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Helix-helix packing plays a critical role in maintaining the tertiary struc-
tures of helical membrane proteins. By examining the overall distribution
of voids and pockets in the transmembrane (TM) regions of helical
membrane proteins, we found that bacteriorhodopsin and halorhodopsin
are the most tightly packed, whereas mechanosensitive channel is the
least tightly packed. Large residues F, W, and H have the highest pro-
pensity to be in a TM void or a pocket, whereas small residues such as S,
G, A, and T are least likely to be found in a void or a pocket. The coordi-
nation number for non-bonded interactions for each of the residue types
is found to correlate with the size of the residue. To assess specific inter-
helical interactions between residues, we have developed a new compu-
tational method to characterize nearest neighboring atoms that are in
physical contact. Using an atom-based probabilistic model, we estimate
the membrane helical interfacial pairwise (MHIP) propensity. We found
that there are many residue pairs that have high propensity for interheli-
cal interactions, but disulfide bonds are rarely found in the TM regions.
The high propensity pairs include residue pairs between an aromatic
residue and a basic residue (W-R, W-H, and Y-K). In addition, many resi-
due pairs have high propensity to form interhelical polar-polar atomic
contacts, for example, residue pairs between two ionizable residues,
between one ionizable residue and one N or Q. Soluble proteins do not
share this pattern of diverse polar-polar interhelical interaction. Explora-
tory analysis by clustering of the MHIP values suggests that residues
similar in side-chain branchness, cyclic structures, and size tend to have
correlated behavior in participating interhelical interactions. A chi-square
test rejects the null hypothesis that membrane protein and soluble protein
have the same distribution of interhelical pairwise propensity. This obser-
vation may help us to understand the folding mechanism of membrane
proteins.
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Introduction

dicted reliably using bioinformatics tools,?~7

knowledge of the three-dimensional structures of

Integral membrane proteins play essential cellu-
lar roles, including signal transduction, proton
pumping, ion transport, and light harvesting. They
are abundantly found and account for about 20-
30% of the open reading frames of a typical gen-
ome."? Although the transmembrane (TM) region
of a helical-bundle membrane protein can be pre-

Abbreviations used: TM, transmembrane; MHIP,
membrane helical interfacial pairwise; PDB, Protein
Data Bank; API, application program interface.
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membrane proteins is still limited. It has long been
recognized that helical-helical interactions play
a key role in stabilizing membrane proteins.®’
Dimerization experiments combined with extensive
replacement mutagenesis’®*®  and  insertion
mutagenesis'*'® are powerful tools that can define
the critical interfacial packing regions on TM
helices. Several recent studies further pointed out
the importance of tight packing and specific resi-
dues in facilitating helical association of membrane
proteins.'®!” For example, residue G is found to be
important for helix association in model peptides,®
in single-pass membrane proteins,’ and in poly-
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topic membrane proteins, where it serves as mol-
ecular notches for orienting multiple helices and
for mediating helix-helix interactions.'® In addition,
side-chains in the TM helices are found to be short-
er at helix-helix interfaces.® Recent experimental
data suggest that specific interhelical interactions
between basic residues and W residues through
cation-pi electron interactions may play an import-
ant role in the folding of proteins into mem-
branes.”! The propensity values of the orientation
of amino acid residues at the lipid-protein interface
have also been estimated.”> Here, we aim to
provide a comprehensive analysis of packing and
interhelical interactions of membrane proteins
based on known structures. We seek to answer the
following questions: how are voids and pockets in
the TM regions distributed? What are the coordi-
nation numbers for residues in the TM regions?
What are the specific interhelical interactions? Do
helical membrane proteins pack differently from
helical soluble proteins?

A detailed structural characterization of the TM
helices is a prerequisite for answering these ques-
tions. However, manual inspection of interhelical
interactions in the TM region is not feasible
because it is difficult to clearly identify the interact-
ing atoms from different helices, and this approach
does not scale up. A common strategy is to define
a cut-off distance and search for all atoms and resi-
dues within this distance and count them as con-
tact partners. This has been successfully applied in
the analysis of heptad repeat pattern of membrane
proteins.? The problem with this strategy is that in
order to identify all contacting nearest neighbor
atoms, a large enough distance will have to be cho-
sen, which may lead to the inclusion of many non-
contacting neighbors (Figure 1).

Here, we use a new method based on compu-
tational geometry to characterize interhelical inter-
actions of membrane proteins. Our goal is to
accurately measure the nearest atomic neighbor in
physical contact, without the use of a distance cut-
off. Analysis of 14 alpha-helical membrane protein
structures indicates that bacteriorhodopsin, halor-
hodopsin, and rhodopsin are tightly packed, but
mechanosensitive channel has extensive voids and
pockets in the TM region. Each TM helix, on aver-
age, interacts with three to four other helices, and
the coordination number of non-bonded inter-
actions for residues in the TM regions is correlated
with the size of the side-chain. We found that there
are many specific interhelical pairwise interactions,
which often involve polar atoms and/or a hydro-
gen bond. Using a simple probabilistic model, we
estimate the single residue propensities for the 20
amino acid residue types to be located in a void or
a pocket in TM region, and the single residue pro-
pensities to be in interhelical contact with another
residue from a different helix. The propensities of
specific residue pairs for interhelical interactions
are then estimated using an atom-based probabilis-
tic model, and are summarized by a membrane
helical interfacial pairwise (MHIP) contact propen-

Figure 1. Distance cut-off approach. To include all
atoms that are contacting nearest neighbors (NN) to the
atom in the center of the circle, the radius of the circle,
which is the cut-off distance, must be large enough to
include the atom labeled NN. However, several atoms
that are not contacting nearest neighbors (nonNN) will
also have to be included.

sity matrix. The algorithms for calculating mem-
brane interhelical interactions, and the probabilistic
models used for calculating the single residue pro-
pensities and the MHIP propensities are described
in Materials and Methods. After we describe the
results of the analysis of 14 membrane protein
structures, including details of the high-propensity
residue pairs that are preferred for interhelical con-
tacts, we show that interhelical packing is different
for membrane proteins and soluble proteins, and
we discuss the implications of our findings
for understanding the mechanism of membrane
protein folding.

Results
Helix-helix interactions

In bacteriorhodopsin, a TM helix packs only
with two other TM helices that are consecutive in
primary sequence, except the first and the last TM
helices. In more complex membrane proteins such
as calcium transporting ATPase, a TM helix often
packs with three or more TM helices, frequently
involving non-sequentially neighboring TM helices
(Figure 2a and (b)). In general, each TM helix typi-
cally interacts with three helical partners from the
same subunit (Figure 2(c)), although the number of
interhelical partners can be as high as five or more.
Alpha helices have dipoles, but we do not observe
strong preference for either parallel or anti-parallel
orientation. This is consistent with an earlier com-
putational study where it was found that non-
specific electrostatic interactions play minimal roles
in membrane protein packing.**

