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Abstract

Background and purpose: The formation of a-helices is thought to direct
folding in helical and partly helical proteins. Particularly stable helices may
be able to retain information about early folding events. Our goal was to
test this hypothesis and to develop fast software package for prediction of
helix nucleation and folding initiation sites in protein sequence.

Methods: A statistical procedure used in this work consists in evaluating
folding initiation parameter for each residue in tested sequence by using
middle-helix preference functions and geometric average of position spe-
cific middle-helix preferences. The best known crystallographic structures
of soluble proteins served for the extraction of preference functions. Posi-
tion specific frequencies of folding initiation sites in observed helices were
collected from proteins with known sequence locations of initiation sites.

Results and conclusions: The highest frequency of folding initiation sites is
in the middie-helix to C-terminus region of experimentally determined hell-
ces. Therefore, initiation sites for protein folding are likely to serve as helix-
start signals. Overall sequence maximum of our folding initiation parameter
Is found at the sequence position which belongs to known folding initiation
site and to observed o-helix in 84% and 95% of tested sequences respec-
tively. Sequence maximum of this parameter is inside transmembrane helix
span for 68% of integral membrane protein sequences of known structure.
We developed the Web sever for fast prediction of possible helix nucleation
and folding initiation sites at the address: http.//pref etfos.hr/helix-start.

Key words: prediction, folding initiation, helix nucleation, helix preference, pref-
erence functions, web server

INTRODUCTION

W’hen folding begins locally in the sequence it is described as hierar
chic folding process (8, 46). Then local elements of regular secondary
structure form rapidly and to a good degree persist in the native secondary
structure (35). In particular, fast creation of stable a-helices has been ob-
served in peptides (7, 23, 38, 51) and in proteins (35, 40). Helix formation is
thought to be energetically favored for main-chain atoms of all residues ex-
cept proline and glycine (2). Still, some residues, such as alanine, have higher
helix-forming preference (12, 13, 18, 38, 42, 43) and higher helix propaga-
tion parameter s of the statistical mechanics model for o-helix formation (10,
53) than other residues. Also, some position specific steric, electrostatic
and hydrophobic interactions are found to favor o-helix formation both in
peptides and in proteins (2, 3, 4, 5, 37). The discovery of helix stop signals
(24, 45) supported the idea that local sequence interactions determine helix
nucleation and helix boundaries in native protein structures.

Folding initiation sites have been found in many proteins (2, 6, 8, 41, 55).
The predicticn of nucleation sites in the sequence where fast helix forma-
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tion is favored has been recognized as an important goal
in folding simulations of helical proteins (3, 35, 50). The
hypothesis that a-helices, as local secondary structure,
are "seeds for folding” (45) has been tested recently (16).
It was essential to select reliable helix fragments as good
candidates for folding initiation sites. This was achieved
by using neural network learning algorithm designed to
discriminate between o-helices and non-o structures,
and by associating reliable patterns with minimums in
the entropy of output vector.

An alternative procedure is to use high helix propen
sities to select helix fragments of interest. High helix
propensities are related to minimums in conformation-
al entropy change, which is an important factor favoring
o-helix formation (17, 20). An obvious choice are mid-
dle-helix propensities (34, 49). Middle-helix propensi-
ties of Kumar and Bansal (34) are used in this work for
the extraction of corresponding preference functions (28)
from the database of crystallegraphic protein structures
with the best resolution.

Prediction of initiation sites for protein folding

Geometric average of amino acid attributes can also
help to predict specific folding motifs (36). Its advan-
tage is that it gives equal weight to high and low attributes
in the sequence. In this work we used geometric aver-
age of seven position-specific amino acid preferences
in the middle-helix positions dernved by Richardson and
Richardson (49). We report the performance in predict-
ing folding initiation sites in proteins by using the com-
bined index that takes into account both the geometric
average of position-specific middle-helix preferences
and sequence specific helical preference evaluated with
middle-helix preference functions.

In discussion we point out that longer helices, even
including transmembrane helices from membrane pro-
teins, are often associated with high maximum for fold-
ing initiation index. Locating folding initiation sites in the
whole protein and helix-start signals in observed longer
helices may help toward goal of selecting helices with a
crucial role in early folding history. :

TABLE 1

Folding initiation sites and corresponding o-helices, Protein data base considered (PDB codes are used) is the same

one that Compiani at al. used (16).

