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Abstract

Helices are one of the most common and were among the earliest recognized secondary
structure elements in proteins. The assignment of helices in a protein underlies the analysis
of its structure and function. Though the mathematical expression for a helical curve is sim-
ple, no previous assignment programs have used a genuine helical curve as a model for
helix assignment. In this paper we present a two-step assignment algorithm. The first step
searches for a series of bona fide helical curves each one best fits the coordinates of four
successive backbone C, atoms. The second step uses the best fit helical curves as input to
make helix assignment. The application to the protein structures in the PDB (protein data
bank) proves that the algorithm is able to assign accurately not only regular a-helix but also
310 and 1 helices as well as their left-handed versions. One salient feature of the algorithm
is that the assigned helices are structurally more uniform than those by the previous pro-
grams. The structural uniformity should be useful for protein structure classification and pre-
diction while the accurate assignment of a helix to a particular type underlies structure-
function relationship in proteins.

1 Introduction

Historically helices were proposed as the main secondary structure elements for proteins in
1951 [1] through model building using low-resolution X-ray diffraction data well before atomic
coordinates could be determined from high-resolution data [2, 3]. As is evident from the helix
model, the hydrogen bonding interaction between an amino (NH) group and a carbonyl (CO)
group plays a decisive role in helix stability. The early recognition of the importance of hydro-
gen bonding interaction greatly affects our understanding of helices in proteins. In fact, the de-
facto definitions of the three types of helices (e, 3, and 7-helices) are based on their distinct
hydrogen bonding patterns: the hydrogen bonds between the CO of residue i and the NHs of
residue i + 3,7+ 4 and i + 5 are used respectively for the definitions of 3,9, & and 7 helices.
Largely as a consequence of the characteristic hydrogen bonding pattern and van der Waals
repulsion, the backbone ¢ and y angles of a helix residue lie in two well-separated regions with
the larger one corresponding to the right-handed helices while the much smaller one the left-
handed ones. For the same reasons there exist no large variations in the derived geometrical
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restraints such as the virtual bond length between two successive C,, atoms, the virtual bond
angle formed by a triple of successive C, atoms and the dihedral angle formed by a quadruple
of successive C,, atoms. The unique hydrogen bonding pattern and the small variation in the
derived geometrical restraints provide the foundation for the previous assignment algorithms
that use either hydrogen bond (pssp(Dictionary of Secondary Structure of Proteins) [4], STRIDE
[5] and secstR [6] and ssT [7]) or geometrical restraint as inputs. The latter includes an early
method developed by Levitt and Greer [8], DEFINE-S [9], P-sEa [10], P-CURVE [11], PALSSE [12],
STICK [13], XTLSSTR [14], kAKsI [15] and the most recent program pisicL [16]. The program STRIDE
[5] uses both hydrogen bond and geometrical restraint. At present, the hydrogen bond-based
program Dssp [4] is arguably the most popular helix assignment program. However, it has
become clear quite early on that the hydrogen bonding pattern though unique for each helix
type is not the sufficient condition for helix assignment, as is evidenced by the continuous
development of restraint-based programs. Though there exist more than a dozen assignment
programs at present, the accurate assignment of a protein helix remains to be a challenging
problem [17, 18] as illustrated by the following comparative studies. It has been shown that the
percentage of agreement between Dssp, DEFINE-s and P-CURVE was only 63% on a residue basis
[19]. The discrepancies and inconsistencies among the previous programs may well originate
from their imprecise problem definitions since instead of rigorously following the helix geome-
try, they formulate the assignment problem as a restraint satisfaction problem in terms of the
restraints that either could not be computed accurately (e.g. hydrogen bond) or have no precise
range (e.g. ¢/y angles) or are not sufficient for defining a general helical curve (e.g. virtual C,
bond length and angles).

In this paper we present a two-step algorithm that follows the division of the assignment
problem into two separate problems: a minimization problem and a restraint satisfaction prob-
lem. The minimization problem is solved in the first step by a curve fitting algorithm that
searches for a series of bona fide helical curves each one best fits the coordinates of a quadruple
of successive C, atoms. From the best fit helical curves we calculate three helix scores (one for
each helix type), a helix axis angle and a C, RMSD(root-mean-square deviation) for each resi-
due that are in turn used in the second step as input to make helix assignment. A helix score
for a residue quantifies the deviation from a standard protein helix (see section 2.2 for a precise
definition of the term the standard protein helix) of a best fit helical curve that starts with the
residue. The accurate assignment of a helix to a particular type is made possible by the follow-
ing two observations: (1) each helix type has its own distinct helix score distribution and
unique standard helix, and (2) a helix residue has a smaller helix score than a non-helix residue.
The algorithm makes no use of hydrogen bond, ¢/y angles, backbone NH or CO coordinate,
virtual bond length or angle.

We have applied the assignment algorithm to identify the helices in the protein structures in
the current version of PDB [20] and compared our assignment with those by the nine previous
programs: DSSP, STRIDE, P-SEA, KAKSI, PALSSE, STICK, XTLSSTR, STT and pisicL. The results demonstrate
that the algorithm is able to assign accurately not only o but also 3¢ and 7-helices as well as
left-handed helices [21]. To compare the structural distribution of the helices assigned by our
and the previous programs, we have used a geometric clustering algorithm [22] to classify sev-
eral sets of helices with the helices in each set all having the same length. The clustering analysis
proves that the helices assigned by our algorithm are structurally more uniform than those by
the previous ones. The accurately assigned helices and the helix clusters as well as the common
structural features shared by all the helices in a cluster should be particularly useful for protein
structure classification and prediction as well as secondary structure prediction while the accu-
rate assignment of a helix to a particular type should provide a basis for the discovery of struc-
ture-function relationship in proteins.
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The rest of the paper is organized as follows. In section 2 we describe the data set and pres-
ent our algorithm. The application to the two sets of protein structures in the current PDB is
detailed in section 3. In section 4 we compare the algorithm with the nine previous programs
and discuss its key advantages. Finally we conclude the paper in section 5.

2 The data set and the algorithm

In this section we first describe the data set. We then present the helical curve fitting algorithm
and the definitions and computations of helix score, helix axis angle and C, RMSD as well as
the definitions of three standard protein helices. Finally we detail the assignment algorithm
itself.

