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Abstract

We made several statistical analyses in a large sample of nearly 4,000 helices (from 546 redundancy-controlled PDB
protein subunits), which give new insights into the helical properties of globular proteins. In a first experiment, the
amino acid composition of the whole sample was compared with the composition of two helical sample subgroups (the
“mainly-a” and the “(a/B)g barrel” domain classes); we reached the conclusion that composition-based helical pro-
pensities for secondary structure prediction do not depend on the structural class.

Running a five-residue window through the whole sample, the positional composition revealed that positive and
negative residues are located throughout the helices and tend to neutralize the macrodipole effect. On this basis, we
analyzed charged triplets using a running five-residue window. The conclusion was that only mixed charged residues
[positive (+) and negative (—)] located at positions 1-2-5 and 1-4--5 are clearly favored. In these locations the most
abundant are (——.. +) and (—.. + 1), and this shows the existence of side chain microdipoles, which neutralize the large
macrodipole of the helix.

We made a systematic statistical analysis of charged, dipolar, and hydrophobic + aromatic residues, which enabled

us to work out rules that should be useful for modeling and design purposes.
Finally, we analyzed the relative abundance of all the different amphipathic double-arcs that are present in helices
formed by octapeptides (8) and nonapeptides (18). All of the double-arcs that make up Schiffer and Edmundson’s

classical helical wheel are found in abundance in the sample.
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Since Chou and Fasman’s pioneering work (Chou & Fasman, 1974),
it has been accepted that the bulk of consecutive amino acid res-
idues within a polypeptide sequence, with a high average intrinsic
propensity, defines the nucleus of secondary structure segments in
a protein (a-helices, B-strands, and reverse turns). Under this as-
sumption, a number of secondary structure predictive procedures,
based on sets of propensities, have been worked out, all of which
are merely refinements of the Chou and Fasman (1974) initial
method. The secondary structure still cannot be accurately pre-
dicted because a number of factors derived from short- and medium-
range interactions among neighboring residues and between residues
and the solvent are not well understood, and therefore, they are not
considered within the algorithms that are presently used for struc-
tural predictions.

Reprint requests to: Jaume Palau, Unitat de Biotecnologia Computacio-
nal, Departament de Bioquimica i Biotecnologia, Universitat Rovira i Vir-
gili, Tarragona 43005, Catalonia, Spain; e-mail: palau@quimica.urv.es

Lotan et al. (1966) discovered the effect of hydrophobic side-
chain interactions on stabilizing the a-helix. In addition, stereo-
chemical approaches by Schiffer and Edmundson (1967) shed light
on the architecture of a-helices, in the sense that polypeptide seg-
ments, when in helical conformation, tend to segregate hydropho-
bic and hydrophilic residues. Palau and Puigdomenech (1974) and
Lim (1974a) found an accumulation of hydrophobic triplets at
positions 1-2-5 and 1-4-5, which helped to stabilize a-helices. In
a further contribution, Palau et al. (1982) extended the analysis of
hydrophobic triplets at positions 1-2-5 and 1-4-5 in a-helices to
the four main classes of protein domains (mainly alpha, mainly
beta, alternating alpha/beta, and alpha + beta); from the Palan
et al. (1982) results, it can be concluded that the 1-2-5 and 1-4-5
hydrophobic clustering in helices is a universal feature found in
proteins, whatever their architecture may be. More recently, a num-
ber of authors have focused their attention on hydrophobic clus-
tering in helices (Muiioz & Serrano, 1994; Padmanabhan & Baldwin,
1994a, 1994b; Creamer & Rose, 1995). Creamer and Rose (1995)
studied stabilizing interactions by leucine triplets at various spac-
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ings on a polyalanyl a-helix model; they found that in some trip-
lets, the free energy of interaction is greater than the pairwise
sums, because of an improvement in side-chain contacts.

In earlier reports, the characteristic distribution of hydrophobic
and hydrophilic residues in different secondary structure segments
was the basis on which methods for predicting secondary structure
were tested (Lim, 1974b; Cid et al., 1982). More recently, the
effect on helix formation of patterns of hydrophobic and nonhy-
drophobic side chains in protein sequences has been studied in
different ways (Torgerson et al., 1991; Kamtekar et al., 1993;
Vazquez et al., 1993a; 1993b; West & Hecht, 1995; Xiong et al.,
1995). Torgerson et al. (1991) predicted quadrant orientations of
amino acids in most a-helices, and reported that the template-
predicted configurations closely match crystallographic data on
a-helices. Vazquez et al. (1993b) reported the presence of favored
or suppressed side-chain patterns within protein sequences in re-
lation with a-helices and B-strands and also developed an a-helix
predictor (Vazquez et al., 1993a), which was based on the identi-
fication of a longitudinal, hydrophobic strip-of-helix pattern.
Kamtekar et al. (1993) described a successful general strategy for
the de novo design of proteins based on sequence locations of
hydrophobic and hydrophilic residues which caused polypeptide
chains to collapse into globular a-helical folds. West and Hecht
(1995) studied the binary patterning of polar and nonpolar amino
acids, in order to get a better understanding of the design of new
proteins, and Xiong et al. (1995), from the same research group,
concluded that the major determinant for self-assembling oligo-
meric peptides is the polar/nonpolar periodicity throughout their
amino acid sequence. Finally, recent papers focus on the use of amino
acid patterns (Zhu & Blundell, 1996), or of binary word encoding
(Kawabata & Doi, 1997) to improve protein secondary structure
predictions.

