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ABSTRACT

Transmembrane helices and the helical bundles which they form are
the major building blocks of membrane proteins. Since helices are
characterized by a given periodicity, it is possible to search for pat-
terns of traits which typify one side of the helix and not the other (e.g.
ampbhipathic helices contain a polar and apolar sides). Using Fourier
transformation we have analyzed solved membrane protein structures
as well as sequences of membrane proteins from the Swiss-Prot data-
base. The traits searched included aromaticity, volume and ionization.
While a number of motifs were already recognized in the literature,
many were not. One particular example involved helix VII of lactose
permease which contains seven aromatic residues on six helical turns.
Similarly six glycine residues in four consecutive helical turns were
identified as forming a motif in the chloride channel. A tabulation of
all the findings is presented as well as a possible rationalization of the
function of the motif.

Contact: arkin@cc.huiji.ac.il

INTRODUCTION

Proteins contain periodic structural elements such as «-helices,
310 helices and S-strands. It is inevitable as such that some of these
elements will be exposed to different environments, and therefore
participate in different types of interactions. As an example, seg-
ments of protein secondary structure can be amphiphilic in the sense
of having a hydrophobic side and a polar side. Accordingly methods
have been developed utilizing Fourier transform based approaches
along with hydrophobicity scales, in order to detect such amphiphilic
a-helices (Eisenberg et al., 1984; Cornette et al., 1987; Phoenix and
Harris, 2002).

Following the idea that different sides of a protein secondary struc-
ture element may be exposed to different surroundings (e.g. solvent,
lipid, protein core and protein interface), it is possible that some
structures contain a segment with a unique characteristic on one side
of it. For instance:

(i) G-proteins undergoing palmitoylation were shown to have a
patch of positive residues that is used to anchor them to the
membrane (Kosloff et al., 2002).

(i) The GxxxG motif was experimentally found as a motif that
is responsible for stabilizing helix—helix interactions in both
membrane and water soluble proteins (Lemmon et al., 1994;

*To whom correspondence should be addressed.

Arkin and Brunger, 1998; Russ and Engelman, 2000; Kleiger
and Eisenberg, 2002). The two glycine residues are found at i
and i 4 4 positions, and cover one helical turn. This sequence
has been found 32% above expectations in transmembrane
a-helices, and 41% above expectations in water soluble pro-
teins (Senes et al., 2000; Kleiger et al., 2002). It is believed
that oligomerization is enabled by the glycine’s side chain that
is the smallest of all amino acids, and allows a tighter packing
of helices (Curran and Engelman, 2003; Russ and Engelman,
2000; Javadpour et al., 1999). Furthermore the GxxxG motif
was suggested to promote backbone-to-backbone contacts of
the C,-H - - - O type, thereby stabilizing helix—helix interac-
tions in soluble as well as membrane proteins (Kleiger et al.,
2002; Kleiger and Eisenberg, 2002; Arbely and Arkin, 2004).
Domains in soluble proteins that adopt the Rossmann fold,
and also bind FAD and NAD(P), were also discovered to
contain GxxxG or GxxxA motifs (Kleiger and Eisenberg,
2002).

(iii) The occurrence of the AxxxA motif was also found above
expectations in predicted «-helices, and is significantly
enhanced in thermophiles. This suggests a mechanism for
thermostability in protein structures, and is explained by the
fact that alanine provides a complementary surface, allowing
two helices to have a close contact without much loss of side-
chain entropy (Kleiger et al., 2002). In addition, a statistical
analysis had found patterns of small residues (i.e. G, A and
S) in i and i + 4 positions, in various combinations such as
AxxxG, SxxxG, SxxxS, etc. (Senes et al., 2000).

(iv) The periodicity of serine and threonine residues was
experimentally found using the TOXCAT method (Russ
and Engelman, 1999). They are the polar residues that
appear most frequently in transmembrane helices. These
residues can drive oligomer formation through a network
of inter-helical side-chain hydrogen bonds which do not
require breaking the backbone hydrogen bond (MacKenzie
and Engelman, 1998; Senes et al., 2000; Dawson et al.,
2002).