2.1 The data set

To evaluate the performance of our algorithm, we have downloaded from the current version
of the PDB a non-redundant set of x-ray structures (29,093 in total) with at most 70% sequence
identity and each one has at least one helix according to the PDB. Out of them we have selected
a set of 3,287 high-resolution structures (set S) each one has at least three helices, a

resolution < 2.0A and a R-factor < 25.0% to obtain the statistics for four helical parameters
and two RMSDs. The set of the remaining 25,806 structures (set N) is used to evaluate the per-
formance of our algorithm and two previous programs Dpssp and STRIDE. To compare our algo-
rithm with the five programs (KAKSI, PLASSE, STICK, STLSSTR and ssT) that we are not able to obtain
a local copy we have uploaded to a web server [23] a set of 100 x-ray protein structures (set T)
with the first 50 structures having resolutions between 1.0A-2.0A and the rest having
resolutions > 2.5A(1AKG,1BGF,1EZW,1GSU,111N,1K1B,INTE,1098,1PVM,1SJD,1 UKF,1V-
ZY,1XGW,1YQD,2ASC, 2BJI, 2CWH,2FD5,2GB2, 2GG6,2H1V,212C,2NSF, 2POK,2V-
BA,2W6K,2WRA,2X7H,2YSK,27]3,3C9U,3EDF, 3GG7,3HG7,3IDV,3LCC,3LF],3P4H,3PUA,
3TOU,3V7Q,3Z00;1AZ2,1BTN,1CAX,1F1F,1FXA,1HMY,1KX8, 1MJ9,IMSC,INJ1,1PY-
P,1RIN,2CND,2GAE,2HAF,2HXB,2QQV, 2RJQ,2SPT,2W07,2X2B,2Y5Q,2Z1Y,3ATO,
3G0A,31IA,3L1G,3M3T,3NPE,305K,3PGK,3PMQ,3QNT,3QYB,3T2Y,3UUF,3VGE,
3WMF4AYH,4BOY, 4EWS,4GB0,4]VC,4LIF,4AMBR,4N3G,401S,4PUT,4QGL,4TWS8) to
obtain their helix assignments. Set T is also used for a comparison with the program pisicL.

2.2 The curve fitting algorithm and helix assignment

Our solution to the helix assignment problem consists of two steps. The first step is to solve a
minimization problem by a helical curve fitting algorithm that searches for a series of genuine
helical curves each one best fits the coordinates of four successive C, atoms. A helix model
composed of a series of helical curves has been previously called a polyhelix [24]. We then
define a standard protein helix for each helix type. The algorithmic solution to the minimiza-
tion problem makes it possible to compute a helix axis angle a;, three helix scores h;, g; and m;,
and two C, RMSDs for residue i. A helix score quantifies the deviation from a standard protein
helix of the helical curve that begins with this particular residue. The score, axis angle and C,,
RMSD are used in the second step as input to make helix assignment.

2.2.1 The helical curve fitting algorithm. A general helical curve in three dimensional
space could be represented as:

x X, rsint
y| =1y | +R|rcost (1)
z z, pt
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where r = {x, y, z} is a point on the curve, ry = {xy, o, 2o} its origin, and R the rotation matrix
that specifies its helical axis n with respect to a coordinate system. The first three helical param-
eters, radius (r), pitch (p) and turn angle (), define a standard helical curve, x = rsin t, y = r cos
t, z = pt with its origin at {1.0,0.0,0.0} and its axis along the +Z axis. Together with n and r,,
these five parameters completely define a general helical curve. Though 7, p, t could be com-
puted directly from the virtual bond length, bond angle and dihedral angle of a quadruple of
Cgs [25], no simple analytic expression has been derived for the computation of a helical curve
that best fits the coordinates of a quadruple of C,s, that is, a helical curve that has the minimum
RMSD (A)) between the four C,s and their closest points on the curve. In fact, this minimiza-
tion (or curve fitting) problem is equivalent to finding the solutions to a high-degree mono-
mial. In the following we describe briefly an algorithmic solution to this minimization
problem.

We begin with the computations of r, p and t using previously-derived analytic expressions
[25], and denote their values as r,,, p,,, and t,,,. Then we proceed as follows to search discretely
and exhaustively over two intervals, [r,,, — d,, 7,,, + d,] and [p,,, — d, p,n + d,], for the r and p val-
ues of a helical curve such that it best fits the coordinates of a quadruple of C,s of residue i, i
+1,i+2and i+ 3. Both d, and d,, are user-specified constants.

1.A;=00 { the initial RMSD}
2.Foreach rin| r,—-d,, ry+d,]
Foreachpin[ py— dp, pn+t dgl
CoMPUTE t { the turn angle}
GeneraTE @ helical curve { by Eq 1}
Best-r1T the curve to the four C,coordinates using singular-value decom-
position (SVD) to compute R
Ir Rye< Oy
A; = Rys
ri=r, p;=p, t;=t, R; =R

where R,,;; is the RMSD between the quadruple of C,s and their closest points on the helical
curve; r;, p;, t; and R; are, respectively, the helical parameters and rotation matrix for the helical
curve that best-fits the quadruple. Given both r and p and the distance d;;,; between two con-

secutive Cgs, t could be computed as follows: t = 2arcsin(0.5,/(d?,, — p*)/r). Singular-value

decomposition (SVD) is applied to compute A; and rotation matrix R; and from R, the helical
axis n; for this helical curve could be calculated. In fact, the SVD step guarantees that the com-
puted helical curve best fits the coordinates of the quadruple of C,s. A set of six helical parame-
ters (r, p, t, A, R and n) is computed for a protein chain by sliding over its sequence a window
of four C, atoms.

2.2.2 The computation of three helix scores and helix axis angle and C,, RMSD. Except
for the last three residues at the C-terminus of a protein chain three helix scores, h;, g; and 7;,
are computed for each residue i. They are used respectively for the assignment of @,3,¢ and 7
helices.

2
thogomy =G L) (G n) AL @)
per 20?2 202 20?2 202
A
where r;, p;, £, A; are computed as above using a quadruple of C,s of residue 4, i+ 1,7 + 2 and i
+ 3. The constants y,, 0,5 4p, 0p; Uy 0¢ and o are respectively the normal distribution parameters
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for r, p, t, A that are determined as follows over the respective data sets for 7, p, t, A calculated
on the non-redundant set S. We first apply the program pssp [4] to assign 31,383 a-helices,
11,926 31¢-helices and 1,156 7-helices for the structures in S, and then for each helix type we
calculate its 7, p, t and A values. The r, p, t data sets for n-helix are calculated differently than
those for either o or 3,¢-helices. If Dssp assigns a 7-helix say composed of residues 7, i + 1,1 + 2,
i+ 3, i+ 4, then the final value for each r, p, t is the average over the three values for the first
,p = btbulPis y — Wit Fach triple of parameters y,,
tp and y, defines a standard helical curve for a helix type that represents an average over all the
helices of that particular type in S. For ease of reference we call them respectively the standard
protein helix for a,31¢, and 7 helices. The helix scores h, g and 7 are computed with respect to
the respective a,3,( and 7 standard protein helices. The score measures the local deviation of
the helical curve from the standard protein helix for that particular helix type: the higher the

. . + S + .
three residues, that is, r = ===

2
score the larger deviation from the standard protein helix. The term 2A7’2 quantifies the spatial
A

difference between a C, atom and its closest point on the helical curve. In fact, A together with
the r, p, t terms in Eq 2 and the helical axis n provide a pure geometrical definition for a helix
in a protein, that is, as long as a segment of C,, coordinates conform to a genuine helical curve,
it is assigned as a helix.

