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ABSTRACT It is shown that alpha-helical content of eleven proteins is well cor-
related with alanine plus leucine content. These residues, taken singly or together,
are to a first approximation randomly distributed in the four proteins whose ter-
tiary structures have been determined (i.e., myoglobin, lysozyme, ribonuclease,
a-chymotrypsin). A model based on the concept that certain randomly distributed
residues specifically participate in helix nucleation is shown to be in reasonable
agreement with the presently published structures.

INTRODUCTION

The general problem of predicting the secondary structure of a protein from the
amino acid sequence continues to be of interest. Attention is focused particularly on
a-helical secondary structure as this appears to occur in a wide variety of proteins.
Experimental data on the occurrence of a-helical sequences in globular proteins are
derived from combined amino acid sequence studies and single crystal X-ray studies.
Such data are now available for myoglobin (1, 2), lysozyme (3, 4), ribonuclease
(5, 6), a-chymotrypsin (7, 8), and, in part by inference, for a-, 8-, and y-hemoglobin
(9-11). Useful data are also accumulating from optical and X-ray studies of syn-
thetic polypeptides in solution (12-15). Two general approaches to the analysis of
a-helical distribution may be taken. In one, which may be termed the “fundamental
approach,” the analysis proceeds from considerations of physical chemistry and
statistical mechanics (16-22). In the second, which may be termed the ‘“‘empirical
approach,” the analysis proceeds directly from a study of the experimental data
(23-32). The present paper takes the second approach.

In carrying out an empirical analysis of a-helical distribution, it is useful to keep
the present theoretical picture, as derived from fundamental studies, in mind. In
general, the secondary structure of a protein is known to be strongly dependent on
the solvent present. The transition from a coiled structure to an «-helical structure,
say, is considered to be a particular example of a cooperative process. The study of
cooperative processes usually begins with the Ising model (33). Ising approached
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the general problem of phase transitions from the statistical mechanical viewpoint.
The fundamental problem is to calculate correlation functions between nearest
neighbors and infinitely separated neighbors.

In applying the Ising approach to the problem of the helix-coil transition, it has
proved useful to think of the “nucleation” of helical segments and their subsequent
“growth” (16-22). The general notion of nucleation and growth is employed ex-
plicitly in the model considered below.

ANALYSIS OF DATA

Before describing the model, it is advantageous to examine the data for those pro-
teins whose primary, secondary, and tertiary structure is now known. Table I con-
tains a summary of the number of times each residue occurs in a helical or nonhelical
region for each of seven proteins. There are over 1000 residues, which are almost
evenly divided between helical and nonhelical regions. It will be seen that some
residues, such as alanine (Ala) occur twice as often in helical as in nonhelical regions,
whereas the reverse is true for other residues such as threonine (Thr).

It is also useful to examine the data derived simply from amino acid compositions
and optical rotatory dispersion measurements, as was first done by Davies (23).
That is, for a given protein, the a-helical content is known, the amino acid compo-
sition is known, but the primary structure (in general) is not known. The data se-
Iected from that compiled by Davies refers to those proteins which are presumably
not homologous. These data have been plotted for each individual amino acid as a
function of the helical content of the respective proteins in Figs. 1, 2, and 3. Each
point on each plot represents the amount of a given residue in a protein having a
certain helical content (see legend, Fig. 1 for list of proteins). The residues denoted
by Asn, Asp, Gln, Glu, CyS have been plotted for four proteins only, since they
have not been determined separately for the other proteins. Two plots are shown
for combined residues, namely, alanine plus leucine, and serine plus threonine
(cf. Fig. 3). Note that equal numbers of residues are positively and negatively
correlated with helical content (i.e., 10 each).

These data (i.e. Table I and Figs. 1-3) may be utilized in a variety of ways. Mainly,
we are interested in ranking the various residues according to their tendency to
occur in helical regions. Since the data are primarily derived from seven proteins
(Table I), it is useful to ask how typical of proteins in general this sample may be.
An estimate may be obtained by ranking the residues according to their frequency
of occurrence and comparing the resultant order with that calculated from a larger
(random?) sample (34). Such a comparison is given in the top two rows of Table II.
It will be seen that while the observed sample is generally similar to the random pop-
ulation, the sample appears to be biased in favour of valine and histidine and
deficient in arginine and methionine.

In Table II the residues have also been ranked according to four different criteria.

