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ABSTRACT A 20 X 20 table of tripeptides has been
compiled that may be used to locate ft-sheet breaking and
a-helix breaking residues in proteins. It is based on the
definition of an a-helical and a 6l-sheet domain on the
(V,b) map based on the occurrences of a-helices and fl-
sheets in 12 known proteins whose sequence and three-
dimensional structure have been determined. Each entry
in the 20 X 20 table lists three numbers, the frequency of
occurrences of the middle amino acid (n) in relation to its
nearest neighbors (n - 1) and (n + 1) in the a-helical
domain, the f-sheet domain and outside these regions.
The regions between two fl-sheet-breaking residues would
be permissively ,f-sheet regions. The sequence of concan-
avalin A has been examined in this manner and of the 13
f-strands defined by x-ray crystallography, 10 were in
agreement with the permissively fl-sheet regions and, in
the remaining three, fl-sheet-breaking residues were the
third in one, and the third, fourth, and fifth residues in
another, and the sixth residue in the third from the begin-
ning of the fl-strands. The findings provide strong support
for the role of nearest-neighboring amino acids in deter-
mining secondary structure of proteins.

The influence of nearest-neighbor amino acids, (n - 1) and
(n + 1), on the conformation of any amino acid (n) in a pro-
tein molecule has been extensively studied (1-4). Two ap-
proaches have been developed, both empirical and based on
data on the (4, 4) angles of the middle amino acid (n) in
tripeptides (n - 1) (n) (n + 1) compiled from proteins whose
sequence and whose three-dimensional structures were known.
The first (1, 4) locates an a-helical and a ,8-sheet domain on a
(), 4') map based on the (4, A) angles of residues in these
proteins known to be in an a-helix or in a f-sheet, excluding
the end residues. The sequences of these known proteins are
then examined as tripeptides e.g., 1, 2, 3; 2, 3, 4; 3, 4, 5, etc.,
with respect to the nearest-neighboring amino acids (n - 1)
and (n + 1) to evaluate their influence on the (4), 4') angles
of amino acid (n). These effects can be summarized in a 20
X 20 table of (n - 1) and (n + 1) that lists the number of
instances in which the middle amino acid of a tripeptide
occurred in a right-handed a-helical conformation, in a ,i
sheet conformation, and in neither, as observed in proteins
with known tertiary structures (4). For a given pair of nearest-
neighbor amino acids these three numbers may provide in-
dications of their tendency to disrupt a-helices and f-sheets
(4). Thus for the nearest-neighbor tripeptides, Tyr-( )-Tyr
and Lys-( )-Leu, the incidences of values in the a-helical
and f-sheet domains and in neither were 0, 2, 3 and 11, 0, 6
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and the residue in the middle of each tripeptide would be
designated as an a-helix-breaking or a f-sheet-breaking res-
idue, respectively. The sequences between two a-helix-break-
ing or two f-sheet-breaking residues are termed permissively
helical or permissively f-sheet regions. The table, which con-
siders only the influence of amino acids (n - 1) and (n + 1)
without regard to the nature of amino acid (n), may be used
with but a single sequence.

This 20 X 20 table has been used successfully with several
proteins, e.g., variable regions of light and heavy chains of
immunoglobulins whose three-dimensional structures have
not yet been determined and with cytochrome c, cytochrome
b5, thermolysin, etc., to. predict the absence of a-helical seg-
ments at specific regions (1, 4). However, due to limited data
on proteins with extensive f-sheet segments, the predictive
power of this table on the absence of f-sheets has not been
fully studied, earlier observations having been made only
on papain (4).
The second approach (2, 3) uses the exact (4, 4') angles

of (n) in tripeptides in known proteins or tries.to approximate
them if exact values are not available, and attempts to pre-
dict a set of (4, 4') angles for other proteins whose sequence
is known. These (4, 4) data are expressed in twenty 20 X
20 tables to encompass the 8000 possible tripeptides. For
the selection of a set of (4, 4) angles by this method, a series
of homologous proteins of known sequence is required.
Human X immunoglobulin light chains (2) and 18 cytochromes
c from 18 species have been examined (3).

Recently, the primary (5) and tertiary (5, 6) structures
of concanavalin A, a metalloprotein lectin with receptor sites
most specific for a-D-mannopyranosyl residues (7) and which
precipitates with various polysaccharides and glycoproteins
and (8-11) agglutinates (8, 12, 14) and is mitogenic (15) for
certain cells, have been elucidated. It is made up of many iB-
sheet regions; as deduced from the x-ray data (5, 6). The pres-
ent study locates the f-sheet-breaking residues in concanavalin
A based on its primary amino-acid sequence using the first
procedure and relates the position of these residues to the
observed f.;sheets.