The minimum RMSD A; for residue i is computed over the quadruple of residues i, i + 1, i
+ 2 and i + 3 and thus is useful for the determination of the N-terminus of a helix. For the
determination of the C-terminus of a helix, we have computed a C, RMSD §; for residue i
using up to four helical curves best fit to four successive quadruples of C,s starting with the
quadruple of residues i — 2,7 — 1, i and i + 1. The RMSD & measures the goodness of fitting of
up to four consecutive helical curves to seven successive C, atoms. In the current implementa-
tion ¢ is used for the extension of the C-terminus of a 3;-helix and the possible merge of two
adjacent a-helices. In addition to the helix scores and &, we have also calculated the angle
between two successive helical axes n;_; and n; and use it as input to the assignment algorithm.
This angle measures the bending of the current helical curve starting at residue i relative to the
previous helical curve starting at residue i — 1. For ease of reference we call this angle helix axis
angle and call the four variables r;, p;, t;, a; the four helical parameters for residue i. For the first
residue at the C-terminus we set g; = 0.0° and for a genuine helical curve all of its a;s are zero.
The set of four helical parameters for all the quadruples of consecutive C,s in a protein chain
are computed by sliding over its sequence a window of four C, atoms.

Four thresholds hr, h,,4x g and mr for the three helix scores, four thresholds ar, a4 ag
and a; for the helix axis angle and two thresholds, 8¢ and 6,,,,,, for d are required by our assign-
ment algorithm. These ten thresholds are determined as detailed late by the analyses of the sta-
tistics for both helical parameters and RMSDs obtained on all the helices in S assigned by the
program DSSP.

The five parameters, 1, p, t, o, n, completely defines a right-handed helical curve. By invert-
ing just one component of every C, coordinate, say from {x, y, z} to {—x, y, z}, the same five
parameters together with the axis angle and two RMSDs could be computed similarly and used
for the assignment of the left-handed helices.

2.2.3 The helix assignment algorithm. The assignment proceeds as follows using helix
score, axis angle and C, RMSD as well as the ten thresholds as input. The assignment for each
protein chain starts with 7z-helix.

terb; =0, i=0, ..., n
wHILE 1< nAND b; == 0 {residue i has NOT been assigned}
Irm;<npANDa;< a;ANDa;,,<aryANDa;,,<a; {theN-terminusofamhelix}
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i€ m-helix {assignresidue i tomhelix}

b;=1

i++

whilem;< myAND i< (n—-3) AND b; ==
i€ mnm-helix
b;=1
i++

FORj=1, 1+1, i+2, i+3
j€mn-helix
J++
b;=1

i=j

i++

where # is the number of residues in a protein chain, i residue index, and 77 a threshold for
helix score 7 and a; a threshold for helix axis angle used only in 7-helix assignment.
Next the algorithm assigns 3;¢-helices for the remaining residues of the same protein chain.

witlE 1< nAND b; == 0 {residue i has NOT been assigned}
Irg; < grAND a; < ag {the N-terminus of a 3;¢ helix}
1€ 3;,0-helix {assignresidue i to 3,0 helix}
b;=1
i++

WHILE g; < gp AND 1 < nAND b; ==
i€3,0-helix
b;=1
i++

1F 0; < O5AND ;41 < O¢ {assign twomore residues to 3,9 helix}
i€ 3,0-helix
b;=1
i++
i€3,0-helix
b;=1

i++

where g1, ag and 8 are respectively the thresholds for helix score g;, axis angle and RMSD &

used only in 3;y-helix assignment.
Finally the algorithm assigns a-helices for the remaining residues of the same protein chain.

weiLE 1< nAND b; == 0 {residue i has NOT been assigned}
Irh;< hyANDa;< ap;AND h;,;1 < hp {the N-terminus of a helix}
1€ a-helix {assign residue i toa helix}
b;=1
i++

watLe h; < hp AND 1 < nAND b; == 0

i€ a-helix

b;=1

i++

i++
where ha threshold for helix score h;. For the assignment of a-helices only, additional

steps may be needed to merge two a-helices adjacent in protein sequence and to extend their
C-termini. The merge of two adjacent a-helices proceeds as follows. For every pair of adjacent
helices less than four residues apart, if the axis angle a; < a,,,,,, helix score h; < h,;,,, and ; <
Omax for every intermediate residue i, then the two helices are merged into a single helix. The
thresholds k1,5, Gax and ,,,, are the respective thresholds for axis angle, helix score and 6.

The threshold 6,,,,, is used only in the merge step.
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After the merge step the C-terminus of an a-helix may be extended as follows.

1T j — 1 be the last residue of an a-helix assigned above
1F j<nAND b;==0 {residue j has NOT been assigned}
Ir ;< Rypay AND @< apax

b;=1

j€a-helix

j++

bs=1

j € a-helix

where h,,,,, and a,,,,, are the same thresholds in the merge step.

Though the three types of helices are assigned similarly at individual helix level, no merge
step is necessary for either 3, or 7 helix since there exist rarely 3;, or 7 helices with more than
eight residues. In our current implementation, no extension is made for 7 helix.

A left handed helix is assigned similarly except that the helical parameters and RMSDs used
in Eq 2 are those computed from a quadruple of inverted C, coordinates as described above.

2.3 Helix classification

To better compare the assigned helices made by our and previous programs and to characterize
their structures we have classified them using our geometric clustering algorithm [22]. The
clustering is performed on sets of helices that have the same length. The RMSD threshold for
clustering is 1.5A.