In this study we have applied the Fourier transform method in
order to detect different kinds of periodic patterns. This is not so
much a search for ‘amphiphilicy’ in its broader term of having one
side with a certain characteristic and an opposite side with another,
but rather one side with a certain periodic property, and an opposite
side without it.
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METHODS

Database 1: helices from solved membrane proteins

We have consulted the list given by White [http://blanco.biomol.uci.edu}
Membrane_Proteins_xtal.html) in order to download a set of 35 non-
homologous helical membrane proteins from the Brookhaven Protein Data
Bank (PDB) (Bernstein et al., 1977). These proteins comprised the solved
membrane structures that were used in this study (Supplementary Table 1).
A secondary structure state was assigned for each residue in the proteins using
the program DSSP (Kabsch and Sander, 1983), which derives the secondary
structure from the PDB 3D structure file. Helical sequences of length 7 or
more residues were considered in the search for periodic motifs.

Database 2: SwissProt TM helices

A much larger database was used in order to check whether there are similar
motifs in other membrane proteins whose structure was not solved, spe-
cifically in transmembrane helices. A total of 20 308 membrane proteins
were obtained from SwissProt (release 42.10) and TrEMBL (release 25.10)
(Boeckmann et al., 2003). Their transmembrane regions were predicted
using the TMHMM server (Sonnhammer et al., 1998; Krogh et al., 2001).
Helices with 90% or more sequence identity were removed, thereby excluding
transmembrane helices that approximately differ by <2 amino acids. It was
done in order to avoid analyzing redundant helices, thereby reducing the
computational power needed for the analysis. Finally, a database of 65213
transmembrane helices was subjected to the periodicity search.

Properties and scales

All helices were scanned for the periodic appearance of various chemical
properties. Each property is represented by assigning a ‘property value’,
F(aa) to each amino acid.

e Aromatic amino acids: A binary value is used to represent aromatic
residues: F(F) = F(Y) = F(W) = 1, while zero is assigned to the rest.

e Positively charged amino acids: F(K) = F(R) = 1,F(H) = 2/3,
while zero is assigned to all other amino acids. Histidine is considered
only partially charged due to its low side-chain pKa value.

® Negatively charged amino acids: F(D) = F(E) = 1, while zero is
assigned to all other amino acids.

e Small amino acids: Repeats of small amino acids may point to a pos-
sible helix—helix interaction such as oligomerization or tighter packing
that could not take place if larger amino acids were present due to steric
interference. To that end, a volume scale was built by the formula

F(aa):V_Vaa (1)

The formula assigns the difference of each amino acid volume (V) from the
average volume of all amino acids (V), so that the volume score decreases as
the amino acid’s volume grows larger.

Mathematical methods: Fourier transform and
the amphipathic index

The method for detecting the periodicity of some property in a protein
sequence is similar to the way amphipathic «-helices are found (Eisenberg
et al., 1984; Cornette et al., 1987; Phoenix and Harris, 2002). Such helices
show a spatial segregation of polar and apolar amino acids. Polar residues
are located on one side of the helix, while apolar residues are located on
the opposite side. An ideal a-helix requires approximately 3.6 residues per
turn. Therefore, a peptide that constitutes an amphipathic «-helix will have a
periodic variation in its hydrophobic/hydrophilic amino acids: hydrophobic
residues will appear every 3—4 residues in positions i and i 44, whereas
hydrophilic residues will also appear at such a frequency on shifted positions
that represent the opposite side of the helix, such as i +2 and i 4- 6.

In general, the character moment of a protein can be estimated when the
period of the sequence, m (the number of residues per turn), is known. When
viewing the helix down its axis like in a helical wheel plot, 6 = 360°/m is

the angle in which successive side chains emerge from the backbone. Thus
for an «-helix, 0 is estimated in the range 85° < 6 < 110°.

An analytical approach based on Fourier transformation had been
developed to identify periodicity patterns in helices (Cornette et al., 1987;
Phoenix and Harris, 2002). The method is based on transforming an amino
acid sequence into a numerical sequence, where each amino acid is repres-
ented by a character value. The Fourier power spectrum for an amino acid
sequence of length n with character values Fy, F»,..., F, for each amino
acid, is defined by

n 2 n 2
P®) = [Z Fi cos(ke):| + [Z Fi sin(ke):| o)

k=1 k=1

P (0) is investigated for the value 6 = f that maximizes it. Ideal helices with a
periodic pattern will form a peak around 6 = 100°, and on average at around
97.5°, while other helices will contribute randomly to it (Cornette et al.,
1987).

