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Analysis of the immunoglobulins of known structure reveals systematic differences in the 
position and main-chain conformation of the second hypervariable region of the V H domain 
(H2). We show that the major determinant of the position of H2 is the size of the residue at 
site 71, a site that  is in the conserved framework of the V~ domain. I t  is likely that  for about 
two thirds of the known VH sequences the size of the residue at this site is also a major 
determinant of the conformation of H2. This effect can override the predisposition of the 
sequence, as in the case of the H2 loop of J539, which is an exception to the rules relating 
sequence and conformation of short hairpin loops. Understanding the relationship between 
the residue at position 71 and the position and conformation of H2 has applications to the 
prediction and engineering of antigen-binding sites of immunoglobulins. 

1. Introduction 

Immunoglobulins are multi-domain proteins 
consisting of two chains, a light chain with one 
variable (VLt) and one constant domain, and a 
heavy chain containing one variable domain (VN) 
and three constant domains. The antigen-binding 
site is formed by six loops, three from the VL and 
three from the VH domains. Figure 1 shows a simpli- 
fied view of the antigen-binding site, indicating the 
relative positions of the loops. The variability of the 
residues in the antigen-binding site gives rise to the 

Abbreviations used: V m variable domain of 
immunoglobulin heavy chains; V L, variable domain of 
immunoglobulin light chains; H2, second hypervariable 
loop of heavy chain; r.m.s., root-mean-square; a a, right- 
handed a-helical conformation; a L, left-handed a-helical 
conformation. 

0022-2836/90/170175-08 $03.00/0 

high range of specificity achieved by antibodies (Wu 
& Kabat,  1970; Kabat  et al., 1987). 

The atomic structures of several immunoglobulin 
fragments have been determined by X-ray crystal- 
lography (Davies & Metzger, 1983; Alzari et al., 
1988). They show that all the domains have a very 
similar folding pattern: two fl-sheets packed face to 
face. A core of the double fl-sheet structure, called 
the framework, has a very similar conformation in 
different variable domains because of the conserva- 
tion of internal residues and the requirements of 
internal packing. The residues that  form the inter- 
face between the VL and Vx domains are also 
strongly conserved. 

These results have led to the view that the frame- 
work structure plays an essentially passive role in 
the structural variation that  occurs in the antigen- 
binding site. 
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176 A.  Tramontano et al. 

Figure 1. Outline structure of the antigen-binding site. 
The site is formed by 6 loops of polypeptide ( ~ )  linked 
to strands in fl-sheets ([::]). 

In the immunoglobulins of known structure the 
conformations of the second hypervariable region in 
V~ (H2) differ. The position of the H2 with respect 
to the conserved framework is also variable. For 
example, in the Vs domains of immunoglobulins 
J539 and HyHEL-5, the H2 regions have the same 
number of residues. If  the framework structures are 
superimposed, the C p atoms in residue 53, at the tip 
of H2, are found to differ in position by 6-3 A 
(1 A-0.1  nm). Here, we show that  the variations in 
two structural features of H2, its position and its 
conformation, are coupled, and that  they depend in 
large part on the nature of the amino acid residue 
that occupies position 71 in the heavy-chain 
framework. 

Figure 2 shows the general structural context of 
H2 within the VH domain. 

2. Co-ordinates and Calculations 

Protein structures used in this work are listed in 
Table 1. The atomic co-ordinates of these structures 
are distributed by the Protein Data Bank 
(Bernstein et al., 1977), except for the refined co- 
ordinates of J539 which are a private communica- 
tion from Drs E. A. Padlan and D. R. Davies. The 
structures were displayed using Insight (Dayringer 
et al., 1986) on an Evans & Sutherland PS390. 
Programs written by A.M.L. (Lesk, 1986) were used 
for analysis of the structures and database 
searching. 

Throughout the paper residue numbers refer to 
the heavy-chain numbering scheme of Kabat  et al. 
(1987). In IzH domains, the conserved &sheet frame- 
work consists of residues 3 to 12, 17 to 25, 33 to 52, 
56 to 60, 68 to 82, 88 to 95 and 102 to 112 (Chothia 
&Lesk ,  1987). These residues were used in the 
superpositions of V H domains. 