# protein INITIATION SITE corresponding o-helix
position segment position
1) lthd 221-236 ELRAMFEAKK 224-235
2) 1phh 236-245 DERFWTELKA 231-245
3) lepy 920 ADIAAALEACKA 817
63-72 LKLFLQNFKA 60-70
4) lgdl o 104-113 DAAKHLEAGA 103-111
192-201 KDLRRARAAA -
257-266 NAALKAAAEG 252-265
5) lgox 7-15 NEYEAIAKQ 8-16
142-149 RRAERAGF 134-146
330-338 MRDEFELTM 309-341
6) sl 48 LAELQ 2-10
279-290 EALEQELREAPE 275-281
7 3grs 37-44 RRAAELGA 2943
8) 451c 4047 AFEAELAQR 40-49
9) 2cey a 39-50 DAAQRAENMAMV 40-58
91-98 TESTKLAA 79-102
10) 2cro 313 TLSERLKKRRI 3-14
11) 4mdh 160-167 NRAKAQIA 185-171
12) 8adh 333-342 ADFMAKKFAL 323-339
13) Trsa 2-13 ETAAAKFERQHM 313
25-36 YCNQMMKSRNLT 24-34
14) 1hix 26-31 WLCIIF 23-34
89-98 IMCVKKILDI 86-98
15) 2cia 31-40 SVEEAKKVIL 31-43
16) 2mml 9-17 LVLNVWGKV 417
29-33 LIRLF 21-35
102-115 KYLEFISECIIQVL 102-118
133-143 KALELFRKDMA 125-148
17) la2p 10-18 VADYLQTYH 7-17
25-36 ITKSEAQALGWV 21-33
45-49 VAPG -
18) 2lza 813 LAAAMK 514
28-36 WVCAAKFES 25-35
9299 VNCAKKIV 89-100
19) lhrc 7-15 KKIFVQKCA 3-10
64-70 LMEYLEN - 61-69
91-101 REDLIAYLKKA 88-101
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METHODS
Protein data sets

To extract preference functions (28) we used the data
set of 100 soluble proteins determined by X-ray analysis
17 A resolution or better) and NMR. There was no more
than 30% pairwise sequence identity among these pro-
teins (54). Corresponding Brookhaven Protein Data Barnk
(1)(PDB) codes are listed below:

laac, lads, laky, lamm, larb, laru, lben &, lben b,
1bkf, 1bpl, lcem, lcka, lcnr, lenv, lepe a, lepe b,
lcse e, lcse |, lctj, lcus, 1dad, ledm, lfus, lhfc, lifc,
ligd, liro, lisu, ljbc, lkap, llam, 1lit, 1lkk, lluc a,
lluc_b, Imect_a, Imect i, Imla, 1mzj, 1nfp, Inif, losa,
Iphb, 1php, 1plc, 1poa, 1ppn, 1ppt, 1ptf, 1ptx, lrcf, 1ras,
lrge, lrie, 1rro, 1sgp_e, 1sgp |1, 1smd, s, Isnc, ltca,
lutg, lvee, lwhi, 1xic, 1xso, 1xyz, 256b, 2ayh, 2¢ba, 2¢p],
2ctc, 2end, 2er?, 2erl, 2hft, 2ihl, 2ilk, 2mbw, 2mhr, 2mcm,
2clb, 2phy, 2rhe, 2rn2, 2sll, 2trx, 2wrp, 3b5c, 3chy, 3ebx,
3lzm, 3pte, 3sdh, 4fgf, 4ptp, 5p2l, 8abp, 8ruc_a, 8ruc_i.

The data set of 19 proteins with suggested sequence
locations of folding initiation sites (16) is given in the
Table 1 and 2.

The data set of 31 sequences from integral membrane
proteins of known crystallographic structure (30) is giv-
en in the Table 4.

Prediction of initiation sites for protein folding

Correlation of folding initiation sites with
position of residues in a-helices

The data set of 37 folding initiation sites with cone-
sponding o-helices (Table 1) has been prepared by us
based on published data (9, 14, 22, 25, 26, 27, 41, 47, 50,
52) for above mentioned 19 proteins. The Compiani et
al. (16) choice for folding initiation segments is very sim-
ilar to our choice. Sequence location of secondary struc-
ture segments is taken from the most recent PDB as-
signment. Folding initiation frequencies are calculated
as frequencies of residues suggested to initiate folding
at specific helix positions.

