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Hypothesis
Structural classification of CDR-H3 in antibodies
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Abstract Large varieties in the lengths and the amino acid
sequences of the third complementarity determining region of the
antibody heavy chain (CDR-H3) have made it difficult to
establish a relationship between the sequences and the tertiary
structures, in contrast to the other CDRs, which are classified by
their canonical structures. A total of 55 CDR-H3 segments from
well determined crystal structures were analyzed, and we have
derived several remarkable rules, which could partly govern the
CDR-H3 conformation dependence on the sequence. Since the
rules are physically reasonable, they are expected to be
applicable to structural modeling and design of antibodies.
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1. Introduction

The antibody combining site is composed of six comple-
mentarity determining regions (CDRs) [1-3]. The structural
repertoires and the relationships between the amino acid se-
quences and the tertiary structures have been extensively stud-
ied to reveal the importance of the typical loop structures,
which are canonical structures, in the three CDR segments
in the light chain (L1, L2, and L3) and the first two CDR
segments in the heavy chain (H1 and H2) [4-10]. Individual
canonical structures are frequently observed in antibody crys-
tal structures, and they are classified depending upon the seg-
ment lengths and the positions of specific amino acid residues
in the segments.

Based upon the canonical structures, many structural mod-
els have been built in order to understand the molecular basis
of antigen recognition, by various knowledge-based ap-
proaches using empirical rules [11-15], by conformation
search calculations [16-18], and by combining both empirical
and computational approaches [19-23].

However, the third CDR of the heavy chain (H3) has large
variety in its length and amino acid sequence, and so no
canonical structures have ever been established [5,9,24]. It is
also recognized that the CDR-H3 has a crucial role in me-
diating the individual recognition of antigens [25,26], some-
times by changing its conformation upon antigen binding [27-
32]. Therefore, much more attention should be paid to the
structural characteristics of CDR-H3. If the CDR-H3 local
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structures are classified, even for only some of the segments,
and the relationship between the amino acid sequences and
the conformations is determined, even for specific sequences
with particular features, such limited information would still
be very helpful to build reliable three-dimensional (3D) mod-
els of antibodies from only the amino acid sequences.

Here, we propose a novel classification of the CDR-H3
structures, and reveal several remarkable relationships be-
tween their sequences and the loop conformations, from an
analysis of the well determined crystal structures of antibod-
ies.

2. Methods

The atomic coordinates of the antibodies were obtained
from the Brookhaven Protein Data Bank (PDB; release
#76) [33]. The structures of the highest resolution were first
selected as representatives for the free and the complexed
antibodies. Then, a total of 55 CDR-H3 segment structures
with resolutions equal or better than 2.8 A were prepared
from these representatives (Table 1). In particular, the well
determined segments with temperature factors less than 30
A? are marked by bold letters.

The definition of the CDR-H3 segments, which are enclosed
by parentheses in Table 1, follows from reference [3]. The
lengths n of the CDR-H3 segments are quite variable, so
the segment residues were re-numbered from 1 to », corre-
sponding to the conventional residue numbers from 95 to
102 of the heavy chain, as indicated in Table 1.

For a survey of the characteristics of the CDR-H3 se-
quences with lengths from 5 to 17, 2263 sequences of CDR-
H3 were obtained from Kabat Database (Aug. 14, 1996) [3].
Here, identical CDR-H3 sequences were removed to prevent
redundancy.

The structures were displayed on a computer graphics sys-
tem (Indy-XZ; Silicon Graphics Inc.), and were observed with
the graphics program INSIGHT-II (Molecular Simulations
Inc.).

3. Kinked and extended base conformations

From a naive comparison of the amino acid sequences of
the CDR-H3 segments, the first residue and the last three
residues (n—2, n—1, and n) seem to form a ‘common motif’
that is fairly well conserved, in contrast to the intervening
loop region, which exhibits great variety depending on the
associated antigens [4,12]. However, when one compares the
3D structures of the CDR-H3 segments, it is obvious that
these ‘base’ regions of the CDR-H3 have structural variety
in the backbones as well, even if the segment lengths are the
same and the amino acid sequences are similar. Mas et al. [21]
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pointed out that the backbone conformations of the bases of
CDR-H3 fall into two classes: kinked and extended. In the
former, kinked class, the segment is well-packed with a bulge
around the (n—1)th residue of the CDR-H3. In the latter,
extended class, the segment has no such deformation, and
forms an extended B-hairpin conformation.