JoHN W. PROTHERO A Model of Alpha-Helical Distribution in Proteins 1237



*(A-qH ‘g-qH ‘©-qH) suiqojSowdy 4 pue ‘g ‘© oY) pue ‘(wAyD) ursdAnowys-» ‘(3SYNY) 958d[onuoqia ‘(A7) SWAZOSA]
‘(Q) uIqo[8oAw surdjoad oY) Joj suoidal ([SYN) [BdI[oyuou pue ([9H) [BSI[3Y Ul SINOJ0 INPISAI OB SIWI) JO JAQUWINU 3Y) JO LIBwIwins y

801 06 VC T OL <8 Lt v ST T8 101 2¢ Sb L8 ¢ ST 9T ¢V 99 8¢ It OIl 3 21
1324 8¢ ¥I O1 9 T €& ¢ 9 8¢ 8¢ 81 LT T¢ €SI SI 0T O ¢¢ T¢ €I LE TPUN

1129 7 Ol T T €€ ¥I LT 6 b €9 vl 8 6¢ 8 O 9 ¥ 1€ 9 81 €L IPH  s[eloqug
£€ [4 0o o0 € £ 1 Y 0 € ¢ 0 [N 4 < 0 o0 o S o0 0 o PUN

€11 nm ¢ € L 8 € € [4 6 Vi 14 S 6 0O 0 O 1 8 0 € 1I1 I°H L-qH
(2% € 0o 0 ¢ [4 [4 14 0 T ¢ 0 € ¢ 0 o0 O ¥ o0 0 O PUN

€11 €1 ¢ [4 € € Y 14 1 8 ¥ 0 L on 6 0 0 ¢ 6 O € SI I°*H §-qH
€€ < 0o 0 I 4 14 (4 1 | S 0 £ 0 11 0o 0 0 Y 0 1 ¢ PUN

801 | § S * 1 8 6 € S 1 01 €1 0 L L vy 0 O 1 L 0 Z 9 PH »-qH
LEC (44N 4 8 1T LT 6 9 < vl 81 01 ¢ 8¢ ¢ 8 or o 8 ¢ € 0T [PUN

8 1 0o 0 1 o 0 0 0 0 1 0o 0 0 o0 ¢ 0 0 O 1 0 ¢ IPH wiy)
001 L 9 0 O %I ¢ (4 [4 g8 0 € € € v ¢ L 0 Y 8 ¢ 8 PUN

174 ¢ 0 0 o 1 0 1 (4 ¢ T 0 1 0 I € 1 0 1 1 (AN 4 I°*H SVYNYA
€L 1 € < 9 v (4 < I v ¢ v 0 o1 O [4 € 0 L or 9 ¢ PUN

9s S 0 ¢ 1 9 0 I I (A 4 [4 1 < (4 1 S 0 1 € s 01 PH Yy |
123 1 1 0 1 0 1 € 0 9 ¢ 1 s v @ 1 0 0 T 1 I @ PUN

611 L [4 [ 4 9 £ € (4 €1 S1 8 L L i v+ 0 o0 S 1 € SI IPH QN
oL A AL i I ®§ ol d WW SAT I I SIH LD ND WD SAD HSA) dsy uwsy By ey sy waj01g

SNOIOHY TVIOITAH NI SINAISFY 40 FONTIINDD0
1 314Vl

BiopHYSICAL JOURNAL VoLuMmE 8 1968

1238



PER CENT HELIX vs.RESIDUE

Per cent helix

Residue (mole per cent)

FIGURE 1 A plot of helical content in various proteins vs. the mole per cent of individual
residues. The proteins include either chymotrypsinogen A, ribonuclease, pepsin, tobacco
mosaic virus, lysozyme, ovalbumin, heavy meromyosin, bovine serum albumin, myoglobulin
and paramyosin, or in some cases only myoglobin, lysozyme, ribonuclease, and chymotryp-
sinogen A. Data adapted from that given by Davies (18). The solid line represents the Jeast
squares regression equation and the broken line represents one standard deviation.

In general, the residue r; precedes the residue r; if the coefficient ¢; is greater than
the coefficient ¢; , where the coefficients c; , ¢; are calculated according to one of the
four following relations.

For the residue 7; the coefficient ¢; is given by:

Rank 1 ¢; = [(Hel)/(1084)] X 100
Rank 2 ¢; = [(Hel)/(NHel)] X 100
Rank 3 ¢;

(Hel/NHel)(Hel 4 NHel) if Hel > NHel
— (NHel/Hel)(Hel 4+ NHel) if Hel < NHel

Cs
Rank 4 ¢; = correlation coefficient of regression lines shown in Figs. 1-3.

where Hel (NHel) is the number of times a residue occurs in a helical (nonhelical)
region (1084 is the total number of residues appearing in Table I).

The first method, rank 1, is simply a measure of how often a given residue occurs
in helical regions. Thus, alanine occurs more frequently than any other residue in
helical regions (see Table I).