Middle-helix preferences

Position-specific preferences found by Richardson
and Richardson (49) for N3, N4, N5, middle, C5, C4 and
C3 position of a-helix are here defined as position spe-
cific middle-helix preferences. The sliding window with
seven amino acid residues scanned the sequence and
each heptad score is calculated as the seventh root of
the product of seven position-specific preferences. The
heptad score is assigned to the middle residue in the
scanning window. The resultis used directly as the hep-
tad score profile of the sequence and indirectly in the
combined parameter (folding initiation parameter, see

TABLE 2

Maximal folding Initiation parameters for 19 soluble proteins (see Table 1 legend). Observed secondary structure
(SS) is 'H' for a-helix, ‘B’ for B-sheet, "U’ for undefined, coil or turn structure and 'F’ for folding initiation site (usually
in the o-helix conformation). The heptad segments are centered at amino acid number (AA) with sequence maximum
for the combined index (FIP). Heptad maximums are found with geometric average of middle-helix preferences (49),
while preference maximums are found by evaluating preference functions extracted with Kumar and Bansal (34)

middle-helix preferences.

Protein AA heptade SS AA preference SS AA combined SS heptad
max max index max segment
1thd 230 2.178 F 232 2.163 F 230 3.666 F ELRAMFE
Iphh 111 1.510 H 334 2.294 H 334 3.452 H ICLRRIW
lcpv 65 1.826 F 15 2.650 F 14 3.744 F [AAALEA
lgdl o 258 1.792 F 199 2.540 F 261 3.810 F AALKAAA
lgox 297 1.547 H 368 2.772 U 142 3.641 F QLVRRAE
2tsl 169 1.868 H 418 2.634 §) 314 3.836 H ALRQAIR
3grs 449 1.401 H 2 2.584 U 39 3.595 F ARRAAEL
451c 46 1.172 F 43 2.559 F 45 3.667 F AELAQRI
2cey a 98 1.601 H 45 2.647 F 46 3710 F RAENMAM
2cro 52 1.4717 H 71 2.806 ) 12 3.615 F KKRRIAL
4mdh 99 1.660 U 168 2.466 F 165 3.691 F AKAQIAL
8adh 38 1.671 U 11 2.086 U 338 3.345 F FMAKKTA
Trsa 28 1.657 F 6 2.294 F 6 3.643 F TAAAKFE
lhfx 28 1.622 F 123 2.926 U 119 3.180 U EQWYCFA
2ci2 48 1.546 B 38 1.841 F 31 3.116 F EAKKVIL
2mm] 47 1.600 U 133 2.267 F 133 3.428 F AMNKALE
la2p 16 1.572 F 1 2.512 U 32 2.853 F EAQALGW®
2lza 10 2.188 F 9 2.409 F 10 3.810 F ELAAAMK
lhrc 96 1.676 F 97 2.116 F 96 3.420 F DLIAYLK
Period biol, Vol 101, No 4, 1999 341
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TABLE3

Prediction accuracy for folding initiation sites and for
a-helices longer than eight residues.

Protein data base: 19 Proteins 100 proteins
Prediction accuracy* Folding o-helices o-helices
(%) initiation sites
Per-segment
Sensitivity 84 73 63
Efficiency 41 61 51
Per-residue
Sensitivity 68 4] 31
Efficiency 24 73 63

* for the FIP threshold (see text) 2 2.6

Prediction of initiation sites for protein folding

below).

Middle-helix preferences of Kumar and Bansal (34) are
not position specific. We used a single set of 20 prefer-
ences that Kumar and Bansal extracted from the middle
section of helices longer than eight residues. The data
set of 100 soluble proteins served to extract correspond-
ing middle-helix preference functions (28, 29). The evalu-
ation of preference functions in tested sequence produced
sequence dependent conformational preferences (28).
In the combined index heptad scores are smoothed as
three point averages and added to sequence dependent
helical preference. In the following text the term combined
index or folding initiation parameter (FIP) is used for the