3. The Conformations of  H2 Loops  

In V H sequences the second hypervariable region 
consists of a fl-hairpin, comprising residues 50 
through 65 (Wu & Kabat,  1970; Kabat  et al., 1987). 
In the known VH structures the main-chain confor- 
mations of residues 50 to 52 and 56 to 65 are the 
same: for high-resolution well-refined structures the 
backbone atoms of residues 50 to 52 and 56 to 64 fit 
with a root-mean-square (r.m.s.) deviation between 
0"4 and 0"7 A. This region is illustrated in Figure 3: 

Figure 2. The structural context of H2 within the VH domain of Fab J539. H2 is shaded relatively darkly, H1 is 
shaded relatively lightly. The thick broken circle indicates the guanidinium group of Arg371. 
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Position and Conformation of the H2 Loop 177 

Tab l e  1 
Immunoglobulin heavy chain variable domains of known atomic structure 

Molecule H2 sequence Residue 71 Reference 

NEWM Y H G V Saul et al. (1978) 
HyHEL-10 Y S G R Padlan et al. (1989) 

HyHEL-5 P G S G A Sheriff et al. (1987) 
KOL D D G S R Marquart et al. (1980) 
J539 P D S G R Suh et aL (1986) 

McPC603 N K G N K Y R Satow et al. (1986) 
4-4-20 N K P Y N Y R Herron et al. (1989) 

The H2 residues are those between positions 52 and 56 (see text). 

the main-chain a toms  of residues 56 to 60 form 
hydrogen bonds to those of  residues 48 to 52 to form 
a fl-hairpin. Sequence var ia t ions  in these residues 
have little or no effect on the main-chain conforma- 
tion, because the side-chains are on the surface. The 
turn t h a t  links these two strands,  comprising 
residues 52a to 55 or 53 to 55, we refer to as the H2 
region. In  the known s t ructures  it  differs in length 
and conformation.  

Hai rp in  s t ructures  have  been classified according 
to their  length and conformat ion (Venkatachalam,  
1968; Efimov,  1986; Sibanda & Thornton ,  1985; 
Sibanda et al., 1989). Par t icu lar  conformat ions  are 
usually associated with characterist ic  sequence 
pat terns .  The positions of  Gly, Asn, Asp and Pro  
residues are impor t an t  because these residues allow 
main-chain conformat ions  t ha t  in other  residues 
cause strain. 

(a) Three-residue H2 regions 

In  N E W M  and H y H E L - 1 0 ,  the H2 loop is a 
three-residue hairpin, residues 53 to 55. The N E W M  
H2 loop is shown as conformat ion  1 in Figure 3. The 
usual sequence requi rement  for this conformat ion is 
a Gly (or Asn or Asp) a t  the third position (residue 
55), which can take  up a + + conformat ion ( tha t  is, 

¢ > 0, ~h > 0) (Sibanda et al., 1989). Both  N E W M  and 
H y H E L - 1 0  have a glycine a t  this position: 

53 54 55 71 

NEWM Tyr His Gly Vai 
HyHEL-10 Tyr Ser Gly Arg 

and in both cases the Gly is in a + + conformation.  

(b) Four-residue H2 regions 

The H2 loop of H y H E L - 5  is a four-residue 
hairpin, residues 52a to 55. This is shown as. confor- 
mat ion 2 in Figure 3. The conformat ion is close to 
the one most  commonly  observed in four-residue 
turns,  in which the first three residues are in an a R 
conformat ion and the fourth in an aL conformation.  
These turns  normal ly  require Gly in the four th  
position (Efimov, 1986; Sibanda & Thornton ,  1985; 
Sibanda et al., 1989}, as observed in H y H E L - 5 .  