As recently suggested by Kawabata and Doi (1997), it seems
desirable to carry out statistical studies to obtain multiresidue
information (i.e., information that depends on more than one res-
idue). The main purpose of this information is to find out combi-
natorial features such as periodicity, residue pair interaction, and
residue triplet interaction, as well as other undefined knowledge-
based properties. This paper gives a comprehensive picture of
triplet interactions within an a-helical pentapeptide, whatever the
chemical characteristics of the amino acid residues may be. Sta-
tistically significant data about higher order polar/nonpolar binary
patterns (in octapeptides and nonapeptides) are also provided. For
this purpose, we imported a large database of nearly 4,000 helices
present in 546 redundancy-controlled protein subunits from the
Brookhaven PDB (Bernstein et al., 1977), and we grouped amino
acid residues according to a number of chemical characteristics.
Our results are important for a better understanding of side-chain
relationships within an a-helix, and they lead to important rules
concerning the stabilizing groupings that may be used to model
a-helices.

Results

General and positional propensities of residues within an
amino acid sequence may merely define (with uncertainties)
the existence of an a-helix and some of its properties

We analyzed the amino acid composition of the whole a-helical
sample (43,607 amino acid residues), as well as two subsamples
formed by a-helices in the two domain groups of “mainly-alpha”
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and of “alternating alpha/beta (TIM barrels).” We used a simple
program written in Fortran 77 (PERCENT). The results, shown in
Figure 1, indicate that helical samples, if large enough, have an
amino acid composition that does not vary much with the folding
type of proteins. Our observation is coherent with evidence show-
ing that the bulk of consecutive helical amino acid residues is
responsible for the nucleation of helices (Chou & Fasman, 1974).

We also calculated the five positional amino acid compositions
(grouped as indicated in the Rationale section) for the 28,448
pentapeptide windows, which slide across 3,863 a-helical seg-
ments. Although the set of consecutive pentapeptide windows over-
lap (which in principle should have a randomizing effect on the
positional amino acid compositions, which, in turn, should make
each of these compositions more similar to the composition of the
whole sample), nonrandom overall tendencies can be seen, as is
shown in Figure 2. In Figure 2A, G1 (positively charged residues)
and G2 (negatively charged residues) percentages increase and
decrease, respectively, from position 1 to position 5; in Figure 2B,
the uncharged polar G3 and G4 groups prefer outside positions
within the window; and in Figure 2C, G5 (aliphatic residues) and
G6 (aromatic residues) prefer internal positions.

Pentapeptide grouping within a-helices reveals permissive
triplet combinations formed either by hydrophilic
or by hydrophobic residues

Figure 3 shows a complete set of patterns for combined charged
residues. Figure 3A (or Fig. 3B) reveals that any triplet formed by
three positively (or three negatively) charged residues remain be-
low the mean value. These results indicate that such triplets are
suppressed patterns, i.e., very uncommon within a-helices. How-
ever, Figure 3C shows that combinations of G1 and G2 (charged
groups, formally represented by C) increase enormously for the
patterns CC..C and C..CC. Of these patterns, 22..1 (i.e., ——..+)
and 2..11 (i.e., —..++) are the most common ones (Fig. 3D,E).

Figure 4 shows a complete set of patterns for all those combined
hydrophilic residues, except the patterns that are only charged
already shown in Figure 3. Figures 4A and 4B show that dipolar
residues from group G3 and from G4, separately, do not have a
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Fig. 1. Comparison of the amino acid composition of helical samples taken
either from the whole sample or from particular foldings found in the
Brookhaven PDB: M whole sample; B mainly alpha folding group; M
alternating alpha/beta folding group.
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preferential pattern, with the exception of 3..33, 44..4, 4..44.
However, combined dipolar residues -G3 + G4- (formally repre-
sented by D) have a spectacular difference between DD..D/
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D..DD and all the other patterns, the former being by far the most
populated within the sample (Fig. 4C) and the pattern 34..4 being
the most frequent (cf. Fig. 4D,E). Figure 4F-I shows triplet com-
binations of polar residues (P), which are made up simultaneously
of C (1 or 2 charged ones) and D (1 or 2 dipolar ones). In general,
all combinations are poorly represented in helices in comparison to
the expected values. Two exceptions are worth mentioning: P..PP
in Figure 4F (which contains elements from G1 and G3); and PP..P
in Figure 4H (which contains elements from G2 and G3). Figure 4J
shows that the patterns PP..P and P..PP (which contains elements
from G1/G2/G3/G4) are more represented than the other patterns
(PP.P, .PP.P, P.PP., .P.PP, PPP.., .PPP, ..PPP, P.P.P).