TABLE 4

Maximal heptad score and maximal folding initiation parameter (FIP) values for 3] sequences of membrane
polypeptides with known sequence location of transmembrane helices (TMH). The letter "Y" in the last column de-
notes the case when the FIP sequence maximum Is find inside the TMH span, while N denotes the case when this is
not so. N (C) is the case when maximum is found at the protein C-terminus.

protein AA maximal SS AA maximal SS TMH
heptade score combined
index (FIP)
lprc_h 23 1.422 H 17 3.483 H Y
laig_h 176 1.843 U 256 3.822 U N(C)
lprc | 264 1.636 H 103 3.094 H Y
laig 1 264 1.677 H 126 3.593 H Y
Ipre_ m 185 1570 H 246 3.586 H N
laig m 216 1.541 H 248 3.758 H N
lkzu a 21 1.284 H 31 3.121 H Y
P04159 153 1.671 H 100 3.317 H Y
larl a 99 1.760 H 339 3.741 H Y
larl b 64 1.729 H 169 3.624 U N
P06030 107 1.722 H 106 3.338 H Y
locc_a 290 1.785 H 468 3.604 H Y
loce b 150 1.850 B 74 3.155 H Y
locc ¢ 225 1.733 U 162 3.555 H Y
locc d 84 1.488 H 41 3.404 H N
loce g 16 1.332 H 17 2.406 H Y
loce i 62 1.462 H 15 3.404 H Y
locc j 10 1.516 H 9 3.385 H N
loce k 30 1.304 H 30 2.972 H Y
locc | 26 1.512 H 22 3.653 H Y
locc m 34 1.355 H 1 2475 U N
lbcc e 10 1.528 U 111 3.502 H N
1be3 k 15 1.420 u 14 2.764 U N
lbce j 53 1.602 H 32 3.145 H Y
Ibce g 55 1.386 H 43 3.250 H Y
Ibcc_d 63 1.633 H 63 3.684 H N
1bed ¢ 318 1.568 H 238 3.969 H Y
lbrx 12 1.699 H 146 3.605 H Y
lafo 4 1.567 U 36 2.948 H Y
1bl8 90 1.474 H 1 3.382 H Y
l1aSl 13 1.442 H 13 3.186 H Y

* PDB codes except for the Swiss-Prot codes P04159 and P06030.
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combination of Richardson & Richardson and Kumar &
Bansal preferences as described above.

The sequence location of transmembrane helices is
predicted by using the SPLIT 3.5 suite of algorithms (29,
30) available at our Web server: http://pref.etfos.hr/split.
Computer program for the calculation of folding initia-
tion parameters was written in FORTRAN 77. It was trans-
lated into ANSI C and wrapped into the Web server
HELIX-START, written in HTML and Unix shell script
language. A graphic library, created for the HELIX-
START server, enables fast (in seconds) graphical pres-
entation of calculated profiles by using the server at the
address: http://pref.etfos.hr/helix-start.

Prediction accuracy calculations

Prediction accuracy is reported as per-segment and
per-residue accuracy. Only a-helical segments longer
than eight residues are considered for segment predic-
tion of helices, but all residues observed in the helical
conformation are considered for the per-residue pre-
diction of a-helix conformation. Prediction accuracy for
folding initiation sites is calculated for the data set of 19
proteins in which such sites are known.

To take into account overpredictions we report pre-
diction accuracy as efficiency (# correct predictions/ #
predictions), and as sensitivity (# correct predictions/ #
observed features). Correct per-residue prediction is
scored whenever higher then threshold FIP value is found
inside observed feature. Overprediction is scored when
higher then threshold value is found outside experimen-
tally determined folding motifs that are being predicted.
Per-segment prediction accuracy is calculated by taking
into account only maximal FIP value inside observed seg-
ment. Higher than threshold FIP value, found during se-
quence scan outside observed segments, is scored as
segment overprediction, if corresponding residue is a)
atleast three residues removed from the C-terminus end
of observed segment, and b) at least eight residues re-

- moved from the residue already scored for segment over-
prediction. First and last eight residues in a protein are
not considered for segment overprediction.

RESULTS

Prediction of folding initiation sites in soluble
proteins

Folding initiation sites in proteins are often found in
the o-helix structure (16, 50), which is not surprising
because o-helices are secondary structure elements
known to fold very fast (35). Are folding initiation sites in
helical proteins particularly strong helix-start signals, and
if so are they found more often closer to helix N-termi-
nus, helix-middle or helix C-terminus? The analysis of
protein data set with known or suggested strong fold-
ing initiation sites revealed that frequencies of occur-
rence of folding initiation residues are maximal at mid-
dle-helix positions with a slight preference for the C-
terminal half of the helix (Figure 1).