3 Results

The input to our algorithm are the helix scores h;, g;, ;, axis angle a; and J; for every residue i
and their corresponding thresholds hr, h,00 15 1 15 Gimax 46> n O and J,,,,,. The computa-
tions of h;, g;, m; by Eq (2) require the seven parameters y,, 0,34, 0psids 0; and 05 to be known in
advance. In this section we begin with the determination of these seven parameters and the ten
thresholds through the statistical analyses of the data sets for r, p, t, A, a and 6. These data sets
are computed using the helical curves fitted to the pssp-assigned helices in set S. We then pres-
ent and compare the assignments made for both N and T by our algorithm and nine previous
programs including three hydrogen-bond based ones (pssp (version 2.2.1), STRIDE and sTT) and
six geometrical restraint based-ones (P-SEa, PALSSE, STICK, XTLSSTR, KAKsI and pisicL). Finally we
describe briefly the algorithmic implementation.

3.1 The statistical analyses of helical parameters and RMSDs

The premises of our assignment algorithm are (1) each helix type has its own distinct helix
score distribution and (2) a helix residue has a smaller helix score than a non-helix residue. To
test how good the premises are we first use the program pssp to divide all the protein residues
in S into five groups: a-helix (H), 3,¢-helix (G), 7-helix (I), 8-sheet or extended configuration
(E) and the other (R), and then for each group obtain separate statistics for the four helical
parameters and two RMSDs. The statistics for different helix types are computed somewhat
differently. The a-helix statistics include the data for every residue of an a-helix except the last
three residues of its C-terminus. The pssp assigned 3;o-helices (group G) have > 3 residues per
helix with an average length of 3.3 residues. The statistics for the 3;¢-helices are computed over
1-3 sliding windows starting with the residues i — 1, 4,7 + 1, i + 2 where i is the first residue of a
310-helix. The four helical parameters and two RMSDs for the Dssp assigned 7-helices (group I)
have larger variations than those for either & or 3, helices. However, we found that the r, p, ¢
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Table 1. The normal distribution parameters (u, o) for r, p, t. The residues have been divided into five groups (H, G, |, E, R) based on the secondary struc-
ture elements assigned by pssp. The last row (8p) shows the difference in u between H and the other four groups. The unit for both r, p is A while t is in degree.

a-helix (H) 340-helix (G) m-helix (I) B-sheet (E) the other (R)
r P t r P t r P t r P t r P t
7] 2314 1516  100.1 2109 1.829 107.4 2779 1.196 8238 0.96 3.34 177.9 1.26 3.04 178.9
o 0.061 0.086 256 0.118 0.138 590 0.086 0.056 280 0.146 0.158 212 0218 0.311 1.78
o, 0.0 0.0 0.0 0.203 0.313 735 0465 0.32 1724 1354 1.824 77.8 1.054 1.524 78.8

doi:10.1371/journal.pone.0129674.t001

values averaged over the first three residues of every pssp assigned 7-helix have well-defined
distributions. Consequently the 7-helix statistics is obtained over such averages.

The statistics for the four helical parameters and two RMSDs are fitted to a normal distribu-
tion to compute their normal distribution parameters ¢ and 0. As shown in Table 1 and Fig 1,
for every helix type each r, p, t statistics (Fig la—1i) could be fitted very well to a normal proba-
bility function. In addition, the os are rather small and the us well separated from each other
(6, in Table 1 and Fig 1j, 1k and 11). More importantly the r, p,  statistics for a helix group (H
or G or I) are well separated from the statistics for group E (Fig 1m, 1n and 1o). Furthermore,
the largest peaks in the 7, p, t distributions for a helix group are well separated from the largest
peaks in the r, p, t distributions for group R (Fig 1p, 1q and 1r) though the largest peaks in the
former do overlap with the minor peaks in the latter. The statistics for a, A and 6 for each helix
type could also be fitted to a normal probability function reasonably well (data not shown).
The p and os for A are respectively (0.02,0.031), (0.045,0.038) and (0.129,0.056) for o, 3,0 and 7
helices. The smallness of the os, the large separation between the ys for different helix types,
and the large difference between the us for a helix group and the ys for either E or R group are
consistent with the two premises. They are the reasons why the helix scores A, g, 7 could be
used to assign a helix to a particular type.

From the statistics for the helix scores h, g, 7 obtained on all the helices in S assigned by the
program Dssp we set hr = 20.0, g7 = 6.0, w7 = 14.0. They are used respectively in @,3,¢ and 7
helix assignment. Similarly from the statistics for axis angle a obtained on the same set S we set
ar=20.0° ag =10.0° a; = 20.0°. They are also used respectively in @,31¢ and 7 helix assign-
ment. From the distributions shown in Table 2 and Fig 2, the default value for the threshold
Amax (Fig 2b) is set to 40.0°, a value that is well beyond the distribution for a in the set of 382
ultra-high resolution structure each one has a resolution < 1.0A. A statistical analysis of the
axis angle on all the helices assigned by the program pssp on set S shows that more than 83% of
the C-terminal residues of the helices have the axis angle less than 40.0° (S1 Fig) so the same
threshold is used for the termination of a-helix assignment. The default value for threshold
Binax is set to 160.0, well above hr = 20.0 used for o-helix assignment because a merge step is
only triggered for the part of helix that has large local deviations from a genuine helical curve.
The thresholds d,,,4x Hmax and 8,4, decide whether two adjacent helices should be merged. We
set &,,,4, = 0.3 based on a statistical analysis of the § distribution on the same set S. The thresh-
old 6. that plays an important role in how far the C-terminus of a 3;,-helix is to be extended is
set to 0.12, based on the statistics that < 2.0% a-helices have a § value larger than 0.12.

3.2 The helix assignment

We have applied our algorithm as well as the pssp and STRIDE programs to assign &, 3,9 and
helices for the 25,806 protein structures in N. For each helix type, the total numbers of helices
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Fig 1. Ther, p, t statistics for five different groups (H, G, |, E, R). The five triples of figures (a, b, ¢), (d, e, f), (g, h, i), (m, n, 0) and (p, q, r) are respectively

the r, p, t distributions for a-helix (H), m-helix(G), 31¢-helix (1), B-sheet (E) and the other (R) groups. Except for figures j, k and | whose y-axes are the scale for
a normal distribution, the y-axes in all the other figures are the number of residues. For each row, the x-axis is respectively the radius (rin A), pitch (p in A)
and turn angle (t in degree). There is a small peak in figures d, e, f from the left-handed helices. Figures j, k and | display the fitted r, p, t normal distribution
curves for the three helix types where each line segment has a length of 2.00 where g is the standard deviation. All the overlaps are well below the 2o lines
except for t statistics where the overlap between the a-helix normal curve and 344-helix normal curve is slightly above the 2o line.

doi:10.1371/journal.pone.0129674.g001
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Table 2. The statistics of a, A and 6. The data are obtained from a set of the bssp assigned a-helices on a
set of 382 ultra-high resolution (< 1.0A) x-ray structures. Each column presents respectively a data range
and the number of residues inside that range. Both RMSDs, A and &, have unit A while a is in degree.