As shown in Figure 5, our statistical analysis in a very extensive
sample of proteins validates and extends earlier results on stabi-
lizing hydrophobic triplets using only a reduced number of pro-
teins (Palau & Puigdomenech, 1974; Palau et al., 1982). Triplets
55..5,5..55, 66..6, HH..H, and H..HH (H being a residue that
belongs either to G5 or to G6) show large deviations from the
expected values. It is worth mentioning, because it is the first time
the result has been reported, that other triplet patterns such as
.55.5,5.55,,.5.55, ..555, and .H.HH have deviations around 2o
or higher. This shows that there is an increasing presence of hy-
drophobic helices (i.e., nonamphipathic helices) in the PDB, sand-
wiched in the interior of protein domains. Positional permutations
of elements in group G5 and G6 (i.e., in a ratio of two to one) for
the HH..H, H..HH, and .H.HH triplet patterns do not enhance any
particular combination (results not shown).

Octapeptide and nonapeptide groupings of hydrophilic
and hydrophobic residues within a-helices reveal
permissive and nonpermissive patterns

We define “helical double-arc pattern” as a concept that describes
a helical multiresidue arrangement, which is antithetical in nature
(i.e., residues of the same character are in the same half of the
helix). Octapeptide and nonapeptide helices have 8 and 18 differ-
ent double-arc patterns, respectively. None of the schematic ar-
rangements are identical because the number of residues per turn
of an a-helix is not an integer, but 3.6. It is interesting to note that
a Schiffer and Edmundson (1967) helical wheel is made up of a
combination of double-arc patterns. The question is whether all
patterns can be used to make a helical wheel. Qur very extensive
set of protein a-helices from PDB enables us to give a statistical
answer to such an open question.

Figure 6A shows four octapeptide patterns. Depending on the
nature of the residue, either polar (P) or hydrophobic (H), for a
given color (white or grey), there may be eight different helical
double-arc patterns. Figures 6B and 6C show the statistics for the
presence of these eight patterns within the whole sample of helices.
In all cases, the positive deviations are highly significant. As Fig-
ure 7 shows, the helical double-arc octapeptide patterns are also
favorable if instead of a P residue there is a C residue (Fig. 7A),
and instead of an H residue there is a G5 residue (Fig. 7B). Ex-
ception appears to be the CC55C55C pattern, which is not signif-
icantly different from the theoretical mean. Many other tested
combinations of eight consecutive residues with patterns that are
different from helical double-arc patterns have negative deviations
(results not shown).

The upper part of Figure 8A shows nine nonapeptide patterns.
By proceeding in the same way as for octapeptides, we can see that
there are 18 different helical double-arc patterns. As with octapep-



Propensities and patterns in protein a-helices

1371

80 M | i T T 11117177717 T T T T T T T T T T
AP TR E
A t .................. 30 B 100— ................................ ~ 30
70:—. ................................................................ 26 L et e e e s 126
60: 80 | Imean
3 ean E® value
L 2 i *
. value 60 |- e 7]
s ¢ e s . :2;!
................................ 3¢
F ® L] + 4
Ty R S Ao -20 40 4 a ]
E o 4 » L L4 .
PO ST BT BT SR SN BT SRS ST RS SAFERE w. Y L T S S U YN SR RN SO R
T8 24 o4 0 42 = 48 J 9 3498 44998
= 2 225232 =2 =73 S & o &8 83 Q8489
C 800: P LA Y T T T 7T 'J
b °
700 |- ]
600 .
L L L 38
500 F Hvalae
Fo et anand @ g enge et ean e aanraenns J-
poorrrrrr LAY S -3g
400 + - b
[ b = y
L . a1l ad. i U ST RN BN S i
R ¥ B & B IS S RS B B a
v 2 Uguoy oy
O vwuoLu Lo L™
D 250 g E 250 prrrrerrrer e
E o e e e e e 36 E :
200 . E 200 o 430
roesersesnenree s B 20 L e ekt {20
150 | 3 150 | ¢ 3
E [ ] Imean L L] Imean
- 100 __e ° .1
1005 v ¢ o Jvalue £ ° ~ value
s0 | 3 s0 b 3
PPN TTUURUPRPRURTOR Sy e e e e e eaen e sen e anaen 1-20
oF 1% oF K
T i-:;c SRR I I L ISR ISR IR _-30
1)) FUTE O TUETE FUTIE PR PUTEN P PR K1) T T FUTTE PN T FETY N ST
11.2 12.1 21.1 22.1 21.2 12.2 1.12 1.21 2.11 2.21 2.12 .22

Fig. 3. Hydrophilic triplet frequencies found in a-helical regions from different groupings (first set). A: G1 (Arg and Lys). B: G2 (Asp
and Glu). C: G1 + G2. D: Specific 1-2-5 subpatterns for all combinations of G1 and G2. E: Specific 1-4-5 subpatterns for all
combinations of G1 and G2. Continuous lines show the statistical probability (mean value) of finding a given triplet, whereas the two
kinds of broken lines “dense and spaced” indicate standard deviation thresholds of 2o and 30, respectively. Equivalents patterns are
represented by the same symbol: 1-2-3, 2-3-4, and 3-4-5 by W; 1-2-4 and 2-3-5 by #; 1-3-4 and 2-4-5 by A. For the rest of the patterns,

1-2-5, 1-4-5, and 1-3-5 by @.

tide patterns, when H and P residues are combined, all the statis-
tical deviations are positive and highly significant (Fig. 8B,C).
However, Figure 9 shows that combinations of H and C residues
are the most plentiful. Exceptions appear to be the HHCCHCCCH
and CCHHCHHCC patterns, although in these cases, the experi-
mental statistical values are not very significant. As in the case of
octapeptides, tested combinations of nine consecutive residues with
patterns that are different from helical double-arc patterns have
negative deviations (results not shown).