Period biol, Vol 101, No 4, 1999
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In coiled coil helices (15) helix-start signals are likely
to be hidden in each heptad of amino acid residues. If
S0, can'we use 4 technique similar to Luipas et al. (36) to
associate heptades having high score for middle-helix
‘position with strong helix-start signals and potential fold-
ing initiation sites ? We used seven columns of position
specific middle-helix preferences (49) to find such
scores as described in the Methods section! We found
that almost all folding initiation sites are indeed associ-
ated with at least one high heptad score, while highest
heptad score for the whole sequence is often associat-
ed with the folding initiation site (columns 2, 3 and 4 in
the Table 2).

Since chosen Richardson & Richardson preferences
were for middle helix positions we asked if preference
functions derived from middle helix preferences (29, 30)
are as good indicators of folding initiation sites as hep-
tad scores. For 11 out of 19 proteins the highest helical
preference in the whole sequence, evaluated with Rich-
ardson & Richardson preference functions (29, 30), is
found to be located inside folding initiation site. Out of
37 folding initiation segments in these proteins all but
one are associated with a maximum in the sequence
dependent o-helix preference (not shown).

Are these results reproducible with middle-helix pref-
erences other than Richardson & Richardson's? To an-
swer this question we used middle-helix preferences of
Kumar and Bansal (34). Corresponding preference func-
tions were equally good predictors of folding initiation
sites (columns 5, 6 and 7 in the Table 2).

Is combined index, defined as the sum of heptad
score and sequence dependent a-helix preference
(evaluated with middle-helix preference functions) su-
perior to above mentioned predictors? Sequence max-
imum in the combined index is associated with fold-
Ing initiation site for 14 out of 19 sequences when mid-
dle-helix preferences are evaluated with Richardson
& Richardson preference functions (29). Even better

1,04
0,84
0.6 4

0.4

ol

N" N NcapN1 N2 N3 N4 N5 mid C5 C4 C3 C2 C1Ccap C C
POSITION IN THE HELIX

FOLDING INITIATION FREQUENCY
|
|
]
]

FIGURE 1. Distribution of folding initiation sites in the
helix span and for two residues external to helix span
(N, N',and C’, C"). Folding initiation frequencies were
calculated as frequencies of folding initiation sites at
specific helix positions.
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result for the combined index (Table 2)-is achieved
when middle-helix preferénces are evaluated with Ku-
mar and Bansal preference functions. Out of 19 se-
quence maximums for the combined index 16 are as-
sociated with folding initiation sites (Table 2) and 18
are associated with the observed o-helix structure.
Therefore, the term folding initiation parameter (FIP)
seems to be appropriate for the combined index eval-
uated in this manner.

What would be a good choice for the threshold FIP
value suitable for predicting folding initiation sites? With
FIP > 2.6 we find 230 out of 339 folding initiation resi-
dues and 31 out of 37 folding initiation segments listed
in the Table 1. Segments are found by looking if maxi-
mal FIP value in the segment is greater or equal to 2.6.
Lower FIP threshold increases the percentage of cor-
rect predictions (36 folding initiation segments are pre-
dicted with a threshold of 2.0), but produces too many
overpredictions. It is possible of course that overpre-
dictions of folding initiation sites are in fact correct pre-
dictions for helix-start signals that'would uncover se-
quence location of some native helices.

Prediction of the a-helix conformation with the
FIP index

For the data set of 19 proteins where sequence lo-
cation of a-helices and folding initiation sites are both
known it is possible to predict both features and to
compare the prediction accuracy (Table 3). Correct
prediction (prediction sensitivity) of 88% longer a-hel-
ices is achieved with the FIP threshold greater or
equal to 2.0. Even higher sensitivity of 97% for pre-
dicting folding initiation segments is accompanied
with low prediction efficiency of 21%. Similar high
percentage (82%) of correct prediction of longer hel-
ices is found for the data set of 100 soluble proteins
(Methods) with the same FIP threshold. With increas-
ing FIP threshold the number of correct predictions
drops and becomes similar for folding initiation seg-
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FIGURE 2. The dependence of the prediction accu-
racy on the chosen threshold for the folding initiation

