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<4 Sulphur volcances grew on the
desiccated lake floor of Pods crater,
Costa Rica, earlier this year, This 2-
metre-high cane
revealing a bubbling pool of liquid
sulphur. Photo by David Stevenson.

later collapsed

See page 790.
THIS WEEK Insulin mechanism
Setting the baseline Changes in our understanding of

The greenhouse effect, its exis-
tence, extent and implications,
has been the subject of hundreds
of model and theoretical studies.
Yet the physical basis of the
effect — the infrared radiation
enargy trapped by atmospheric
gases and clouds — has not pre-
viously been measured from
observational data. Raval and
Ramanathan (page 758) have
now filled that gap, presentingan
effective method for directly
monitoring future changes in the
greenhouse effect. See also
News and Views, page 736.

Channel vision

The light-sensitivity of vertebrate
photoreceptor cells depends on
the closure of a cation channel
which Is gated directly by cyclic
GMP, the internal messenger of
visual transduction. Now, the
cloning and sequencing of the
complementary DNA for this
channel from bovine retinal rod
photoreceptors shows that it
could belong to a new family
of ligand-gated ion channels.
Page 762.

Regal matters

Worker honeybees efficiently
destroy worker-laid male eggsifa
queen is present. This ‘worker
policing’ ensures that the colony's
male reproductives are sons of
the queen, pages 796 and 741.

Positlonal cues

The Hox-5 homoeogenes are
activated in the developing limb
bud of the chick in a temporal
order that corresponds to their
spatial ordering on the chromo-
some, and In a series of partially
overlapping spatial domains
such that the region in which all
five genes are expressed coin-
cides with the zone of polarizing
activity that determines the
antero—posterior limb axis. Pages
767 and 734,

how insulin regulates glucose up-
take are likely to follow the dis-
covery that the endothelial cells
that line the capillaries of the
insulin-regulated tissues, muscle
and fat express high levels of the
insulin-regulated glucose trans-
porter. Page 798.

Beneath the rings

Infrared Imaging has revealed
several new features in the
atmosphere of Saturn — includ-
ing a hotspot at the narth pole
and an asymmetric structure at
the equator. Page 777.

Yeast shows the way

The processes of differentiation
by Induction of different gene
regulatory proteins under the
influence of cell—cell signals,
and of the establishment of stem
cell lineages, fundamental to
metazoan development, can be
illustrated in the single-celled
yeast. Recent work illuminates
the molecular basis of some of
these processes. Review Article,
page 749, See also page 830.

Hairplin comer

Oligonucleotide encoding telo-
meric DNA sequences form stable
dimers in solution, possibly by the
formation of hydrogen bonds be-
tween two intramolecular hairpin
loops to form antiparallel quad-
ruplexes containing cylic guanine
base tetrads, Pages 825and 737.

Alvin's finds

Samples of sediment taken by the
research submersible Alvin at the
Guaymas Basin hot vents (Gulf
of California), contain a group
of methanogenic archaebacteria
growing, quite unexpectedly, at
a temperature of at least 110°C
(page 833). From the same area.
dense layers of large filamentous
sulphur-oxidizing bacteria of the
genus Beggiatoa have been
found ata depth of 2010 m (page
834).
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Conformations of immunoglobulin

hypervariable regions
Cyrus Chothia

, Arthur M, Lesk™, Anna Tramontano’, Michael Levitt™,

Sandra J. Smith-Gill', Gillian Air', Steven Sheriff*”, Eduardo A. Padlan~,
David Davies”, William R. Tulip”, Peter M. Colman™, Silvia Spinelli*,
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On ‘the basis of comparative studies of known
antibody structures and sequences it has been
argued that there is a small repertoire of main-
chain conformations for at least five of the six
hypervariable regions of antibodies, and that the
particular conformation adopted is determined by
a few key conserved residues. These hypotheses
are now supported by reasonably successful pre-
dictions of the structures of most hypervariable
regions of various antibodies, as revealed by
comparison with their subsequently determined
structures.