EXPERIMENTAL DATA
The 20 X 20 table (4) was coDstructed from the known terti-
ary structures and sequences of 11 proteins: Sperm whale
myoglobin (16), the a- and f-chains of horse oxyhemoglobin
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TABLE 1. Frequency of occurrences of various conformations of amino acids at position (n) based on the
(n-1)
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The first value in each entry gives the number of occurrences in the a-helical domain, the second those in the ,8-sheet
region, and the third those in neither region [including those on the borders of the a-helical and W-sheet domains as defined
(see refs. 1 and 4)].

(Perutz, private communication), lysozyme (17, 18), tosyl-
a-chymotrypsin (ref. 19 and private communication), car-

boxypeptidase A (ref. 20 and private communication), ribo-
nuclease S (ref. 21 and private communication), subtilisin
(refs. 22 and 23 and private communication), lamprey hemo-
globin (ref. 24 and private communication), staphylococcal
nuclease (ref. 25 and private communication), insulin (refs.
26 and 27 and private communication), and horse cytochrome
c (refs. 28 and 29 and private communication). Since the
(O, 4) values of cytochrome b5 became available recently
(30, 31), they are also incorporated. The (O, A/) angles for
tosyl-a-chymotrypsin have been revised (32) and these values
have been substituted (Table 1). The delineation of the a-

helical and (-sheet domains have been described (1, 4).
In the tabulation of the a-helical and '3-sheet frequencies

for the 20 X 20 table, the end residues of the known a-helices
and ,;-sheets were excluded. It is thus not necessarily incon-
sistent to have a helix-breaking or (-sheet-breaking res-

idue as a terminal residue in an a-helix or p3-sheet. It is
also evident that there is no a priori reason for the permis-
sively helical or permissively (3-sheet regions actually to con-

tain a-helices or (-sheets. The test of the method rests on the
absence of a-helix-breaking and (3-sheet-breaking residues
inside of known helices and known ,8-sheets and its usefulness

rests on its ability to locate those portions of a sequence in
which a-helices and (-sheets might occur.

The primary (5) and three-dimensional (5, 6) structures
of concanavalin A have recently been reported. Asx and Glx
will be considered both as Asn and Asp and Gln and Glu,
respectively. When the nearest-neighboring amino acids are
both uncertain, their influence will be omitted.

RESULTS

Table 2 lists the (-sheet-breaking residues as well as a-helix-
breaking residues and the observed (3-sheets (5, 6) in con-

canavalin A. A (3-sheet-breaking residue is defined as one with
no occurrences in the regular (-sheet region (4) and with at
least three other occurrences as compiled from the data on the
12 proteins (Table 1). An a-helix-breaking residue, on the
other hand, is defined as one with less than 20% occurrences

in the a-helical region or with at least three occurrences in
the 12 proteins and outside the a-helical domain (Table 1).
Among the 12 (3-sheets reported by Edelman et al. (ref,

5 and private communication), seven (4-9, 25-30, 73-78.
92-97, 106-116, 140-144, and 209-215) are consistent with
the locations of the permissively (3-sheet regions. Their re-

cently added short (-strand 36-38 is also consistent. Of the
five inconsistent ones, in two (59-66 and 173-177) the hydro-
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amino acids at positions (n - 1) and (n +
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gen bonding shows irregular (-structure. Thus, only three
out of the 12, i.e., 48-55, 126-132, and 190-199, appear in-
consistent *with the locations of (-sheet-breaking residues;
the discrepancies involve a (-sheet-breaking residue 53 (2,
0, 1) as the fifth residue in the experimentally determined
,(-strand 48-55; the third residue, e.g., 127 (4, 0, 3) in 125-132
and the fourth and fifth residues, respectively, 192 (1, 0, 2),
193 (2, 0, 4), and 194 (2, 0, 1) in 190-199. The frequency
data for residues 53, 192, and 194 are quite sparse and might
not be (-sheet-breaking as more data are incorporated.
The values of Hardman and Ainsworth (ref. 6 and private

communication) for residues in (3-sheets as modified to fit the
sequence of Edelman et al. (5) (4-10, 35-38, 59-66, 74-79,
90-98, 106-116, 140-146, 171-177, and 209-216) are generally
consistent with the permissively (-sheet regions and with
the data of Edelman et al. (5) as considered above. However,
their (-strand 24-30 is not in agreement with (-sheet-breaking
residue 25 (3, 0, 2). Their 3-strand 90-98 would include the
,8-sheet-breaking residue 92 (0, 0, 3) as the third residue in
the sheet rather than the first. Their (3-strands 45-56, 126-
132, and 191-199 show the same (-sheet-breaking residues
inside the strands as discussed above. Their additional
strand 154-156 fits well with (-sheet-breaking residues 153
and 157.
The numerous a-helix-breaking residues together with the

helical wheel method (33) suggest that there are very few
helices. The only possible one, 211-218, that would be sup-

ported by the helical wheel method is at the locatiohaof one

of the observed (-sheets. The only single turn of observed
a-helix is at residues 81-85 (5, 6).