The second method, rank 2, is a measure of how often a given residue occurs in
helical regions as compared to nonhelical regions, without regard to how often that
residue occurs in the whole population. This method of ranking can give a possibly
spurious result, as in the case of CySH, which occurs four times in helical regions
and zero times in nonhelical regions, thus giving an infinite value of ¢; . The third
method is basically similar to the second, but has the effect of forcing those resi-
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dues which are negatively correlated with helical regions over to the far right. The
fouth method is based on the data adapted from that assembled by Davies and plot-
ted in Figs. 1-3. The residues have been ranked according to the correlation

coefficient associated with the regression line for each plot.

PER CENT HELIX vs. RESIDUE

Per cent helix
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FIGURE 2 See legend for Fig. 1.
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FiGURE 3 See legend for Fig. 1.

It is of interest that regardless of the method by which the residues are ranked,
certain residues consistently occur at the far left of Table II (i.e., are highly corre-
lated with a-helical distribution). Thus alanine, leucine, and glutamate occur in the
first five residues in each case. The presence of CySH at the far left is doubtless
spurious, as indicated above. A similar statement cannot be made about any residue
on the right, although Asn, Thr, Ser, and CyS occur there frequently. Valine is
anomalous; in that it occurs on the left twice, roughly in the middle once (rank 2),
and on the right once (rank 4). It is doubtful if any significance can be attached to
the precise ordering of the residues. The pattern, however, is likely to be significant.

1240 BiopHYSICAL JOURNAL VOLUME 8 1968



*(1%33 935) UONINQLIISIP UOSSIOJ B WOIJ PIALIIP 319/ SUIIN[OD P3)B[Nd[ed 3y I, ‘JuawiBas 5|SUIs B UF N0 sINPISAI
OMm} AJUO puB OM} JO U0 A[UO PUB IUO SIWI} JO JaqUINU 3y} SurUN0d pue (ueds 393s) QI-7 q13u9[ Jo syudwBas 9AIssIdONS 03Ul Udj01d Yors SUIPIAIp £q
pauteiqo (wAyp) uisdAjowsys-o pue (3sYNY) 958219NUOQLI (£7) SWAZOSAT (QIN) UIqO[30Lw surai01d Inoy oy ur dulue[e Jo UonnqrIsip paAIasqo aqL

VOF IV €/190F 16 [TH|(VOFTCT! €{90FC C|VYOFTT, V(90 FCS E([SOFTE| S|90F 9 | b 01
POFOV| 9/90F 66 (6 (vOFTT| 1/]90FC 9P 0FTCT| €(90FC 9|1¥0FCTE| £€/90F9 |8 6
POF6€E| V| 90FBO(ZI|(E0OFTI'T| T|90F9 VivoOFI1T| €/90FO9 E(POFTE] CI190F L | L 8
E0OFLE|] 990 F 8IT|(OT|EO0FOC| ¢€|90F09 VI €OFOT| 2T|90F09 S|vOFTIE YV |N90F8 (6 L
€EOFCE] S(90F 6CT{0F|€E0F QI 1/90FL 91€0F 61 [190F L LIEOFO6T| €|90F 6 |11 9
ECOFTE| P ISOFIPIL{VI([ECOFITI| T|SOTFL L{€0OF8I| €[90F8 9| E€E0OFLT| €|90FOI|1IT Y
TOFRT| v | SOFESI|VI|(TOFEL| T|SO0FS 8170FCI 1(S0F8 LIEOF VT, T(SOFII|€I 14
TOFET| TISOF 69T {LI{TOTFOT 1/SO0F6 LITOFETI| T|SOFE6 8(TOFOT| T|SOFCT|SIT €
TOFLI| V| POFVSLIVI|TOF 8T C{YOFOI| 8/1TOF60| Z|voFor| 8l10F¢1 T|¥0F ¥1|SI <
BiLe] $q0 Lo $q0 Jred $q0 o) $q0 bLe] $q0 18D $q0 ored $q0 ored $qQO ueds
ueds /sy
[4 I [4 1 [ 1 [4 I /54
WAy BYNA A1 aN

SNIZLO¥d ¥NO0d NI ANINVIV 40 NOILLNAII1LSId
I 3T7dVL

*1X9) 308 Supjuel JO poylaw Jog -39 9y 0} Suraq Aouspudy
159431y oY} ‘SUOISAI [831]9Y Ul INO20 03 £OUIPTI] 11dY) 0} BUIPIOIIL SINPISII SNOLIBA IY} JURI SMO INOJ WOII0G YL '] 9[qBL UY PIZA[euR sUI0104d UASS
3y} Ul Aouanbaly paAIasqo Yy SIAIZ MOI puodss AL *([€) suIal0id Jo o[dires WOPUEI B U SINPISII JO IOUILINDI0 JO Aousnbaly ay) saA18 mo1 doy 2y,