Tue relationships between the amino-acid sequences of
immunoglobulins and the structures of their antigen-binding
sites are important for understanding the molecular mechanisms
of the generation and maturation of the immune response and
for designing engineered antibodies. Antigen-binding sites are
formed by six loops of polypeptide, the hypervariable regions;
three from the vanable domain of the light chain (VL) and three
from the variable domain of the heavy chain (VH), denoted L1,
L2, L3, and HI, H2, H3, respectively (Fig. la). Within the
dnm.un*: the Ioops are connected Lo a B-sheet ramework whose
structure is conserved ', The specificity and affinity of the bind-
iny sites are governed by the structures of the six hypervariable
regions

Two models can be proposed for the relationship between
the amino-acid sequence and structure of the binding-site loops.
In one model, different sequences produce different conforma-
tions for beth the main chain and side chains of the loops.
Because hypervariable regions have different sequences in
different antibodies, this model implies that each region adopts
a different conformation in different antibodies, In the other

»
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model, antibodies have only a few main-chain conformations
or ‘canonical structures’ for each hypervariable region. Most
sequence variations would only modify the surface provided by
the side chains on a canonical main-chain structure. Sequence
changes at a few specific sets of positions would switch the main
chain to a different canonical conformation.

Canonical structure model

Experimental evidence indicates that the canonical structure
maodel describes the relationship between amino-acid sequence
and structure for at least five of the six hypervariable regions®®.
Kabat e al.” found conserved residues at sites within certain
sets of hypervariable regions and suggested that they had a
structural role. Padlan and Davies”, and more recently de la
Paz er al’, showed that some of the hypervariable regions
in the immunoglobulins of known structure have the same
main-chain conformation in spite of several differences in
sequence.

Chothia and Lesk” identified the residues that through pack-
ing, hydrogen bonding, or the ability to assume unusual values
of the torsion angles ¢, & or w, are primarily responsible for
the main-chain conformations of the hypervariable regions in
the structures then known—the Fab fragments of NEW (ref.
10), McPC603 (ref. 11), KOL (ref. 12) and J539 (ref. 13) and
the VL domains of REI (ref. 14) and RHE (ref. 15). The
conformations are determined by the interactions of a few
residues at specific sites in the hypervariable regions and, for
certain loops, in the framework regions. Hypervariable regions
that have the same conformations in different immunoglobulins
have the same or very similar residues at these sites (Fig. 1 and
Table 1). Examination of the amino-acid sequence of the anti-
body D1.3 showed that its hypervariable regions are the same
size as those in known structures and contain the same or similar
residues at the sites responsible for known conformations’, On
the basis of these observations the atomic structure of the VL-VH
dimer of D1.3 was predicted before its experimental determina-
tion. Comparison of this predicted structure with the preliminary
crystal structure showed that the conformations of four of the
hypervariable regions had been predicted correctly; the confor-
mation of L3 was significantly different from that predicted, and
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Sequences and conformations of Vx and VH hypervariable regions of known structure

TABLE 1
L1 Regions™
Canonical
Structure Protein 26 a7 28 29 30
1 J539 5 5 s v s
HyHEL-5 § S s ' N
NQ10 S 5 s v R
2 REI S Q D | |
D13 5 G N | H
HyHEL-10 S Q S | G
NC41 5 Q D v 7
McPCE03 5 E 5 k k
4 4-4.20 - Q s L ¥
Total no. of sequences known for L1 reglons: human, 95; mouse. 289,
Canonical structure 1 2 i
Human sequences that fit (%) — &0 5 8
Mouse seguences that fit (%) 15 25 20 10
L2 Regions
Canonical
Structure Pratein 50 51 52
2| REI E A S
MoPCE03 G A S
1539 E | -]
D13 4 T T
HyHEL-5 8] L 5
HyHEL-10 ¥ A S
NC41 w A 5
NQ10 D T 5
4-4.20 [ ¥ S
Total no. of sequences known for L2 regions: human, 69; mouse, 183;
Canonical structure 1
Human sequences that fit (%) a5
Mouse sequences that fit (%) 95
L3 Regions
Canonical
Structure Protein 91 92 93 94
1 RE! T Q S L
McPCE03 D H 5 ¥
D13 F W S o
HyHEL-10 s N 5 w
NC41 H Y S P
4-4.20 5 T H v
NQLO0 w S s N
2 1539 W ¥ ¥ 2
3 HyHEL-5 w G R N