Herein, patterns of periodicity were detected using a similar scoring system
based on a measure previously termed as the amphipathic index (AI) (Cornette
et al., 1987). In short, it is a measure of how much of the power spectrum is
concentrated around angles that represent a helical periodicity, as compared
to the total area under the spectrum. It is given by

(1/25°) fos” P(6)d6

. 3
(1/180°) (15 p(0) do @

Alarge Al value will usually result from a helix that is amphipathic according
to the property scale by which the power spectrum was computed. Fur-
thermore, this measure overcomes the problem in which different helices
of different lengths cannot be compared according to P (). This is due to
the fact that a long amphipathic helix will exhibit a larger P(6) value than a
shorter amphipathic helix.

In this work, we have used different scales instead of the conventional
hydrophobicity scales, in order to detect periodicity patterns of various prop-
erties. The sliding window method had been employed, using window sizes
of 7-30 amino acids to slide over a helix sequence. The Al score has been
computed for each window, where windows that passed a certain Al threshold
(1.8 for the solved membrane proteins database), were considered as potential
motif candidates. Overlapping windows with the same period were merged
only if the merged sequence still passed the Al score threshold.

AI[P(0)] =

Evolutionary analysis and statistical significance

Potential motif candidates were chosen for further statistical and evolution-
ary analysis. Initially, a P-value! for observing a specific motif, given its
amino acid composition, was calculated by shuffling its sequence 10 000 times
and computing the Al score for each of these shuffled instances. Secondly,
PSI-BLAST (Altschul et al., 1990, 1997) was used in order to find homo-
log proteins and check whether the motif is conserved in them. A protein
was considered as homologous if its sequence alignment with the original
protein produced 40-85% sequence identity with an E-value <0.001. For
each homologue, the following values were computed if the sequence that
matched the original motif in it contained no gaps in the alignment:

e Fourier transform and Al scores.
e P-value? as described above.

o Relative conservation (RC) score. This is a measure for the conservation
in the motifitself, compared to the conservation (% identity) of the whole

protein, and is given by
MC
RC=— “)
PC

where PC is the protein global conservation (identity percentage between
original protein and the specific homolog protein) and MC is the Motif’s

IThis P-value is notated m-p value in Supplementary data.

2The P-value average of the homologue sequences is notated as h-p value in
Supplementary data.
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conservation that is computed by

i=1

k

{Z bm[i] * bh[j] * COS(iQ)} /m
MC X (5)
Z bm[,‘] * bh[i] * sin(i@)} /m
i=1
where by,;) is a binary value that receives the value of 1 when position i
in the original motif sequence has a property table value F[i] > F. by(;
is computed in a similar fashion for the homologue motif sequence.

A motif was considered significant if three conditions were satisfied: (a) the
Al average for all homolog motif sequences was >75% of the original Al;
(b) >75% of the homolog motifs were statistically significant according to
their P-value (<0.05); and (c) the RC score was >1 for distant homologs.

In addition, we computed the probability of finding a helix with a motif
that receives an Al score above a certain threshold. This was done by shuffling
each SwissProt helix 20 times, thereby receiving a total of 1304 260 random
helices, and computing the Al score for each chemical characteristic.

Images were created with VMD 1.82 (Humpbhrey e? al., 1996) and PovRay
3.6 (Persistence of Vision Raytracer Pty. Ltd.; http://www.povray.org))

RESULTS AND DISCUSSION
Solved MP database

All motifs were validated and analyzed by visual inspection of the
proteins’ solved structure.

Aromatic motifs

Fourteen sequences with 3—6 repeats of aromatic amino acids were
found and are listed in Supplementary Table 2. The most common
type was of aromatic residues that appear in three sequential turns in
a helix (1bcc, 1jb0-b, 1jb0-f, 11gh and 1occ). Other types belong to
sequences with 2-3 sequential appearances of an aromatic residue, a
pause of 1-2 turns, and again 1-2 occurrences of an aromatic residue
within the same period (1c3w, 1jb0-a, 1jb0-b and 1pv6). Some of
the periodic segments that were found are discussed in detail below.

