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Isolated transmembrane helices arranged across a membrane:
computational studies

Vladimir M.Tseitin and Gregory V.Nikiforovich 1 sequence (see, e.g. Nikiforovich, 1998). The next step would
ecul ) ) omedical ) be to bring several helices in contact in order to obtain
\(,:Vzgﬁ:]gzgr']v'ar?i\clléraszn'fels('f)’(”é(')’;%t"t%eofg Slome /lx?/aenﬁg,msptuﬂggi’s, maximum complementarity at their interacting surfaces. As a
MO 63110, USA measure of complementarity, one can use conformational
energy (or a similar scoring function) of intra- and interhelical
interactions. It seems reasonable (see, e.g., Tuféral,
A computational procedure for predicting the arrangement ~ 1994) to assume that the backbone conformations of helices
of an isolated helical fragment across a membrane was are more affected by their internal atom—atom interactions
developed. The procedure places the transmembrane helical than by interactions between helices caused by packing. In
segment into a model triple-phase system ‘water—octanol- other words, reasonable backbone conformations of TM helices
water’; pulls the segment through the membrane, varying  can be obtained from energy calculations on isolated helices;
its ‘global’ position as a rigid body; optimizes the intrahel-  this assumption correlates well with experimental observations
ical and solvation energies in each global position by ‘local’ on the packing of the individual helices in membranes (von
coordinates (dihedral angles of side chains); and selects Heijne, 1994). (However, some recent experimental data
the lowest energy global position for the segment. The suggest that formation of TM helices occurs during insertion
procedure was applied to 45 transmembrane helices from in the membrane along with their packing in a bundle; Riley
the photosynthetic reaction center fromRhodopseudomonas et al., 1997.)
viridis, cytochromec oxidase fromParacoccus denitrificans In practice, this means that energy calculations could be
and bacteriorhodopsin. In two thirds of the helical frag-  performed first for a helical bundle, including both intra- and
ments considered, the procedure has predicted the vertical interhelical atom—atom interactions, with the assumption of
shifts of the fragments across the membrane with an the ‘hard cores’ (backbones) and the ‘soft shells’ (side chains)
accuracy of -0.15* 3.12 residues compared with the for each helix. The variables for energy calculation would be
experimental data. The accuracy for the remaining 15 the dihedral angles in the side chains for all helices and
fragments was 2.17+ 3.07 residues, which is about half  additional parameters describing the orientation of each helix
ofahelix turn. The procedure predicts the actual membrane  rejative to the others as a rigid body. The results of any
boundaries of transmembrane helical fragments with  procedure for energy minimization might be influenced by the
greater accuracy than existing statistical methods. At the chojce of the starting point: either ‘locally’, i.e. in the space
same time, the procedure overestimates the tilt values for f the dihedral angles for side chains, or ‘globally’, i.e. in the

1To whom correspondence should be addressed

the helical fragments. _ _ _ space of coordinates describing the relative orientation of
Keywords a-helix/energy calculations/helix-membrane inter- pejices as rigid bodies. The proper choice of the global starting
action/transmembrane proteins point seems to be most important. For instance, the 3D atomic

structure of the bacteriorhodopsin helical bundle has been
reproduced by a similar procedure with an accuracy of
Introduction rrm.s.= 2.06 A (Qu atoms), when starting tilts and shifts