[BA | 19§ | UL, | o1d | AD | AL (dIL| 3Ug | SII| W | SAD | usy | UD | dsy | SIH | s&T|8av | ey [nio| noq p Juey
usy | 13§ | WL | A1 | SAD | dsv | 01d |3Ud | U[D | o[ | AL | diL | P | 81y | SIH | SAT | [BA | nID [ o | By HSAD £ Juey
Usy | SAD | YL | 01d | 19§ | U[D | A[D |9Ud | JAL | OI[| dsy | sh7 | diL | [eA | 81v | B | SIH | 0o | e[y | nio | HSAD ¢ Jusy

HSAD | 6D | usy | PN | U[D | JAL | diL |01d | o[ |oyd |81y | 1yl | SIH | dsy | 108 | A1D |n[D | s | [eA |na BV 1 Juey

P | diL | JAL | XAD 81y | 9Jf [oid| ayd | SIH | YL | X[D | s&T | 1S | £1D | [2A | naq XSy B]V | PRAIaSqQO
SIH | diL | XAD | JAL [oUd | 9 | 21I| 03d | 1L | 81y | [8A | 198 | SA&T | £1D | na | xsvy X[D B]Y | wopuey

NOILISOdSIA TVOITHH Ol 1O3dSHY HLIM Aad3aydo SANAISHd
II 3714V



TABLE IV
DISTRIBUTION OF LEUCINE IN FOUR PROTEINS
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TABLE V
DISTRIBUTION OF ALANINE-LEUCINE IN FOUR PROTEINS
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Alanine and leucine were treated as a single residue in preparing this Table. See Table I1I and text.



In formulating a rule pertaining to «-helical distribution it is also useful to con-
sider the sequential distribution of the various residues in the proteins under study.
Are the residues randomly distributed within a given protein and, if not, are the
deviations consistent from protein to protein? A simple approach to this question is
to divide each protein into successive spans of the same length and count the number
of times a given residue occurs once and only once, or twice and only twice in the
population of spans. The observations may be compared with that predicted for a
random distribution, say, as given approximately by a Poisson distribution. In the
first column of Table III the number of times alanine occurs once in regions varying
in length from two to 10 is indicated, for the protein myoglobin. Thus, if myoglobin
is divided into 76 spans of length two, it will be found that alanine occurs singly in
15 spans and doubly in but one span. The calculated figures are 14 + 0.4 and 1.5 ==
0.1, respectively, where the plus-minus quantities are standard deviations. Taking
into account the fact that the observed values are necessarily integral, whereas the
calculated values are generally fractional, it will be seen that the observations and
the calculations are in good agreement in this instance. In other instances there
appear to be statistically significant deviations, as in the case of a-chymotrypsin for
a span two, in which case a single alanine residue is predicted to occur 18.4 + 0.4
times in spans of length two, but is observed only 14 times. However, and this is the
main point, there does not appear to be a consistent pattern of deviations from the
predicted values for any given span and for all four proteins.

The same hypothesis is tested for leucine in Table IV and again there does not
appear to be a consistent pattern of deviations.

Given that individual residues are randomly distributed, at least when the pro-
teins are considered together, it would still be possible for the distribution of pairs
(or triplets, etc.) of residues to be correlated in their distribution. To test this
hypothesis, alanine and leucine have been lumped together and treated as a single
residue. The results are given in Table V. Again, there do not appear to be any con-
sistent deviations.

It is concluded that the residues, whether taken singly or together, are, to a first
approximation, randomly distributed. The phrase “first approximation” must be
emphasized inasmuch as studies have shown that subtle correlations do, in fact,
exist (28-31). However, the conclusion that the residues are randomly distributed
and that, in any event, the deviations are not consistent from protein to protein,
appears to be sufficiently accurate for the purposes of the following model. Alterna-
tively, Tables III-V support the hypothesis that, given deviations from random,
these are not consistent from protein to protein.

MODEL

The proposed model is based on the assumption that there are two, three, or pos-
sibly four classes of residues: (a) primary helix formers (PHF), (b) secondary helix
formers (SHF), (c) indifferent residues (IR), and (d) helix destabilizers (HD). By
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hypothesis, when the primary helix formers (PHF) exceed a certain threshold (see
Appendix for definitions), a helix will be “nucleated” in that segment of the poly-
peptide chain where the threshold is exceeded. Furthermore, it is assumed that once
nucleation has occurred, growth can take place either from one end or both ends
provided some second, presumably lower, threshold is exceeded. Growth is as-
sumed to occur if either PHF or secondary helix formers (SHF), or both exceed
this threshold level. It is convenient to think of growth as taking place in increments
of some given length (i.e., given number of residues). It is also useful to think of
cycles of growth, In the first cycle the first increment is examined to see if the thresh-

HELIX CONTENT AS A FUNCTION
OF THRESHOLD AND SPAN
| Limited growth

1 G.1=3
THD=43% THD=50% THD=60%

%
2 504 = 30 .