Voids and pockets in TM regions

We examine the overall distribution of voids and
pockets in the TM regions of membrane proteins.
Some of the voids and pockets are occupied by
ligands or prosthetic groups such as heme and reti-
nal, or by water molecules. These non-protein mol-
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Figure 2. Helix-helix interactions in membrane proteins and soluble proteins. (a) The topology of calcium-tranport-
ing ATPase. (b) The interaction graph of TM helices in calcium-transporting ATPase, where each vertex represents a
helix, and each edge indicates a pairwise helix-helix interactions. Note that interactions between non-neighboring TM
helices in primary sequences occur frequently, and are shown in gray. Edges representing interacions between
sequential neighboring TM helices are colored in black. There are ten parallel helical interactions and nine anti-paral-
lel interactions. Edges connecting an odd-numbered helix with an even-numbered helix represent anti-parallel inter-
actions, and edges connecting two odd-numbered helices or two even-numbered helices represent parallel
interactions. (c) The distribution of the number of interhelical contact partners from the same subunit for helices in

membrane protein, and (d) for helices in soluble protein.

ecules play important roles for the functions of
membrane protein. How residues in the TM
regions pack against ligands and water molecules
is an important issue that requires detailed
analysis, which is beyond the scope of this paper.
Here, we are interested in the packing of peptide
chains, therefore all ligands and water molecules
are removed before computation. Voids and
pockets in the TM regions are identified and
measured with a 6probe radius of 1.4 A using the
CAST method.?® We find that the percentage of
residues in the TM regions that is in a void or a
pocket ranges from 26 % (1c3w, bacteriorhodopsin)
to 98% (Imsl, mechanosensitive channel)
(Table 1A). Bacteriorhodopsin and halorhodopsin
are the most tightly packed membrane proteins
that have the smallest number of amino acid resi-
dues found in voids and pockets. Conversely,
mechanosensitive channel (Imsl) has almost all of
its residues in the TM region (98 %) found in voids
or pockets. It is possible that large lateral motions
are necessary for the functional role of mechano-
sensitive ion channel. The abundance of voids and
pockets, which are deformable under mechanical
forces in the TM regions, is consistent with this
possibility. For the majority of the membrane pro-
teins (11 out of 14), about 57 % of the residues in
the helical bundles of the TM regions participate in
the formation of voids and pockets. For compari-
son, we also examine voids and pockets in a set of

26 soluble proteins. In soluble proteins, the percen-
tage of residues participating in voids and pockets
ranges from ~11% in Rop protein (62 residues,
1gto) to ~63 % in monooxygenase (1070 residues in
three chains, Imty). On average, 49 % of the resi-
dues in soluble proteins participate in forming
voids and pockets.

Which type of amino acid residue is most likely
to be located in a void or pocket? We estimate the
single residue propensity to be in a pocket or a
void for each amino acid residue type (Table 1B).
Residues F, W, and H are more likely to be found
in a TM pocket or a void. Aromatic residues,
including F and W, form an “aromatic belt”, and
are frequently located near the ends of the TM
helices, regions not tightly packed.”” Residue H is
frequently found in the active sites and often play
important functional role. Residues S, G, A and T
are least likely to be found in voids or pockets.
These are small, hydrophobic or non-ionizable
polar residues and tend to be away from voids or
pockets. They are located mostly in well-packed
regions of the TM helices. The overall pattern of
propensities for being located in a void or a pocket
in soluble proteins is similar to that of TM helices.
The exceptions are residues R and Y, which have
higher propensities in soluble proteins to be in a
void or a pocket, and residues E and G, which
have lower propensities.
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Table 1. Amino acid residues in the transmembrane regions

A. The percentage of the residues in the TM regions that participate in the formation of the voids and pockets

Total number of residues in TM  Total number of residues in

Percentage of residues

PDB ID helices pockets in the pockets
13w 168 44 26.2
lel2 165 47 285
1188 193 89 46.1
1fx8 158 74 46.8
leul 226 118 522
1qla 258 142 55.0
lehk 480 268 55.8
locc 685 388 56.6
1prc 267 153 57.3
1fum 173 103 59.5
larl 389 247 63.5
1be3 300 191 63.7
1bl8 288 189 65.6
1msl 220 216 98.1

B. The estimated propensities for each of the 20 amino acid residues to be in a pocket or a void in the TM region of membrane

proteins (MB) and in soluble proteins (SP)
F W H I R E Y v N

P D Q M C K T A G S

MP 128 124 116 112 107 106 1.05 105 105 105 1.01 101 1.00 099 09 094 087 085 0.84 078
SP 129 132 121 115 128 084 146 107 099 116 105 091 090 111 098 097 094 081 066 091

Coordination numbers of non-bonded
interactions

The non-bonded atomic contacts among residues
in the TM regions reflect van der Waals and hydro-
gen bonding interactions. Here, we measure the
number of atomic contacts for each residue in the
TM region of membrane proteins and in soluble
proteins. Because of potential uncertainty in the
original atomic coordinates, a number count of
atomic contacts may provide a more robust
measure of interactions than a numerical value
such as volume overlaps, although an algorithm
exists that calculates such parameters.”® We term
this contact number “coordination number of non-
bonded interactions”.

Figure 3(a) and (b) show the non-bonded, inter-
residue coordination numbers per residue for each
residue type in TM regions of membrane proteins
and in soluble proteins. The residues are arranged
on the x-axis in ascending order of the number of
atoms in the side-chain. The coordination number
increases with the size of the residue in both types
of proteins. For both membrane and soluble pro-
teins, small residues such as G, A, S and T, have
lower median coordination numbers, whereas
large residues, such as W, Y and F, have the high-
est median coordination numbers. This suggests
that bulkier residues have more total non-bonded
contacts. However, when normalized by the num-
ber of atoms in the side-chains, the coordination
number decreases with residue size (Figure 3(c)
and (d)). Smaller residues, such as G and A, have
the highest median coordination numbers on a per
atom basis in both membrane and soluble proteins.
The overall patterns of coordination numbers for

both TM helices and soluble proteins are rather
similar, except for residues P and S. Proline seems
to have a higher per atom median coordination
number in membrane proteins than in soluble pro-
teins. This is expected, because in soluble proteins
proline is often found in turns. Serine has higher
median coordination number per atom in TM
helices than in soluble proteins. It is packed more
tightly than abundantly found hydrophobic resi-
dues V, I, L and M. In soluble proteins, residues V,
I, L and M all have more per atom contacts than S.
These data indicate that although larger residues
have more non-bonded total contacts with other
residues, the smaller residues are often located in a
tightly packed regions in both membrane and sol-
uble proteins, and have on average more non-
bonded interactions for each atom.

Single residue propensities for
interhelical interaction

Which residue type is most likely to participate
in interhelical contacts? For membrane proteins,
the single residue propensity values of each resi-
due to participate in interhelical contacts are close
to 1.0, where residue M has the highest propensity
(1.17) and residue R the lowest propensity (0.78)
(Figure 4). In contrast, the propensity values for
interhelical contact in soluble proteins have a
wider range, with residue W of the highest value
(1.32) and residue P of the lowest value (0.62). For
soluble proteins, the hydrophobic and aromatic
residues (W, C, L, F, Y, M, I, and V) commonly
found in protein cores have higher propensity for
interhelical contacts. Polar and ionizable residues
(D, E, Q, S, K, and T), as well as helix breakers (G
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and P), are less likely to participate in interhelical
contacts. The lack of simple correlation between
propensity values for residues in membrane
proteins and in soluble proteins, and the different
patterns in the range of propensity values perhaps
reflects the constraints from different environments
of solvent and lipid membranes.