Most biological results obtained using cloned and expresse@f helices (and also their backbone conformations) were taken
transmembrane (TM) receptors interacting with G-proteindrom experimental data (Tufferet al, 1994). Our initial
(GPCRs, G-protein coupled receptors) cannot be fully undertesults showed that such a procedur_e was lable to reprqduce
stood without reliable 3D models of TM receptors. Since nothe X-ray complex of the photosynthetic reaction center helices
direct experimental data of high quality on 3D structures oft1/L2 with the r.m.s. value of 1.61 A (€atoms) when energy
GPCRs are available (the only exception is the low-resolutiofninimization was started from the experimental dihedral angle
structure of rhodopsin; Schertlet al,, 1993), construction of Vvalues and the experimental global parameters (Nikiforovich
3D models for TM GPCRs starting from their sequences is agt al, 1998).
important challenge for computational biophysics. Reviews on Therefore, to ensure proper reconstruction of a helical
3D modeling of GPCRs (Donnelly and Findlay, 1994; vonbundle, one needs the proper global starting point, i.e. one
Heijne, 1994; Reithmeier, 1995) outline the same steps tdeeds to know, at least, the approximate arrangement of helices
build a 3D model from the sequence, namely, (i) locate TMacross the membrane. Obviously, knowledge of which residues
helical fragments in the GPCR sequence; (ii) pack thesén a helix are situated on the membrane boundary can be of
fragments together and (iii) restore interhelical loops and Nsignificant help in this respect. However, only a few experi-
and C-termini. mental techniques can be used to approach such a problem in
This paper discusses a practical problem which ariseitegral protein-membrane (or protein—lipid) systems. The
between the first and second steps, namely how to find whictelevant direct structural methods include FTIR (and, perhaps,
residues in the TM helix lie within the membrane and whichNMR) measurements using pre-deuterated tyrosines (Sonar
are in water on either side of the membrane. Suppose wet al, 1994); ESR measurements using spin labels that can be
already know the locations of TM helical fragments in a GPCRplaced on the cysteine residues which substitute residues in
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the GPCR sequences (e.g. Faranbalgisdl.,, 1995) (the same Water
labels can be used to measure their accessibility to paramagnetic
probes); fluorescence measurements using fluorescent labels
on ligands and receptors (e.g. Turca#ti al, 1995) and
measurements by high-resolution solid-state NMR (e.g. the
recent study by Yamaguchet al., 1998). There is also an
opportunity to employ the fusion of large segments of TM
proteins with some enzymes (such as alkaline phosphatase)
which are active only on one side of membrane (Manoil and
Beckwith, 1986). All these studies are technically complicated,
expensive, mostly not detailed enough and, so far, not many
of them have been performed. Theoretical methods for the
prediction of transmembrane helical segments that also address
the problem of which residues are situated on membrane
boundaries were reviewed in a previous publication
(Nikiforovich, 1998).

As an alternative, this paper suggests a computational
procedure to model the ‘isolated helix-membrane’ integral Water
system. The procedure places a TM helical segment into a
model triple-phase system, ‘water—octanol-water’, where theig. 1. Schematic diagram showing placing a helical fragment in water—
octanol phase mimics the membrane; pulls the segment throughtanol-water system. Global variables (shijftilt angle 6 and rotation
the membrane phase, varying its global positions; Optimizegngleu) and local variables (curves around simplified side chains) are
the entire intrahelical and helix—solvent energies in each gIobeﬁ own
position by local coordinates (dihedral angles of side chains)y, yetermining starting points for more detailed modeling
and selects the best global position for the segment CorreSponﬁfocedures (Sheet al., 1997)
ing to the lowest energy value. A similar procedure has bee ' '
used successfully to study orientations of peptides and peptid@athods

gl:]% c&gzﬁ;{;’digagtge;.I|p|d—water phase boundary (Galaktlonoﬁigure lillustrates the main features of the developed approach.

_We consider the ‘membrane’ as a space with a given normal

Obviously, the uniform triple-phase system ‘water—octanol—,. ) . X e
water' is a very rough approximation of the real situation ondiStanced (membrane thickness’) between two infinite parallel
lanes filled inside with a homogeneous octanol environment.

membrane boundaries, which includes complex interaction imilarly. the homogeneous water environment occubies Space
between the transmembrane peptide, lipids and water mole¢- Y, 9 P P

rom both sides outside the planes. Octanol and water environ-
ments differ in their contributions to solvation energy for each
articular atom transferred from one environment to another.
Three global coordinates which describe the spatial position
a helical fragment as a rigid body are defined according to

<+— N —»p

Octanol

ules. However, the very complexity of this system is, in our
view, the source of inevitable errors for molecular modeling
using too detailed energy calculations. First, it is still not clear”
which set of atomic parameters is more adequate for describin(g;r

peptide—lipid and peptide—water interactions for TM peptidesd-agram in Figure 1. The verticat axis is calculated by