- 0 \ 30 FIGURE 4 The averaged helical content
S 4 Oi 10 '2 of 100 proteins (hypothetical) containing
§ varying percentages of primary (PHF)

0
; o: and secondary (SHF) helix formers.
130 Thus the curves on the right correspond
- 20 30 to the average helical content when the
1 os \ 30\ 20 19 e PHF vary over the range of 10, 20, and

\
i \ ’g 30% and the SHF vary over the range
| \ SHE . 0, 10, and 30%,. One cycle of growth
o 10 =10 moxﬁi with increment (GI) of three.
56789 45678 5678
Span

old is exceeded, and if it is, then the next increment is examined, and so on. The
characteristics associated with no growth (NG), one cycle of growth (limited
growth), and repeated cycles of growth (unlimited growth) will be examined. The
values of thresholds (THD), spans, per cent helix formers, and growth increments
(GI) to be considered are summarized below.

Average Span Helix formers Growth
threshold pa per cent increment
No. residues X
per cent PHF SHF No. residues
43 57,9
50 4,6,8 10, 20, 30 0, 10, 30 3,4
60 57,8

.
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An experiment is carried out as follows. A given number of PHF (say 10) is
randomly inserted in a protein 100 residues long (i.e., using a computer program).
Then a given number of SHF (say 10) are also inserted, again randomly. The protein
is now allowed to nucleate in those regions where the threshold (say three PHF in a
span of six, i.e. 50 %) is exceeded. The nucleated regions are noted (this corresponds
to no growth). Then one cycle of growth is initiated, say with a growth increment
(GI) of three. Next, repeated cycles of growth are carried out until no further change
occurs (i.e. unlimited growth) and again the results are noted. The total helical
content is calculated for the three cases of no growth (nucleation only), limited

HELIX CONTENT AS A FUNCTION
OF THRESHOLD AND SPAN

100~ Limited growth
GlL=4

904 30 THD=43% THD=50% THD=60%
410

Per cent helix

FiGure 5 See legend for Fig. 4.
Differs from Fig. 4 in that growth in-
crement (GI) is four. Results for no
growth (NG) are indicated by broken
line.

growth, and unlimited growth. Finally, the whole experiment is repeated 100 times
and the mean helical content is calculated. Similarly, 100 experiments were carried
out for all combinations of the values given above. The first two residues were not
included in computing the helical regions (see below). A growth threshold of 25%
(i.e. one in four) was used whenever the growth increment was four and a threshold
of 33% whenever the growth increment was three.

The results of the experiments are summarized in Figs. 4, 5, and 6. The results in
Fig. 4 correspond to limited growth, with a growth increment of three. It will be
seen that raising the threshold, especially from 50 to 60%, dramatically decreases
the helical content. On the other hand, introducing SHF generally has a much
smaller effect. Increasing the span at constant threshold also decreases the a-helical
content, in some cases markedly.
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Fig. 5 gives the results for limited growth, with a growth increment of four, as
well as the results for no growth (nucleation only). It will be seen, on comparing
Figs. 4 and 5, that increasing the growth increment from three to four has a very
small effect, as would be expected. Except at the higher threshold, going from the
condition of no growth to growth without SHF also has little effect.

Fig. 6 gives the results for unlimited growth, with a growth increment of four. For
high levels of PHF and SHF the helical content becomes essentially independent of
span at the lower thresholds. The helical content is more sensitive to SHF content
than it is in the case of limited growth.

HELIX CONTENT AS A FUNCTION
OF THRESHOLD AND SPAN

Unlimited growth
G.l.=4

1004 .
130-_THD=43% " THD=50% THD=60%
J 30
90- 3Ig 30\30 30
i0
80+
o 30
704, 0 % 10
. 30
4 10
60 20 30
x 1o 30 0 3?
3 50430
&50 20 PHF
] 30 /
<
L 404 0
;. 1 20 30
Q 30- 0
iy 20 20 30
10 0
201 20 . .
]o " FiGURE 6 See legend for Fig. 4. Dif-
lo- 0 s . fers from Fig. 4 in that growth incre-
SHE N 20 ment (GI) is four and growth is
o 0 10 '%&_\ ‘.*8 unlimited.
56789 45678 5678

It should be noted that the thresholds indicated in the above figures are mainly
average values. In the case when the threshold is 43 %, the actual values are 40 %
(2€), 43% (34), and 44 % (44). Again, where the threshold is 60 %, the actual values
are 60% (35), 57% (44), and 62% (53).