Therefore, we first investigated the structural features of the
bases of CDR-H3. Instead of an intuitive graphics observa-
tion, the dihedral angles formed by the four Co atoms at the
(n—2)th, the (n—1)th, the nth, and the (n+1)th residues were

Table 1
CDR-H3 structures
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calculated for the individual CDR-H3 segments, and they are
plotted in Fig. 1. There are two distinct clusters, which corre-
spond to the kinked and the extended classes (Fig. 2a,b),
respectively. Thus, the current base structures are well classi-
fied into the above two classes, although many more antibody
structures were investigated than those studied by Mas et al.
(21]

Secondly, the relationships between the amino acid se-
quences and the above two structural classes were investi-
gated. It has been pointed out that a salt bridge between

n"  antibody PDB code? sequence” resolution (A) antigen
free /complex free /complex
FR3 {CDR-H3) FR4
1 n
5 CHA255 /1IND CAS------m-==—- (HRFVH)W 2.2 metal chelate
5 50.1 1GGC /1GGI CAQ---—=--=——-——-— (BGYIY)W 2.8/2.8 peptide
7 JEL103 1MRC /1MRD CAN----—----——- (LRGYFDY) K 2.4/2.3 poly(rI)
7 4-4-20 /1FLR CTG----—-—=~= (SYYGMDY)W /1.85 fluorescein
7 NC6.8 1CGS /2CGR CTR---~----—- (GYSSMDY) W 2.6/2.2 NC174
7 HyHELS /1BQL CLH--—------- {GNYDFDG) W /2.65 lysozyme
7 TE33 /1TEBT CAR---~-~==w- {(RSWYFDV)W /2.3 peptide
7 D44.1 IMLB /IMILC CAR--—-—--—--- {(GDGNYGY) W 2.1/2.1 lysozyme
8 D1.3 1VFA /1VEB CAR-~—-~~=-== {ERDYRLDY) W 1.8/1.8 lysozyme
8 YST9.1 1MAM CTR--------~ {DPYGPAAY)W 2.45
8 PLG 1P1G CAR--~~~—~—— (GGKFAMDY) W 2.8
9 D11.15 /1JHL CAR-------- (DDNYGAMDY) W /2.4 lysozyme
9 J539 /2FBJ CAR--——----- (LHYYGYNAY) W /1.95 galactan
9 SE155-4 /1IMFA CTR-——---—-- (GGHGYYGDY) W /1.7 saccharide
9 JEL1l42 /1JBL CAR-------- (VMGEQYFDV) W /2.8 HPr
9 NEW 7TFAB CAR-~—————~ (NLIAGGIDV)W 2.0
9 8F5 1BBD CDG-—--—-—- (YYSYYDMDY)W 2.8
10 Bl3I2 1IGF /2IGF CTR---—-—--- (YSSDPFYFDY)W 2.8/2.8 peptide
16 17-1IAa 1FOR CAR-~--~--- (SGNYPYAMDY) W 2.75
10 R6.5 1RMF CAR---~--- (GGWLLLSFDY) W 2.8
10 DB3 1DBA /1DBJ CTR-~---——- (GDYVNWYFDV) W 2.8/2.7 steroid
10 BV04-01 1INBV /1CBV CVR-~--—-~- (DQTGTAWFAY)W 2.0/2.66 ssDNA d{pT):
10 17ES8 /lEAP CKR-------— (SYYGSSYVDY) W /2.5 Nle phosphonate
10 26-10 1IGI /1IGJ CAG--—----- (SSGNKWAMDY ) W 2.7/2.5 digoxin
11 4D5ver4 1FVD CSR---—--- {(WGGDGFYAMDV) W 2.5
11 4D5ver?7 1FVE CSR-~----- {WGGDGFYAMDY) W 2.7
11 4D5vers 1FVC CSR~~-~--- {WGGDGFYAMDY) W 2.2
11 17/9 1HIL /1IFH CAR---—--- ({RERYDENGFAY)W 2.0/2.8 peptide
11 26/9 /1FRG CAR------ (RERYDEKGFAY)W /2.8 peptide
11 McPC603 1MCP CAR---~--~ (NYYGSTWYFDV)W 2.7
11 NC41 /1INCA CAR------ (GEDNFGSLSDY)W /2.5 neuraminidase
11 MOPC21 1IGC CAR------ (WGNYPYYAMDY)W 2.6
12 36-71 6FAB CAR~--——— (SEYYGGSYKFDY)W 1.9
12 HIL 8FAB CAR----- (DPDILTAFSFDY)W 1.8
12 POT 1IGM CAK--—-- (HRVSYVLTGFDS )W 2.3
13 L5MKlel 11LMK CAR---- (GEDYYAYWYVLDY)W 2.6