parameter (FIP). The ratio of correctly predicted to

observed folding initiation segments (FIS, open circles)
decreases, while the ratio of correctly predicted FIS
to helical segments (plus symbols) increases with the
increase in the FIP threshold.
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ments and for longer helices (Figure 2). This is not
accidental. Helices that are not a part of the initiation
sites are eliminated by setting a high threshold. For
instance in the case of the highest threshold consid-
ered (3.6) a total of 12 correctly pré&dicted folding iri-
itiation sites corresponds to 11 out of 12 correctly pre-
dicted helices, while only one helix is overpredicted
(prediction efficiency of 92%).

Majority of helical residues are uniderpredicted. For
instance in the case of 5288 helical residues out of 18769
in the data set of 100 soluble proteins the FIP value of
2.6 or greater correctly predicts 1635, overpredicts 953
and underpredicts 3653. Underprediction is less sen-
ous for initiation sites. Out of 339 such sites (residues)
in 19 proteins 109 are underpredicted with the same FIP
threshold.

Folding initiation sites in membrane proteins

For integral membrane proteins overall sequence
maximum for folding initidtion parameter is found inside
observed transmembrane helix in 68% of sequences
(Table 4). The percentage raises to 77% when remain-
ing sequences are examined for sequence maximum
of heptad scores. When extramembrane helices are tak-
en into account as well then 87% of membrane protein
sequences are found with maximal FIP inside some
helix. For 31 membrane proteins (Table 4) 57% of resi-
dues are associated with the a-helix conformation.

Exuinples of profiles for folding initiation
parameter

~ The profile of folding initiation parameter is shown
for the cytochrome ¢ (lhrc) (Figure 3). Three high max-
imums correspond to known folding initiation segments
(26) (shaded columns for amino acids 7-15, 64-70 and

cytochrome ¢ (1hrc)

T T 1 T v T T
3s | =
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o] I ]
uw
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1 " 1 r'a 1 A L 1 4 ' e
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SEQUENCE NUMBER

FIGURE 3. The profile of folding initiation parameter
for the cytochrome ¢ (lhrc). Known folding initiation
sites are shown as shaded columns up to the height of
1.0. Observed o-helices are shown as the bold line at
the 0.5 level,
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light-harvesting chlorophyll a/b-protein complex

3.0
25k
20
1.5 F

1.0 |

L
TMH PREFERENCE: ..............

Q0.5

FOLDING INITIATION INDEX:

0.0 |

05 1 I 1 . ol
0 50 100 150 200

SEQUENCE NUMBER

FIGURE 4. The profile of folding initiation parameter
(full thin line) and transmembrane helix preference
(dotted line) for light-harvesting protein. Transmem-
brane helical preferences are evaluated from corre-
sponding preference functions (29). The observed
span of transmembrane helices A, B, C and of surface
helix D is shown as the bold line at the 0.5 level. Pre-
dicted locations of transmembrane helices with the
web server SPLIT (30) are shown as shaded rows up
to the 1.0 level. Reported profiles are for the protein
fragment 26-232

91-101) and to observed longer helices (bold line at the
0.5 level for amino acids Val 3 - Cys 14, Glu 61 - Glu 69
and Lys 88 - Asn 103). Hydrophobic-hydrophobic con-
tacts with heme ligand are also found at these sequence
positions (amino acids 10, 13, 14, 64, 67, 68, 94, 98)

Another example of the FIP profile (Figure 4) is giv-
en for the apoprotein of the major light-harvesting com-
plex of photosystem Il in plant (Pisum sativum) (33). It
has three FIP maximums that are almost as good indi-
cators of the position of cbserved membrane spanning
helices as Kyte-Doolittle preference functions (dotted
line) (28, 29). It is also of interest that folding initiation
maximums are associated with chlorophyll side chain
ligands Glu 65, His 68 (helix B), Gln 131, Glu 139_(helix
C) and Glu 180, Asn 183 (helix A) (notice that correct
sequence numbers on the x-axis are obtained by addi-
tion of 25 N-terminal amino acids, omitted in the report-
ed structure (33)).