APPLICATION OF MODEL

In order to apply the model to proteins it is necessary to make some assumption as to
which residues may be PHF. On the basis of Table II it will be assumed for the
moment, that alanine and leucine are the PHF and, in fact, the only PHF. It is then
possible to compare helical content expressed as a function of alanine plus leucine
content, as seen in Fig. 3, with that which would be predicted by the above model
for the same percentage of PHF. We are particularly interested now in the effects of
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varying threshold at constant span. One can study these effects by interpolating in
Figs. 4-6 to read off the helical content for any given span. Thus, although a thresh-
old of 50 % is not particularly meaningful for a span of five, say, in the present mode!
(i.e. 214 PHF), nevertheless, one can, by interpolation in Figs. 4-6 determine what
the helical content would be if the threshold were 50 %.

The data have been plotted in Fig. 7 for the case of unlimited growth with a growth
increment of four and a nucleation span of five. It will be seen that the agreement
between the model (solid lines) and the observations (dotted lines) is about equally
poor for all three thresholds. It is notable that the per cent helix predicted by the

HELIX CONTENT AS A FUNCTION
OF THRESHOLD AND PHF
Unlimited growth
Gl=4

Sb6n=5
1007 THD:-40% THD=50%  THD=60%
1 30 :
901 t
] : T
801 H
J 0 i
| SHE
701 .
60 /
X 0
$ 501
IS 40: Ficure 7 The smooth curves are
N derived from Fig. 6 by interpolation.
¢ 304 Effectively they indicate how the helical
i content varies with the per cent of PHF
204 ;' (i.., span constant). The dotted line
| H represents the least squares regression
Io- :' line relating helical content in 11 pro-
i ! teins to the alanine plus leucine con-
;e tent (cf. Fig. 3).

0 102030 © 102030 O 10 2030
Primary helix former (per cent)

model is very sensitive to the SHF content. If SHF doexist, and varyin amount from
protein to protein in the range 0-30% as would seem reasonable, then unlimited
growth is perhaps unlikely. That is, the close correlation between helical content
and alanine plus leucine content would necessarily be spurious.

The data are plotted in Fig. 8 for the case of limited growth, with a growth in-
crement of three and a nucleation span of four. It will be seen that the fit is much
better at 43 and 50 % than at 60 %.

In Fig. 9 the data are plotted for the same case as Fig. 8, but with a span of five.
Also, the data are plotted for the case of no growth. It will be seen that the fit is best
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at the lowest threshold (40 %, i.e. 2£). As might be expected, the difference between

no growth and growth with no SHF is very slight.
Finally, Fig. 10 shows the effect of increasing the span to six. The fit at the lowest

threshold is now quite good. Furthermore, the helical content is only weakly de-

pendent upon the SHF content.
The fact that a good fit can be obtained between the model and the observations is

an interesting result (i.e., Fig. 10). Furthermore, the fact that the model is not, in
the given range (THD = 43 %, span = 6), very sensitive to SHF content is en-

HELIX CONTENT AS A FUNCTION

OF THRESHOLD AND PHF
Limited growth
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Span=4
1007 THD=43% THD=50%  THD=60%
. ' . )
30
90- ! i !
_ ! ]
] |
801 0 d % J
T o of
70 ! !
! !
] i e .'
« 607 ; !
I i
N hoo g%
- )
s : s;u:‘
AX) L]
> 40 1 ! 0
() ] I
< i !
304 b J'
4 ! 1 FIGURE 8 See legend for Fig. 7.
20- ! K Differs from Fig. 7 in that growth is
i :' ‘: limited, the growth increment (GI) is
10 ! i : only three and the span is only four.
. :' ..' Derived from Fig. 4, in part by extra-
o+ Lt A polation.
0102030 O 102030 O 102030

Primary helix former (per cent)

couraging because it gives hope that the helical content can be predicted tolerably

well just from a knowledge of the PHF content.
It had been shown earlier without justification that a crude rule based on this

type of argument would work, at least in the case of myoglobin and lysozyme (35).
Since that time, two further structures have become available and it is accordingly
of interest to see if a somewhat refined rule, based on this model, is applicable both

to the old and the new data.
In formulating a rule designed to predict helical segments of a polypeptide, it is

essential to employ some measure of “goodness of fit,”” inasmuch as visual estimates
of goodness of fit are subjective and possibly misleading. Two measures of goodness
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of fit (GF) will be employed:!