Parameter range, residue range, residue range, residue range, residue
a 0.0-6.0, 6711 6.0-12.0, 1198 12.0-24.0, 273 > 40.0, 12

A 0.0-0.06, 7109 0.06-0.12, 972 0.12-0.24, 176 >0.24,5

0 0.0-0.06, 7101 0.06-0.12, 437 0.12-0.24, 131 > 0.30, 501

doi:10.1371/journal.pone.0129674.t002

x10° (@) (b)

Amax 4

0 10 20 30 40 50

Fig 2. A histogram of helix axis angle a (a) and the threshold a,,,., (b). The x-axis in (a) is the angle in degree while the y-axis is the number of residues.
In (b) the axis angle of residue 28 (colored in red and located in the middle of a segment, the top figure) in a protein (pdbid 4CXF) has a,g = 37.72° while the
angle of residue 53 (colored in red and located in the middle of a segment, the bottom figure) in a protein (pdbid 1SQG) has asz = 44.95°. With a threshold of
amax = 40.0°, the first segment is assigned by our algorithm as a single a-helix while the second segment is divided into two different helices. In contrast both
segments are assigned as a single helix by pssp.

doi:10.1371/journal.pone.0129674.9002

and residues assigned by each program are listed in Table 3. On set N our algorithm assigns
178,104 a-helices with a length from 4 to 212 residues and the most frequently appeared helix
has a length of 10 residues; 70,208 3;y-helices with a length from 3 to 14 residues with the most
frequently appeared ones has a length of 3 residues; and finally 6,600 7-helices with a length
from 5 to 18 residues and the most frequently appeared ones has a length of 5 residues. Due to
the difficulty of obtaining a local copy for the programs PALSSE, STICK, XTLSSTR, KAKSI and ssT we
have tested them on the set T of 100 selected x-ray structures by uploading each one to a web
server [23] to obtain their assignments (Table 4). The comparison with the program pisict is
made on the same set T. We are not able to compare our algorithm with the rest of the pub-
lished assignment programs because we could not get a working copy for any of them.

3.3 The algorithmic implementation

We have implemented our helix assignment algorithm in C++ and included it as a module in
our structure analysis and visualization program written in C++/Qt/openGL. The default
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Table 3. Helix assignment on a residue and a helix basis by our algorithm, pssp and sTripe. The third column for each helix type presents respectively
the range in helix length and the length of the most frequently appeared helices.

Program a-helix
helix residue
DSSP 187,594 2,122,751
STRIDE 176,217 2,183,629
OUR 178,014 1,984,067

doi:10.1371/journal.pone.0129674.t003

310-helix m-helix
range,length helix residue range,length helix residue range,length
4-164, 4 68,093 228,690 3-17,3 6,579 35,306 5-15,5
4-281, 10 70,974 228,324 3-16, 3 205 1,037 5-10,5
4-212, 10 70,208 239,783 3-14,3 6,600 36,960 5-18,5

Table 4. The assignments on T by our algorithm and the nine previous programs. The assignments are made for a set of 100 x-ray structures with differ-
ent resolutions. The first row is the total number of residues. All the other rows are the agreement between a pair of programs in percentage. The percentage
is computed as —2— where n is the number of residues assigned by both programs while n; and n, are respectively the numbers of residues assigned only

ny+n+ny

by the first and second programs.
Program Our DSSP

Total 8670 9052
Our 89.2
DSSP

STRIDE

P-SEA

KAKSI

PLASSE

STICK

XTLSSTR

SST

doi:10.1371/journal.pone.0129674.1004

STRIDE P-SEA KAKSI PLASSE STICK XTLSSTR ssT DISICL
9392 8282 9379 12332 8309 9704 8994 8432
86.8 81.5 76.1 67.9 76.2 78.4 78.3 77.7
90.6 80.7 76.4 71.2 75.5 81.4 774 76.8
83.7 79.9 73.9 78.4 83.1 80.3 79.5
79.7 66.8 82.0 76.1 81.5 74.3
74.9 76.6 77.7 79.0 74.5
66.5 741 711 61.4
72.3 77.4 69.3
77.0 72.8
71.2

values for the two parameters, 8, and 6, required for the computations of the helix parameters
r, p are set to 0.25 and the step size for both intervals, [r,, — 6,, 7, + 6,] and [p,, = Ops Py + 6],
is 0.01. The program is available upon the request.

4 Discussion

In this paper we have developed a two-step algorithm that follows the division of the assign-
ment problem into two sub-problems: a minimization problem and a restraint satisfaction
problem. The first step solves the minimization problem by a newly-developed helical curve fit-
ting algorithm. From the best fit helical curves we then calculate helix score, axis angle and C,,
RMSD for each residue that are in turn used as restraints for helix assignment. In the following
we first discuss the rational and motivation behind the two-step algorithm and the two prem-
ises of the algorithm. Then we discuss the advantages of our algorithm over the previous pro-
grams through the detailed comparisons of the assignments made for both N and T, and
through structure classification of the assigned helices. Finally we illustrate the biological sig-
nificance of the assignment of a helix to a particular type by showing a correlation between the
n-helices assigned by our algorithm and protein-ligand binding sites.
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4.1 A two-step solution to the helix assignment problem and the two
premises

As has been well-documented before [18, 19] that there exist large discrepancies (up to 37%)
among the previous helix assignment programs. These programs share two features: (1) none
of them use a genuine helical curve as a model, and (2) they provide a one-step solution to the
assignment problem formulated as a restraint satisfaction problem where the restraints could
be either the hydrogen bond between backbone atoms or the geometrical restraints such as
backbone ¢/y angles, virtual C, bond length and angle. Because of the error in the computed
hydrogen bond energy or the variations in the geometrical restraints, the programs that use dif-
ferent types of restraints are expected to generate different assignments for the same protein
(see Table 4 for examples). In contrast, we divide the assignment problem into two sub-prob-
lems with the first being a minimization problem. The algorithmic solution to the minimiza-
tion problem generates a series of best fit helical curves that are in turn used as input to the
assignment algorithm. The accurate computation of these helical curves leads to the high accu-
racy and consistency since unlike the previous geometrical restraint-based programs the strict
requirement that all the helices must fit reasonably well to a helical curve greatly reduces the
possible variation in the input restraints and that in turn leads to the structural uniformity of
the assigned helices.