DISCUSSION

Computational methods of sequence analysis with a
goal to model folding process can profit from evidence
that helix formation can direct folding. Presta and Rose
(45) proposed that clusters of residues with high helix

‘preference at the helix boundaries are necessary for
helix formation during protein folding. Helix-start sig-
nals are expected to occur closer to the N-terminal he-
lix positions (11), while helix-stop signals are often found
at the helix N-terminus (24). However, helix-start signals,
that can serve as folding initiation sites as well, are not
located predominantly at the helix N-terminus (Figure
1). Folding initiation sites in 19 proteins that we consid-

Period biol, Vol 101, No 4, 1999
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ered are best associated with middle to C-terminus hel-
ical region. The frequency of folding initiation drops to-
ward helix C-terminus and beyond, but it is still signifi-
cantly higher than corresponding frequency for the N-
terminal part of helix. Therefore, atleast for one class of
folding initiation sites in soluble proteins, helix nuclea-
tion of specific native helices inifiates folding at or close
to nascent middle-helix region

Instead of taking into account all possible position-
specific local interactions favoring helix formation we
used position specific middle-helix preferences of Ri-
chardson and Richardson (49) and preference functions
(28) calculated with middle-helix preferences of Kumar
and Bansal (34). The justification for such a procedure
for predicting folding initiation sites is a) calculated fre-
quency of folding initiation sites which is maximal close
to middle-helix positions (Figure 1) and b) expectation
that helix formation dominates the folding kinetics of
helical protein (35).

Our procedure, which uses middle-helix preferenc-
es to calculate sequence profile of folding initiation in-
dex, may seem complicated, but the interpretation of
the profile is straightforward. By choosing a high FIP
threshold (3.6) one can identify those nascent helices
that are crucial for initiation of protein folding. Predic-
tion efficiency for finding such helices is higher than 90%
when tested at limited data set of 19 soluble proteins
with known folding initiation sites. About one third of
observed folding initiation segments are then found with
very few false-positive predictions. With a lower thresh-
old (2.6) more than 80% of observed initiation segments
are found and more than 70% of cbserved longer heli-
ces (Table 3). Still lower FIP threshold would produce
even better prediction sensitivity, but decreased efficien-
cy. For comparison the sensitivity of 34% was reported
In predicting nucleation of protein helices with strip-of-
helix hydrophobicity algorithm (48).

Hem and chlorophyll ligands are known to promote
helix formation (32, 44). Therefore, it is not surprising
that amino acid contacts with such ligands in two se-
quences we examined are found to be associated with
high folding Initiation potential.

Sequence span of observed transmembrane helices
in integral membrane proteins is underpredicted when
prediction is based on hydrophobicity analysis (29).
While hydrophobicity, or helix preference based on hy-
drophobicity, is as a rule maximal in the middle region
of membrane spanning helix this is not so for FIP maxi-
mums. FIP maximums are generally found closer to N
or C-terminus of transmembrane helices (Figure 4 and
unpublished observations). Richardson & Richardson
preference functions were used by us recently to refine
the prediction of transmembrane helices and for the
prediction of interface helices in membrane proteins (29,
30). The FIP index too has the potential to improve the
prediction of transmembrane helix boundaries.

Postulated folding mechanism of rapid hydrophobic
collapse (39) has to be braked in those membrane pro-
teins, whose entrance in the membrane requires par-
tially unfolded structure (19, 21). The separation of early
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folding and hydrophobic domain in some of future mem-
brane spanning domains is probably important for the
membrane entry process. The light-harvesting protein
enters thylakoid membrane from the stromal space so
that hydrophobic C-terminals of helices A and B are ori-
ented toward thylakoid space, while early folding N-ter-
minal parts of these helices are criented toward the stro-
ma. If membrane entry is mediated by the translocase
complex (31) than many charges in the N-terminal parts
ofhelices A and B may assume specific configuration in
the a-helix conformation early in the folding history fa-
cilitating specific interactions with chlorophylls and with
the translocation apparatus.

In conclusion, for soluble helical or partly helical pro-
teins, the initiation sites for protein folding correspond
to sequence regions with strong middle-helix prefer-
ence. By setting a high threshold for our FIP parameter
one can select helices that initiate protein folding. In
membrane proteins maximal FIP values are often asso-
clated with interface regions of transmembrane helices
and can reveal topological signals (work in progress).
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