GF, =

GFz =

r— N;
(M) x 100

<1_

NHO - NEC
NEO

)XIOO

(1)

(2)

Where N is the total number of residues, N; is the number of residues predicted
incorrectly (i.e. predicted to be helical or nonhelical when the reverse is the case),
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Npgo is the observed number of helical segments, and Ny is the calculated number
of helical segments (i.e. neglecting abrupt corners). For a given rule and a given
protein, the two measures of goodness of fit will be written in the form GF,/GF..

1 A more stringent measure of goodness of fit is obtained by subtracting the number wrong (N1)
from the number right. In the above nomenclature this is equivalent to:

Nr — 2N;
GF = | ——— } X 100.
Nr

This measure is 50%, when GF, is 75%, (see Table VI). It is a matter of judgment whether the more
pessimistic estimate is more realistic. Less stringent measures than GF, are also possible.
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Note that whereas the first measure (GF,) is a reliable indication of one type of
goodness of fit (i.e. net agreement), the second is merely a measure of the number
of discontinuities in the chain introduced by the rule. For example, a rule with a
short span (say three) and an intermediate or low value of threshold would be ex-
pected to give rise to many short helical regions. GF. is a measure of this tendency to
produce discontinuities calculated without regard to whether or not the helical
regions are correct. Also, note that GF; is 100% when the number of predicted
helical regions is correct, but is less than 100 % if the predicted number is either less
than or greater than the observed one. Finally, it may be observed that if GF, is
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high (say 75 %), then GF, is a fair measure of the number of helical segments cor-

rectly predicted. The converse is not true.

The two measures of goodness of fit have been calculated for six rules (see Table
VI) as applied to the seven proteins given in Table 1.

Rule 1. If the sum of alanine plus leucine exceeds 20 %, the protein is 100 %
helical; whereas if the sum is less than 20 %, the protein is 0 % helical. This may be
termed the ‘‘all-or-nothing” rule. GF, has not been calculated for this case inas-
much as the fit is necessarily very poor. As determined by GF,, however, the rule is
quite reasonable. This rule may be regarded as a limiting case in which the residues
are evenly distributed throughout the protein (i.e. highly ordered protein) and the
threshold is 20 %. In this event the helical content must be either 0 or 100 %.

JouN W. PROTHERO A Model of Alpha-Helical Distribution in Proteins 1251



Rule II. The threshold is 40 %, the span five, the PHF are alanine, leucine, and
glutamate (see below), and there is no growth. In calculating mean 1, the value of
GF, for a-chymotrypsin has not been included since it would dominate the expres-
sion. Suffice to say that Rule II and the subsequent rules predict too many helical
regions for a-chymotrypsin. In this and the following rules, the first two residues
have been treated as nonhelical.

Rule III. The threshold is 43 % and the span seven. Otherwise, the rule is the
same as Rule II. Agreement is slightly better than for Rule II.

Rule IV. The threshold is 44% and the span nine. Otherwise, the rule is the
same as Rule II. There is a marked drop in the mean values of GF; and GF, (see
mean 1) as well as in the mean of GF, and GF; taken together (i.e., mean 2).

TABLE VI
No. helical Goodness
Protein regions of fit
observed (per cent)

Rule — 1 2 3 4 5
Thr/span — — 2/5 3/7 4/9 3/7
GI — — 0 0 0 3
Mb 6 78 77/50 77/100 64/T1 67/83
Ly 7 57 76/57 73/43 68/29 65/14
RNAse 3 81 73/66 86/66 89/66 86/66
Hb-« 7 77 70/71 51/ 58/57 52/57
Hb-g 7 78 75/100 71/86 58/57 62/71
Hb-y 7 78 66/100 65/86 36/43 45/57
Chym 1 97 61/—900 73/—500 90/0 92/0
Mean 1 — 78 71.1/74.0 71.7/75.3 66.1/53.8 67/58
Mean 2 — — 72.6 73.5 60.0 62.5

Thetable summarizes the goodness of fit obtained in predicting the helical regions of the pro-
teins myoglobin (Mb), lysozyme (Ly), ribonuclease (RNAse), the a, 8, and y-hemoglobins
(Hb-a, Hb-8, Hb-v) and a-chymotrypsin by rules 1-5. See text.

Rule V. This rule is identical to Rule III but for the fact that limited growth,
with a growth increment of three, is allowed. Again, there is a marked drop in the
goodness of fit as compared to Rules I, II, and III.

