all neighboring pairs of BR helices. The stan-

dard ECEPP/2 force field has been used; how-

ever, electrostatic interactions have been ignored.

The X, Y, Z, Ty and Tz starting points for energy

calculations were those listed in Table 1, except

for small variations (Tz = –160� for BR4, Ty = 20�

for BR3, Ty = 0� for BR4, and Ty = 20� for BR5).

These values, as well as Tx’s and the dihedral an-

gles of side chains were allowed to vary. One hun-

dred and fourty-four combinations of Tx’s (12 by

12, i.e. a grid of 30�) were considered for each pair

of neighboring helices. Energy calculations found

possible low-energy configurations (�E < 10 kcal/

mol) for each neighboring pair (2 configurations

for pair of helices BR1–BR2, 13 for BR2– BR3, 25

for BR3–BR4, 35 for BR4–BR5, 18 for BR5–BR6,

23 for BR6–BR7, and 22 for BR7– BR1).

Assembling seven-helical bundle

Obviously, not all of the low-energy pairwise con-

figurations are geometrically compatible with

each other. Only 43 possible configurations of the

seven-helical bundle were obtained as a result of

combining the pairwise configurations. The

r.m.s.d. values for these configurations in com-

parison with the X-ray structure of BR fall into

the range from 2.93 Å to 3.52 Å, which means

that all of them are close to the X-ray helical bun-

dle. However, it is possible to rank the possible

configurations further by applying a scoring func-

tion based on the frequencies of observed resi-

due–residue contacts between TM helices in TM

proteins within the known X-ray structures.

The employed scoring function E was as follows:

E = �ij Eij, where:

Eij = 0, when rij > 8 Å;

Eij = �fmn, when Ro < rij < 8 Å;

Eij = –Eo, when rij < Ro.

Here i and j are indexes related to the C
�
-atoms

of interacting helices; rij is the distance between

atomic centers i and j, and the values of parame-

ters Ro, � and Eo are 3.0 Å, 1.0 and 500, respec-

tively, fmn is a 20�20 matrix of normalized

frequences of interhelical contacts between resi-

dues of the types n and m:

fnm = Nmn / Nm*Nn,

where Nmn is the total number of found

interhelical contacts between residues of the types

m and n, and Nm, Nn are the numbers of contacts

of any kind found for residues of the type m or n,

respectively.

The fmn matrix (Table 2) has been deduced by

analyzing the X-ray structures of nine TM pro-

teins (PDB access codes 1brd; 1occ; 1prc; 1be3;

1bl8; 1kzu; 1lgh; 1msl and 1lih) including a total

of 2337 residues in TM helices participating in

2155 interhelical contacts. Figure 3 presents the

plot of the E values for each of the 43 found con-

figurations of the seven-helical bundle vs. the

r.m.s.d. values relative to the X-ray structure of

BR. Despite no really pronounced correlation be-

tween the E and r.m.s.d. values, it is clear that the

higher values of scoring function correspond to

the lower values of r.m.s.d.. The top seven config-

urations differ from the X-ray structure of BR by

the r.m.s.d. values of 2.9–3.1 Å; the highest score

TM bundle (r.m.s.d. = 3.045 Å) is depicted in

Fig. 4. This r.m.s.d. value is comparable to that be-

tween the predicted 7TM helical bundle of Rh [23]

and the actual X-ray structure of Rh [3], which is

3.085 Å (backbone atoms). However, in that case,
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the electron microscopy maps for Rh [24], as well

as the proposed assignment of the TM helices to

the maps [25] have been employed as a starting

point for refinement of the H-bond network

within the bundle [23]; i.e., the rough values of the

X, Y, Z, Tx, Ty and Tz coordinates have been

taken directly from the experimental data on Rh.

Restoring interhelical loops

For small loops (4 to 10 residues), we have de-

veloped a rather straightforward approach to re-

storing their 3D structures. It consists of generat-

ing all possible combinations of the backbone con-

formations close to the local backbone energetic

minima for the entire loop with the inherent dis-

tance limitations implied by the known positions

of the adjacent helices. All generated conforma-

tions are then subjected to energy minimization,

and then the “averaged” conformer representing

the geometrical average for the entire set of

low-energy conformers for a given small loop is se-

lected.

For instance, for the seven-residue loop 30–38

in BR (the loop between helices BR1 and BR2),

1594 conformers of the peptide backbone have

been found to satisfy all distance constraints. For

each of these conformers, we have performed en-

ergy calculations that included parabolic poten-

tials to comply with the distance constraints. (In

these energy calculations, all dihedral angles of

the backbone were not “frozen” as in the case of

interhelical interactions, but were allowed to

vary). One hundred and ten low-energy conform-

ers (�E < 10 kcal/mol) have been obtained that

are all very close to the “averaged” 3D structure

Vol. 48 Computer modeling of TM proteins 59

Table 2. Normalized frequences of interhelical contacts between residues of various types in TM proteins.

Figure 3. Scoring function calculated for 43 options

of helical bundle compared to the r.m.s.d. values in

relation to the X-ray structure of BR.



(the r.m.s. values (coordinates of C
�

atoms) are

0.63–2.09 Å), and to the X-ray structure (the

r.m.s. values of 1.40–1.73 Å) (see Fig. 5). The

same approach has been used for loops between

helices BR3 and BR4; BR4 and BR5; BR5 and

BR6, and BR6 and BR7. A summary of the results

is presented in Table 3. One can see that the “av-

eraged” conformers indeed represent the avail-

able set of low-energy conformers even for the

twelve-residue loop between helices BR6 and BR7;

in this case, however, the geometrical variations

between low-energy conformers are understand-

ably the largest.

