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Abstract. Antibody binding site are formed by six
hypervariable regions or complementarity deter-
mining regions (CDRs). The CDRs, three from the
heavy chain and three from the light chain, are
known as hypervariable segments and provide a
surface .complementary to that of the epitope. In
recent work it was found that the amino acids in
these positions fulfill different functions: Some play
a structural role and others are involved in the spec-
ificity-determining function. It is reported here that
the frequency of amino acids at hypervariable sites
is skewed. By means of an informational algorithm,
key physicochemical attributes of the dominant res-
idues were identified for some of those sites. The
results for about 1,500 antibodies suggest that ap-
proximately 35% of sites involved in the recognition
process require only general properties such as
composition, volume, and bulk or hydrogen bond-
ing which are satisfied by a small set of amino acids
instead of any one particular complementary amino
acid.
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It has been proposed that the number of main-chain
conformations of at least five of the six loops of the
complementarity determining regions (CDRs) seem
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to be limited (Chothia and Lesk 1987). The adoption
of specific backbone conformations is believed to
reflect the existence of a few key conserved resi-
dues in the loop of the antibody. This suggests that
some of the amino acids on the CDRs may have a
structural role, while the rest are involved in the
recognition function or are irrelevant. Moreover, it
has been proposed by Ohno et al. that there are only
seven specificity-determining sites on the CDR-1
and CDR-2 of the heavy chain and that these follow
a variability distribution far from random (Ohno et
al. 1985). A question then is, do the amino acids
responsible for recognition have general properties
that enable them to bind a diversity of antigens,
thus reducing the broad repertoire of possibilities to
a few solutions?

To study this possibility, an analysis of the fre-
quency of amino acids in 39 sites of the CDRs of the
variable heavy domain and 31 of the variable light
domain was performed in an alignment of approxi-
mately 1,500 immunoglobulins (Igs) (Kabat et al.
1991). The results of the analysis showed that some
of the sites are occupied by highly conserved amino
acids (column of conserved sites in Tables 1 and 2),
which indicates that these sites participate in main-
taining some structural characteristics of the recog-
nition region of Igs (Kabat et al. 1977; Ohno et al.
1985; Padlan 1990; Mian et al. 1991). In some sites,
the frequencies, in percent, of some of the amino
acids are apparently not as high as in other cases of
Tables 1 and 2 (for example, sites 27, 30, and 34 of
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Table 1. Composition of the CDRs of the variable heavy chain
Percentage composition®
Site® Conserved sites Hypervariable sites
CDR-1
26 G98% —
27 F48%, Y42% —
28 T62%, S22% —
29 F76%, L11% —
30 T50%, S41% —
31 S48%, D25% —
32 Y65%, F11% —_
33 — Y32%(20.60)*, W22%(17.09)*, G21%(11.48)*
34 M61%, 114%, V8%
35 — H26%(17.33)*, N24%(16.54)*, S20%(7.53)*, E9%:(6.07)*
CDR-2
50 — Y20%(13.83)*, R12%(2.15), V10%(3.36)*, A10%(3.11)*, E9%:(6.20)*, W6%(6.06)*
51 188% —
52 — N28%(18.29)*, S14%(3.55)*, Y13%(9.82)*, R12%(2.05), D11%(8.12)*, W8%(7.96)*
52a P56%, N15%, S10% —
52b K87% —
53 — G26%(13.72)*, N21%(14.02)*, Y13%(9.47)*, D9%(6.18)*, A8%(1.28)
54 — N27%(17.54)*, G27%(14.37)*, S23%(9.37)*, D14%(10.20)*
S5 G61%, S14%, Y13% —
56 — S$23%(9.57)*, Y17%(12.31)*, T16%(8.09)*, G13%(5.64)*, N9%(5.99)*, D8%(5.54)*
57 T76%,110% —
58 — N22%(15.26)*, Y19%(13.49)*, K16%(11.79)*, E10%(6.98)*
59 Y94% —
60 N48%, A21%, S12% —
61 — E27%(17.67)*, P18%(9.18)*, D15%(10.83)*, Q14%(10.08)*, A13%(6.14)*
62 — Kd40%(23.77)*, S37%(17.37)*, A9%(2.17)
63 F46%, V28%, 1.19% —
64 K77%, N9% —
65 G61%, S23%, D% —
CDR-3
95 — D14%(13.85)*, G14%(7.07)*, S13%(2.61)*, Y10%(7.28)*
9% — Y209%(13.60)*, G17%(8.61)*, R8%(— 1.40), D6%(3.59)*
97 — Y33%(19.82)*, G19%(9.66)*, D6%(2.91)*
98 — Y30%(17.77)%, G21%(10.60)*, D6%(3.67)*
99 — G25%(12.05)*, Y18%(10.96)*, S13%(2.70)*
100 — S20%(6.28)*, G19%(7.99)*, Y13%(7.72)*, D6%(2.71)*, W4%(2.60)*
100a S25%(7.20)*, G15%(4.74)*, Y12%(5.77)*
1005 Y49%, A26%, W14% —
100k F72%, M22% —
101 D73%, A17% —
102 Y72%, V17% —