Pairwise interhelical contact

Any contact point between two helices involves
at least two residues, one from each helix. The
single residue propensity for interhelical inter-
actions cannot capture any packing interaction that
depends on the partner residue on the other helix.
Here, we consider the pairwise interhelical inter-
actions. Since we can choose two residues from 20
amino acid types with replacement allowed, there
are 210 possible pairs of residues. Only 203 of
them are observed from a total of 4,144 contacting

residue pairs, with 18,991 atomic interhelical con-
tacts, or ~4.6 atomic contacts per interacting pair
in the small set of 14 membrane proteins. Residue
pairs D-D, D-C, D-Q, C-Q, C-K, K-K, and Q-Q are
never observed to be in interhelical contacts. The
data set of soluble proteins was constructed for
comparison, and is also of limited size. Here, we
observed all 210 residue pairs from a total of
32,659 atomic contacts.

Residue pair C-C is an example of rarely
observed interacting residue pairs in a membrane
protein. In soluble proteins, disulfide bonds
formed between C-C residue pairs play important
roles in maintaining protein stability. In contrast,
the C-C pair is observed only once in all 14 mem-
brane proteins, where there are in total 341 atomic
contact pairs involving a C residue. It seems that
disulfide bonds are less prevalent in membrane
proteins and do not play important roles in
maintaining the stability of the TM helical bundle.
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Figure 3. Non-bonded inter-residue coordination numbers of residues in the TM regions of membrane proteins and
in soluble proteins. (a) and (b) Coordination number per residue, membrane and soluble proteins, respectively. (c)
and (d) Coordination number per atom, membrane and soluble proteins, respectively. The amino acid residues on
the x-axis are ordered by the number of atoms in their side-chains from left to right. Here the set of coordination
numbers of a residue type is plotted as a boxplot, where the central box shows the data between the quartiles, and
the median value is represented by a line. Whiskers represent the extremes of the data, and the width of each box
reflects the frequency of occurrence of the corresponding amino acid residue in the TM regions. Outliers are drawn

as individual extra whiskers in the boxplot.
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Figure 4. Single residue propensities of the 20 amino
acid residues for interhelical contacts. The propensity
values for soluble proteins have a wider range, whereas
the propensity values for membrane proteins are close
to L.

The overall distributions of the relative frequen-
cies of the interacting residue pairs, i.e. the number
of observed occurrences of a specific pair of inter-
acting residues divided by the total number of all
pairs of residues, is shown in Figure 5 and Table 2.
The residue pairs are arranged along the x-axis in
ascending order of frequency. The overall patterns
of the frequency of pairwise interhelical contacts
are similar for membrane proteins and soluble pro-
teins. The top 20 residue pairs account for about
40 % of all residue pairwise contacts in both mem-
brane and soluble proteins. Eleven out of these 20
pairs are identical for both data sets: F-L, L-L, L-V,
I-F, L-W, A-L, L-Y, F-V, A-F, L-M, and G-L, seven
of which contain L. For soluble proteins, the top 20
residue pairs also include six residue pairs contain-
ing one or two polar or ionizable residues: L-R, K-
L, E-R, and R-Y. These residue pairs, however, are
not frequently seen in membrane proteins. In sum-
mary, 20 or so residue pairs dominate interhelical
interactions for both membrane and soluble pro-
teins, with roughly half of them common to both
membrane and soluble proteins.

MHIP propersity values

For a given residue in the TM region, which resi-
due types are mostly likely to have interhelical
contacts with it? We estimate the pairwise propen-
sities for interhelical interactions for all residue
pairs using a simple probabilistic model. The esti-
mated values (Table 3) are odds ratio, namely, the

4 . ® membrane proteins
A  soluble proteins »
e 3 ;
2 2 §
- [/
1
0
0 50 100 150 200

Amino acid pairs

Figure 5. Relative frequencies of pairs of amino acid
residues in interhelical contact. The residue pairs are
arranged along the x-axis in ascending order of fre-
quency. The top 20 pairs account for about 40 % of all
residue pairwise contacts in both membrane and soluble
proteins.

ratio of the observed frequency of interhelical
atomic contacts between a specific type of residue
pair against the frequency expected if the pairs of
interacting atoms are drawn independently and
randomly from the same set of residues. As an
example, the G-H pair has an odds ratio of 3.1.
This means that the observed frequency of atomic
contacts from a G-H residue pair on two helices is
3.1 times what would be expected if the two con-
tacting atoms happen to be from a Gly residue and
a His residue when picked randomly and indepen-
dently. The residue pair L-T has a propensity of
0.6, indicating that it is less likely to find contacting
atoms from L-T residue pairs on two helices than
would be expected from random sampling. For
comparison, helical interfacial pairwise propensity
values for soluble proteins are also estimated
(Table 4). The list of number count for each type
of residue pair is provided as Supplementary
Material.

Residue pairs with high propensity

For membrane proteins, there are five frequently
observed residue pairs (F-F, 1.7, F-W, 1.4, F-M, 14,

Table 2. Observed frequence (%) for the top 20 interacting pairs

A. In interacting helices from TM regions of membrane proteins

L-F L.L LV IL FW LW FF AL LY FV
437 293 278 272 261 252 25 203 198 1.88
B. In interacting helices from soluble proteins

L-L L FL LV AL LY LR LM GL AV
341 309 299 291 288 265 194 166 138 133

F1 AF MF L-M LS IW IV GL WV GF
1.75 173 161 157 138 133 121 12 117 115
ILF LW FY LT AI KL AF ER FEFV RY
130 124 124 122 122 117 113 113 112 111
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Table 3. Membrane helical interfacial pairwise contact propensity

ALA ARG ASN ASP CYS GLN GLU GLY HIS

ILE LEU LYS MET PHE PRO SER THR TRP TYR VAL

ALA 13 05 11 12 17 10 08 11 13
ARG 05 13 07 37 04 28 18 06 03
ASN 11 07 60 48 08 24 13 16 02
ASP 12 37 48 00 00 00 04 01 06
cys 17 04 08 00 08 00 08 24 13
GLN 10 28 24 00 00 00 04 14 25
GLU 08 18 13 04 08 04 16 07 1.0
GLY 11 06 16 01 24 14 07 30 31
HIS 13 03 02 06 13 25 10 31 39
ILE 10 02 11 10 11 02 04 06 07
LEU 09 06 09 07 10 08 05 10 07
Lys 07 08 28 22 00 16 17 04 05
MET 17 06 08 05 15 13 10 13 1.0
PHE 11 04 05 03 18 04 05 13 11
PRO 21 03 12 18 06 09 19 06 03
SER 09 14 14 12 22 25 12 10 13
THR 10 07 08 10 12 14 10 06 23
TRP 11 25 07 04 04 13 01 14 19
TYR 08 14 15 28 03 23 07 16 12
VAL 08 07 09 01 03 07 07 10 05

09 07 17 11 21 09 10 11 08 08
06 08 06 04 03 14 07 25 14 07
09 28 08 05 12 14 08 07 15 09
07 22 05 03 18 12 10 04 28 01
1.0 00 15 18 06 22 12 04 03 03
08 16 13 04 09 25 14 13 23 07
05 17 10 05 19 12 10 01 07 07
10 04 13 13 06 10 06 14 16 1.0
07 05 10 11 03 13 23 19 12 05
10 05 11 08 12 06 09 10 05 038
11 07 10 11 07 11 06 10 10 1.0
07 00 22 04 10 11 02 06 25 04
1.0 22 15 14 14 19 07 12 06 09
11 04 14 17 06 10 07 14 08 09
07 10 14 06 18 12 13 12 20 06
11 11 19 10 12 44 15 11 10 08
06 02 07 07 13 15 11 11 12 11
10 06 12 14 12 11 11 08 09 09
1.0 25 06 08 20 10 12 09 06 05
10 04 09 09 06 08 11 09 05 10