13 NC10

/1NMB CAR---- (SGGSYRYDGGFDY)W
13 40-50 /1IBG CAR---- (FRFASYYDYAVDY)W /2.7

/2.5 neuraminidase
ouabain

14 HC19 1GIG CAR--- (DFYDYDVFYYAMDY) W 2.3
15 H52 1FGV CAR-- (WRGLNYGFDVRYFDV) W 1.9
15 R19.9 1FAI CAR-- (SFYGGSDLAVYYFDS)W 2.7
16 OPG2 10PG CTR- (HPFYRYDGGNYYAMDH) W 2.0
17 KOL 2FB4 CAR (DGGHGFCSSASCFGPDY) W 1.9
17 3D6 1DFB CVK (GRDYYDSGGYFTVAFDI)W 2.7
17 R45-45-11 /1IKF CTR(ETLYDTLYGNYPVWFAD)W /2.5 cyclosporin A

!The length of the CDR-H3 segments defined by [3].

ZBold letters indicate that the coordinates of all the backbone atoms in the CDR-H3 were well determined with temperature factors less than

30 A%

30ne-letter amino acid codes are used for sequences of the CDR-H3 from 1 to n surrounded by parentheses. FR3 and FR4 are the preceding
and the proceeding frameworks defined by [3). The nth residues are aligned at the same position in the CDR-H3. Bold letters indicate that tem-
perature factors of all the backbone atoms of the residue were less than 30 A2. Underlined letters indicate that temperature factors of any
backbone atoms of the residue were larger than 30 A? in the complexed form, only when both the free and complexed forms are registered.
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Fig. 1. Distribution of the dihedral angles formed by the four Co
atoms at the (n—2)th, the (n—1)th, the nth, and the (n+1)th resi-
dues, together with the distances between the backbone oxygen of
the (n—2)th residue and the Nel atom of the (n+1)th Trp side
chain. Two distinct clusters discriminated by the dihedral angles
correspond to the kinked (0°—60°) and the extended (= 180°) base
structures shown in Fig. 2. The symbols correspond to classification
rule (i). For rule (i-a) (@), where the (r—1)th residue is not Asp.
For rule (i-b) (0), where the (n—1)th residue is Asp, and the Oth
residue is neither Arg nor Lys. For rule (i-c) (a), where the
(n—1)th residue is Asp, the Oth residue is Arg or Lys, and the
(—Dth residue is neither Arg nor Lys. For rule (i-d) (a), where the
(n—1)th residue is Asp, and both the (—1)th and the Oth residues
are Arg or Lys. Arrows indicate the three exceptions to the rules.
Several kinked bases without a hydrogen bond between the back-
bone oxygen of the (n—2)th residue and the (n+1)th Trp side chain
are also indicated with the PDB codes.

the Oth Arg and the (n—1)th Asp is frequently observed in
different antibodies, and it may contribute to stabilizing the
base conformation [4,13,21,34]. This salt bridge is possible
only when the backbone of the base is kinked.

However, the salt bridge itself is not an absolute condition
for the formation of the kinked base, because many excep-
tions were observed. In fact, the CDR-H3s in CHA255, 50.1,
D44.1, J539, BV04-01, 26-10, 17/9, 26/9, and R45-45-11 form
the kinked base structures without the Oth basic residue or the
(n—Dth Asp. In contrast, the base in the CDR-H3 of 17E8
forms the extended structure without a salt bridge, although
the Oth and the (n—1)th residues are Arg and Asp, respec-
tively.

In most kinked base structures, we have found a conserved
hydrogen bond between the backbone carbonyl oxygen of the
(n—2)th residue and the Nel atom of the (n+1)th Trp side
chain (Figs. 1 and 2a). This Trp residue is very well conserved
as the first residue of the proceeding framework. In contrast,
most of the extended bases have alternating hydrogen bonds
between the side-chain carboxyl of the (n—1)th Asp and the
Nel atom of the (n+1)th Trp (Fig. 2b). Therefore, the side
chain of the (r—1)th Asp is considered to have the role of
switching between the kinked and the extended bases. As
shown in Fig. 1, the common hydrogen bond between the
backbone oxygen of the (n—2)th residue and the (n+1)th
Trp side chain is sometimes lacking in several kinked bases,

in all of which the salt bridges between the Oth Arg and the
(n—1th Asp are formed. Consequently, in the kinked bases,
either the aforementioned characteristic hydrogen bond or the
salt bridge is always observed.