Discussion

Our analysis of the amino acid composition for a large sample of
a-helices, not only for the undifferentiated whole sample, but also

for the “mainly-alpha” and “alternating alpha/beta (TIM barrels)”
samples, provides solid evidence against any definition of specific
propensities related to domain classes, as has been proposed in the
past (Palau et al., 1982; Chou, 1989). Since the Chou and Fasman
(1974) method has a success rate of approximately 50% (in gen-
eral) or higher (in “mainly-alpha” domains), there is no doubt that
the method is useful for predicting the helical nucleation of most—
although not all-—sequence segments. However, other predictive
methods can give greater accuracy in correctly predicting N- and
C-terminal residues or in relation with definite pattern enchainments.

Argos and Palau (1982) compiled distributions of each amino
acid at given positions within and around a-helical secondary struc-
tures, including the N- and C-terminal positions; Richardson and
Richardson (1988) also studied amino acid preferences for specific
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locations at the ends of a-helices in a subsequent data sample, and
they found trends that were similar to those reported by Argos and
Palau (1982). Our results on the positioning of amino acid distri-
butions (Fig. 2) confirm that negatively and positively charged
residues tend to accumulate inside the a-helix near the N- and
C-cap residues, respectively, and they describe earlier results by
Argos and Palau (1982). Such nonsymmetrical distribution of
charged residues would help to neutralize the effect of the helical
macrodipole. Robinson and Sligar (1993) determined for 4-helix
bundle cytochrome b-562 from E. coli the contribution of indirect
electrostatic effects of opposite charges located at the termini of
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Fig. 6. A: Four helical wheels for octapeptide patterns combining polar
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clarity, underneath each wheel a lineal scheme of the polar/nonpolar se-
quence is also shown. B and C: Statistical octapeptide frequencies are
shown, in the same way that Figures 3, 4, and 5 show the triplets.

adjacent anti-parallel a-helices, which simulate an anti-parallel
pair; this system was the first experimental evidence for electro-
static interactions, such as those between partial charges, due to
helix macrodipole charges. In addition to this previously observed
effect (i.e., the existence of an accumulation of charges at the ends
of helices), our results from a large sample of helices demonstrate
that there is also an accumulation of charged pentapeptide seg-
ments, a large number of which are oriented in the form of
microdipoles-oriented from negative to positive, throughout the
length of the helix. To our knowledge, this is the first report on
the existence of such microdipoles counterbalancing the action of
the helical macrodipole.

Other tendencies shown in Figure 2, such as the preferential
positioning of dipolar residues at the ends of pentapeptides and of
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Fig. 7. Statistical frequencies for the two sets of octapeptide patterns pre-
sented in Figure 6. A: Cis G1 + G2 and His G5 + G6. B: Cis G1 + G2,
and 5 is GS.

hydrophobic residues in the middle, suggest that it would be ap-
propriate to define propensities related to positions within and
surrounding the a-helix (Chakrabartty et al., 1993; Doig & Bald-
win, 1995). However, the fact that 3 ,-helices are frequently lo-
cated at both ends of a-helices, that there are numerous frayed
ends on both sides and distortions in the middle of a-helices (Chakra-
bartty & Baldwin, 1995), and that the a-helices and 3,g-helices
may undergo conformational transitions (Smythe et al., 1995) make
those propensity measurements, which are to determine the limits
of a-helices, very uncertain.

Our studies also give valuable clues about pattern distributions
in pentapeptides (see Figs. 3, 4). In this respect, the following rules
are formulated about polar residues (which we have called P rules):
(1) triplet patterns formed exclusively of acid or basic residues are
poorly represented; (2) however, if positive (G1) and negative
(G2) residues are combined, charged triplets of the type CC..C and
C..CC (but not the others) are much favored; (3) the 22..1 triplet
with a CC..C pattern, as well as the 2..11 with C..CC pattern are
the most frequent, which agrees with the hypothesis that the helical
macrodipole is neutralized inside the helices, as discussed above;
(4) triplet patterns formed exclusively of amide or hydroxylic res-
idues are also poorly represented; (5) patterns DD..D and D..DD,
formed by combining amide and hydroxylic residues (D), are the
most common ones; and (6) polar patterns PP..P and P..PP, which
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are formed of a combination of acid, basic, amide and hydroxylic
residues, are highly represented.

The following hydrophobic rules (H rules) are also derived from
our results (see Fig. 5). (1) The hydrophobic triplet distribution is
greatly enhanced for HH..H and for H..HH. This validates earlier
results, which were obtained with fewer samples of proteins (Palau
& Puigdomenech, 1974; Palau et al., 1982); (2) triplets, which are
formed exclusively of aliphatic residues (G5), are greatly favored,
not only for 55..5 and 5..55, but also for 5.55., .5.55, .55.5, and
..555; (3) triplets formed exclusively of aromatic residues (G6) are
scarce, and statistical enhancement is only observed for 66..6; and
(4) no particular combination of aliphatic and aromatic residues
enhance values found for HH..H and for H..HH (results not shown).
In principle, the enhanced triplets 5.55., .5.55, .55.5, and ..555
(and also .H.HH) were unexpected. However, there are two type
of patterns: those combining positions 1-2-5 and 1-4-5, and those
combining hydrophobic groups at different relative positions. In
the latter case, one should expect these helices to be located in the
interior of the protein tertiary structure, sandwiched in between
other structures. As the PDB collection of protein structures in-
creases, the existence of sandwiched helices is becoming more
apparent [one recent example is the helices H4-5 and H8 in the
ligand-binding domain of three different nuclear receptors (Wurtz
et al., 1996)].