F-G, 1.3, and A-M, 1.7) with high MHIP propensity
values. Each pair accounts for more than 1.1 % of
all interhelical contacts, far more than would be
expected (1/210=0.48%) if interhelical contacts
were distributed evenly among the possible 210
residue pairs. Four of these contain the F residue,
which is abundantly found in helices. The hydro-
phobic and bulky side-chain of an F residue effi-
ciently packs with non-polar and aromatic residues
in membranes, often producing multiple interheli-
cal atomic contacts. In addition, as residues
commonly found at the membrane-solution inter-
faces,” ! W and Y residues have higher propen-
sity to interact with residues similarly enriched in
the membrane-solution interfaces:* W with R and
H, Y with K. Polar residue S has a high propensity

to form self-pairs (S-S, 4.4), and to interact with M
residues (S-M, 1.9). Another polar residue, T, has a
high propensity to interact with H residues. For
soluble proteins, the top 14 high-propensity
residue pairs that each accounts for 1.1% or
more interhelical contacts are: L-L (1.8), I-L (1.7),
F-L (1.9), L-V (1.5), A-L (1.6), L-Y (1.5), L-M (1.6),
A-V (1.5), F-I (1.8), F-Y (1.7), L-W (1.5), A-I (1.5),
A-F (1.6), F-V (1.5). These are rich in hydrophobic
residues (L, A, I, V, and F) commonly found in
protein cores.

Some residue pairs occur less frequently, yet
their pair-propensity values are higher than what
would be expected from random sampling. For
those high-propensity pairs that each account for
less than 0.3 % of all pairwise contacts, there are

Table 4. Soluble proteins helical interfacial pairwise contact propensity

ALA ARG ASN ASP CYS GLN GLU GLY HIS

ILE LEU LYS MET PHE PRO SER THR TRP TYR VAL

ALA 21 06 12 03 14 06 03 14 06
ARG 06 04 07 16 05 07 09 09 09
ASN 12 07 16 06 06 08 06 12 03
ASP 03 16 06 04 05 03 02 01 07
CcyYS 14 05 06 05 63 05 06 13 03
GLN 06 07 08 03 05 08 03 07 1.0
GLU 03 09 06 02 06 03 04 03 12
GLY 14 09 12 01 13 07 03 23 12
HIS 06 09 03 07 03 10 12 12 28
ILE 1.5 05 08 02 15 05 05 06 11
LEU 16 08 07 04 24 07 07 10 1.0
Lys 06 04 07 18 13 07 12 08 05
MET 12 07 08 06 21 06 04 18 13
PHE 16 06 03 01 23 13 07 11 09
PRO 10 07 09 08 05 07 04 03 04
SER 10 09 12 07 17 05 07 16 06
THR 12 07 05 02 07 09 05 10 08
TRP 15 12 09 08 12 08 1.0 20 22
TYR 13 10 14 13 13 06 09 13 21
VAL 15 05 04 07 05 09 07 07 04

16 06 12 16 10 10 12 15 13 15
08 04 07 06 07 09 07 12 10 05
07 07 08 03 09 12 05 09 14 04
04 18 06 01 08 07 02 08 13 07
24 13 21 23 05 17 07 12 13 05
07 07 06 13 07 05 09 08 06 09
07 12 04 07 04 07 05 10 09 07
10 08 18 11 03 16 10 20 13 07
10 05 13 09 04 06 08 22 21 04
1.7 06 12 18 08 07 09 11 13 11
1.8 07 16 19 06 09 11 15 15 15
07 03 05 11 03 04 04 09 12 05
16 05 22 21 03 07 12 17 17 13
19 11 21 31 14 11 11 24 17 15
06 03 03 14 06 10 16 17 13 04
09 04 07 11 10 08 11 08 06 11
11 04 12 11 16 11 15 10 09 038
15 09 17 24 17 08 10 20 12 14
15 12 17 17 13 06 09 12 15 038
15 05 13 15 04 11 08 14 08 11
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several well-known examples, such as those pairs
forming salt bridges (D-R, propensity value 3.7, D-
K, 2.2, and E-R, 1.8) in membrane proteins and dis-
ulfide bonds in soluble proteins. Other such resi-
due pairs found in membrane proteins often
contain an N residue or a Q residue: D-N (4.8), N-
N (6.0), K-N (2.8), Q-R (2.8), H-Q (2.5), Q-S (2.5),
and N-Q (2.4). Among these, residue pairs N-N
and D-N are often found in functional sites. For
example, residue N86 from the conserved NPA
motif*> forms N-N contact with N203 in glycerol-
conducting channel (1fx8). The side-chain of each
of the N residues is constrained by two hydrogen
bonds, and the amide group of the side-chain is
oriented towards the acceptors on the permeant
substrate. Another N-N pair appears in the func-
tional region of the calcium pump of sarcoplasmic
reticulum (leul).”® Here, hydrogen bonding
between OD1 of residue N101 and ND2 of residue
N796 helps to correctly orient the side-chain of
residue N796, which is a key residue in the Ca%+
binding site. Point mutations of N101 of the cal-
cium pump resulted in partial loss of the function
of this channel protein*, indicating the structural
importance of the N-N residue pair. For these
infrequently observed residue pairs that have high
interhelical contact propensity, although no statisti-
cal inference can be drawn with strong confidence
because of the limitations of the sample size of the
data set, they point to specific interhelical inter-
actions that may be functionally important. In sol-
uble proteins, there are also infrequently observed
residue pairs (<0.3 %) that have high pairwise con-
tact propensities (>1.7): C-C (6.3), H-H (2.8), G-G
(2.3), C-M (2.1), W-W (2.0), G-W (2.0), G-M (1.8).
These residue pairs are all different from those
observed in the membrane proteins.

Residue pairs with low propensity

Several residue pairs observed frequently
(>0.5%) in the TM regions of membrane proteins
have lower than expected propensity for interheli-
cal contacts. These include: (1) residue pairs
between two bulky and branched residues, W-W
(0.8), I-Y (0.5), H-L (0.7), F-Y (0.8); (2) pairs
between a hydrophobic residue and a polar resi-
due, L-T (0.6) and Y-V (0.5); and (3) a pair between
two small residues, A-V (0.8). Some of these resi-
due pairs are of high propensity for interhelical
interactions in soluble proteins (e.g. I-Y, 1.3, and
W-W, 2.0).