The statistical analyses of the helical parameters r, p, t for all the residues in S show that in
general their distributions for different types of secondary structure elements have almost no
overlap (Fig 1j-11). In addition, for each helix type the axis angle a and the RMSDs A, § are usu-
ally rather small (Table 2). These observations (computational results) are consistent with the
two premises of our assignment algorithm. They are the reasons why our algorithm could not
only assign a backbone segment to a helix but also output its helix type.

4.2 The comparisons with the previous programs in helix assignment

In this section we compare the helix assignments by our algorithm, pssp and sTRIDE on N
(25,806 structures) as well as the assignments by our algorithm and nine previous programs on
T (100 structures). We also illustrate the differences in assignment by examples.

For the a-helices in N, our assignment agrees very well with both pssp and sTrIDE (Table 5).
Specifically the agreement with Dssp is 95.3% on a residue basis and 95.1% on a helix basis, and
with STRIDE 95.4% and 90.4%. In addition the most frequently appeared helices from our

Table 5. The comparisons of helix assignment on N by our algorithm, pssp and sTriDE. The third column (in boldface) is the agreement on a residue

basis computed as 100.0 x 5 where N is the total number of residues assigned by our program, and n the number of the residues assigned by both our algo-
rithm and either pssp or sTRIDE. The agreement on a residue basis on 7-helix assignment between our algorithm and sTripE is very poor, only 2.9%. The 4th-
10th columns present various agreements (disagreements) on a helix basis. The columns A, B, C show respectively the agreement with at most one residue
difference, with the exclusion of the N-terminal residue and the exclusion of the C-terminal residue. The column A+B+C (in boldface) sums up the agreements
on a helix basis. The next two columns D and E present respectively the helices assigned only by our algorithm and the helices assigned only by either pssp
or sTRIDE. The last column F shows the set of helices each one has been assigned by either bssp or sTRIDE as a single helix but is divided into at least two heli-
ces by our algorithm (see Figs 4 and 5). All the data are in percentage.

Program helix residue(%)
DSSP a 95.3

310 56.9

m 741
STRIDE a 95.4

310 57.0

doi:10.1371/journal.pone.0129674.t005

A (%) B (%) C (%) A+B+C(%) D(%) E(%) F(%)
73.3 9.4 12.6 95.3 13 8.2 1.9
55.4 e 2.5 60.1 39.9 33.0 0.01
74.9 2.5 16 79 21.1 20.5 0.01
65.2 10.7 14.8 90.7 2.1 4.0 3.7
55.0 2.3 22 61.5 40.6 42.6 0.1
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Fig 3. The distributions of the lengths of the a-helices from our algorithm, pssp and sTripe (a), and an example of 4-residue a-helix by pssp(b). The x-
axis in (a) is the helix length while the y-axis is the number of the helices with that particular length. The two arrows point to the most frequently appeared
helices assigned by pssp and by both our algorithm and sTripe. The right figure (b) depicts a pssp-assigned 4-residue a-helix in a protein (pdbid 1CC5) that is
not assigned to a helix by our algorithm.

doi:10.1371/journal.pone.0129674.9003

algorithm and sTriDE have the same length (10 residues) (Fig 3a). However, the most frequently
appeared helices by pssp have a length of only 4 residues. This large discrepancy may originate
from the fact that pssp relies only on two i, i + 4 hydrogen bonds for assigning a 4-residue helix
but it is likely that two such bonds are not strong enough to constraint the C,s to a helical
curve and thus our algorithm does not assign them as a helix (Fig 3b). In addition to hydrogen
bond, sTRIDE also uses backbone ¢/y angles as restraint to exclude such 4-residue helices. In fact
it seems that the criteria used by STRIDE are so restrictive that it excludes most of the 4-residue
helices assigned by both our algorithm and pssp (Fig 3a). Though the total numbers of 3;¢-heli-
ces from the three programs, 68,093 (pssp), 70,974 (sTRIDE) and 70,208 (our algorithm), are
rather similar (Table 3), there exist obvious differences at both residue and helix levels with the
best agreement between our algorithm and either pssp or STRIDE to be < 60%. The discrepancies
suggest that the few hydrogen bonds in a 31¢-helix whose average length is only 3.3 residues are
not strong enough to constraint the C,s to a helical curve. The same reason may explain

the > 25% difference in 7-helix assignment between our algorithm and pssp since the most fre-
quently appeared n-helices have a length of only 5 residues. For reasons unknown to us, STRIDE
fails to assign most 77-helices: the agreement between our algorithm and sTriDE is only 2.9%.
The discrepancies also suggest that especially for 3,4 and 7-helices the existence of the charac-
teristic hydrogen bonding pattern between protein backbone atoms used by the hydrogen
bond-based programs is not a sufficient condition for the backbone segment to fit well to a
helical curve.

In addition to set N, a set T of 100 protein structures with different resolutions have been
selected for the comparisons with nine previous programs including both hydrogen bond-
based and geometrical restraint-based. Except for the four programs pssp, STRIDE, P-SEA and DIs-
ICL we are not able to get a local copy for the other five programs. Since we could only make p-
sEA to work on less than a half of the total structures in N we only present its assignment on T.
The comparison with the program pisicL is made only on T. As shown in Table 4, our algo-
rithm agrees with either Dssp or STRIDE better than the other programs do. The agreements
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between any pair of the six geometrical restraint-based programs (p-sea, KAKSI, PLASSE, STICK,
XTLsSTR and pisicL) are between 61.4% and 82.0% and their agreements with the three hydrogen
bond-based programs (Dssp, STRIDE and ssT) are between 71.2% and 83.7%. The most recent geo-
metrical restraint-based program pisicL developed mainly for the analyses of the trajectories
from molecular dynamics simulations performs below the average as judged by its assignment
agreements with Dssp (76.8%), our algorithm (77.7%) and the seven other programs (61.4%-
79.5%). Our algorithm tends to assign a lower number of helices than the previous programs
do likely because of the strict requirement that for a backbone segment to be a helix it must fit
to a genuine helical curve. Compared with the other geometrical restraint-based programs, the
helices assigned by our algorithm tend to be longer likely because of the merge step taken by
our algorithm. For the comparisons on T we do not separate the assigned helices into different
types because the helix assignment downloaded from the web server does not have type infor-
mation. In summary, if we use the assignment made by the program pssp as the standard, our
algorithm is the most accurate among the six geometrical restraint-based programs with them
we have compared.