Tolal no. of sequences known for L3 reglons human, 52; mouse, 152,

Canonical structure 2 3
Human sequences that fit (%) 90 - 2
Mouse sequences that fit (%) 80 10 1

48

i i e e e it

et | a [ c d e f 32 2 25 @83 71
= = e == — — —_ 5 | A L Y
= = - == — — — ¥ [ A M Y
= = = = = = == L | A M ¥
K - - — — — — v | A L. ¥
N — e — — — — X | A L ¥
N — —— == == —_ _ N I A L F
A — — — — — - A | A £ Y
N B G N E K N F I 5 L F
H — G N ¥ v 5 L F
64
G
G
G
G
G
G
G
G
G
95 g6 S0
P % Q
P L N
P R H
P ¥ Q
P w Q
P w Q
p L Q
L | é
B Q X

H1 had a very different fold from that predicted”. (We report
below that the refined conformation of D1.3 corresponds more
closely to the predicted structure,)

An examination of the library of the known immunoglobulin
sequences shows that many immunoglobulins have hyper-
variable regions that are the same size as those in the known
structures and contain the same or closely related residues at
the sites responsible for the known conformations®. These
observations indicate that for at least five of the hypervariable
regions there is only a small repertoire of canonical main-chain
conformations and that the conformation actually present can
often be predicted from the sequence by the presence of specific
residues.

The accuracy of the canonical structure model for
immunoglobulin binding sites depends on (1) the correct deter-
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mination of the sets of residues responsible for the observed
conformations and (2) changes in the identity of residues at
other sites not significantly affecting the conformations of the
canonical structures. The model can be tested, refined and
extended by using it to predict the atomic structures of binding
sites in immunoglobulins before their structures have been deter-
mined by X-ray crystallography.

We have now tested the canonical structure model by using
it to predict the structures of four immunoglobulins before their
structures had been experimentally determined. These
immunoglobulins are HyHEL-5 (ref. 16), HYyHEL-10 (ref. 17),
NC41 (ref. 18) and NQ10 (8.5, P.M.A. and R.J.P., manuscrip!
in preparation). The analysis of the amino-acid sequences 0
these immunoglobulins indicated that 19 of their 24 hypervari-
able regions should have conformations close to known canoni-
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et I?I‘!sloﬂ.s:
Crmonical
Sincture Praten 2% 27 28 28 30 31 32 34 94
L McPCB03 G F T F B D F M R
KOL G F | F S S y i M R
1539 G F D F S " ¥ L] R
D13 G F 5 L T G Y v R
HyHEL-5 G ¥ T F s [+] Y I R
NC41 G Y T F T N Y M R
NQL0 G F i F 1 b F M R
4.4.20 G F T F 5 D Y M G
1 NEW G 5 T F S N D Y R
HyHEL-10 G D S | T D [} w N
Tutal no. of sequences known for HL regions: human, 50; mouse, 321
aanical structure 1
Human sequences that fit (%) 50
Mause sequences. that fit (%) 80
112 Regions¥
Caronical
Structure Protein S2a h e 53 54 85 n
1 NeWw - — — L H G
D13 G D G
HyHEL-10 — — — : S G
- (s) -
2 HyHEL-S P - - G 5 G A
NCaY T — - N T G L
i=) -
3 KoL D — — D G s R
1539 P — — D S G R
NQ10 s — — G 5 5 R
{e) . .
4 McPCE03 N ® G N " Y R
4.4.20 N L3 P Y N Y R
olal ro. of sequences known tor H2 regions: human, 54, mouse, 248
Canbmical structure 1 2 3 4
Human sequences that Fit (%) 15 1 40 15
Mouse sequences that fit (96) 15 40 5 20