Bacteriorhodopsin (1c3w-A) The three aromatic residues, W182,
Y185 and W189, constitute an aromatic motif.?> The solved structure
of this light driven HT pump and past studies show that the three
aromatic residues located on consecutive turns are involved in affix-
ing the retinal and stabilizing its pocket. W182 creates two types of
interactions: (i) A hydrogen bond is formed between the indole of
W182 (Ne) and A215 (O) via a water molecule 501. (ii) The plane
of W86 and W182 contributes to the immobilization of the retinal.
Y185 (OH) creates a hydrogen bond with D212 (O§1) which in turn
forms a hydrogen bond with a water molecule near the retinal. W189
(Nel) forms a hydrogen bond with Y83 (OH) on the opposite helix
(Luecke et al., 1999)

Light harvesting complex II (1lgh-B) Three aromatic residues
(B-F20, B-F24 and B-F27) in three consecutive helical turns are
found in the light harvesting complex II (LHII), a photosynthetic
pigment—protein complex (Koepke et al., 1996). Previous stud-
ies have shown that many carotenoids are surrounded by aromatic
residues in known crystal structures of photosynthetic pigment—
protein complexes, and specifically in LHII with the lycopene
carotenoid. m—7 interactions were discovered to be essential in bind-
ing and stabilization of carotenoids. In LHII, they are carried out

3Note that F168 residue was found three helical turns away from W182, Y185
and W189, but is probably unrelated.

(a) (b) (‘

Fig. 1. Lactose permease (1pv6) (Abramson et al., 2003): Orthogonal views
of the seven aromatic residues on helix 7 are shown in a ball-and-stick model.
(a) A view along the helix axis shows the tilt of the side chains, and the helices
that pack against this helix. (b) Helix 7 is shown without its neighbors. Color
legend: light grey —carbon; black—oxygen.

through aromatic residues and the conjugated C=C bonds in the
carotenoids (Wang and Hu, 2002).

Lactose permease (1pv6-A) This is the largest aromatic motif that
was found. The motif is located on helix VII of lactose permease,
a polytopic membrane protein that catalyzes lactose/H™ symport.
Helix VII is located near the sugar translocation pathway, suggest-
ing an active role of the helix in the sugar transport mechanism (Voss
etal.,1997). The helix contains seven aromatic residues on six helical
turns: F224, Y228, Y236, F239, F243, F246 and F247 (Fig. 1).
Cysteine-scanning mutagenesis of helix VII (Frillingos ez al., 1994)
had shown that very few residues are directly involved in the actual
transport mechanism of lactose. The critical residues on this helix are
in fact D237 and D240: their replacement interferes with the charge-
neutralizing interactions between D237 and K358 or D240 and K319.
Cysteine scanning had measured the differences in lactose transport
rates both in the initial rate of uptake and the steady-state accumula-
tion. It had shown that the positions where Cys replacements exhibit
high sensitivity of the permease to inactivation lie between Y236 and
F247 where some of which (Y236, F243 and F247) lie on the same
relatively hydrophilic face as D237 and D240. An exception to that is
of Y228 in which a Cys replacement has a significantly lower initial
transport rate (<20% of the wild-type rate). In addition, the mutant
Y236C exhibits little transport activity which is abolished by Y236F,
suggesting that Y236 is required for H-bonding. It was later revealed
in the 3D-structure of lactose permease that Y236 participates in a
hydrogen bond with H322 (Abramson et al., 2003).

Furthermore, binding a lactose homologue (TDG) as a ligand is
thought to cause a ‘scissors-like’ movement between helix VII and
helix I or II. Such a movement allows conformational flexibility
between the helices that is important for the conformational change
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Fig. 2. Cytochrome bcl (1bcc) (Zhang et al., 1998): (a) A view along the
helix axis. (b) The negatively charged residues are on the left helix, whereas
their possible partners for forming salt bridges, R203 and K207, are shown on
the right helix. Color legend: light grey—carbon; grey —nitrogen; black—
oxygen.

that results in the release of the proton and the substrate into the cell
(Venkatesan et al., 2000).

Perhaps this conformational flexibility also allows the aromatic
motif that we have found to create an aromatic lane. Such a lane offers
both hydrophobic interactions and hydrogen bonds along which the
lactose glides, much like the ‘greasy slide’ that was found to facil-
itate maltose translocation in the maltoporin channel (Dutzler et al.,
2002b). If only one of the aromatic residues is replaced, it may only
slow down the lactose uptake rate, rather than critically disrupt it. To
the best of our knowledge, no research has been conducted up to this
date that measures transport rates when mutating more than one of
these aromatic residues.