Both the (—1)th and the Oth positions are sometimes occu-
pied simultaneously by basic residues. In the case of 17E8, in
which Lys and Arg residues occupy in the (—1)th and the Oth
positions, respectively, a new salt bridge is formed between
the side chain of the (—1)th Lys and the (n—1)th Asp, and the
base structure is extended.

In conclusion, the relationship between the amino acid se-
quence and the backbone structure of the base can be sum-
marized as follows.

(i-a) When the (n—1)th residue is not Asp, a kinked base is
intrinsically formed due to the common (n+l1)th Trp residue,
which is able to form a hydrogen bond with the backbone car-
bonyl of the (n—2)th residue.

(i-b) When the (n—1)th residue is Asp and the Oth residue is
neither Arg nor Lys, the carboxyl group of the (n—1)th Asp
replaces the acceptor of the aforementioned hydrogen bond, and
the extended structure is formed.

(i-c) When the (n—1)th residue is Asp, the Oth residue is Arg
or Lys, and the (—1)th residue is neither Arg nor Lys, the side
chain of the (n—1)th Asp is flipped to make a salt bridge with
the basic side chain of the Oth residue, and forms the kinked
base structure.

(i-d) When the (n—1)th residue is Asp, and both the Oth and
the (—1)th residues are basic residues, the (n—1)th Asp forms
a salt bridge with the (—1)th basic side chain, and makes the
extended structure.

These rules from (i-a) to (i-d) agree in 52 of the 55 CDR-H3
structures, as indicated in Fig. 1. There are three exceptions.
Two of them are the 26-10 antigen-free and complexed forms
(PDB codes; 1IGI and 1IGJ), which were judged to have
extended bases from rule (i-b), but the actual CDR-H3s
form kinked base structures. In each structure, the side chain
of the (n—1)th Asp makes a salt bridge with the (n—5)th Lys,
thereby compensating for the lack of the Oth basic residue,
and the characteristic hydrogen bond is formed between the
backbone carbonyl of the (n—2)th residue and the side chain
of the (n+1)th Trp. It is difficult to predict this salt bridge
from only the amino acid sequence, but the concept of the
rules may be correct in these cases. If the (n—>5)th residue is
not Lys, the loop might be extended without the flipping of
the (n—1)th Asp.

The other exception is YST9.1 (IMAM), which was judged
to have a kinked base from the above rule (i-a), but an ex-
tended base structure is observed. In this short CDR-H3 seg-
ment, composed of 8 residues, there are two Pro residues,
which greatly deform the hairpin structure, as mentioned be-
low. Probably, the effect of the Pro may be stronger than the
effects of the base formation for relatively short CDR-H3
segments.

4. Insertion of an additional bulge above the base

Among the kinked base structures, additional bulges are
sometimes inserted around the (n—3)th to the (n—1)th resi-
dues, just above the base. In fact, the scheme of the hydrogen
bonds in the B-hairpin in SE155-4 (IMFA), BV04-01 (INBV
and 1CBYV), and R45-45-11 (1IKF) changes from that in Fig.
3a to Fig. 3b, because of the inserted bulge. Then, new hydro-
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Fig. 2. Two different base structures in the CDR-H3 segments. The kinked base in NEW (a) and the extended base in 8F5 (b), with the same
segment lengths (n=9). The thick white lines are the backbones of the bases, and the thick black lines are the side chains of the Oth Arg, the
(n—2)th Asp, and the (n+1)th Trp. The thin lines are the B-hairpin backbones. The hydrogen bond between the HNel atom of the (n+1)th Trp
and the (n—2)th carbonyl in (a), and that between the (n+1)th Trp and the (n—1)th Asp in (b), are indicated by dotted lines. A salt bridge be-
tween the Oth Arg and the (n—1)th Asp in (a) is indicated by a dot-dashed line.

gen bonds are able to form between the backbone amide of
the 2nd residue and the backbone carbonyl of the (n—4)th
residue, and between the carbonyl of the 2nd residue and
the amide of the (n—4)th residue, instead of the (n—3)th res-
idue.

In SE155-4, the (n—2)th residue is Gly. In most of the
kinked base structures, a large hydrophobic residue, such as
Phe or Met, is located at the (n—2)th position, and its side
chain forms the bottom of the hydrophobic pocket of the
antigen binding site [4]. Alternatively, in SE155-4, the side
chain of the (n—3)th Tyr stays in the hydrophobic pocket,
and compensates for the lack of the hydrophobic residue at
the (n—2)th position.