Rule VI. The threshold is 60 %, the span is five, there is no growth, and the PHF
are alanine, leucine, and glutamate. This may be termed a “‘safe’” rule, in the sense
that the rule is designed to predict reliably only a proportion of the a-helical content
of proteins. This result is to be achieved by raising the threshold. The results are
summarized separately in Table VII. The first column gives the number of residues
predicted to be helical and the third the number which are correct. The second gives
the observed number. In the next to last column the ratio of the number of residues
correctly predicted to the total number of helical residues expressed as a percentage
is given. On the average, about one-third of the helical residues are correctly pre-
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TABLE VII

No. helical No. helical No. residues
Protein residues residues corr. predicted Per cent (c/b) Per cent (c/a)
predicted (a) observed (b) ()
Mb 54 119 46 39 85
Ly 21 56 20 36 95
RNAse 13 24 8 33 62
Hb-« 44 108 33 31 75
Hb-8 47 113 37 33 i
Hb-y 33 113 30 27 91
Chym 29 8 6 75 21

The number of helical residues predicted by the rule that any region of five residues which
includes at least three of the residues alanine, leucine, or glutanate will be helical. The first
“per cent column’ indicates the proportion of helical residues predicted, and the second
“per cent column” indicates the accuracy of the prediction. Proteins are myoglobin (Mb),
lysozyme (Ly), the «, 8, and y-hemoglobins (Hb-«, Hb-8, Hb-y) and a-chymotrypsin. This is
intended to be a ‘‘safe’’ rule which predicts a small proportion of the helical content reliably.

dicted. In the last column the residues which were correctly predicted are expressed
as a percentage of all the residues predicted to be a-helical. Even including o-
chymotrypsin, which has only eight helical residues and for which agreement is poor,
the rule is successful on the average in predicting about one-third of the helical
residues with about 75 % reliability (i.e., three out of four residues which are pre-
dicted to be helical are predicted correctly).

DISCUSSION

It has been shown that the alanine plus leucine content of 11 proteins (see Fig. 3) is
well correlated with helical content. It has further been shown that this correlation is
explicable if alanine and leucine act as primary helix formers to nucleate o-helical
regions in a polypeptide chain. A rule based on a nucleation model with randomly
distributed helix formers does give a reasonable fit (70-75 %) with the known protein
structures. Glutamate was included as a PHF on the basis of the analysis summarized
on Table II. Since glutamate and glutamine are not distinguished generally in the
amino acid composition tables, a plot of alanine plus leucine plus glutamate (cf.
Fig. 3) can only be made for four distinct proteins (myoglobin, lysozyme, ribo-
nuclease, and a-chymotrypsin). The effect, in Fig. 10 for example, of including
glutamate would be to move the dotted line somewhat to the right and to reduce the
slope. It is possible that the agreement would be improved, but until more data are
available, it is preferable to compare the data for alanine plus leucine in 11 proteins
to the model rather than alanine plus leucine plus glutamate in four proteins. Valine,
which was formerly regarded as a PHF (35), has been omitted because of its incon-
sistent ordering in Table II.

Some caution is warranted in concluding that alanine, leucine, and glutamate,
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for example, are in fact PHF. Until more structures are examined, it cannot be
ascertained whether a correlation between the distribution of one or more residues
and the distribution of «-helices is due to the given residues or to the displacement
of other, possibly destabilizing, residues. More complex effects are also possible.

Nevertheless, a simple rule which attributes the nucleation of a-helical regions to
alanine, leucine, and glutamate is in reasonable agreement with the observations.
Until more data are available, attempts to obtain a better fit by taking into account
detailed effects such as those of proline, or a vector type of nucleation and growth,
or specific interactions between residues, do not appear to be warranted.

APPENDIX
Definition of Terms

Primary helix formers (PHF) are those residues whose presence at threshold level is neces-
sary and sufficient to produce a-helix nucleation.

Secondary helix formers (SHF) are those residues whose presence at threshold level is
sufficient to produce growth of an a-helix.

Helix destabilizers are those residues whose presence at threshold level is sufficient to pre-
vent the nucleation and /or growth of «-helices.

Indifferent residues are those residues which are neither helix formers nor destabilizers.

Span refers to a segment of given length of a polypeptide chain (i.e., a given number of
consecutive residues).

Threshold is the number of helix formers (i.e., PHF or SHF) required to produce either
nucleation or growth, expressed as a percentage of either the span or growth increment. Thus,
if three residues (PHF) in a span of six are required for nucleation, then the nucleation thresh-
old is 509%,. If one residue (PHF or SHF) in an increment of three is required for growth then
the growth threshold is 339.

Growth increment (GI) is the number of residues considered to be involved in one cycle of
growth. Thus if the growth increment is three, growth will be considered to take place by the
addition of three residues to the helical segment in each cycle of growth.

Per cent helix is derived by dividing the number of residues in helical segments by the
total number of residues and multiplying by 100.

Limited growth is one cycle of growth after nucleation.

Unlimited growth is repeated cycles of growth carried out until growth ceases.

Received for publication 13 June 1968.
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