For medium loops (12 to 20 residues), the

straight generation of all possible combinations of

the backbone conformations is computationally

limited. Therefore, we have developed a special

build-up algorithm for a stepwise elongation of

the peptide backbone for a loop connecting helices

i and i +1 starting from the last residue of the i-th

helix. First, all the “averaged” structures of the

small loops are added to the already known helical

bundles to create a united “framework” for the

further building procedure. Then, at each elonga-

tion step, the system of limitations is imposed on

the minimal and maximal C
�
–C

�
distances inside

the loop, as well as between any C
�

atom in the

loop and any C
�

atom within the “framework”

consisting of the known helices and the smaller

loops. After selection of the loop structures that

satisfy these limitations, energy calculations are

performed, and the resulting low-energy struc-

tures are clustered by their 3D shape. There was

one eighteen-residue loop in BR (loop 61–80 be-

tween BR2 and BR3) that has been subjected to

this procedure. During the elongation steps, the

number of generated conformers satisfying all

limitations started with 326259 at the 61–72 frag-

ment, then reached the maximal value of 783781

at the 61–75 fragment, and then finally achieved

the value of 129 conformers for the entire 61–80

fragment. The subsequent energy calculations

were performed in the same manner as described

above for the small loops. They yielded 56

low-energy conformers (�E <10 kcal/mol), one of

them depicted in Fig. 6. This particular structure

possesses the r.m.s. value of 3.45 Å compared to

the actual X-ray conformation, and it reproduces
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Figure 4. The highest

scored helical bundle

(right) compared to the

X-ray structure of BR

(left).

Figure 5. Variety of low-energy conformers for loop

30–38 (in light gray) in comparison with the “aver-

aged” conformer (in dark gray).



a complicated twisted �-hairpin motif of the natu-

ral loop (see Fig. 6). Other low-energy conformers

possess the r.m.s. values up to 8.87 Å. The quality

of this prediction may be estimated in comparison

with the results of predictions obtained by other

authors. The best r.m.s.d. values of 0.93 Å [26],

1.79 Å [27] and 1.87 Å [28] have been reported

for nine-residue loops; all attempts to predict con-

formations of loops larger than 10–11 residues re-

sulted in the r.m.s.d. values greater than 3 Å [29].

No, at least somewhat realistic, predictions for

loops as large as 18 residues were reported at the

CASP-3 meeting [29]. It is noteworthy that energy

calculations performed for loops have involved

the backbone structures only; it should be ex-

pected that the r.m.s. values would further im-

prove after addition of side chains. These could be

added in a refinement procedure to discriminate

between alternative loop conformations.

DISCUSSION

The approach to computer modeling of 7TM pro-

teins discussed in this work satisfies several re-

quirements. It was capable of reproducing the ex-

perimental X-ray structure of BR with great accu-

racy. A combination of helical packing and

low-energy conformers for loops most close to the

X-ray structure is depicted in Fig. 7, and pos-

sesses the r.m.s.d. value of 3.13 Å. Such a level of

accuracy for the 3D-structure prediction for a

216-residue protein has not been achieved, so far,

by any available ab initio procedure of protein

folding (see, e.g., the results of the CASP-3 meet-

ing [30]). The approach may produce also other

energetically consistent combinations of helical

bundles and loop conformers, creating a variety

of possible templates for 3D structures of 7TM

proteins, including GPCRs. These templates may

differ in the numbering of helices in helical bun-

dles; in different optimal positions of individual

helices arranged across the membrane; in differ-

ent packing patterns; and in different low-energy

conformers of interhelical loops. In fact, the main

goal of this approach is to provide experimen-

talists with various plausible options for 3D struc-
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Figure 6. Best of low-energy conformers found for

loop 61–80 (light gray) overlapped with the X-ray

structure (dark gray); r.m.s. = 3.45 Å

Figure 7. The “best” combination of calculated heli-

cal packing and interhelical loops (in light gray) in

comparison with the X-ray structure of BR (in dark

gray).



ture of a given GPCR, not confining us with a sin-

gle template option, as that of BR or Rh. In our

view, only experiments will determine the final

choice of the most reasonable 3D template.

Also, an important feature of the approach is

that it is implemented in an easy-to-understand

stepwise procedure. Adequate computational

tools have been developed for each step of this

procedure. Employing these tools, we can find

boundaries (breaks) of TM helices in a sequence.

We can also arrange TM helices across mem-

branes, and, using the principle of dense packing,

perform a rough packing of helical bundles. We

can combine compatible configurations found for

neighboring pairs of helices together, forming

various helical bundles. We can rank the bundles

by a scoring function based on the frequencies of

interhelical interactions between residues of vari-

ous types. We also can restore the interhelical

loops by different procedures depending on the

loop size. It is noteworthy that each element of

the entire procedure can be applied independ-

ently. For example, it would be very simple to re-

store interhelical loops attached not to the calcu-

lated option of helical packing, but to the experi-

mentally determined helical bundle. We are cur-

rently using this procedure to build homology

models of GPCRs that bind peptides, based on the

crystal structure of rhodopsin.

So far, the approach cannot be regarded as fully

developed and validated. Many tests still should

be performed to validate this approach as a rou-

tine application for TM modeling. For instance,

helical packing should be performed employing

predicted TM helices, not the actual ones, as it

was in this work. Various ways of numbering heli-

ces in the bundle should be checked, as well as

various combinations of helical packing and loop

conformers. The scoring function for interhelical

interactions should be refined, as well as a final

refinement of the entire 3D structure for the TM

protein should be elaborated. And, of course, the

X-ray structure of Rh has to be reproduced. How-

ever, even in the current state of development, the

results obtained by our approach are encouraging

indeed.
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