In both BV04-01 and R45-45-11, the (n—2)th residue is Phe,
but a Trp residue is at the (n—3)th residue. No space would be
allowed for this bulky Trp side chain, due to the steric con-
straint with the (n—1)th backbone residue and the light chain,
if it were located at the (n—3)th position in the normal,
kinked structure shown in Fig. 3a.

Consequently, although the examples are few, the following
relationship exists for the insertion of a bulge forming the
modified kinked base, as shown in Fig. 3b. It is essential for
classifying the B-hairpin conformations in the following sec-
tion.

(ii) When either the (n—23)th residue is Trp, or the (n—2)th
residue is Gly and the (n—3)th residue is a large hydrophobic
residue, an additional bulge can be inserted in the kinked base.

5. Characteristics of the B-hairpin conformation

The CDR-H3 segments often show typical B-hairpins with
significant hydrogen bond ladders between the adjacent back-
bone strands, which form a portion of the antiparallel sheet.
However, several CDR-H3 lack hydrogen bonds, which re-
sults in largely deformed B-hairpin structures. It is one of

the reasons why CDR-H3 segments are not considered to
have any canonical structures. In fact, even the same antibody
changes its CDR-H3 structure upon antigen binding [27-32],
and it might be impossible to extract any relationship between
the sequences and the B-hairpin conformations.

However, once the residue positions are assigned to one of
the three f-hairpin schemes shown in Fig. 3a—c, several mean-
ingful relationships appear. Now, let us introduce a new num-
ber, m, which equals n—2 for the kinked base without an
additional bulge (Fig. 3a), n—3 for the kinked base with a
bulge (Fig. 3b), and n—1 for the extended base (Fig. 3c).
Then, the B-hairpins composed of m residues can be further
grouped into the four basic classes from A to D, depending
upon the value of m, in the conventional manner for globular
proteins [35,36), as shown in Fig. 4. The relationships between
the amino acid residues and these B-hairpin conformations
were further studied. For very short CDR-H3 segments with
m =4, only a few examples were observed, and no remarkable
relationships were found.

First, the position of the Pro residue and the B-hairpin
conformation are closely related. In well-known conventional
statistics [37], Pro tends to break an extended B-structure be-
cause of the lack of an amide group. In fact, the CDR-H3
segments in YST9.1 (IMAM), HIL (8FAB), and OPG2
(10PG) include Pro residues, and the B-hairpins are largely
deformed, and lack typical hydrogen bond ladders. In con-
trast, the CDR-H3 segments in KOL (2FB4) and R45-45-
11(1IKF) form hydrogen bond ladders, which are accompa-
nied by Pro.

These discrepancies originate in the position of Pro, as
pointed out by Efimov [38]. The backbone structure of Pro
is allowed in the extended structure. When the backbone N
atom of Pro is not directed toward the opposite strand of its
own PB-hairpin, it is not necessary to break the B-hairpin with
the typical hydrogen bond ladders. In the B-hairpin scheme
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Fig. 3. Schematic representations of the CDR-H3 segments. The B-hairpin with a kinked base (a), with an additional bulge inserted in the
kinked base (b), and the extended base structure (c). Ellipses with numbers from 1 to » are residues in the CDR-H3 segments defined by Kabat
et al. [3]. Ellipses surrounded by dots are frame residues. Open ellipses belong to the B-hairpin region, and hatched ones belong to the base re-
gion. Hydrogen bonds constructing the ladder are indicated by broken lines. hbNi and hbCi (i=2, 4, or 6) indicate hydrogen bonds, in which

the N and C atoms of the ith residue participate, respectively.

shown in Fig. 3a-—c, Pro at the Ist, the 3rd, the (m—2)th, or
the mth position does not necessary break the hydrogen bond
ladder. In contrast, when the backbone N atom of Pro is
directed toward the opposite strand, it breaks the typical hy-
drogen bond ladder, without exception. The following rule is
established.

(iii-a) When Pro is located at the specific residue positions 2,
4, m—3, or m—1, the B-hairpin structure is deformed and the
hydrogen bond ladder should be broken.

Second, there is a correlation between the B-hairpin confor-
mations with the kinked bases and the positions of the aro-

matic residues, which are abundant in the CDR segments [28].
Aromatic residues intrinsically prefer an extended structure to
an o-helix [37]. The CDR-H3 segment with the kinked base
lies in a narrow space surrounded by the other CDR segments
and the frame structures. Therefore, when bulky aromatic
residues are simultaneously located at adjacent positions on
opposite strands, with the side chains extending in the same
direction, the two antiparallel strands tend to be close to-
gether, resulting in a hydrogen bond ladder. This tendency
is summarized as the following classification rule for the
CDR-H3 segments with kinked bases:

class A B C D
m 4j-2 4j-1 4i 4j-3
Tl oo T2 T T1
: 7 ™8 m
(2:2) (1:1) (1:3)
T3 . \
To T3 T3 T4
T w ™ 1z
has T 15
s @ »f T1' T6|
(2:4) (3:5) (4:6) (5:5)

Fig. 4. Classification of B-hairpin structures depending on m with an integer j. The class names and the (X:Y) nomenclatures follow Sibanda et
al. [36]. The filled ellipses are turn residues, and the broken lines indicate hydrogen bonds between the backbones.