2 Site number according to Kabat et al. 1991. Only those posi-
tions of Kabat’s table, where at least 60% of the total number of
sequences (aprox. 1,500) were gapless, were analyzed. In the
CDR-1 of V,, sites 26-30 are added to the sites considered by
Kabat et al. because in this segment resides the hypervariable
loop, according to Chothia and Lesk (1987). In all the other CDRs
the hypervariable loops are located inside the CDR segments.

heavy chain and 24, 27b, and 27c of light chain).
Nevertheless, in such cases a second or third amino
acid in abundance was found at the site, having the
same physicochemical properties (Lim and Sauer
1989) as those of the more frequent amino acid.
Thus, presumably, in such cases the more abundant
amino acids share the same ability to maintain the
general structure of the CDRs. In contrast with this

> The percentage composition of the most frequently used
amino acids for each site was calculated. The values of the t-sta-
tistic are reported in parentheses. The amino acids in the hyper-
variable sites identified as overrepresented by the Student’s
t-test are marked with an asterisk. The considered significance
level was of 1% (t = 2.58). The single-letter amino acid code is
used

finding, it has theretofore usually been considered
that the amino acids at sites 26~30 and 53-55 of the
heavy-chain domain and 26-32 and 50-56 of the
light-chain domain, being in the loop region, were
part of the specificity-determining positions.

Our observations also suggest that if the posi-
tions discussed are critical for maintaining the ca-
nonical conformations or impose other restrictions
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Table 2. Composition of the CDRs of the variable light chain

Percentage composition

Site Conserved site Hypervariable site

CDR-1

24 R48%, S21%, K16% —

25 AS55%, S30%, G10% —

26 S87% —

27 Q51%, S21% —

27a S81%, G11% —

27b L47%, V19%, 112%, Al1% -

27c V42%, 1.32%, D8% -

27d — H39%(13.40)*, N18%(7.32)*, Y15%(6.24)*, S12%(1.11)

28 — N25%(15.27)*, D21%(13.20)* S13%(2.39), T8%(1.72), V8%(1.04), Y6%(3.46)*
29 — G30%(15.73)*, 123%(18.86)*, S21%(;7.89)*

30 — S27%(11.67)*, N24%(15.52)*, V13%(5.87)*, K12%(8.20)*, Y6%(2.95)*
31 — S31%(13.76)*, N27%(17.26)*, T23%(12.35)*

32 Y72% —

33 L58%, M17%, V10% —

34 — A24%(12.76)*, H23%(15.04)*, N21%(14.01)*, 89%(—0.95), Y6%(3.50)*
CDR-2

50 — G16%(7.63)*, D15%(10.12)*, K13%(8.50)*, Y13%(8.56)*, W4%(3.99)*
51 — A34%(17.05)*, T30%(15.18)*, V15%(6.98)*, M4%(3.41)*

52 S79%, N8% —

53 — K29%(13.09)*, T24%(9.23)*, S16%(3.57)*, R13%(1.63)

54 R48%, 1.48% —

S5 — A37%(18.08)*, E13%(8.74)*, P12%(4.29)*, F12%(8.36)*, H7%(3.74)*
56 S72%, P8% —

CDR-3

89 Q53%, A10%, L8% —

90 Q70% —

91 — W24%(15.81)*, Y19%(11.58)* G19%(8.01)*, S15%(2.98), H7%(4.46)*
92 — S20%(6.94Y*, Y17%(11.04)*, D16%(10.51)*, N15%(10.17)*, T10%(2.84)*
93 — S40%(17.40)*, H14%(9.24)*, E12%(8.38)*, T10%(2.91)*

94 — S18%(5.96)*, Y15%(9.80)*, N149(9.34)*, L14%(2.91)*, V14%(5.10)*
95 P71 % —

96 — L21%(8.44)*, Y20%(12.50)*, W19%(13.44)*, R12%(1.81)

97 T78%, V13% —

Same as for Table 1, for the light chain

on the recognition pocket, the rest of the positions
on the CDRs could be responsible for the recogni-
tion process or are irrelevant.