From our studies, it is evident that there is a hydrophilic/
hydrophobic binary patterning. In accordance with other recent
studies (Vazquez et al., 1993b; West & Hecht, 1995; Xiong et al.,
1995), we define for the first time, two sets of statistical rules
(P and H) that enable the hydrophilic and hydrophobic residues to
be assembled in an ordered way. There are some exceptions to the
P and H rules in proteins from living cells, but the “failing-rule”
patterns are not common and may be explained of some folded
domains and/or to certain medium- and long-range interactions
within the protein scaffold.

In order to get greater insight into the reasons for the existence
of binary patterning, we carried out statistical calculations on pat-
terns formed of eight and nine residues (see Figs. 6-9); these
patterns correspond to a segment of helix in between two and three
turns. In both cases (see Figs. 6, 8) all possible combinations of
polar and hydrophobic residues in the style of a Schiffer and
Edmundson (1967) helical wheel are statistically favored at a very
high level. Eight- or nine-residue constructs other than those cor-
responding to Schiffer and Edmundson (1967) helical wheels are
poorly represented within the sample (results not shown).

We observed similar, but not identical, patterns when studying
the different helical wheels and the relative distribution of hydro-
philic and hydrophobic residues. This should be taken into account
for design purposes. The P and H rules can be of great help in the
design of a polypeptide chain that, in principle, should acquire an
a-helix as secondary structure. However, there is no doubt that
other more refined or specific rules may be formulated in the
future when medium- and long-range interactions may be able to
be considered. This is the aim of some of the work that is being
carried out at present in our laboratory. However, the statistical
scaling up of the triplet analysis presented in this paper, using
differentiated amino acid residues, must still wait for some time. In
addition, the binary patterning of octa- and nona-peptides are on
the limits of statistical validation when only polar and nonpolar
residues are used. Protein science is, in most cases, a knowledge-
based science; therefore, we have to wait for a drastic expansion of
the Brookhaven PDB before we can study patterns based only on
single amino acid residues.
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Fig. 9. A and B: Statistical frequencies for the two sets of nonapeptide
patterns presented in Figure 8. In both cases, C is Gl + G2 and H is
G5 + Gé6.

By inspecting constructs of polar and hydrophobic residues (see
the schemes in Figs. 6, 8), the following charged subpatterns be-
come apparent: (1) two single polar residues separated by two or
three hydrophobic residues; (2) two pairs of joined polar residues
separated by one or two hydrophobic residues; (3) one single polar
residue and one pair of joined polar residues separated by two
hydrophobic residues; and (4) one pair of joined polar residues and
one single polar residue separated by two hydrophobic residues.
Some of these patterns cover pentapeptide subpatterns that follow
the rules P(2) (i.e., favored combined charged triplets are of the
CC..C and C..CC types) and P(3) (i.e., the most frequent charged
triplets belong to the 22..1 and 2..11 types), as defined above.
Obviously, doublets of the type C...C and .C..C are found not
only in (1), but also in (2), (3), and (4). The statistical abundance
of C...C and .C..C within the octapeptides and nonapeptide con-
structs is the result of a linear combination of all four types of
subpatterns. In the present work on charged triplets, we reveal the
presence in helices of complex patterns which appear to have a
physical meaning (i.e., counterbalancing the macrodipole, as ori-
ented doublets of the type —...+ and .—..+ may do, as well).

An interesting question arises when asking why ——..+ and
—..++ are statistically more frequent than other mixed charged
triplets (those CC..C and C..CC triplets that cover all the variants
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formed by either two negative charges and one positive charge, or
one negative charge and two positive charges, and in both cases are
ordered from negative to positive). Although at present the scarcity
of the PDB sample may make statistical calculations difficult, we
have performed a preliminary work (J.A. Negrete & J. Palau,
unpubl. obs.) that suggests that our results on triplets are coherent
even at the level of individual charged residues: (1) DD..K, EE..K,
ED..K, EE..R, DE..R, ED..R, D..KK,, D..RR, D..KR, E..KK,,
E..RK, E..R,, E.. KR show positive deviations around 3¢ or even
higher; (2) DD..R, DE..K, and D..RK. show positive deviations
of low significance; (3) E..EK, EK..K, and ER..K show positive
deviations around 3¢ or even higher; (4) D..EK, DK..K, D..DR,
DK..R, E..DK, E..DR, ER..R, and ER..R show positive devia-
tions of low significance; (5) D..DK, DR..K, D..ER, DR..R, and
E..ER show negative deviations. Summing up: (a) all 16 patterns
of the types —..++ or ——..+ show positive deviations, and in
13 cases such deviations are of high significance; and (b) from the
other 16 mixed charged patterns of the type C..CC or CC..C, three
show positive deviations of high significance, eight show positive
deviations of low significance, and five show negative deviations.
The main conclusion is, therefore, that the supremacy of —..++
and — — ..+ patterns is not merely the result of combining a large
number of charged and uncharged residues, but a general property
for all 16 types of —..++ and ——.. + triplets.