The H2 regions in K O L  and J539 form four- 
residue turns  with a conformat ion different f rom 
H y H E L - 5 .  They  both  have  the third residue (54) in 
the aL conformat ion and the first, second and four th  
in the aR conformation.  This  is shown as conforma- 
tion 3 in Figure 3. 

5 0 %  ..... 58 

I 2 5 4 
DIo5 HyHEL-5 KOL McPC605 

NEWM NC41 J559 4 - 4 - 2 0  
HyHEL- I0 NQIO 

F i g u r e  3. The main-chain conformations of the 2nd hypervariable region in V H domains in the immunoglobulins of 
known structure. The conformations are numbered 1 to 4. The immunoglobulins in which these conformations are found 
are listed under each number. 
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178 A. Tramontano et al. 

Table 2 
Results of a database search for main-chain conformations the same as that of the H2 

loop of KOL 

A Starting 
(A) Molecule (Protein Data Bank code) residue Sequence 

0 - 1 8  Rhizopuspepsin (3APR) 145 S Q G L 
0"19 Subtilisin Carlsberg (2SEC) l0 L I K A 
0 " 2 2  Ribonuclease A (7RSA) 32 S R N L 
0 . 2 2  Pepsinogen (IPSG) 142 D Q G L 
0.22 434 repressor protein (1R69) 35 E N G K 
0 " 2 3  Calmodulin (3CLN) 57 A D G N 
0 " 2 4  Calmodulin (3CLN) 21 K D G D 
0 - 2 8  Adenylate kinase (3ADK) 166 K R G I 
@29 Fab J539 353 P D S G 
@29 Cytochrome c551 (451C) 9 N K G C 

A, root-mean-square deviation of N, C ~, C and 0 atoms of residues 53 to 56 of the VH domain of KOL 
and well-fitting regions from other known structures. 

This type of turn has not been described 
previously, but we find that  it occurs fairly often in 
proteins. We searched the database of solved struc- 
tures for regions similar in main-chain conformation 
to the H2 loop of KOL. Table 2 lists the closest 
matches: ten loops, including J539 H2, for which 
the r.m.s, difference in position of main-chain atoms 
is less than 0"3 A. There are 61 such loops with 
r.m.s, deviation less than 0-5 A. For KOL and J539 
H2 and the nine best-fitting non-homologous loops, 
the average values of the conformational angles and 
their standard deviations are: 

(see Fig. 5(b)). The r.m.s, deviation of all N, C ~, C 
and 0 atoms is 0-96 A. The McPC603 H2 loop is 
shown as conformation 4 in Figure 3. The sequences 
in these regions are: 

52a 52b 52c 53 54 55 71 

McPC603 Asn Lys Gly Asn Lys Tyr Arg 
4-4-20 Ash Lys Pro Tyr Ash Tyr Arg 

In both structures residue 54 is in the a L confor- 
mation. In the other VH sequences with six-residue 

Angle 01 ~1 02 
Mean (deg.) --61 -35  --95 
Standard deviation (deg.) 12 8 12 

~2 ¢3 $3 ¢, ~, 
77 65 22 --78 --18 
14 11 11 13 12 

Of the nine loops in Table 2, excluding J539, seven 
have a Gly in the third position, like KOL, one has 
Asn and one has Lys. Of all the loops with r.m.s. 
deviation less than 0-5 A, none is like J539 in having 
Gly at only the fourth position. 

These results show that  H2 in J539 is an excep- 
tion to the rules relating sequence and structure in 
short hairpins. Both HyHEL-5 and J539 have Gly 
in the fourth position of the loop: 

52a 53 54 55 

KOL Asp Asp Gly Set 
J539 Pro Asp Ser Gly 
HyHEL-5 Pro Gly Ser Gly 

The position of Gly in J539 should imply a confor- 
mation of H2 similar to that  of HyHEL-5. Instead 
the conformation observed in J539 is the same as in 
KOL (see Fig. 4(b) and Fig. 5(a)). The r.m.s, devia- 
tion in the position of the H2 main-chain atoms in 
J539 and HyHEL-5 is 1"9 A; for J539 and KOL it is 
0"3 A. The residues of H2 in J539 make no non- 
bonded contacts to residues other than those in H1 
and Arg71 and Asn73 (see Fig. 2). 