Polar-polar interactions

To examine the physicochemical nature of helical
interactions, we analyze the details of interhelical
contacts. We first examine interactions between
polar-polar atoms, which are defined here con-
veniently as N and O atoms, and S atom in the
thiol groups of C residues. For all 210 possible
types of residue pairs, polar-polar atomic contacts
are observed for 152 types of residue pairs in mem-
brane proteins and 160 types in soluble proteins.
There are 745 and 1617 pairs of polar-polar atomic
contacts in membrane and soluble proteins,
respectively. These polar contacts account for
roughly the same fraction (4 %) of all atomic con-
tact pairs in both soluble and membrane proteins.
There are 572 interhelical contacting residue pairs
with polar-polar atomic contacts in membrane pro-
teins, 124 of them belong to the 22 types of residue
pairs that have high propensity for polar-polar
interhelical interactions. The total number of con-
tacting residue pairs is 4,144, including polar-polar,
polar-non-polar, and non-polar-non-polar contacts.
Therefore, there is roughly one polar-polar atomic
contact for every six contacting residue pairs in

Table 5. Contact propensities for interactions between polar atoms in membrane proteins

ALA ARG ASN ASP CYS GLN GLU GLY HIS

ILE LEU LYS MET PHE PRO SER THR TRP TYR VAL

ALA 00 07 10 06 10 05 07 00 07
ARG 07 23 16 91 06 33 24 04 12
ASN 10 16 56 58 08 25 22 09 03
ASP 06 91 58 00 00 00 06 00 09
cySs 10 06 08 00 31 00 00 14 00
GLN 05 33 25 00 00 00 05 13 28
GLU 07 24 22 06 00 05 40 03 16
GLy 00 04 09 00 14 13 03 05 22
HIS 07 12 03 09 00 28 16 22 54
ILE 00 04 03 02 06 00 00 00 01
LEU 00 05 05 03 02 06 03 00 01
LyS 00 06 34 66 00 51 50 00 00
MET 00 04 08 00 05 00 10 00 02
PHE 00 01 01 02 06 00 03 00 01
PRO 00 00 00 07 16 05 08 02 03
SER 05 17 20 16 16 23 09 05 11
THR 03 08 07 14 11 14 13 02 19
TRP 04 14 15 09 07 07 00 03 10
TYR 02 16 17 56 00 22 10 04 11
VAL 00 01 07 00 00 02 04 03 00

00 00 00 00 00 05 03 04 02 00
05 06 04 01 00 17 08 14 16 01
05 34 08 01 00 20 07 15 17 07
03 66 00 02 07 16 14 09 56 00
02 00 05 06 16 16 11 07 00 00
06 51 00 00 05 23 14 07 22 02
03 50 10 03 08 09 13 00 10 04
0o 00 00 00 02 05 02 03 04 03
01 00 02 01 03 11 19 10 11 00
0o 00 00 00 00 03 01 01 01 0.0
01 01 00 00 00 01 01 03 03 00
01 00 05 00 00 06 02 03 07 00
0o 05 00 00 03 06 00 04 04 00
00 00 00 02 00 02 02 02 07 00
00 00 03 00 09 02 03 02 02 00
01 06 06 02 02 28 10 13 13 03
01 02 00 02 03 10 08 05 12 02
03 03 04 02 02 13 05 00 10 00
03 07 04 07 02 13 12 10 02 01
00 00 00 00 00 03 02 00 01 02




Author to supply

899

membrane proteins (4,144/745=5.6) and one
polar-polar atomic contact for every 4.5 contacting
residue pairs in soluble proteins (7,284/
1.617 = 4.5). Because there are N and O atoms in
the peptide bond of hydrophobic residues, it is
possible to observe atomic polar contacts between
hydrophobic residues such as G-V, although
they appear very rarely. The majority of atomic
polar-polar contacts involve polar and ionizable
residues.

Because there are only a few polar atoms for
each residue, atomic polar-polar contacts are
observed far less frequently than non-polar-non-
polar interactions, and the estimation of interhelical
contact propensity of polar-polar atoms is subject
to significant sampling errors due to the small
sample size. Nevertheless, the propensity values
(Table 5) seem to suggest that atomic polar inter-
actions in membrane proteins are different from
those in soluble proteins. For example, polar-polar
interaction residue pairs of high propensity (>1.9)
are more diverse in membrane proteins (22 types
of residue pairs with 219 observed atomic contacts:
D-R (9.1), D-K (6.6), D-N (5.8), N-N (5.6), D-Y (5.6),
H-H (54), K-Q (5.1), E-K (5.0), E-E (4.0), K-N (3.4),
Q-R (3.3), S-S (2.8), H-Q (2.8), N-Q (2.5), E-R (2.4),
Q-5 (2.3), RR (2.3), G-H (2.2), Q-Y (2.2), E-N (2.2),
N-S (2.0), and H-T (1.9)) than in soluble proteins
(three residue pairs with 189 observed atomic con-
tacts: D-R, 2.7, H-H, 2.5, D-K, 2.3). Polar-polar
interactions in soluble proteins are mostly reflec-
tions of salt-bridge interactions between ionizable
amino acid residues. In membrane proteins, salt-
bridge interactions also exist, but there are many
high-propensity pairs that contain only one ioniz-
able residue. Polar residues such as S, T, Y, N, and
Q contribute most to interhelical polar-polar atom-
ic contacts. Many such polar-polar atomic contacts
represent interhelical H-bondings between residues
buried in a hydrophobic membrane environment.
These polar interactions may play important roles
for the interhelical recognition between TM helices.

Non-polar-non-polar interactions

Because of the abundance of hydrophobic resi-
dues in the TM regions, non-polar-non-polar atom-
ic interhelical contacts are observed frequently, and
they account for 69 % of all atomic pairwise con-
tacts. This is similar to soluble proteins, where
non-polar-non-polar contacts account for 65% of
all interhelical atomic interactions. Frequently
observed residue pairs with high propensity for
non-polar-non-polar interactions are: A-P (3.7),
A-M (2.8), H-W (2.7), G-W (2.4), G-F (24), F-F (2.2),
I-I (2.0), T-V (1.9), F-M (1.9), F-W (1.8), G-L (1.8),
A-F (1.8), A-I (1.8), each accounts for>0.5% of
total interhelical atomic contacts. Residue G has no
side-chain, and tends to form interhelical non-polar
contacts with bulky aromatic residues (W, F and
Y). Sterically, they fit well between two helices. For
the G-W residue pair, the C and C* atoms of resi-
due G are often found in contact with the aromatic

Figure 6. Interhelical packing of W-G pairs. (a) In
fumarate reductase (1fum), W86 from helix II is posi-
tioned on top of two glycines from helix IV (G18 and
G21). (b) In bovine cytochrome c¢ oxidase (locc), W242
from helix VII interacts with G170, helix V and G211,
helix VI (top view). (c) W265-G121 pair in rhodopsin
(1£88). All of the molecular structure representations in
this Figure were drawn with the program MOLMOL.””

ring of residue W. In fumarate reductase from
E. coli (1fum), the aromatic ring of W86 on helix II
is positioned on top of two glycine residues from
helix IV (G18 and G21) (Figure 6(a)). In subunit III
of bovine cytochrome c oxidase (locc), W242 from
helix VII interacts with two G residues (G170, helix
V and G211, helix VI, Figure 6(b)). Another
example of G-W interactions is found in rhodopsin
(PDB 1£88, Figure 6(c)), where G121 from helix III
interacts with aromatic ring of W265 from helix VL
The pattern of non-polar-non-polar interactions
between residue G and aromatic residues is com-
mon in membrane proteins, but is rarely seen in
soluble proteins. Soluble proteins have a different
set of frequently observed residue pairs with high
interhelical contact propensity values for non-
polar-non-polar interactions. Only F-M, A-F, and
A-l are high propensity pairs frequently seen in
both membrane proteins and soluble proteins.