and proteins. For instance, a detailed study of several sets g(,q 5 4ing the spatial positions of aliGtoms of the fragment.
parameters was not conclusive as to which set IS preferable 'he axis is oriented normal to the two planes representing the
this situation (Noldeet al, 1997). Second, detailed energy memprane surfaces. Computational procedures pull the helical
calculations require significant computational resources an agment through the membrane alongzlaais in the direction
depend on their starting points [e.g. recent multi-nanosecong the N-terminus with step increments of 1.5 A. At each step,
MD simulations for a single (Alay) TM helix in a fully e helical fragment is tilted in the direction normal to the
solvated dimyristoylphosphatidylcholine bilayer; Shenal.,  5yis (tilt angleB) up to =40° in 20° increments and is rotated
1997]. Third, current experimental techniques still do noty,ound the axis (rotation angle) from 0 to 150° in 30°
present sufficient resolution to determine, for instance, hoWycrements. This corresponds to the total circle of rotation,
many residues at the C-terminal helix of bacteriorhodopsirsince hoth positive and negative tilts are considered. In total,
protrude from the membrane (Yamaguehial., 1998); con-  at each vertical step, 25 positions of the helical fragment are
sequently, the results of detailed energy calculations are haigkamined (24 tilted positions plus one position with zero tilt).
to validate with equally detailed experimental data on the 3D0Opviously, the above three coordinates fully describe the
structure of a peptide—-membrane-water system. spatial position of the helical fragment, as a whole, in the
On the other hand, fairly simple modeling involving, e.g., membrane; in each of these positions, the computational
the empirically derived pore-restraining parameters allowed @rocedure also performs energy optimization of side chain
reasonable description of TM ion channels consistent with th@rrangements by the algorithm developed previously
data on ionic permeability (Gricet al., 1997). Even coarser (Nikiforovich et al., 1991).
modeling of helical bundles based on complementarity of A backbone conformation for the helical fragment was
amphiphilic surfaces of helices (Baldwin, 1993) showed confound by independent energy minimization performed for a
sistency with available experimental data in the case ofegment comprising the amino acid sequence of the given
rhodopsin (Baldwinet al., 1997). Therefore, we view our fragment extended by four residues (approximately one helical
approach as a practical tool, the results of which will not overturn) in both directions. We introduced this extension, since
interpret the available experimental data, but could be helpfulhe membrane boundaries are difficult to define in the experi-
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Number of steps across membrane Fig. 3. Graphic image of calculated structure of the PRC L2 helix along

with the profile of relative solvation energy for various steps across the
Fig. 2. Graphic images of calculated structures of the PRC L1 helix along membrane. The image corresponds to step 11.
with the profile of relative solvation energy for various steps across the
membrane. The images correspond to steps 10 and 11 (from top to bottom).
For the middle part of the helix, onlydG C' and N backbone atoms are

shown as thick light gray lines. For the terminal parts, hydrophobic residues V?

are shown in black (labels in roman font) and hydrophilic residues are Fi=24¢ | n Vot V. whenVf < n(Vs + Vj)

shown in light gray (labels in italics). Vertical lines represent membrane s f

boundaries. The arrow shows the positive direction across the membrane. Fi=0 WhenV? =n(Vs+ Vp)

The same notations are used also in Figures 3-6. where A; is the change in free energy associated with the

removal of one solvent molecule from the solvation shell,
mental 3D structures used for validation (see below). ElongalS th€ maximum number '%f_solvent molecules which can
tion of the helical segments could account for theseQCCUPY the solvation shell® is the total volume excluded
uncertainties. Energy minimization was performed employin rglrSteﬂl/e izcilr\:gtlloor?ufr:]eelcl)f%eago?\fggtr r?]g?e_(?&gdsg d iast(zrr]r;s of
the standard ECEPP/2 force field upon all dihedral angles, th S . . .

starting point being the regular helical conformation, i.e. fee volume of packing associated with one solvent molecule

= —60°, 5 = —60°} with inherent limitations of —30% in the §olvati0n shell.
fg(ﬂ P = —9(L|)J°I. Side c}hain spatial locations were optimized Obviously,Ay, n and V; depend on the type of atom and on
bf/ Ithe same algorithm before energy minimizationthe type of solvent. Our calculations use values derived from

” . ; water—octanol partition coefficients (Hopfinger and Battershell,
E)Nalclz(llft())(;(r)}\gcgihitjrg:”aﬁgl?als).wzr]: t\rllzlrL]J e(?roggﬁuqﬁ dalrofruriuirlgm)' These coefficients are consistent with the ECEPP force
calculations field parameters. We consider an atom to be entirely transferred