(c) Six-residue H2 regions 

In McPC603 and 4-4-20, the H2 loops are six- 
residue hairpins. Their conformations are similar 

H2 loops, the residues found at this position are 
Gly, Asn or Asp (Kabat et al., 1987). I t  is interesting 
to note in this context that  the Lys at position 54 in 
McPC603 is the result of a somatic mutation from a 
germ-line gene that  contains a Gly. 

The Interactions o f  H2  with the Framework 

Examination of the interactions of the H2 loops 
with the rest of the VH domain shows that  the 
determinants of the conformations of four-residue 
H2 loops are not entirely within the sequence of the 
loop itself, but involve the packing of the loop 
against the rest of the structure. 

In Figures 4 and 5 we show, for pairs of anti- 
bodies of known structure, the relative positions of 
the H1 and H2 loops and the contacts made by 
certain side-chains. The relative positions of these 
loops in these Figures are those induced by the 
superposition of the framework structures. The 
Figures show that  the H1 loops occupy rather 
similar positions with respect to the framework in 
all the known structures. But the positions of the 
H2 loops are in some cases very different. These 
differences are related to the size of the residue at  
position 71. 

KOL and J539 have four-residue It2 loops in very 
similar positions and conformations (Fig. 4(b)). The 
residue at position 71 is Arg in both structures. The 
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H2 a . . . . . . . . . . . . . .  

/ 
l 

, t 
, 

Arg 71/Vol 71 

Phe 29/Ile 29 ",, 

(a) 

~._ HI 

;,," i Phe 29 

Arg 71 

(b) 
Figure 4. The relative positions of the H 1 and H2 hypervariable regions and of framework residue 71, in different pairs 

of immunoglobulins. The H1 and H2 regions are represented by their C = atoms. The positions shown here are those found 
after the superposition of the VH framework residues (see text). (a) NEWM (continuous lines) and HyHEL-10 (broken 
lines). (b) KOL (continuous lines) and J539 (broken lines). 

side-chains of these arginine residues are buried. 
They form hydrogen bonds to main-chain atoms of 
residues in the H1 and H2 loops and pack against 
the Phe at position 29. 

The superposition of J539 and HyHEL-5  shown 
in Figure 5(a) illustrates the case of two immuno- 
globulin structures with H2 loops of the same length 
but different conformation and position. In J539, in 
which residue 71 is an Arg, residue Pro52a in the H2 
loop is on the surface. In HyHEL-5,  in which 
residue 71 is an Ala, Pro52a is buried, filling the 
cavity that  would be created by the absence of a 
long side-chain at position 71. The manner in which 
these H2 loops pack against the rest of the VH 
domain explains why the H2 region of J539 does not 
have the conformation that  we would expect from 
Gly at position 56. I f  it did have the expected 
conformation, like that  in HyHEL-5,  the Pro52a 
side-chain would occupy the same space as the side- 
chain of Arg71 (Fig. 5(a)). The set of torsion angles 

that  move the side-chain of Pro52a away from 
Arg71 require an H2 conformation different from 
that in HyHEL-5.  

In both McPC603 and 4-4-20, H2 is a six-residue 
turn, and residue 71 is an Arg. In McPC603 Arg71 
has its side-chain buried, and is hydrogen bonded to 
the main-chain of H1 and H2, as in KOL and J539 
(Fig. 5(b)). The Tyr at the sixth position (55) packs 
against Arg71. 

5. The Role o f  Residue 71 

These observations can be summarized as follows. 
(1) Position 71 contains a small or medium-sized 

residue. For three and four-residue H2 loops the 
residue at position 53/52a packs against residues at 
positions 71 and 29. This brings the H1 and H2 
loops close together and puts four-residue H2 loops 
in conformation 2 (Fig. 3). 

(2) Residue 71 is an arginine. The side-chain of 
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