Backbone contacts

Interactions between backbone atoms (i.e. O, N,
C and C* atoms) are rare. Compared with soluble
proteins, membrane proteins may have more back-
bone-backbone interactions (2.8% of all atomic
contacts versus 1.1% in soluble proteins). Such
interactions usually involve small amino acid resi-
dues. The only residue pair that shows a high
MHIP propensity value (3.0) with a non-trivial
number of observations is the G-G pair (76 contacts
observed). This confirms results from a previous
study where glycine was shown to play important
role in providing the closest contact point for helix-
helix interactions.'® In soluble proteins, G-G is also
the only pair that has high propensity (2.3) for
interhelical interactions through backbone with
total 20 backbone-backbone atomic contacts.
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Discussion

Statistical analysis of residue contacts

Empirical statistical analysis of residue-residue
interaction have long been usefully applied to
study a variety of problems, including protein fold-
ing, protein threading, and protein-protein inter-
actions.**~** Derived from databases of protein
structure, they can capture broad information
about the specific protein environment of amino
acid residues. Similar to these empirical potentials,
the MHIP reported here is also empirically derived
from a database of membrane protein structures.
However, there are two characteristics that dis-
tinguish MHIP from other residue-residue poten-
tials. First, MHIP is strictly about immediate
nearest neighbors that are in physical contact.
Although, strictly, contact potentials have been
used widely in lattice simulations,*® they are diffi-
cult to derive from real protein structures. Unlike
residue-residue potential, any atoms that are one
layer of atoms away are not considered, and there-
fore in MHIP there is no distance dependency, and
no atoms are considered beyond the first contact
layer in residue-residue correlation. Two atoms are
in contact only if their Voronoi cells intersect and
only if at least part of the intersecting Voronoi
interface plane is contained within the two atoms.
These strict criteria dictate that there will not be a
third atom in the way of the first two atoms that
are recorded to be in contact. Second, the pairwise
propensity is estimated from an atomic model
instead of a residue model. Each residue is not rep-
resented by a single point, and the size information
of each residue is encoded explicitly in the random
model. In addition, the random model used for
odds-ratio calculation is constructed combinatori-
cally, and the probability of atomic contact in the
random model is given analytically. This elimin-
ates the need for extensive numerical randomiz-
ation tests. Like any other empirical potentials
derived from finite size systems, MHIP values
between two different residue pairs may not be
fully independent.** However, we expect MHIP
does not suffer significantly from chain-length
dependence, since we are examining interfacial
contacts between different TM helices, which are
all of similar lengths. In addition, MHIP does not
suffer from composition bias because the random
model used for odds-ratio calculation is of the
same set of amino acid residues in the TM helices.
It is hoped that MHIP estimates can provide more
discriminating information about helix packing.

Comparison with other studies of membrane
protein packing

The packing of helical membrane proteins has
been analyzed in several previous studies. Usin%
the method of occluded surface (OS),* Eilers et al.!
analyzed internal packing of helical membrane
proteins. Despite of the differences in the method-

ology and the data sets, in several cases our data
confirm their earlier results. For example, mechan-
osensitive protein is found to be the least well-
packed membrane protein in both studies, and
both studies find residue P to be well packed in
membrane proteins. Based on analysis of four
polytopic membrane proteins, Javadpour et al.'®
found that residue G plays an important role in
facilitating helical packing. It has high propensity
for helix-helix interactions and is rarely found in
voids. We find that residue G has a high coordi-
nation number on a per atom basis (Figure 3(b)),
and has one of the smallest values of the single
residue propensity to be located in a void or a
pocket of the TM region (Table 1B). These are con-
sistent with results reported by Javadpour et al.'®
In addition, the coordination number per atom for
the 20 amino acid residues reported in Figure 3(b)
closely resembles the normalized occurrence at the
helix interface.'®

Correlating MHIP profiles

The behavior of interhelical interactions for a
specific type of amino acid residue is determined
by the 20 values of its MHIP propensity, one for
each type of amino acid residue located on a neigh-
boring helix. These values represent the residue-
specific profile for interhelical contacts, and can be
represented as a 20-dimensional vector X. Let p,,
I, and o,;, o, be the means and standard devi-
ations of the MHIP vectors X; and X, of residue
type 1 and type 2, respectively. The correlation
coefficient:

0= E(Xy — puy)(Xa — )
0102

measures how well residue type 1 and residue
type 2 are correlated globally in participating inter-
helical interactions across the board with all 20
types of residues. The strongest correlation
(p=0.74) is found between residues N and Y
(Figure 7(a)), and the strongest anti-correlation
(p=—10.61) is found between residues F and Y
(Figure 7(b)).

To further examine the profiles of interhelical
pairwise interactions of residues, we plot the corre-
lation coefficient values of residue N and Y to each
of the 20 amino acid residue types in Figure 7(c),
respectively. Here the p values on the y-axis are
plotted against the 20 residue types, which are
arranged along the x-axis in ascending order of
their side-chain volumes. The p values of N and Y
closely track one another, indicating that their
packing behavior is similar in the TM regions.
Figure 7(d) shows the profiles of correlation coeffi-
cients of residues F and Y. Except for a few resi-
dues, the profiles of correlation coefficients of
residue F and residue Y are strongly anticorrelated.

We can further group the 20 types of amino acid
residues by their p values. Figure 8 shows the clus-
tering of the 20 amino acid residues using the cri-
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terion of correlation by hierarchical clustering. As
an exploratory tool for data analysis, hierarchical
clustering can reveal interesting and informative
grouping patterns of the data,** although an accu-
rate and robust analysis of the data requires more
detailed statistical modeling (see Zhang et al.** for
an example where statistical resampling is used to
assess the reliability of clusters identified from
hierarchical clustering). In this Figure, residues that
are correlated in their MHIP propensity values to
the 20 residue types are grouped together. Among
residues clustered together, K and M both have a
long unbranched side-chain that differs in size by
only one atom. C and S are grouped together, and
both have unbranched residues of the same size,
the difference is an S atom versus an O atom. T and
V both have branched side-chains and are of the
same size. Similarly, both E and L have branched
side-chains, P and W both have ring structures. In
summary, the pattern of clustering by correlation
suggests that residues similar in side-chain branch-
ness, cyclic structures, and size tend to be corre-
lated in participating interhelical interactions.

Glycophorin A and engineered GCN4
leucine zipper

Glycophorin A (GpA) and engineered GCN4
leucine zipper peptide (GCN4-LZ) are two well-
studied model systems that have provided much
insight about the association of the TM helices of
membrane proteins.**~* The modes of helical
packing found in these two systems may be repre-
sentative of other membrane proteins. For
example, the packin% mode of GpA may be shared
by synaptobrevin IL,>° the mode of GCN4-LZ may
be representative of phospholamban,®* M2 pro-

ton channel,” as well as bacteriorhodopsin,>
photosynthetic reaction center,” and cytochrome ¢
oxidase.”® It is therefore important to characterize
helical packing in these two model protein
systems.