A preliminary analysis (J.A. Negrete & J. Palau, unpubl. obs.)
shows that around 20% of the — .. ++ and —— .. + triplet-contain-
ing patterns are included in constructs of the type [D,E][D,E].
[K,R][K,R], which fulfill the requirements of Schiffer and
Edmundson helical arcs that cover type 2 groupings (see two para-

graphs above). About 80% of the —..++ and ——..+ triplet
containing patterns are found to be isolated. Our analysis also
shows that the abundance of patterns —..++ and ——..+ in our

sample of helical segments is 4.2% and 4.8%, respectively. Con-
sidering some overlapping of both patterns (at least 20%) for a
given helix, an estimation of the percentage of helices within the
sample that contain triplets of the type —..++ and/or ——..+ is
around 6—7%. The first negative charge of —..++ and ——.. +
triplets across the helices is estimated to be 4.9% and 11.4% at the
Neap» 21.0% and 23.9% at the N, + 1, 14.8% and 6.0% at the
Nep + 2,49% and 2.7% at the N, + 3, and 54.3% and 56.0%
at the =N,,, + 4, respectively.

Using a current molecular visualization program (see Ratio-
nale), we inspected several —..++ and — — ..+ triplet-containing
patterns of some protein subunits, in an attempt to find structural
facts that might afford some clues about the geometry that may
govern the side-chain residue interactions. At this preliminary stage
of our analysis, we can state that triads of oppositely charged
groups (in our case, — .. ++ or —— .. +), distributed on the surface
of the helical backbone, have diverse dielectric descriptions. As
examples, we describe a few model schemes: (1) DE..R in helix
ADELRRT (loxy%) shows a moderate neighborhood between
Asp,77 and Argys; (with charge distribution schemes in which the
two nearest opposite partial charges are located at a distance of
7.76 A), whereas Gluyzg formal charges are opposite the Aspas7
and Arg,g residues; (2) DD..K in helix TEELRVRLASHLRKL
RKRLRDADDLQKRLAVYQA (1llpe%) shows an interdigitation
of Lys,s; between Asp;s; and Asp;s, (with the nearest opposite
partial charges being located at distances of 3.76 A and 5.28 A,
respectively); (3) EE..R in helix VEEMLRSDLALELDGAKNL
REAIGYADSYV (1bcfA) has a very strong interplay of two pairs of
opposite partial charges between Arggg and Glug, (at distances of
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Table 1. List of the 546 PDB codes used in our analysis*®
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laak laapA lab2_ laboA lack_ lacp_
lagt_ lain_ lakp_ laky_ laliA lamg_
laorA lapa_ laps_ tarv_ lash_ fasu_
1bba_ 1bbhA 1bcfA Ibco_ 1bfmA 1bge_
ibn21 1bncB Ibnh_ 1bovA 1bp2_ Ibrd_
lcbg_ lcbn_ leeS_ lcer_ lcec_ 1celA
Ichd_ Ichl_ 1cis_ IckaA IcksB Tele_
lerb_ lerl_ 1csel lesh_ lesn_ letf_
lexe_ leyg leyj_ leyo_ leyv_ 1d66A
1dhx_ 1dih_ 1dlhA 1dIhB ldmaB 1dpb_
Idyr_ leca_ leciB lecl_ lecmA lede_
lepaB lerd_ lerg_ lerl_ lerp_ lesc_
IfedC ifet_ 1fivA Hkj_ 1flp_ Ifnc_
lgal_ lgarA lgeb_ lgdd_ lgdhA lgfd_
IgluA 1gmfA lgmpA lgox_ lgpb_ tgpc_
tgseA lgsq_ lgta_ 1gtrA lhan_ thar_
IhjrA Thks_ 1hlb_ lhma_ thmeB lThmpA
Thpm_ lhpt_ lhrhA lhryA thsn_ 1hstA
ThurA 1hvd_ Thxn_ ThyhA lhyp_ lica_
life_ lifj_ Tikm_ lilk _ 1lilrl linp_
lknb_ 1kptA Lkrt_ liba_ llcpA et
11fb_ llgaA lgr_ lis_ 11ki_ HdA
11tsC 1ltsD 1vl_ 1lxa_ IlybA tlybB
ImhcA ImhlA ImhlC ImldA Imle_ tmli_
Imnc_ ImngA Imnp_ ImntA ImolA [mrj_
tndh_ Iner_ Infp_ lahkL Inhp_ Inif_
fordA josa_ loxa_ loxy_ Ipaa_ Ipaz_
Ipch_ Ipel_ IpcrH Ipda_ IpdnC 1pfiA
Ipil_ 1pkm_ Ipkp_ Iplq_ Ipls_ IpmlA
Ipod_ 1poxA Ippi_ Ippt_ IprhA lprr_
IpspA Iptf_ Iptq_ Iptx_ Iput_ Ipvc2
IqorA Irlal 1r69_ treb_ Irei_ IregX
Irtc_ Irtpl IsacA I1safA Isap_ Isat_
IspiA Istd_ Istu_ Isvr_ IsxcA IsxI_
Ithx_ 1tif_ ltig_ ltin_ 1tIfA Itml_
Itsp_ ItssA ItupB Itys_ lubi_ ludg_
Ivil _ IvsgA Iwas_ lwsyA 1wsyB IxylA
1zaaC 2abd_ 2abk_ 2acg_ 2acq_ 2ak3B
2bgu_ 2bltA 2bopA 2bpal 2btfA 2cas_
2cte_ 2cy3_ 2cyp_ 2cyr_ 2dkb_ 2dIn_
2fer_ 2fx2_ 2fxb_ 2gbp_ 2gdm_ 2glt_
2hmzA 2hng_ 2hpdA 2hpqP 2hsp_ 2hts_
2liv_ 2mevl 2mev?2 2mev3 2mnr_ 2nacA
2pec_ 2pgd_ 2phy_ 2pia_ 2pleA 2plvl
2rn2_ 2rspA 2sas_ 2sblB 2scpA 2sn3_
2tmvP 2trx A 2uce_ 3aahA 3aahB 3c2¢_
3grs_ 3ladA 3mddA 3pgk_ 3pgm_ 3pmgA
3sicl 4dfrA denl_ 4fxn_ dgcr_ 4htcl
Sznf_ TapiA Tied_ pti_ Trsa_ 8abp_
8tInE 9mt_ 121p_ 1311 1931_ 256bA