For each.of 25 global spatial positions corresponding tofrom octanol to water if the Cartesian coordinates of its center

every vertical step, the optimal solvation energy of the helica ge i?g;’g t(()otrhgetl)ngu;gre.e;n?hrgbr;ge ggf’?ﬁ;ge;enr?o n;g‘:ﬁg
fragment,Es,, was calculated. Energy optimization was per- a¥¥ial| solvated b uwate: and };rtiaﬁ/ b ' octanol
formed by finding the lowest energy arrangement of sidd’ y y P y by '

chains by the same algorithm (Nikiforovicht al, 1991). blt:;.nl’?e”()j/, ft:re en;g]f:mu;.?t'xa:gl‘e Oéjrtt.g;zg’tgaluiz ';Eér"ég’vis the
Energy values themselves are the sum of two parts. The firgota particular vert P- Ui,

was regular intramolecular atom—atom interactions inside thgrocedure c_alculates a profile of the energetic cost for transfer-
helical fragment calculated by the ECEPP/2 force field with! "9 the helical fragment from one side of the membrane to
the effective dielectric constant equal to 80 (to suppres@nOther. The lowest point in this profile may be used for
unwanted electrostatic interactions between ionogenic groudEd'catmg boundaries of the intramembrane helical segment.
within the membrane). The second was a sum of solvatio . .
energies for each atom calculated by the known procedure esults and discussion

the ‘excluded volume’ (Hopfinger, 1973). This procedure isExample of typical energy profiles: PRC L subunit

based on the solvation shell model which assumes that, forhe general calculation procedure was applied to predict the
the ith atom, transition from a completely solvated state to antramembrane regions of TM helices in the L-subunit of the
partially solvated state is associated with a change in frephotosynthetic reaction center (PRC) frethodopseudomonas
energy,F;, which is as follows: viridis (Deisenhofer and Michel, 1989; Deisenhofet al.,

307



V.M.Tseitin and G.V.Nikiforovich

Arg135
Leul39 .

His116

vai117¥-.

o Trp|15

Ser1d1 . YawAQ .
Trp142

. 257

B

g 201

)

§ 159

5

5 104

073

cE

K20 ——T
5 6 7 8

v T T T 1

9 10 11 12 13 14 15

Number of steps across membrane

Fig. 4. Graphic images of calculated structures of the PRC L3 helix along
with the profile of relative solvation energy for various steps across the
membrane. The images correspond to steps 7, 9 and 12 (from top to

bottom).

Tyr169,
Jipte7

T T T 1
- - n n
o o o o

T
o
Relative solvation energy,

kcal/mol

r T T T —T T T
20 19 18 17 16 15 14 13 12 11 10

o

N4 T

Number of steps across membrane

Fig. 5. Graphic images of calculated structures of the PRC L4 helix along
with the profile of relative solvation energy for various steps across the
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Fig. 6. Graphic images of calculated structures of the PRC L5 helix along
with the profile of relative solvation energy for various steps across the
membrane. The images correspond to steps 16 and 9 (from top to bottom).

the membrane for different helices are displayed in Figures
2—6. The profiles range from more or less clear one-minimum
curves forthe PRC L1 and PRC L2 helices (minima correspond-
ing to steps 10 and 11, respectively) to almost flat curves such
as the profile for PRC L5 at steps from 9 to 16. We discuss

these results in detail, since their interpretation is typical of

our results obtained for other proteins (see below).

Figure 2 shows calculated structures for the PRC L1 helix
at steps 10 (the lower image) and 11 (the upper image). It is
clear that further movement of PRC L1 across the membrane
starting from step 10 would place hydrophobic residues Val31
and Phe30 outside the membrane and hydrophilic residue
GIn55 inside the membrane, which will increase the solvation
energy. On the other hand, movement backwards from step 10
would place hydrophobic residues Pro57 and Ala53 outside
the membrane, which also will increase the solvation energy.
That explains the existence of the distinct minimum of solvation
energy at step 10.

A similar situation exists for the PRC L2 helix (Figure 3).
Here further movement of PRC L1 across the membrane
starting from step 11 will expose hydrophobic residues Leu80
and Trp86 to the water phase and the hydrophilic residue
Glul06 would be placed inside the membrane. As a result,
solvation energy will increase. Movement backwards from
step 11 will expose hydrophobic residues lle107 and Leul02
to water, but the corresponding increase in solvation energy
would be partially compensated by placing hydrophilic residues
Glul06 and Glul104 in the water phase. That may explain the

membrane. The images correspond to steps 13 and 16 (from top to bottom%dmost flat profile OfES  at steps from 5 to 10 (Figure 3)
o .