Do helices in GCN4-LZ pack differently from
helices in GpA? In engineered GCN4 leucine zip-
per proteins,*”*® the two helices are in coiled-coil
association as seen in the soluble GCN4 leucine
zipper, and are tightly wrapped around each
other. In glycophorin A, the TM helices associate
to form a stable dimer. Their packing appears to

0.6
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0.0
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_

Figure 8. Grouping by hierarchical clustering of the
20 types of amino acid residues by their correlation coef-
ficients of the MHIP values. Clusters are often deter-
mined by the side-chain branchness, cyclic structure,
and size of the residues. Clustering by compact linkage,
average linkage, and complete linkage gives the same
result.
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involve a less extensive contact surface, because
the two helices adopt a splayed configuration.*’
Based on the configuration of the helical back-
bones, it seems that TM helices in GCN4-LZ pack
more tightly than helices in GpA.

We assess the packing efficiency between the
TM helices of GCN4-LZ and GpA by measuring
the numbers of interhelical contacts per residue
and per atom in both proteins. For the 16 residues
of the TM region of the GpA dimer and the 16 cen-
tral residues of GCN4 leucine zipper, the number
of interhelical contacts per residue for GpA and
GCN4-LZ is 5.3 and 6.0, respectively. Because leu-
cine zipper uses bulkier amino acid residues for
interhelical interactions, the average number of
atoms per atom participating in the interhelical
contact is 1.6 for GCN4 and 1.5 for glycophorin A.
This suggests that packing efficiency is very similar
for the two motifs represented by GpA and GCN4-
LZ. Therefore, specific residue packing may play
more important roles in these two proteins than
the generic effects of packing efficiency.

Do membrane proteins pack and fold
differently from soluble proteins?

Helical membrane proteins share the same alpha
helical up-down bundle topology with many sol-
uble proteins. As shown in previous studies, they
also often share the same packing motifs such as
the abcdefg heptads found first in soluble coiled-coil
proteins.” However, the distributions of packing
density for individual amino acid residue type are
different for membrane proteins and soluble
proteins.'® Several pieces of evidence gathered in
this study further suggest that interhelical pairwise
interactions in membrane proteins are different
from interactions in soluble proteins. First, disul-
fide bonds formed by two contacting cysteine resi-
dues play important roles in maintaining the
stability of soluble proteins and are frequently
observed, but they rarely occur in the TM regions
of membrane proteins. Second, after adjustment of
background composition by comparing log odds-
ratio, helices in membrane proteins and soluble
proteins do not share common residue pairs with a
high degree of helical interfacial pairwise propen-
sity. Third, the pattern of interhelical atomic con-
tacts between polar atoms is very diverse in
membrane proteins, including pairs between ioniz-
able residues (salt bridges), ionizable residue and
polar residue, as well as polar-polar residues. In
contrast, interhelical atomic contacts of polar atoms
are exclusively found in residue pairs of two ioniz-
able residues (salt bridges) in soluble proteins.
Fourth, packing between backbone atoms, e.g.
between residues G-G seems to be more common
in membrane proteins than in soluble proteins.
Finally, a chi-square test rejects the null hypothesis
with a P-value of 0.00002 that the two matrices of
helical interfacial propensity values for membrane
proteins (Table 3) and soluble proteins (Table 4)

are drawn from the same underlying probability
distribution (chi square = 302.2, df = 207).

The finding that membrane proteins pack differ-
ently from soluble proteins may have important
implications in understanding the mechanism of
membrane protein folding. According to the two-
stage model of membrane protein folding,® hydro-
phobic helices are first inserted into the membrane
to form independently stable TM helices. These
TM helices then associate laterally through specific
interactions between TM helices to form the ter-
tiary structure. Recently, a detailed Monte Carlo
simulation®” of the folding kinetics of a C-alpha-
based two-helix bundle fragment of bacteriorho-
dopsin in membrane’ showed that TM helices do
not pre-assemble in the solution phase. Rather,
they first became completely embedded in the
membrane phase horizontally without interhelical
contacts, then became vertically oriented and gain
in packed tertiary structure. A critical assumption
in this computational study is that the modified
Lennard-Jones 10-12 potential has different values
in the membrane region and in the solution region.
This assumption is crucial and determines the
mechanism of protein insertion across the mem-
brane, and the difference between the potentials in
the two regions controls the amount of tertiary
structure formation outside the membrane. The
difference in structure-derived empirical potential
such as the helical interfacial propensity values
between membrane proteins and soluble proteins
lend support to this assumption.

Summary

We have developed a novel computational
approach to analyze contacting nearest neighbor
atoms. On the basis of an atom-based probabilistic
model, the pairwise propensity values for interheli-
cal interactions in the TM region are estimated for
residue pairs. Our results indicate that there are
many specific pairwise interactions in the TM
helices. These often involve a diverse pattern of
polar-polar atomic interactions. Our results suggest
that membrane proteins and soluble proteins have
different interhelical interactions, and this obser-
vation may help us to understand the folding
mechanism of membrane proteins.

Materials and Methods
Membrane and soluble protein data

The 14 membrane proteins used in this study are:
cytochrome ¢ oxidase from Paracoccus dentrificans (PDB
accession number: 1arl),’® Thermus thermophilus (1lehk)>
and Bos taurus (locc),®® cytochrome bcl complex from
B. taurus (1be3),** photosynthetic reaction center from
Rhodopseudomonas  viridis  (1prc),”®  bacteriorhodopsin
(1c3w),>*  halorhodopsin  (1€12),% rhodopsin (1£88),%
fumarate reductase flavoprotein from Escherichia coli
(1fum),®* and Wolinella succinogenes (1qla),®> glycerol-
conducting channel (1fx8),** potassium channel (1bl8),%
calcium-transporting ATPase (leul),*® and mechanosensi-
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tive ion channel (1msl).®> The two structures of prokar-
yotic cytochrome c oxidase from P. dentrificans and
T. thermophilus have low-sequence identity (~21 %), and
are both included. Two structures of fumarate reductase
flavoprotein subunits (PDB accession numbers: 1fum
and 1qla) with low sequence identity are also included.
All loops in the soluble regions are manually removed,
leaving only the alpha helices that span the TM regions.

Determining the exact boundaries of the TM regions is
a difficult task even when structures are available.®®
Javadpour et al.'® assigned the TM regions based on the
position of basic and acidic residues. Senes et al.*®® used
short 18-residue windows for the analysis of sequences
of TM helices. None of these approaches is error-free
under all circumstances. Here, we are interested in asses-
sing the interhelical interactions and the packing of TM
helices as a whole in integral membrane proteins, and
we use the simple definition of the TM helices from the
secondary-structure assignment.

A set of soluble alpha-helical proteins was also con-
structed for comparison with the membrane proteins. It
consists of 31 X-ray structures (PBD accession numbers:
laOb, 1al7, laue, 1b3u, 1lcun, 1dkx, 1dow, le2a, levs,
lez3, lezf, 1few, 1fio, 1gnw, 1gto, 1gux, 1hel, 1le4, Imty,
1pbv, 1qgh, 1qgr, 1qjb, 1gkr, 1gsa, 1qsd, 1qu7, 1lquu,
1vlt, 256b, 2mhr). These proteins all consist of 50 % or
more alpha helix and have negligible amount of beta
strands. After manually removing the connecting loops,
there are a total of 288 unique helices in the data set. We
exclude five soluble proteins (PDB accession numbers:
1al7, 1b3u, 1qgr, 1qkr, 1gsa) from void analysis because
they contain interacting helices that form voids and
pockets of large global length scale, preventing a mean-
ingful comparison with pockets found in membrane
proteins.