ladeA ladmA ladn_ ladr_ laep_
laml_ lamp_ lamy_ lang_ lantl
laszA latlA latpE [babB Ibam_
1bgh_ 1bglA Ibia_ 1bip_ ibmtA
1briC 1bvpl 1bwd_ 1byb_ lcSa_
lefb_ lcfh_ lcgmE Tego_ Iche_
lecmbA IcnsA 1colA Icot_ lepy_
letl_ lctm_ lctn_ lett_ lcus_
ldaaA 1dctA 1ddt_ 1deaA 1dhr_
ldppA 1dsbA 1dtr_ Tdtx_ 1dupA
ledt_ left_ lego_ lehs_ leny_
Tesl_ letc_ 1f3g_ 1fca_ 1fcdA
1fps_ 1ftpA 1fte_ 1ftz_ 1fxd_
1ggtA Ighc_ 1glcG lgin_ 1glgA
1gphl IgpmA lgpr_ lgps_ lgrj_
1hbq_ 1hcnA 1hdcA lhgeA lhip_
Thmt_ IThmy_ lhnr_ lhph_ 1hpi_
1htbA IhtmD lhtp_ lhueA ThulA
liceA liceB lidm_ lidsA lifa_
lirk_ lirl_ liscA lithA lkanA
1ldm_ lleb_ lled_ llenB lifaA
1lmb3 1pbB llpe_ 1pt_ ltsA
lyp_ Imat_ ImdaH ImdkA ImdyA
Imls_ Imml_ 1mmoB ImmoD | mmoG
Imsc_ 1msfC Imup_ Inall Inar_
Inpk_ InrcA lonc_ lopr_ lora_
Ipbe_ Ipbn_ IpbxA 1pbxB Ipce_
1pfkA Iphg_ 1phr_ Ipht_ Ipii_
Ipmy_ Ipne_ Ipnh_ IpnrA Ipoc_
1prtA IprtB 1prtD IpsdA Ipsm_
Ipve3 Ipvcd 1pyaA IpyiA 1pyp_
Iret_ IrfbA Iris_ Irpa_ Irpo_
Isbp_ IsmnA Isnc_ 1spbP 1spf_
1tahA Ttap_ Itca_ 1thg_ 1thtA
Itphl 1tpt_ 1trkA TtrrA Ttrt_
ludpA lukz_ lutg_ IvcaA 1vhh_
IxyzA lyptB TymA 1ymB 1ytbA
2apr_ 2at2A 2ayh_ 2azaA 2bbvC
2ccyA 2cdv_ 2chr_ 2chsA 2cpl_
2dnjA 2dri_ 2ebn_ 2end_ 2fal_
2gstA 2hbg_ 2hft_ 2hhmA 2hmx_
2ifo_ 2kauA 2kauB 2kauC 2lhb_
2o0lbA 2omf_ 2pcdA 2pcdM 2pde_
2pnb_ 2por_ 2prd_ 2prk_ 2ptl_
2spcA 2stv_ 2tbvA 2tgi_ 2tmdA
3cdd_ 3chy_ 3cox_ 3dfr_ 3gapB
3pte_ 3rubL 3rubS 3sdhA 3sgbl
4ich_ 4amt2_ 4rhvl 4rhv3 SrubA
8acn_ BatcA 8atcB 8catA 8dfr_
451c_

#All proteins were selected with a resolution of 3 A or less.