—_—
ke residues listed here (single-letter code) are those that farm the hypervariable regions and those in the framework regions that are important lor the abservad conformations

of these ragnons"' The hypervariable regions are taken as those oulside the framework B-sheet”. Except for H2, they are similar to, but not identical with the regions that show
figh sequence varations and which Kabat et al™® use to define hypervariable regions. The sequences are grouped so that those that have the same main.chain conformation
or canonical structure, are adjacent. The canonical structure numbers used below refer ta the canformatians shown in Fig. 1, The residues In the hypervariable and framework
téjions that are mainly responsible for these conformations® are indicated by ar asterisk. The classification and sequence requirements of the H2 tonformations have been
revised in the light of work described here and elsewhere™ For each hypervariatie region the numoer of human and mouse sequences listed by Kabat et 5% p Eiven We
al=0 give the percentage of these sequences that are the same size as the known canonical structures and have the same residues at the positions marked by an astersk,

Canonical structure 4 15 llustrated in Fig, 4. Aithough the size of the known L1 siructures varies between 8 and 13 residues. they have closely related folds with residues
7519 and 32 packed agains! the framework In the same conformation”. The remaining residues form a turn or (00p on the surface (Figs 1 and 4). The ends of the long loops
hove some flexibility. There are another 25% of the human sequences and 20% of the mouse sequences that have one more residue than structure 2, or one fewer than structure
4 ung whose sequences satisfy the requirements listed above. It is expected that these differ only in the confarmations of the tips of the surface loops.

* The H1 hypervariable regions with canonical structure 1 have very similar canformations: the r.m.s. oiff in the coprdi of their man-chain atoms e 0.3-08 A
The H1 regions in NEW and HyHEL-10 only partly satisfy the sequence requirements for structure 1 and have a oistorted version of |ts conformation.

§ The M2 region here compnisas residues 52a-55 The region with tigh sequence variation is 50-65 (ref. 26). In the known structures the main-chain conformation of 5052
and 56-83 o not differ significantly® (Fig. 10}, (+), The resigues at positions 55 or 54 in the canonical strugtures 2, 3 and 4 have residues with pasitive values for & ang g,
aa usually, but not in all cases. Gly, Asn or Asp is found at these sites. For a sequence to mateh that of canamical structure 2, 3 of 4 the presence of these residues at siles
51 or 55 Is required

—

cal structures. We then compared the predicied structures of in Table 1. Each hypervariable region in the immunoglobulins
these hypervariable regions with the subsequently determined of unknown structure was examined to determine (1) whether

structures. Another immunoglobulin structure, 4-4-20 (ref. 19) it has the same size as any homologous hypervariable region of
hus recently been reported. We did not have the apportunity to known structure and (2) whether its sequence contains the set
predict the structure of 4-4-20 before its experimental determina- of residues responsible for a known conformation. Except for

tion, and we discuss here only how its hypervariable regions L3 in HyHEL-5, all the light-chain regions correspond 1o 4
have the conformations expected from the known canonical known canonical structure, as do all the H1 regions and the H2
structures. Also, we report that the refined conformation of D1.3 region in HyHEL-10 (Table 1). The conformation predicted for
(ref. 20) corresponds more closely to the predicted structure. the H2 regions in NC41 and HyHEL-5 was based on the analysis
of the H2 region in the preliminary structure of 1539 (ref §).
In all three of these antibodies the H2 region is a four-residye

Model building procedure turn with Gly at the fourth position and the predicted conforma.
The main-chain conformations of the hypervariable regions in tion is that almost always found for such turns™. (Below we
the Vi and VH domains of known structure are shown in Fig. present & more accurate analysis of H2 regions.) For H3 regions

I The residues responsible for these conformations are listed in HyHEL-5, HyHEL-10, NC41 and NQI10, no prediction of
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