Computation of voids, pockets and
interhelical contacts

There are two aspects in studying the packing of
membrane proteins.®” First, there are unfilled spaces in

the TM regions, namely the voids and the pockets that
are not occupied. There are well-developed compu-
tational methods for the identification and measurement
of voids and pockets, including the CAST program®7°
(http:/ /cast.engr.uic.edu), which are used in this study.
Second, there are non-bonded atomic contacts or volume
overlaps between residues. We describe below the com-
putational approach used for characterizing such atomic
contacts.

The main components of our approach are geometric
constructs derived from the coordinates of the protein,
namely, the Voronoi diagram, the Delaunay triangu-
lation and the alpha complex (Figure 9(a), (b) and
(c)).®71=7 A similar approach has been applied to the
study of packing in soluble proteins.® To illustrate,
Figure 9(a) shows a two-dimensional molecule formed
by a collection of disks of uniform size. The Voronoi dia-
gram is also shown in Figure 9(a). Each Voronoi cell is
defined by its boundaries, shown as broken lines. Every
Voronoi edge is a perpendicular bisector of the line
between two atom centers. Each Voronoi cell contains
one atom, and every point inside a Voronoi cell is closer
to this atom than to any other atom. Three connected
Voronoi edges meet at a Voronoi vertex. Another geo-
metric construct, the Delaunay triangulation (Figure 9(b))
is mathematically dual to the Voronoi diagram, and can
be explained by the following procedure. For each Voro-
noi edge, connect the corresponding two atom centers
with a line segment, and for each Voronoi vertex, place a
triangle spanning the three atom centers of the three
Voronoi cells. Completing this for all Voronoi edges and
Voronoi vertices gives a collection of line segments and
triangles. Together with the vertices representing atom
centers, they form the “Delaunay complex”, which is the
underlying structure of Delaunay triangulation.

Now we remove all Delaunay edges (or line segments)
where the two atoms have no two-body volume overlaps
(Figure 9(c)). When two atoms are spatially very close,
the balls representing the two atoms intersect, and these
two atoms have non-zero, two-body volume overlap.
When three atoms are spatially very close, they intersect
and have non-zero, three-body volume overlap. We

Figure 9. Geometry of protein. (a). The molecule formed by the union of atom disks of uniform size. Voronoi dia-
gram is shown in dashed lines. (b) The shape enclosed by the boundary polygon is the convex hull. It is tessellated by
the Delaunay triangulation. (c) Removing those Delaunay edges and triangles that are not completely contained within
the molecule forms the alpha shape of the molecule. A molecular void is represented in the alpha shape by two

empty triangles.
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further remove all Delaunay triangles where the three
corresponding atoms do not have three-body volume
overlaps. The subset of the Delaunay complex formed by
the remaining triangles, edges and vertices (atom cen-
ters) is called the ““alpha complex”. We are interested in
identifying only contacting atoms that are spatial nearest
neighbors. These are precisely atoms with two-body
volume overlaps whose Voronoi cells intersect. By fol-
lowing the mathematical dual structure, i.e. the edges in
the alpha complex, we can accurately identify all contact-
ing nearest neighboring atom pairs. Restricting ourselves
only to edges connecting atoms from two helices, we can
identify all interhelical atomic nearest neighbor contacts.
All such contacts are within a distance that depends on
the identities of the two atoms. This distance is equal to
the sum of the van der Waals radii of the two atoms,
plus 2x 05 A. We follow Singh & Thornton” and
choose the increment of van der Waals radii to be 0.5 A.
This increment is small and comparable with the resol-
ution of the structure, and it enables the modeling of
imprecisely determined atomic coordinates without
introducing many spurious two-body and three-body
volume overlaps. Unlike cut-off-based methods, this dis-
tance is not a single fixed constant but depends on the
atom types. Another important uniqueness of our
approach is that only a subset of atoms satisfying this
distance criterion will be counted as a physical nearest
neighbor. Our approach has an additional criterion that
contacting atoms must have intersecting Voronoi
cells. Using the alpha shape API kindly provided by the
Edelsbrunner group, a program INTERFACE has been
implemented to compute interhelical contact atoms,
using precomputed Delaunay triangulation and precom-
puted alpha shape. The Delaunay triangulation of mem-
brane proteins is computed using the DELCX
program,”’”® and the alpha shapes computed using the
MKALF program’®”>. Both can be downloaded from
the website of NCSA (http://www.ncsa.uiuc.edu). The
van der Waals radii of protein atoms are taken from
Tsai et al.””

Probabilistic model for single residue propensity

To assess how likely a residue of type i is to partici-
pate in interhelical contact, we calculate the single resi-
due propensity p(i) for interhelical interaction:

D el )Yy el

- 7

N
p@_nWZW)

Here, ¥c(i,j) is the number count of interhelical residue
pairs containing residue type i, ¥, c(7,j) is the total num-
ber of interhelical residue pairs, #(i) is the number count
of residue type i in the helices, and X;n(i’) is the total
number of residues of all types in the helices. n(i)/ X,n(i’)
is the fraction of type i residue in the TM helices. This
denominator is the estimated probability that a ran-
domly picked residue happens to be of residue type i.
The single residue propensity p(i) is therefore an odds
ratio that corrects the bias due to different residue com-
position. To simplify the calculation, a pair of interacting
residues was counted once, regardless of the actual num-
ber of atomic contacts from these residues.

The single residue propensity to be in a void or a
pocket p (i) for residue type i can be calculated similarly:

e(i)/ Y eld)

i

TS ST

Here, c(i) is the number count of residues of type i that
are part of a void or a pocket in the TM region, £,c(i') is
the total number of residues of any type located in a
pocket or a void, n(i) is the number count of residue
type i in the TM helices, and X,n(i’) is the total number
of residues of all types in the TM helices.

Probabilistic model for MHIP propensity

To evaluate pairwise helical interaction propensity
P(i,j) of residue type i and type j, we first estimate the
observed probability g(i,j) of interhelical contacting atom
pairs involving both residue type i and residue type
j. Using maximum likelihood estimate, we have:

qG, j) = aGi. j)/ Y _a(i, )

i’,j’

Here, a(i,j) is the number count of interhelical atomic
contacts between residue type i and residue type j,
%, a(i',j) is the number of all atomic interhelical con-
tacts. The observed probability is then compared against
the random probability p(ij) that a pair of contacting
atoms is picked from a residue of type i and a residue of
type j, respectively, when chosen randomly and indepen-
dently from the same set of interacting residues in the
TM regions. We have:

nin/ I’lﬂ’l]‘
nn—mn;)  n(n—n

p(, ) = NiN]( )>, when i # j

Here, N; is the number of interacting residues of type i in
the TM region, n; is the number of atoms a residue of
type i has, and 7 is the total number of interacting atoms
in the TM region. For calculating polar-polar or non-
polar-non-polar interhelical contact propensities, we
replace n; in the numerator with the number of polar or
non-polar atoms for this type of amino acid residue. The
formula is different if both residues are of the same type:

nin;

p(i, i) = Ni(N; — 1)m

The MHIP propensity P(ij) is the odds ratio of the
observed probability and the random probability:
_q.))

p@.))

P, j)
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