Figure 4 depicts three images of calculated structures of the

1995). The membrane thickneBsis taken to be 30 A. The PRC L3 helix at steps 7, 9 and 12 (from the upper to the

optimal tilt obtained was+40°, i.e. the maximum allowed

lower). The corresponding values of solvation energy are

value, for all five helices. Profiles of relatifg values across almost the same for all three steps. This is due to a specific
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iLeul38

Table I. Relative energies as functions of tilt an@leand rotation angle ’f‘ \“\
for PRC L helices in the lowest points of energy profiles of Figures 2—6 § Y

Helix  Tilt angle Rotation angle (°)

80

0 30 60 90 120 150
L1 -40 0.6 9.1 2.7 3.1 0.0 4.0 i
-20 134 168 168 168 163 165 N w0
0 214 214 214 214 214 214 ) 4 A
20 149 141 142 143 143 143 — R
40 55 104 99 95 80 103 e
L2 -40 56.1 361 247 0.0 72 532 % !
-20 135 217 150 107 145 117 P
0 307 307 307 307 307 307 A
20 228 191 191 251 346 198 _ _ _ o
40 59.0 69.3 71.6 43.3 56.8 54.4 Fig. 7. X-ray structures of TM helices for the L-subunit of PRC (thick light
L3 —40 8.6 7.6 0.0 1.1 12.3 12.1 gray lines, only @, C' and N backbone atoms shown) with two parallel
-20 17.8 17.8 17.9 18.1 18.1 205 planes (thin black lines) designating ‘experimental membrane surfaces’.
0 274 274 274 274 274 274
20 205 212 151 190 19.0 176 - . .
20 104 43 57 8.3 76 104 the energy profiles in Figures 2-6 (and, accordingly, spatial
L4 -40 1.9 0.0 31 5.8 3.0 4.4 positions of residues at membrane boundaries) depend not
-20 285 316 327 339 326 316 only on the number of steps across the membrane, but also on
0 334 334 334 334 334 334 the values of the rotation angle
20 308 298 248 275 245 273 o ) .
40 6.5 8.5 9.0 103 141 103 Problem of determining experimental membrane boundaries
L5 —‘2‘8 zg-i lg-é 158-25 1%-% 169-70 10609 We validated our procedure using all available experimental
0 207 207 207 207 207  20.7 data of high resolution on 3D structures of TM proteins with
20 191 196 199 201 183 172 a high helical content. They include two structures obtained
40 54 11.0 124 141 122 105 by X-ray crystallography, namely the photosynthetic reaction