To analyze the nature of the frequency distribu-
tion of the hypervariable site set, the existence of
amino acids overrepresented in the sample of se-
quences was tested, keeping in mind that (1) there
are various sources of error in the database (Shen-
kin et al. 1991) and that (2) it is assumed that mu-
tations at the codon level are equiprobable, and
consequently the frequency expected for each
amino acid is equal to the proportion of the number
of codons that code for this amino acid relative to
the total number of codons (not considering the ter-
mination codons). For example, Ala is coded by
four codons and the total number of codons is
61; thus, the expected frequency for Alanine is
P(ALA) = 4/61 = 0.065. According to this calcu-
lation, the distribution of observed frequencies for
each site was contrasted with that expected by
means of a Student’s t-test for proportions (Spiegel

1975), with a significance level of 1% (t = 2.58).
The overrepresented amino acids are indicated with
an asterisk in the column of composition for the
hypervariable sites in Tables 1 and 2. The re-
sults of the Student’s t-test are reported in paren-
theses. The column of hypervariable sites of Tables
1 and 2 shows that all the sites that have been iden-
tified as hypervariable present at least one amino
acid overrepresented in the sample. As can be seen
in this column, some amino acids that have an ap-
parently high frequency are not identified as over-
used because of the number of codons assigned to
them in the genetic code. That is the case of Ser,
Leu, and Arg. One may then question the tradi-
tional view that the CDRs are random hypervari-
able regions, since most of the recognition solutions
for each site are given by a selection from a reduced
number of amino acids of the skewed part of the
distribution. Admittedly, however, the existence of
mutational biases has not been excluded.

In order to test the possibility that the most fre-



Table 3. Sites with amino acids overrepresented with common
physicochemical properties®

Site Attributes

Vh-33 Size

Vh-35 Size and composition*
Vh-353 Bulkiness

Vh-54 Bulkiness*

Vh-58 H-bond

Vh-60 Size

Vh-61 Bulkiness

VI1-28 Composition
VI-31 Size and H-bond
VI-53 Polarity and size*

2 Attributes that identify the cluster of the more frequently used
amino acids. The sites were clustered in terms of one or two
common attributes, which are shown in column 2. Sites marked
with an asterisk have an amino acid that constitutes an exception
in the cluster

quently used amino acids in the hypervariable sites
share a common attribute or physicochemical prop-
erty, an algorithm normally applied in artificial in-
telligence (Quinlan 1983) was used for the analysis.
This algorithm allows the clustering of elements in a
complex system in terms of their common attrib-
utes. By applying it to the 17 sites in the heavy
chain and 15 sites in the light chain, and using as
attributes those physicochemical properties com-
monly employed in protein structure studies
(Sneath 1966; Zimmerman et al. 1968; Grantham
1974; Go and Miyazawa 1980), it was found that in
some cases only a single attribute was necessary to
characterize the cluster (Table 3). In 10 of the 17
sites analyzed in the heavy chain and in 12 of 15
sites from the light chain (most of them from the
CDR-3), it was not possible to find a reduced set of
attributes to characterize the cluster, although this
could be due to various reasons: (1) Some of the
sites may be irrelevant to the recognition process;
(2) the imprecise rearrangement mechanism of the
germ-line genes that generates the CDR-3 (Tone-
gawa 1983) may produce much more variability
than found in the CDR-1 and CDR-2; and (3) the
selected attributes do not represent all the physico-
chemical restrictions relevant for the recognition
process (Quinlan 1983). The above results suggest
that approximately 35% of the sites apparently in-
volved in the recognition process require only
amino acids with a general property (Mian et al.
1991)—in particular, composition, volume, bulk, or
hydrogen-bonding capacity—instead of a specific
complementarity amino acid.

One question that arises from the above results
touches on the origin of the non-random distribu-
tion of some amino acids found at the hypervariable
sites. Is this, indeed, a feature of the molecular rec-
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ognition of Igs, or is it only a result of some bias
existing in the sample analyzed (only 1,500 Igs)? In
order to elucidate this question two subpopulations
of sequences were tested: (1) all the reported se-
quences for the Igs germ-line genes were translated
and aligned (Genbank, release 69), and (2) all the
antimacromolecule antibodies were aligned (Kabat
et al. 1991). The amino acid frequencies for each
site were then analyzed for the type of distribution.
The analyzed frequencies obey the same skewed
distribution, similar to that found for the total pro-
tein sample (Vargas-Madrazo et al. 1992). This
could indicate that the codification for the prefer-
ential use of certain amino acids with similar phys-
icochemical properties in some recognition sites is
indeed a feature of the Igs, suggesting the existence
of a general mechanism for the recognition process.
A more extensive study of the found skewed distri-
bution reported here was published elsewhere
(Lara-Ochoa et al. 1993).
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