Probabilities for (-bends (34, 35) have also been calculated
by use of the table based on six proteins (35). The highest
ones are located at 19-22 (8.38 X 10-4), 165-168 (7.06 X
10-4), and 222-225 (4.99 X 10-4). From the actual model,
however, they are seen to be a bend involving five amino
acids and one of the metal ions, an extended chain, and a

distorted (3-bend with a Ca -Ca+3 distance of 8 it, respec-

tively.

DISCUSSION

Concanavalin A binds to certain polysaccharides to form
precipitates (8-11), is capable of stimulating lymphocytes
(15) and of agglutinating various somatic and germ-line cells
(13-15), and has a receptor site specific for a-linked D-man-

nopyranoside. Its three-dimensional structure includes ex-

tensive regions of (-sheets (5, 6). Based on its amino-acid
sequence, concanavalin A can also serve as a test case for
the predictive power of the influence of nearest-neighboring
amino acids on secondary structure of proteins (1-4).
Comparison of the experimentally observed (-sheets with

the (3-sheet-breaking residues taken from the 20 X 20 table
of the influence of nearest-neighbor amino acids shows ex-

cellent agreement. In comparing the findings with the x-ray

data of the Edelman group (5) and of Hardman and Ains-
worth (6) of the 13 stretches involved in (-sheets (5), only
five (3-sheet-breaking residues (53, 127, 192, 193, and 194)
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TABLE 2. Comparison of the locations of g-sheet-breaking residues and experimentally observed 1-sheets

S-3heets experimentally
observed

Hardman
and

Frequencies of residues Edelman Ainsworth
in 6-sheet et al. (5)* (6)*

,3-Sheet-breaking
residues

(n)

,- heets experimentally
observed

Hardman
and

Frequencies of residues Edelman Ainsworth
in #-sheet et al. (5) * (6) *

10 Asp (3, 0,1)
15 Thr (1,0,3)
20 Pro (4, 0, 8)
25 Ile (3,0,2)

42 Met (2, 0, 3)
43 Gln (0,0,3)

4 ile (4,1,'3)
5 Val (3,4,2)
6 Ala (2, 6, 2)
7 Val (6,1, 6)
8 Glu(1,1,3)
9 Leu(1,1,2)

25 Ile (3,0,2)
26 Gly (2,1,1)
27 Hle (5,2,2)
28 Asp (2,1,1)
29 Ile (1,1,1)
30 Lys (2,2,9)

36 Lys (3,3,2)
37 Thr (8,6,1)
38 Ala (1,2,8)

48 Gly (4,4,2)
49 Thr (4, 5, 7)
50Ala (0,1,3)
51 His (3,3,2)
52 le (1,1, 0)

53 Ile (2,0,1) 53 Ile (2,0,1)
54 Tyr (4,3,9)
55 Asn (4,1, 3)

59 Lys (2,1,2)
60 Arg (11, 0, 6) 60 Arg (11, 0,6)
61 Leu (2,0,1) 61 Leu (2,0,1)

62 Ser (9,1,4)
63 Ala (6,1, 8)
64 Val (12,2,6)
65 Val (6,1,5)
66Ser (1,1,3)

72 Asx 4

73 Ala (.21, 7) 73 Ala (2,I,7)
1, 0, 4 1, 0,4

74 Thr (4,3,9)
75 Ser (4,1, 3)
76 Val (1,1,13)
77 Ser (1,1, 3)
78 Tyr ( 4,2,4

4jl,4
79 Asx (2,0,3) 79 Asx (2,0,3)

('3, 3,4

(5,1, 3)
2,0,2

(0,0,7)
(0,0,3)