center (PRC) fromRhodopseudomonas viridi®eisenhofer
and Michel, 1989; Deisenhofeat al., 1995) and cytochrome
alternating distribution of amino acid residues along thec oxidase (OCC) fronParacoccus denitrificanfiwata et al.,
sequence at the N- and C-termini of the helix. Since hydro41995). [The atomic coordinates for the cytochrdmsgcomplex
phobic residues (lle113, Trp115, Valll7, Leul37, Leul38from bovine heart mitochondria (Xiat al, 1997) are still
Trpl42) alternate with hydrophilic residues (His116, Argl35,unavailable in the Protein Data Bank.] We also used one
Serl41), movement across the membrane in any direction wiitructure obtained by electron cryo-microscopy, namely
cause both negative and positive contributions to solvatiomacteriorhodopsin (BR) (Hendersaat al., 1990). Recently,
energy, which compensate each other at steps ranging fromseéveral studies describing X-ray data on BR have been pub-
to 12. lished (e.g. Pebay-Peyrouk al., 1997); the experimentally
The alternating order of hydrophobic and hydrophilic res-determined TM helices in these studies, are very close to
idues along the sequence is also seen in the PRC L4 helihose determined by electron cryo-microscopy (Henderson
(Figure 5). At the N-terminus, hydrophobic residues Trpl67et al., 1990).
Prol171 and Met174 alternate with hydrophilic residues His168, Since the above data do not contain any direct information
Tyrl69 and His 173 and at the C-terminus, hydrophobicon the spatial positions of membrane boundaries, we established
residues Vall197 and Pro200 are surrounded by hydrophilieexperimental membrane surfaces’ by visual examination of
residues Ser196 and Asp202 (see the upper image in Figuexperimental atomic coordinates preserving two requirements:
5, which corresponds to step 13). Therefore, the values dfi) both outer and inner surfaces should be as parallel to
solvation energy at steps 13 and 16 are nearly the sameach other as possible and (ii) the experimentally determined
Similarly, for the PRC L5 helix, solvation energy values atboundary residues of TM helical fragments should be placed
steps 9, 11 and 16 are almost the same (Figure 6), sina the established surfaces as often as possible.
hydrophobic residues 1le224, Leu227, Phe246, 1le249 and To clarify this point, Figure 7 depicts the ‘experimental
Pro253 alternate in the sequence with hydrophilic residuemembrane surfaces’ established for the X-ray structure of the
Ser223, His230, Ser228 and Ser251. This can be clearly seénsubunit of PRC. The lines connecting the @toms of the
at the images of PRC L5 in Figure 6. labeled residues in Figure 1 clearly form two parallel planes
The energy profiles in Figures 2—6 correspond to the lowestvhich can be regarded as ‘membrane boundaries’. The lower
energy values for every step across membrane taken out of ZBane in Figure 7 involves residues belonging to all helices in
energy values obtained for different tilt and rotation anglesthe PRC L subunit. Two of these residues, namely Phe33 and
Table | contains those energy values for all five PRC L helicesHis116, are the residues which terminate the PRC L1 and PRC
One can see that in all cases the lowest energy correspondsliB helices according to X-ray data (Deisenhofer and Michel,
the maximum possible tilt angle = +40°. The other 1989; Deisenhofeet al., 1995). The upper plane in Figure 7
important feature to note is that wherea®at 0° all energy involves residues belonging to only four of the helices, since
values corresponding to various rotation anglese the same the 11e249 residue in the PRC L5 helix is located below the
which is natural in a uniform system, the energy proft€s) plane. All four residues forming the upper plane (i.e. Ala53,
became more and more non-uniform with increasing deviation§ly84, Leul138 and Prol71) are the residues which terminate
of 8 from zero. Therefore, it is legitimate to conclude thathelices. Thus, six out of 10 residues which mark the ends of
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membrane thickneds. The goal of these calculations was to

Table II. Intramembrane boundaries for TM helical fragments in PRC, BR clarify which value ofD can be regarded as optimal in our

and OcC procedure and whether we can find the expected dependence

Protein, subunit,  Experimentally ‘Experimental’ Intramembrane ~ Of the helix tilt angle® on theD value (the larger is th®

helix defined TM intramembrane  fragments value, the smaller absolute values®tan be obtained).

helices fragments according to our We examined three values f&y, namely, 24, 30 and 32 A.
prediction$ For each value, we calculated the average and standard

PRC L1 33-53 33-53 29-54 deviation of prediction errors, i.e. of the differences (in numbers

PRC L2 84-111 84-104 87-112 of residues) between predicted and experimentally observed

PRC L3 116-139 116-138 (112)-138 residues at membrane boundaries (e.g. differences between the

ﬁgg tg Zé‘éig ;Zé_l% 170-198 third and the fourth columns in Table II). The sign of the

— —(249) 222-247 . " > ; .

PRC M1 52_76 50_76 49-74 difference (positive or negative) was defined depending on

PRC M2 111-137 111-134 107-132 whether a predicted boundary residue was located outside or

PRC M3 143-166 (143)-164 142-167 inside the membrane, respectively, relative to an observed

ﬁgg mg éggzggi éggzggi %2;:%;3 boundary residue. Calculations of the average errors did not
include the cases where either the predicted or observed

BR1 10-32 10-32 7-32 terminal residue of the helical fragment (bracketed numbers

BR2 38-62 40-62 39-64 in Table 1l) was located inside the membrane.