The differences in assignment exist not only in the number of residues or helices been
assigned but also in the details of assignment such as the division of a single helix by one pro-
gram into several helices by another, helix type swap and difference in helix termination at its
C-terminus. Specifically our algorithm may divide a single helix by either pssp or sTRIDE into
several helices of possible different types (Table 5, Figs 4 and 5). Furthermore, an a-helix or a
part of an a-helix assigned by either Dssp or STRIDE may be assigned as either a 3;, or a 71-helix
or vice verse (Figs 4 and 5). Such division happens when the energy difference between the
three pairs of residues, (i, i + 3), (i, i + 4) and (4, i + 5), is relatively small (S2 Fig). A hydrogen

(a) (b)

148

Fig 4. The illustration of the differences in assignment by our algorithm and pssp. In (a) a segment (residues 148—180) in a protein (pdbid 1DI1)
assigned as a single a-helix by pssp is shown in the left with residue 163 colored in yellow. Our algorithm divides the same segment into three different helices
(the right figure): a-helix—34¢—helix—a-helix. The first helix assigned by our algorithm starts with residue 150 since both residues 148 and 149 have h; > hrand
stops at residue 163 (colored in yellow) since its h; > hr and no merge is triggered because that a; = 85.12° > a,,,,, = 40.0° for the three residues 164 (colored
in red), 165 and 166. The residues 164—166 all have h; > hr, so the next helix starts with residue 167. In contrast to bssp our algorithm assigns the segment of
residues 167—171 as a 3;ocontentsline helix (colored in purple), and assigns the remaining residue 172—182 as an a-helix. Compared with bssp, the C-
terminus has been extended by two residues (A181 and Q182, colored in blue). In (b) pssp divides the segment (347-358) in a protein (pdbid 3132) into two
helices: a-helix (347-353, green) and m-helix (354—-358, red) based on the strength of hydrogen bonding interaction. In contrast, our algorithm assigns the
whole segment (347—-357) as a single a-helix but excludes the last residue 358.

doi:10.1371/journal.pone.0129674.9004
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(a) (b)
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Fig 5. The illustration of the differences in assignment by our algorithm and pssp. In (a) bssp assigns the
entire segment (51-65, excluding P50) in a protein (pdbid 30Y9) as an a-helix. Our algorithm divides it into
two helices: 34o-helix (51-52, red) and a-helix (53-63, green, purple, yellow). The a-helix stops at N63 since
the C, RMSD ¢ values for residue 64 and 65 are respectively 0.541, 0.431, none of them less than d},ox = 0.3.
In contrast, the pssp assigned helix extends to residue 65. However, as shown in the left figure, the C,
coordinates of both residue 64 and 65 deviate clearly from a helical curve. In (b) a segment of residues 153—
172 in a protein (pdbid 1TMHY) is assigned as a single a-helix by pssp while our algorithm divides it into four
helices: 31p-helix(154—156, yellow)—a-helix(157—-163, green)—34o-helix(164—166, purple)—a-helix(167-171,
green). However, a careful examination of the hydrogen bond energies for these residues in fact suggests
that they could also be assigned to a 310-helix even by the pssp standard (S2 Fig).

doi:10.1371/journal.pone.0129674.9005

50

bond-based algorithm may have difficulty making a proper helix type assignment because of
the error in the computed hydrogen bond energy. As shown in Fig 2b and Fig 4a, some of the
o-helices assigned by pssp have large bends in the middle. Such helices are absent in our assign-
ment because the residues in such highly-bended positions must have their local axis angle a >
Amax Where a,,,, = 40.0° (Fig 2a). Less frequently, for some continuous backbone segments pssp
may divide them into two helices but our algorithm assigns it as a single one (Fig 4b). Two
examples shown in Fig 5 illustrate that (1) for some Dssp assigned a-helices our algorithm tends
to assign a part of them as a 3, helix, and (2) the difference in the assignment of the C-terminal
regions of helices. The division of a single continuous a-helix assigned by the previous pro-
grams into several different types of helices though less intuitive at the first sight is in fact a
more accurate description of a protein structure and as detailed late should be useful for the
discovery of structure-function relationship in proteins.

Though r, p, t, A distributions for the five groups (H, G, I, E and R) have almost no overlap
(Fig 1j-11), the largest peaks in the r, p, t distributions for the three helix types do overlap with
the minor peaks in the r, p, ¢ distributions for the residues in group R (peak B and C of Fig 1p,
peak D of Fig 1q and peak F of Fig 1r). These overlaps may make it difficult for our algorithm
(likely also for the previous programs) to distinguish a helix from a segment of protein back-
bone that is typically assigned as either a loop or a turn. To reduce the possibility of mistaking
aturn or aloop as a helix, a term % is added in the helix score (Eq 2) to guarantee that the heli-
cal curve not only fits optimally to a quadruple of C,s locally but also fits sub-optimally to all
the C,s of an entire helix. Similarly the C, RMSD § is used as a restraint in 3;y-helix assignment
to distinguish it from a turn or loop. The largest discrepancy in assignment by different pro-
grams is in the C-terminal region of a helix because of the structural similarity between the C-
terminal region of a helix and a turn or loop. To improve the accuracy of the C-terminal assign-
ment and to have consistent criteria for the termination of a helix we have used a C, RMSD
threshold (6) for the termination of a 3, helix. In addition to the two thresholds #,,,,, = 160.0
and a,,,, = 40.0° used for the merge of two adjacent a-helices and the termination of an a-
helix, we also include a C, RMSD threshold 6,,,, = 0.3 to make sure that the part of a helix to
be merged does not deviate largely from a genuine helical curve.
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In summary, one advantage of our algorithm is better assignment accuracy and consistency
because it is required by our problem formulation and algorithm that all the helices must fit
reasonably well to a helical curve. In contrast, for pssp and other hydrogen bond-based pro-
grams as long as there exists the characteristic hydrogen bonding pattern for a helix type the
participating residues are assigned to that particular helix type. Different hydrogen bonding
patterns are distinguished by the relative hydrogen bonding strength between the three pairs of
residues (4, i + 3), (i, i + 4) and (i, i + 5). In the twilight region where the difference in strength
is small, the hydrogen bond-based programs have difficulty making correct type assignment.
Similarly for the geometrical restraint-based programs the error and variation in the input
restraints reduce their assignment accuracy and consistency.