On the other hand, site-directed spin labeling (Voss et al., 1997)
demonstrated that the average accessibility of residues 233-246 is
lower than that observed for helix XII (with one face towards the
lipid). This suggests that helix VII is a part of the hydrophobic core,
and might have a significant role in the protein’s packing, folding and
stability. In other words, this motif may be important in stabilizing the
protein’s core, with stacking interactions, hydrogen bonds and hydro-
phobic interactions that can be formed by these aromatic residues.

Aromatic repeats of 3—4 helical turns were also discovered in
cytochrome bel (1bcc) and photosystem I (1jb0). Specifically in the
photosystem I complex, four different aromatic repeats were found.
This is not surprising with regard to the large amount of chlorophylls
that surround each helix, which could interact with them.

Negatively charged motifs

Two sequences with amino acids that can potentially be negatively
charged were found (Supplementary Table 3).

Cytochrome bcl (1bcc-J)  Four negatively charged amino acids are
found in four consecutive helical turns (E32, D36, D40 and E44)
in a part of the helix that is assumed to be outside the membrane

or in the region of the lipid’s polar head-groups (Fig. 2). These
residues face chain D of the protein which has two positively charged
amino acids (R203 and K207). The following distances are suggest-
ive of possible salt bridges that may be used to stabilize the protein:
R203[Nn] <> D40[051]: 4.03 A; R203[N7] <> E44[0€2]: 3.53 A;
K207[N¢z] <> D36[0681]: 3.3 A; K207[N¢] <> D40[051]: 4.105 A;
and K207[N¢] <> D40[082]: 4.09 A.

Calcium ATPase (1eul-A) Three glutamate residues in three helical
turns (E109, E113 and E117) are found on the edge of a transmem-
brane helix which stretches out into a soluble medium. It faces the
water, possibly forming hydrogen bonds. A previous study (Clarke
et al., 1989) has shown that amino acid substitutions to E109, E113
and the segment 109-ERNAE-113 did not affect Ca>* transport at
all, thereby negating the importance of this acidic periodical region.

Positively charged motifs

Two sequences with potential positively charged amino acids were
found (Supplementary Table 3).

Calcium ATPase (1eul-A) Three positive residues are found in four
helical turns (R751, K758 and R762) on helix S5 of the sarcoplas-
mic reticulum ATPase. This is a helix that had been found to be
important for mediating communication between the Ca?* binding
pocket and the catalytic domain. Past mutation studies (Sorensen
et al., 1997; Sorensen and Andersen, 2000) revealed that they were
all sensitive towards substitution: R751 appears to be crucial and
therefore highly conserved in the P-type ATPase family. Mutations
of R751 (except the conservative R751K mutant) were found to res-
ult in a completely non-functional or non-expressed protein. The 3D
structure of the protein implies that R751 participates in hydrogen
bonds with residues on the ‘L-6-7’ loop (Toyoshima et al., 2000).
K758 had also been mutated and found to be important in regu-
lating conformational equilibrium. A K7581 mutant resulted in the
increase of dephosphorylation of the E,P conformation to E;, and
a decrease in the rate of Ca>* binding to the E, state. The K758R
mutant did not have any effect. In addition, K758 is also known to be
hydrogen-bonded to a residue on the ‘L6-7" loop. R762 also proved
to be important and was assumed to interact with residues on helices
M7 and M8. In the mutant R762I, the rate of Ca?t binding transition
was reduced by a factor of 3.5 at 25°C.

Thus, these residues are not involved in one specific role, but rather
are responsible for stabilizing the overall structure of the protein and
for performing a functional role in the Ca>* binding structure.

Cytochrome C oxidase (locc-E) Four positive residues are found
in three non-consecutive helical turns (K46, R53, R56 and R57) on
a helix that is in an aqueous environment. They are not mentioned
in previous studies and are likely to be involved in hydrogen bonds
with water molecules.

Small amino acids motifs

The repeats that were found (Supplementary Table 4) are mostly
composed of glycine, alanine and serine residues, since these
amino acids have the smallest volumes, 60.1, 88.6 and 89 A3
respectively.