102 Lys (2, 0,1)
106 Thr (2, 0, 2)

92 Val (0,0,3)
93 Gly (1,1,3)
94 Leu (2,4,15)
95 Ser (9,1, 4)
96 Ala (1,1,13)
97 Ser (3,1, 3)

106 Thr (2,0,2)
107 Leu (4,1, 3)
108 Ile (6, 2, 7)
109 Ser (0, 0, 0)
110 Phe (1,1,13)
111 Ser (0, 0, 0)
112 Trp (6,4, 3)
113 Thr (0, 0,1)
114 Ser (1,2, 8)
115 Lys (7,2, 4)
116 Leu (6,1, 6)

4-9 4-10

25-30* 24-30

36-38* 35-38

48-55 45-56

59-66 59-66

73-78 74-79

92-97 90-98

106 -116 106-116

120 Ser (217
1,0,4

123 Glx (2,0,2)
126 Ala (5,1 3)

2,0,2
127 Leu (4,0,3)

135 Ser (5,0,4)
140 Asp (11, 0, 6)

153 Gly (1,0,2)

157 Leu (2,0,1)
158 Thr (7,0,2)
160 Val (2,0,1)
163 Asx )

Y

164 GIx (40.008)
0,0,4

165 Ser (L903)
1,1,1

174 Ala (3, 0,4)

177 Tyr
178 Ala
185 Ser

187 Ala

188 Glx
189 Ala

(2,0,4)
(0,0, 7)
(3,0,1)

2,2,3

5)
2,3,2

192 Phe (1, 0, 2)
193 Glu (2, 0, 4)
194 Ala (2, 0,1)

204 Asp (1, 0, 6)
207 Pro (3, 0,0)

218 Ble s ), 3
4,1,2

220 Ser(4'0,8)
0,0,4

230 Leu (3,0,4)
235 Pro (2,0,3)
237 Ala (1, 0, 2)

126 Ala (25 0 )

127 Leu (4,0,3)
128 His (1,1,1)
129 Phe (0, 0, 0)
130 Met (1,1,1)
131 Phe (2,0,0)
132 Asn (1,1,1)

140 Asp 11,0,6)

141 Leu (2,1, 0)
142 Ile (8-,3,2)
143 Leu (1,1,1)
144 Gln (4,2,7)

154 Asn (5,2,4)
155 Leu (2,1,0)
156 Glu (8,3,1)

173 Arg (4,5,7)
174 Ala (3,0,4)
175 Leu (3,1,2)
176 Phe (0,2,3)
177 Tyr (2,0,4)

190 Ser (12,2,6)
191 Val (1, 0,1)
192 Phe (1,0,2)
193 Glu (2,0,4)
194 Ala (2,0,1)
195 Thr (3,1,2)
196 Phe (2,1, 5)
197 Thr (2,2,2)
198 Leu (4,1,3)
199 Val (2, 3,4)

209 Asp
210 Gly
211 Ile
212 Ala
213 Phe
214 Phe
215 lie

(8,3,9)
(2,1, 0)
(4, 5, 7)
(0,0,0)
(3,1,2)
(0, 0, 1)

(6,2,0)

125-132 126-132

140-144 140-146

154 -156

173-177 171-177

190-199 191-199

209-215 209-216

* Edelman et al., private communication.
t Revisions based on corrections to fit sequence of Edelman et al. (5).

,6-Sheet-breaking
residues

(n)

83 Asx

85 Val

86 Leu
92 Val
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were inconsistent with the experimentally located 3-sheets.
Residue 53 was the sixth, 127 the second, and 192, 193, and
194 were the third, fourth, and fifth residues from the begin-
ning of the sheet in the Edelman list (5). The same residues
were inconsistent in the Hardman and Ainsworth list (6)
plus residue 25. The agreement of the crystallographically
determined $-sheets and the permissively #-sheet regions in-
dicate the utility of examining sequences of proteins using
the 20 X 20 table to locate approximately the permissively
a-sheet and permissively helical regions in unknown proteins.
The increase in the amount of data to 12 known proteins,

as compared with 5 proteins (1) and 11 proteins (4), improved
the 20 X 20 table for locating permissively a-helical and
,-sheet regions substantially, and as data on more proteins
accumulate the table should become even more discriminat-
ing. It will clearly be substantially improved when the (O,
i) angles on concanavalin become available and are added.

The authors are indebted to Drs. Gerald Edelman, George N.
Reeke, Jr., and Joseph W. Becker for pointing out the # sheets
on their model of concanavalin A and to Dr. Karl Hardman for
sending his data revised to conform to the sequence of Edelman
et al. (5). Aided by grants from the National Science Founda-
tion NSF GB-35243X to E.A.K. and NSF GB-31146 to T.T.W.
and in part by a General Research Support Grant from the United
States Public Health Service to Columbia University.
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