(iii-b) When the base is kinked (Fig. 3a,b), and both the 2nd
and the (m—1)th residues or both the 3rd and the (m—2)th
residues are occupied by aromatic residues, a B-hairpin structure
with a hydrogen bond ladder is constructed.

Third, detailed analyses of the turn conformations in the
CDR-H3 segments were made, depending upon the group
classification in Fig. 4. From the statistical investigations of
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B-hairpins in globular proteins [36], type I, type I, and type
I’ typical B-turns are frequently observed in class A. In these
typical conformations, the loop residues T1 and T2 are often
occupied by small amino acids, such as Gly, Asn, and Asp. In
class B, the so-called 3:5 hairpin has a typical conformation,
and the T4’ position is preferred only by Gly for the partic-
ular backbone structure of y;, [36,39]. In class C, the 4:4 hair-

Table 2
Structural classification of the CDR-H3 segments and the relationships between the conformations and the amino acid sequences

Class* Formation of (H-bond ladder, B-turn)®
me (=.%) 0,0) (+,0) 0,+) (+,%)

(a) Kinked bases?
A 6 IMAM(; —.{7})"

1PLG(k; hbN2, I) 1VFA(k; hbC2, ')
1VFB(k; hbC2, I')
IMFA(k; hbC2, IT)
10 8FAB(k; —, I) 6FAB(k; hbC4, I')

14 10PG(k; —,{14})
3

1IGM(k; hbN2,{6})
1IKF(k; hbN6, T)
1IND(k; —, I1+L)
1GGC(k; —,{3})
1GGI(k; —, II+L)
7 1JEL(k; —,{7})
INBV(k; —,{7})
1CBV(k; hbC2,{3})

7FAB(k; hbN2, II'+L)
2FBJ(k; hbN2, I1+L)
1JHL(k; hbN2,{3})

1 1ILMK(k; —,{4}) 1IBG(k; hbN4,{3})
INMB(k; hbN2,{4})
15 2FB4(k; hbN2,{4}) IDFB(k; hbC2,{1})
c 3 1IGF(k; hbN2,{4})

2IGF(k; hbN2,{4})
IFOR(k; —,II")
IRMF(k; hbC2,{4})
1DBA(k; hbN2, I+R+L)
IDBJ(k; hbN2, I+R+L)

12 1GIG(k; hbC2,{8})

D 5 1CGS(k; hbN2,{1})

2CGR(k; hbN2,{1})
ITET(k; hbN2,{1})
IMLB(k; hbC2,{1})
IMLC(k; hbC2,{1})

9 1IFVC(k; —,II)
IFVD(k; hbN2,{4})
1FVE(k; hbN2,{4})
INCA(k; hbN2, II)
1HIL(k; hbC2, I1I')
HFH(k; —;{3})
IFRG(; —,{3})
HGC(k; —;{2})

13 1FGV(k; hbN2,{9})

IMCP(k; hbN4,{1})

1FAI(k; hbN2,{9})

(b) Extended basesf

A 6 IMRC(e; hbC2, IT")
IMRD(e; hbC2, II')
1FLR(e; hbC2, I)
1BQL(e; hbN2, T)
1BBD(e; hbC2, I+R+L)

[~ Ne!
0 %

1EAP(e; —, IT')
1GI(k; —, IT)
TIGI(k; —,{8})

#B-hairpin classes defined by Sibanda et al. [36].

The positive and negative propensities of the hydrogen bond ladder and the B-turn formations are indicated by + and —, respectively, by rules
from (iii) to (iv). 0 is neutral. (—,*) means that the hydrogen bond ladder is predicted to be broken regardless of B-turns from rule (iti-a).

°m equals n—2 for the kinked base without an additional bulge (Fig. 3a), n—3 for the kinked base with a bulge (Fig. 3b), and n—1 for the extended
base (Fig. 3¢).

dKinked and extended bases were classified from only the amino acid sequences by rules from (i-a) to (i-d).