Cytochrome C oxidase (1occ-A 451-461) Four serine residues are
found in three helical turns, preceded by an aspargine residue. All
are uncharged polar residues which create a network of possible
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Fig. 3. Cytochrome C oxidase (locc) (Tsukihara ef al., 1996): Small and
polar amino acids (Ser and Asn) that are able to form hydrogen bonds were
found to be periodic in chain A 451-461. (a) The arrangement of the helices,
where the Asn and Ser residues are located on the middle helix, are all shown
on the same side. (b) The network of hydrogen bonds (dashed black) that is
formed only between side chains of the middle helix (containing the motif),
and neighboring residues. Color legend: light grey —carbon, black —oxygen.

hydrogen bonds (Fig. 3), some of which are bifurcated. Specific-
ally, N451[N82] < Y447[0]: 2.85 A; N451[082] <> R38[NH,]:
3.13 A; S454[0y] < N428[Ne2]; 3.04 A; S454[0y] < T424[O]:
2.62 A, S455[0y] < R38[0], [NE] and [NH,]: 2.71, 2.85
and 3.03 A; S455[0y] < N451[0]: 3.26 A; S458[0y] <>
S455[0]: 2.76 A; and S458[0y] <> S454[0]: 4.6 A. Moreover,
the structure of this protein reveals a network of hydrogen bonds
that takes place through water molecules. S461 and T424 are

Fig. 4. Chloride channel (1kpl) (Dutzler et al., 2002a): The six glycine
residues are shown in a CPK atom model in the left helix and colored by
atom (dark grey —carbon; black—oxygen). Interface residues from a neigh-
boring helix are shown and colored in light grey. Bulky aromatic amino acids
reside in the helix ends. They may cause fixation of both helices. Alanines are
found in the helix—helix interface with the glycines. (a) A view along the left
helix axis, showing the 3D arrangement of the two helices. (b) The interface
of the two helices.

hydrogen-bonded to a group on heme A via a water molecule.
R38, which is also shown by our analysis to be stabilized by
S455, is hydrogen-bonded to heme A as well (Tsukihara er al.,
1996; Yoshikawa et al., 1998). Thus one can assume that these
hydrogen bonds play a role in tighter packing of the helices and
the heme.

Cytochrome C oxidase (1occ-A 14-40) Periodicity of four glycine
residues and one serine in five helical turns. They are found to face
another helix of chain A (56-82) where somewhat larger amino acids
face them (M, H and I). The sequence of cytochrome C oxidase is very
conserved. The homologues that were found were within the range of
74-85% identity; therefore the RC score for this motif does not show
significance. This evolutionary factor is also related to the average
P-value of the homologues which is only marginally significant.

Photosystem I (1jb0-B) The repeats that were found in this helix
were in a 110° period. However the solved structure does not match
such a period and only a part of the repeats reside on the same side
of the helix (S426, S429, G433 and T436). A visual inspection of
the structure finds them in a helix—helix interface.

Chloride channel (1kpl-B) Six glycine residues in four helical
turns were found in this very conserved anion selective channel
(Fig. 4). The RC score is relatively low because most homologues
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except three have a total of ~80% sequence identity to the original
(1kpl) sequence. The motif is highly conserved in these close homo-
logues (only G295 is substituted twice by alanine). The more distant
sequences preserve four of these glycines, where G295 is substituted
by leucine, and G285 is substituted by serine or threonine which are
also relatively small amino acids that also have hydrogen bonding
possibilities.

SwissProt database

The motifs that were found from a scan of the SwissProt database
are presented in Supplementary Tables 5—-8. The Al threshold that
was used here was higher than the threshold used in the database of
solved membrane proteins, and different for each property, so that
only the strongest and most significant motifs were considered. In
order to evaluate these results we have computed the probabilities
of finding a motif sequence with an Al that is larger than a certain
threshold from 1304 260 shuffled SwissProt helices. These results
are depicted in Supplementary Tables 9-12.

(i) Aromatic motifs: Twenty-six motifs that passed an Al
threshold of AI > 2.5 and the thresholds of the evolutionary
analysis were found. They contain periodic repeats of 4-6
aromatic acids and are depicted in Supplementary Table 5.
The probabilities of finding such results are depicted in Sup-
plementary Table 9. The probabilities for AI > 2.5, 2.6, 2.7
and 2.8 are 0.002. 0.001, 0.00044 and 0.00023 respectively.