BR3 80-100 80-100 80 ~101 The absolute value of the average error calculated for results

BRY e e 195 sen’ obtained withD = 24 A was higher (~2.81 residues) than the

BR6 167-191 170-191 167-192 errors calculated for results obtained with= 30 and 32 A

BR7 203-225 203-225 202-226 (1.66 and 1.92 residues, respectively). Also, in almost all
cases, the tilt angle values corresponding to spatial positions

ggg 2% éi:gg éigg ég:g? of helices with the lowest energy values were the same despite

OCC A3 95-117 95-117 (91)-115 the difference irD values, namely, most of helices possessed

OCC A4 141-170 141 -170 146-171 maximum tilt angles, i.e8 = +40°; in some cases (e.g. BR3

OCC A5 183-212 183-212 185-211 helix) a tilt angle of=20° was found for all values db. This

85@ 22 ggg‘ggé 358‘?25:6) (222;2(52% 0 finding does not prove that the optimum tilt angles do not

0OCG A8 599-327 299-397 302-(331) depend, as a ru_Ie, on membrane thmkne_ss;_hqwe_ver, it seems

OCC A9 336-357 (336)—(357) 334-359 to be the case in our procedure with strict limitations on the

OCC A10 371-400 (371)-398 371-396 maximum tilt angles. Therefore, we decided to perform further

OCC All 407-433 407-433 408-433 calculations for OCC helices with = 30 A.

ggg giz 4‘1‘;:228 4;‘;_‘;‘; ! 42438_‘(33)?’ _ The advantages pf employing octanol-water partition coef-

OCC B2 60-87 60-85 62-88 ficients found previously (Hopfinger and Battershell, 1976)

occ c1 16-34 (16)-34 (12)-(38) have been discussed already. However, we performed some

OccC C2 41-66 (41)-64 (37)-59 additional calculations for PRC L heliceB (= 24 A), using

8%2 &31 lgjgg (172%;255)2 (172%‘)222 L another way of calculating solvation energies. We used the

OCC C5 156-183 157183 158178 known Connolly algorithm for solvating atomic surfaces with

OCC C6 191-223 193-222 195-220 parameters borrowed from a more recent paper (Jeffex.,

occ c7 233-255 233-(255) 234-259 1995). The results obtained were at the same level of the

OCC D1 77-103 77-103 79-99 prediction error, requiring, at the same time, much longer

822 ﬁl 113:\3; 113:257 113:??71 computations; therefore, these parameters and also this compu-

occ J1 26-54 26-55 24-58 tational procedure have been abandoned.

828 Ell 12:23 izji 195:343 Prediction results: general overview

OCC M1 12-35 12-35 15—(39) Table 1l combines results of all our predictions for PRC, BR

and OCC performed witld = 30 A. One can see that both
sides of a helical fragment have been placed either outside the
membrane or immediately at the membrane surfaces for only
30 out of 45 fragments described in Table II. For the other 15
Lo X ; fragments, at least one terminal residue is immersed in the
in this case. Any other way of tracing the planes would violatéyemprane according either to experimental or to calculated

theEir parlallﬁl arrangement. g biish - estimates. The average value and standard deviation for the
xactly the same arguments were used to establish ‘experiagiction errors in the case of the former 30 fragments was
mental membrane boundaries’ for all other protein subunit _0.15 + 3.12) residues. The same value for the latter 15

considered in this study. Comparison of the second and thg, yments calculated for both bracketed and unbracketed num-

third columns of Table Il shows that, in total, the helix- ; : :
terminated residues have been placed at the boundaries in g :Ag&agfn_” was (2.1 3.07) residues, i.e. roughly half

cases out of 90. . The calculations predicted the largest possible tilt values
Parameters of procedure: membrane thickness and octanol—+40°) for almost all helical fragments, except BR3, BR5,

water partition coefficients OCC A1, OCC C5 and OCC D1, where these values were
The next set of predictions was performed for the L- and M-+20°. Those overtilts are the main source of errors in our
subunits of PRC and BR assuming various values for theredictions. In particular, they lead to immersion in the
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aThe numbers in parentheses correspond to terminal residues found inside
membrane.

helices can be placed at the two parallel ‘membrane boundarie
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points for helix packing as far as the relative shifts of
helices are concerned. The procedure predicts actual membrane
boundaries of transmembrane helical fragments with greater
accuracy than existing statistical methods. At the same time,
our procedure overestimates the tilt values for the helical
fragments. This is due to the fact that the current procedure
considers onlyisolated helical fragments, whereas in reality
these fragments can interact within the transmembrane bundles.
Accordingly, further development of this procedure will involve
the simultaneous handling of several helical fragments in the
membrane model.

Probability
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