°The actual 3D structure of each CDR-H3 is indicated with the PDB code. The bold letter code corresponds to the well determined structure as that
in Table 1. The base structures of the antibodies with underlines were erroneously predicted. The first item in the parentheses shows the kinked (k)
or the extended (¢) base structure. The second item is the ladder formation, indicating the farthest hydrogen bond from the base as hbNi or hbCi
(i=2, 4, or 6) defined in Fig. 3. The symbol ‘—’ means no hydrogen bonds. The third item is the B-turn name. I, I, II, II’, and III" are type-I, type-
I', type-II, type-II', and type-III" turns, respectively. R and L are the right- and left-handed local helical conformations of the residue. {j} indicates
that j residues form a loop, which is different from typical B-turn conformations.

fIn Table 1, there was no sequence that was classified in (—,*) with an extended base. Since rule (iii-b) is only for kinked bases, neither (+,0) nor
(+,+) groups appear in extended bases.
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pin is frequently found, with the typical type I turn plus o,
structure at the T4 position, which is also preferred by Gly
[36]. These tendencies are also observed in the CDR-H3 seg-
ments, when they form B-hairpins with remarkable hydrogen
bond ladders. Thus, we add the final relationship.

(iv) When Gly, Asp, or Asn occupies in the position at T1
andlor T2 in class A, at T4' in class B, or at T4 in class C, a
typical B-turn is formed.

6. Application of rules to structural modeling

Following the aforementioned rules, all of the CDR-H3
segments in Table 1 were classified from the sequences, and
were compared with the actual 3D structures (Table 2), which
are indicated by symbols in the parentheses after the PDB
codes. As discussed above, the base structures were erro-
neously predicted for only three segments. For all of the other
segments, the backbone structures of the bases were well de-
termined from only the sequences. Since rule (iii-a) is strongly
accompanied by the physical background, a CDR-H3 se-
quence that satisfies rule (iii-a) always has a deformed B-hair-
pin structure, without a significant hydrogen bond ladder. In
addition, rules (iii-b) and (iv), as statistical tendencies, are
compatible with formation of the B-hairpins. The B-hairpin
conformations of 32 CDR-H3 segments with kinked bases
and 3 segments with extended bases were left as ambiguous,
because no remarkable features were observed in the amino
acid sequences. In most cases, their B-hairpins actually lack
long hydrogen bond ladders.

The amino acid sequences of CDR-H3 from the sequence
database [3] were analyzed using the current rules, and the
results are shown in Table 3. The extended bases were pre-
dicted to be distributed in every segment length, in contrast to
those in the 3D structures, where only short segments (n < 10)
were observed to have extended bases.

The ratio of the extended bases to all of the bases was
10.0%, and it is slightly smaller than the ratio of 13.6%, which
was observed in the 3D structures shown in Table 2. In 8.0%
of the predicted kinked bases, additional bulges were assumed
to be inserted. The rate is similar to that in the 3D structures,
7.9%. These similarities suggest that at least the base struc-
tures are safely predicted by the current rules.

Although there still remain many CDR-H3 segments with
ambiguous B-hairpin conformations, some segments have sig-
nificant indications of typical B-hairpins, with hydrogen bond
ladders with B-turns. The current relationship (iii-a) was ob-
served from the 3D structures only in class A, but it could
also discriminate the deformed P-hairpins from the sequence
data in all classes from A to D; 14% of all kinked bases and
20% of all extended bases.

7. Structural diversity of CDR-H3

Structural changes in CDR-H3 often accompany antigen
binding [27-32]. In the current 3D structures, the coordinates
of 10 antibodies are available for both the antigen-free and
the complexed structures. A comparative study revealed that
seven of the antibodies (JEL103, NC6.8, D44.1, D1.3, B1312,
DB3, and 26-10) do not display any significant changes in
their backbone conformations upon antigen binding, and their
backbone root mean square deviations (r.m.s.d.s) of the
CDR-H3 are less than 0.8 A. In contrast, significant structural

Table 3
Structural prediction for the CDR-H3 sequences [3]

Class*  Formation of (H-bond ladder, B-turn)

me (=, %) 0,0) (+,0) 0,+) (+.+)
(a) Kinked bases?
A 6 250y 69 (6) 2 01 (17 4
10 3903 NnNQE) 14 9 55
14 19 Q) 23 (2) 2 26 4
B 3 1 60 0 0 0
7 23(1) 156 (17) 14 60 (12) 7
1139 (5 9% (14 222 28(1) 4
15 13 23 4 8 2
C 4 2 45 0 5 0
8 25 (1) 16517)  35(1) ST (8) 2
12 30 1@ 1@ 120 4
D 5 12 ns12 7 0 0
9 364 181 (14) 36 0 0
13 24 (1) 57 (4) 70) 6 0
Sum 288 (18) 1132 (91) 154 (7) 382 (47) 82 (0)