(ii) Charged motifs: Not surprisingly, very few repeats of
charged amino acids were found. All of them have an Al > 2.
Three unique negative motifs and two positives were found
(out of 16 motifs, some of which belong to similar proteins).
They are depicted in Supplementary Tables 6 and 7. Accord-
ing to Supplementary Tables 10 and 11, it can be seen that
the probability of finding a charged motif with Al > 2.1 is
in the order of 1075,

(i) Small amino acid motifs: Twenty-two motifs that passed an
Al threshold of AI > 4 and the thresholds of the evolution-
ary analysis are presented in Supplementary Table 8. These
motifs are mostly variations of G, A, S and T. A large part
of these motifs had passed the P-value tests, but not the RC
threshold. Furthermore, the probabilities of finding a small
amino acid motif with Al >4, 4.2, 4.4 and 4.6 are 0.001,
0.00047, 0.00022 and 9.5 x 107 respectively.

Overall, the P-values are affected by the short sequence of the
motifs and their relatively lower amino acid variation that results
from their location within a membranous environment (Arkin and
Brunger, 1998). However, the P-values obtained for the motifs are
fairly reasonable with respect to these effects. Indeed, our raw results
showed a higher number of motifs, some of which could have been
found by random. Yet, the key to finding which of these results might
be of actual biological importance is the evolutionary analysis that
we conducted, which we used to filter out insignificant results, and
which showed the statistical conservation of the motifs presented in
this study.

GENERAL CONCLUSIONS

In this work we have utilized a mathematical method in order to
detect structural motifs at the sequence level of membrane helices,
given the assignment of their secondary structure elements. This

method has been applied to a specific class of membrane proteins—
those that are folded as «-helical bundles—but it could easily be
applied to soluble proteins as well. This scan has the potential of loc-
ating important sites in a protein that could possess many possible
properties and functions such as affinity for specific molecules [e.g.
G-proteins with a positive patch that provide affinity for membrane
anchorage (Kosloff et al., 2002)], binding substrates, segments that
are responsible for the protein’s conformational stability, the fold-
ing process, membrane insertion, oligomerization of helical subunits
and tight packing of the protein’s core through hydrogen bonds or
other hydrophobic interactions. Therefore such sites, when present,
could point us to the crucial residues in a protein, thereby supplying
information for mutations studies.

Aromatic repeats that were discovered usually contained 3-6
repeats of aromatic amino acids (which were not always consec-
utive). Most are assumed to have a role in the stability of the protein.
For instance the aromatic residues found in bacteriorhodopsin have
already been shown to be important in stabilizing the retinal binding
pocket (Luecke et al., 1999). Surprisingly, the longest motif that we
found, in lactose permease, was not mentioned by previous studies
and its importance remains unknown.

Polar charged residues are infrequent in membrane proteins
because of their preference to reside in an aqueous environment.
These motifs can contribute to the stability of the protein by forming
salt bridges and hydrogen bonds. The charged amino acid repeats
that were found in the database of solved membrane proteins were
shown to be important mainly for stability reasons.

Repeats of small amino acids were found more frequently. The
motifs that were found and had been structurally analyzed have been
shown to lie within a close range of other helices with bulk residues,
or within hydrogen-bonding range of neighboring polar residues.

The RC score has not always succeeded in verifying the results
that were found (where RC < 1), pointing that evolution had not
preserved all of it or that the protein itself is highly conserved.
Therefore it depends on the distribution of homologues—if there
are more closer homologues than distant ones, the RC score will
show a decrease. However, it does not always mean the motif or a
part of it does not have an important biological function.

In general, periodicity patterns do not characterize transmembrane
helices; this can be seen by the small proportion of motifs we have
found in the SwissProt database (Supplementary Table 13). Thus
when evolution chooses to keep a periodicity pattern in a protein, it
is possible to suggest that the pattern is important for the protein’s
function or folding. The motifs that were found in this research both
in the database of TM helices from SwissProt, and the database of
solved membrane proteins are all theoretical suggestions for import-
ant (if not critical) sites. Experimental analyses shall prove if they
are indeed significant.
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