4.3 A clustering analysis of the assigned helices

One key feature that distinguishes our algorithm from the previous programs is that the helices
assigned by our algorithm must fit to a helical curve reasonably well and thus are expected to
be structurally uniform. To confirm the uniformity we have classified some sets of the helices
assigned by our algorithm, pssp and p-sea on N. The clustering is performed on sets of helices
having the same length. Six sets of clusters on a-helices are shown in Fig 6. The first three sets
of helices have a length of 12 residues and the second three sets a length of 24 residues. In gen-
eral, the number of clusters in a set with the same helix length assigned by our algorithm is

Fig 6. The clusters of a-helices by our algorithm, pssp and p-sea. The sets of helices in the left have a length of 12 residues while the sets in the right 24
residues. The 12-residue set (11,756 helices) and 24-residue set (1,211 helices) by our algorithm are classified respectively into 12 and 17 clusters. The pssp
assigned 12-residue set (12,631 helices) and 24-residue set (1,285 helices) are classified respectively into 21 and 35 clusters while the p-sea assigned
12-residue set (5,306 helices) and 24-residue set (574 helices) are classified respectively into 10 and 24 clusters. The clusters are produced using our
geometric clustering algorithm [22]. The RMSD threshold for clustering is 1.5A.

doi:10.1371/journal.pone.0129674.9006
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(a) A histogram ofa 7 -helix vs a binding site (b) Three = -helices in the binding site of a protein (pdbid: 2GSM)

Fig 7. A histogram of a m-helix vs a protein-ligand binding site. Figure (a) shows a histogram of the r-helix assigned by our algorithm vs a protein-ligand
site. The x-axis is the distance (in A) between the ligand and a r-helix while the y-axis is the number of 7-helices. Figure (b) shows an example illustrating the
difference in m-helix assignment by our algorithm and pssp. Our algorithm assigns three m-helices labeled as 174, M, and 3, all of them are in the ligand
binding site but pssp fails to assign 74 though it is able to identify both 1, and 5. In this figure, a-helices are in green, 34¢-helices are in orange and the ligand
is shown as spheres.

doi:10.1371/journal.pone.0129674.9007

about the half of the number of clusters in the set by pssp. Though the total numbers of clusters
by our program and p-sEA are similar, p-sEA is able to assign only a half of the helices with the
same length. As shown in Fig 6, it is obvious that the structures of the helices assigned by p-sea
are less uniform than those by our algorithm as is evidenced by the appearance in the former of
several clusters consisting of only outliers. Please see S3 Fig of the SI for the comparisons of the
clusters on four sets of 3, and 7-helices assigned respectively by our algorithm and pssp. In
summary, the helices assigned by our algorithm are structurally more uniform than those by
the previous algorithms.

4.4 The correlation between m-helices and protein-ligand binding sites

Our algorithm is able to assign a helix to a particular type. As detailed above for a-helices, the
agreement between our algorithm and either pssp or sTRIDE is excellent. However, for both 3,
and 7 helices the agreements are between 56.9% and 74.1%. An interesting application to struc-
ture-function relationship [26] is to see whether there exist any correlation between the loca-
tion of a 7r-helix and a protein-ligand binding site. Out of the 25,806 protein structures in N
our algorithm has assigned 6,600 n-helices from 4,329 protein structures, 3,811 of them have a
bound ligand. We compute the number of n-helices that is within a certain distance range of
the bound ligand. The distance between a ligand and a 7-helix is defined as the shortest dis-
tance between any ligand atom and any protein atom that belongs to the 7-helix. As shown in
Fig 7a there exists a strong correlation between the location of a 71-helix and a protein-ligand
binding site: 38.6 percent of all the 7-helices assigned by our algorithm are less than 6.0A away
from a ligand binding site. Furthermore, as shown in Fig 7b, compared with the program pssp
our algorithm is able to assign more of such 7-helices. Such correlation should be helpful for
the discovery of structure-function relationship in proteins.

5 Conclusion

We have divided the protein helix assignment problem into a minimization problem and a
restraint satisfaction problem and developed an assignment algorithm that follows rigorously
the geometry of helix. The application of the algorithm to the set of protein structures available
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in the current version of the PDB and the detailed comparisons of assignments made by the
algorithm and the nine previous programs prove that our algorithm is able to assign more
accurately not only a-helices but also 3 and 7 helices as well as the left-handed helices. The
clustering analyses of the helices assigned by our algorithm and the previous programs confirm
that the helices from our algorithm are structurally more uniform than those by the previous
programs. The accurately assigned helices and the clusters as well as the common structural
features shared by all the helices in a cluster should be particularly useful for protein structure
classification and prediction as well as secondary structure prediction. The accurate assignment
of a helix to a particular type should be helpful for the discovery of structure and function rela-
tionship in proteins.

Supporting Information

S1 Fig. The distributions of C, RMSD & and helix axis angle of the residues in the C-termi-
nal regions of Dssp assigned helices. The x-axis is the helix axis angle in degree, the y-axis is
the C, RMSD & in A. The region inside the rectangle defined by the two intervals, [0.0°,40.0°]
for the axis angle and [0.0,0.1A] for C,, RMSD 4, includes 83.5% of all the 29,014 data points
computed on set S. What shown here is the data for residue i for the two C-terminal residues i,
i+ 1 of a Dssp-assigned helix.

(EPS)

S2 Fig. The hydrogen bond energy used by pssp for the helix assignment. Figure S2 is
extracted from the pssp assignment for the protein IMHY (pdbid). This example illustrates
that in the twilight region where the differences in hydrogen bond strength are small, a hydro-
gen bond-based program such as pssp may have difficulty making correct helix type assign-
ment. The three red rectangles indicate donor interaction while the three blue ones acceptor
interaction. The data is from pssp for the protein IMHY (pdbid) the same protein as shown in
Fig 5b of the main paper. The program pssp assigns all the residues from 152 to 172 as a single
o-helix while our algorithm assigns the segment from 154 to 156 and the segment from 164 to
166 as two different 3;y-helices. A careful examination of the hydrogen bond energies for the
residues in the six rectangles in fact suggests that they may also be assigned to a 3;,-helix even
by the pssp standard.

(EPS)

S3 Fig. A clustering analysis of 3;o and 7-helices. The figure shows the clusters generated by
the geometric clustering algorithm on sets of the 3,4 and 7-helices assigned respectively by our
algorithm and pssp. The two sets of 31 helices in the left (a) have a length of 4 residues while
the two sets of 7-helices in the right (b) have 5 residues. The 4-residue set (8,861 3;,-helices)
and 5-residue set (4,554 n-helices) by our algorithm are classified respectively into 4 and 7 clus-
ters (the two upper figures). The Dssp assigned 4-residue set (8,563 3,4-helices) and 5-residue
set (5,365 7-helices) are classified respectively into 29 and 25 clusters (the two lower figures).
The clusters are produced using our geometric clustering algorithm [22]. The RMSD thresh-
olds for the clustering of 3,,-helices and 7-helices are respectively 0.3A and 0.75A.

(EPS)
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