Total kinked bases: 2038 (163)

(b) Extended bases®f
A

6 2 8 14
100 1 10 6
14 9 7 2
B 7 1 23 5
| S O] 15 1
15 3 4 0
C 4 0 0 2
8§ 2 21 5
12 2 4 3
16 5 4 1
D 5 2 11 0
9 8 28 0
13 5 6 0
Sum 45 141 39

Total extended bases: 225

The numbers of the CDR-H3 segments predicted to be classified by
their sequence features.

2B-hairpin classes defined by Sibanda et al. [36].

PThe positive and negative propensities of the hydrogen bond ladder
and the P-turn formations are indicated by + and -, respectively, by
rules from (iii) to (iv). O is neutral. (—,*) means that the hydrogen
bond ladder is predicted to be broken regardless of B-turns from rule
(ili-a).

°m equals n—2 for the kinked base without an additional bulge (Fig.
3a), n—3 for the kinked base with a bulge (Fig. 3b), and n—1 for the
extended base (Fig. 3c).

dKinked and extended bases were classified from only the amino acid
sequences by rules from (i-a) to (i-d).

¢Numbers are results for total 2263 sequences from the Kabat Data-
base [3] with lengths from 5 to 17, where the identical CDR-H3
sequences were removed. Numbers in parentheses are the predicted
cases with the insertion of an additional bulge from rule (ii).

fSince rule (iii-b) is only for kinked bases, neither (+,0) nor (+,+)
groups appear in extended bases.

differences between the free and the complexed forms have
been observed in three antibodies (BV04-01 [30], 17/9 [31],
and 50.1 [32]), although the kinked base structures are always
maintained. The CDR-H3 segment of BV04-01 has a typical
B-hairpin in the antigen-complexed form (PDB code; 1CBV),
but it lacks the hydrogen bond ladder in the antigen-free form
(INBV). The overall and base backbone r.m.s.d.s of the
CDR-H3 segment are 1.2 and 0.4 A, respectively [30]. Both
segment structures of 17/9 and 50.1 in the antigen-free and
complexed forms lack typical hydrogen bond ladders in their
B-hairpins, and they show large changes in the segment con-
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formations, with backbone r.m.s.d.s of 1.9 and 1.5 ;\, respec-
tively {31,32].

The structural comparison between the CDR-H3 segments,
whose amino acid sequences are very similar to each other,
also provides information about the structural diversity. 4D5
ver 7 (IFVE) has the same CDR-H3 amino acid sequence as
that of 4D5 ver 8 (1FVC), and one residue at the nth position
in 4D5 ver 4 (1FVD) is substituted in 4D5 ver 8. Although the
kinked base structures are similar in all three antibodies, with
a base backbone r.m.s.d.<0.4 A, the overall CDR-H3 seg-
ments show very different backbone conformations. In addi-
tion, only one residue differs in the sequence of 26/9 from that
of 17/9, and the entire complexed CDR-H3 structure of 26/9
(IFRQ) is similar to the complexed structure of 17/9 (1IFH),
with only a 0.2 A backbone r.m.s.d., but it is very different
from the free form of 17/9 (1HIL), with a 1.8 A backbone
rm.s.d.

It should be emphasized that all of this structural diversity
occurs only for the CDR-H3 segments, whose amino acid
sequences in the B-hairpins lack features as remarkable as
the current rules for the [B-hairpins, as shown in Table 2.
On the contrary, little structural diversity is expected for the
CDR-H3 segments which have significant indications of typi-
cal B-hairpins, with hydrogen bond ladders and B-turns.

8. Conclusion

We classified the 3D local structures of the CDR-H3 seg-
ments of many antibodies, and found several significant rela-
tionships between the amino acid sequences and the loop con-
formations. Especially the discrimination between the kinked
and extended bases from only the sequences is almost com-
pletely compatible with the actual conformations. Several -
hairpin structures correlate well with the sequences, when re-
markable indications are observed for the hydrogen bond
ladders and the typical B-turns. However, other B-hairpins
should have flexible conformations, suitable for antigen recog-
nition. For these segments, instead of trying to find further
structural rules, powerful conformation search calculations
[40] are expected to provide putative structural models for
the B-hairpins, constructed on the rigid kinked or extended
base structures.

Acknowledgements: The authors thank Dr. M. Suyama (BERI) for his
assistance for Kabat Database search.
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