2.77 A and 2.89 A, which account for strongly coupled groups);
etc.

At present, local electrostatic effects caused by charge-charge,
charge-solvent, and side-chain—backbone interactions are very dif-
ficult to describe in the form of reliable models incorporating
continuum electrostatic or dielectric descriptions. From the topo-
logical point of view, the charge distribution schemes for —..++
and — — ..+ triplet-containing patterns appear to be kaleidoscopic,
and need to be studied more deeply in order to find some geomet-

rical clues. Our group is now engaged in the task of gaining insight
into such clues by comparing local models found in PDB proteins
(J.A. Negrete & J. Palau, unpubl. obs.) and using our specialized
rotamer library for a-helices (G. Pujadas & J. Palau, unpubl. obs.).

Rationale

We imported a set of 546 nonredundant protein subunits (homol-
ogy less than 45%) from the Brookhaven PDB_Select with a res-
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olution of 3 A or less (ftp address: ftp.embl_heidelberg.de/pub/
databases/pdb_select). At this resolution, the secondary structure
limits are well defined, and therefore, they were taken from the
PDB definition, on the basis that none of them had any ambigu-
ously defined residues such as UNK, GLX. We also checked he-
lices in order to eliminate those with any missing residues. When
necessary, the molecular visualization program RasMol vs. 2.6
(Sayle, 1996) was used to control the overall quality of helices.
Since no statistical study was specifically performed on N- and
C-terminal ends, fried ends were subject to no special checking. A
list of PDB codes for these proteins is given in Table 1. From this
protein domain subbank, 3,863 a-helical segments were selected
on the basis that none of these segments should contain fewer than
five residues (average size 11.3 residues per segment). All the
possible consecutive pentapeptides (28,448 units, 43,607 amino
acid residues) were worked out from the helical sample and pro-
cessed by using the program PATTERNS written in Fortran 77.

According to their physico-chemical similarities, the amino acid
residues were clustered into six groups: G1 (Arg and Lys, 5418
residues); G2 (Asp and Glu, 5,980 residues); G3 (Asn and Giln,
3,707 residues); G4 (Ser and Thr, 4,154 residues); G5 (Ala, Val,
Leu, Ile, and Met, 16,257 residues); G6 (Phe, Tyr, and Trp, 3,798
residues). In order to avoid statistical dispersion, the remaining
miscellaneous residues, grouped as G7 (Gly, Pro, Cys, and His,
4,293 residues), were not considered in our studies. Higher order
groupings (G1/G2, 11,398 charged residues; G1/G3, 9,125 basic
plus amide residues; G2/G3, 9,687 acid plus amide residues; G1/
G4, 9,572 basic plus hydroxylic residues; G2/G4, 10,134 acid plus
hydroxylic residues; G3/G4, 7,861 dipolar residues; G1/G2/G3/
G4, 19,259 charged plus dipolar residues; G5/G6, 20,055 aliphatic
plus aromatic residues) were also studied. Although the positional
amino acid composition analysis on sliding pentapeptides could
also be carried out with the 20 amino acid residues, for reasons of
coherence we kept the same physico-chemical groupings.

All possible triplets within a pentapeptide were considered (1-
2-3, 1-2~4, 1-2-5, 1-3-4, 1-3-5, 1-4-5, 2-3-4, 2-3-5, 2-4-5,
and 3-4-5). Stereochemically, some patterns are equivalent (1-
2-3,2-3-4, and 3-4-5; 1-2-4 and 2-3-5; 1-3—4 and 2-4-5) and
should, in principle, give the same results. The three triplet resi-
dues were chosen from a single group, a combination of two
groups or, in a few cases, a combination of several groups.

The theoretical probability of finding characteristic triplets in
the pentapeptide sample, g, was calculated as follows:

g = (Ng/Ng)? ey

where N is the total number of residues belonging to a group (or
combination of groups), and Ny the total number of residues in the
helix database.

The experimental frequency for all the triplets was calculated by
counting their occurrence within a-helices, with a pentapeptide
window moving along the 3,863 helices. A statistical test was used
to study the significance of deviations of the triplet experimental
frequencies with respect to the theoretical probabilities. For this
purpose the normal distribution was regarded as a binomial distri-
bution. The mean value for a given triplet and its standard devia-
tion o is, respectively:

M=gx*N, and og=[q(l - ¢)N,]'? 2)
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where N; is the total number of pentapeptides in the helix database
(28,448 units). In a binomial distribution, experimental deviations
from M of 1.6450, 1.9600, and 2.5760; mean that they are
95.0%, 97.5%, and 99.5% certain of not being simply statistical.

If a pattern formed by two different groups is seen to be stabi-
lizing, we analyze it to find out if the residues in each group
occupy a specific place (there are six different arrangements or
subpatterns in a specific pattern, formed by doing all combinations
considering that one group is placed in two positions of the triplet
and the other group is placed in the third position). In this analysis,
we calculate the theoretical mean as a function of the number of
residues of each group: if the number of residues in each group, for
example a and b, is similar, the theoretical mean is calculated as
the mean of all values (occurrences of the six subpatterns), and the
standard deviation as the standard deviation of all these values; on
the other hand, if the groups have different numbers of residues,
we divide the subpatterns in two: the subpatterns formed by two a
residues and one b residue, and the subpatterns formed by two b
residues and one a residue. For each divided pattern, the mean and
the standard deviations are calculated as has been shown above for
the subpatterns with the same number of residues.

The statistical rationale for octapeptide and nonapeptide patterns
was the same as the one described above for pentapeptides.
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