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The crystal structure of Rhe, a A-type Bence-Jones protein fragment, has been
solved and refined to a resolution of 16 A. A model fragment consisting of the
complete variable domain and the first three residues of the constant domain
yields a crystallographic residual R, value of 0-149. The protein exists as a dimer
both in solution and in the crystals. Although the “immunoglobulin fold™ is
generally preserved in the structure, there are significant differences in both the
monomer conformation and in the mode of association of monomers into dimers,
when compared to other known Bence-Jones proteins or Fab fragments. The
variations in conformation within monomers are particularly significant as they
involve non-hypervariable residues, which previously were believed to be part of a
i “structurally invariant” framework common to all immunoglobulin variable
t domains. The novel mode of dimerization is equally important, as it can result in
combining site shapes and sizes unobtainable with the conventional mode of
dimerization. A comparison of the structure with other variable domain dimers
reveals further that the variations within monomers and between domains in the
dimer are coupled. Some possible functional implications revealed by this coupling
are greater variability, induced fitting of the combining site to better accommodate
antigenic determinants, and a mechanism for relaying binding information from

In addition to providing the most accurate atomic parameters for an
immunoglobulin domain yet obtained, the high resolution and extensive
refinement resulted in identification of several tightly bound water molecules in
key structural positions. These water molecules may be regarded as integral
components of the protein. Other water molecules appear to be required to

stabilize the novel conformation.

1. Introduction

Rhe is a A-type Bence—Jones protein fragment consisting of a complete variable
domain and the first three residues of a constant domain. The protein exists solely
as a non-covalent dimer both in solution and in the crystalline state. The crystals
are orthorhombic, with space group P2,2,2 and cell constants a = 54:63(2) A,
b=>5222(3) A and ¢ = 42:62(3) A. The unit cell contains four monomers (114
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662 W. FUREY ET AL.

residues each) and approximately 519, solvent by volume. The crystallizatic
conditions have been reported (Wang & Sax, 1974), as has a preliminary analy:
(x-carbon level) of the structure at 3-0 A resolution (Wang et al., 1979). In the 3.
analysis, several aspects of the structure were described, the most signifi
being the discovery of a mode of association of variable domains into din
different from that observed previously in either Bence Jones proteins or
fragments. This novel mode of dimerization is correlated with a change i
conformation within monomers, and does not represent merely a rotation of on
domain relative to the other. Furthermore. the segment within each monome
that changed conformation consists solely of non-hypervariable residues
Previously, these residues (sequence numbers 36 to 50) were believed to be part
a “structurally invariant” framework common to all immunoglobulins.
In order to determine factors responsible for this novel conformation, it i
necessary to extend the resolution beyond the 3 A level and to complete tl
chemical sequencing of the protein. Details of the phase extension and refineme
to 149 A resolution were reported (Furey et al., 1979), but no attempt was made
interpret the structure, since this was merely an interim step toward a detailed
analysis at 16 A resolution. The current high-resolution analysis confirms the 3.
structure interpretation and indicates that, although the conformational change
involves non-hypervariable residues, it is very likely caused by interactions with
residues in the first and second hypervariable regions. The analysis also suggests &
role for solvent in stabilizing the novel protein conformation. An alternative
interpretation of the data suggests a plausible trigger mechanism for relayi
information from the combining site end of variable domain dimers to the swi
regions connecting them to constant domains.

2. Experimental Procedures

The X-ray data collection and reduction process has been described in detail (Furey et
al.. 1979), so only aspects reflecting the quality of the data need be stated here. Rhe
crystals diffract X-rays extremely well, so it was possible to collect all data to 164~
resolution from 1 erystal with only a 159, decrease in standard reflection intensities. In
addition, the moderate size of the unit cell enabled collection of diffractometer data by the
6-20 scan method commonly used in small molecule crystallography. The overall quality of
the data set is reflected in the fact that over 75%, of all reflections to 1-6 A resolution are
considered “observed”, even by the rather stringent //o(/) > 3 criterion. The percentage
observed reflections as a function of resolution is given in Table 1. Note that the data were
collected at room temperature with a relatively low power (05 kW) X-ray source, hence it
should be possible to collect even higher resolution data if low temperature techniques aré
applied and a more powerful (1-5 kW) X-ray tube is used.

_Extending the procedure described in the 149 A paper (Furey et al., 1979), refinement was
resumed after including the additional X-ray data to 16 A resolution. The 1:9 A refined co-
ordinates (R, = 028, R, = (Z||F,|—|F.||)/Z|F,|) served as initial parameters. Since chemical
sequence information was not available, electron density maps (either 2F —F_or I‘V‘,"‘Fc)
were examined frequently. Residues to be examined were always deleted from the phasing
process before map calculation. Occasionally, errors in amino acid sequence or atomic
positions were indicated by the maps. The errors were corrected by non-interactive
computer graphics (Furey et al., 1979), optical comparator techniques (Richards, 1968) and,
in the last stages, interactive computer graphics. In all cases after sequence changes weré
implemented, restrained reciprocal space refinement (Hendrickson & Konnert, 1978) was
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STRUCTURE OF BENCE-JONES PROTEIN Rhe 663

TasLe 1
Observed reflections as a function of resolution

d,

No. % o

min 0
(A) Total observed (in range) (cumulative)
30 2667 2582 968 968
2:4 5091 4781 907 939
149 10.073 8975 84:1 89-1
16 16.665 12,842 587 771

Observed if I >3 o(/)

. The computation was performed with the space group general array processor
on (Furey et al.. 1982) of the Hendrickson—Konnert program.

e next step in the refinement process was to introduce individual isotropic thermal
s for each of the non-hydrogen atoms. and to include solvent molecules in the model.
ite the obvious presence of water molecules in some of the early maps, solvent atoms
not incorporated into the model until late in the refinement process (R, = 023) to
I mistaking erroneously sequenced side-chain atoms for water molecules. Water
en positions were obtained from difference electron density maps by scanning through
est peaks and determining the shortest distance between each peak and all atoms in
ent model. If the shortest distance was between 2:3 and 3-4 A and the model atom
ed was capable of forming hydrogen bonds, a water oxygen was added at the peak
. The new model was then subjected to several cycles of least-squares refinement.
procedure was iterated several times and, after discarding water molecules that moved
, their original locations, resulted in the inclusion of 186 water oxygen atoms (102
jally occupied). The mean electron density at the water sites is 126 e/A3. The
ated error in the electron density function is ~0-20 e/A3 (Cruickshank, 1949), hence
ter molecules should be reasonably well-determined. Thermal and occupancy factors
water molecules ranged from 5 to 68 A2 and 0-30 to 1:00, respectively. Hydrogen
0 contributions for hydrogen atoms in the protein were included in all structure factor
ulations, but their positions were recomputed every few cycles rather than refined.

it this time, partial sequence information became available (W.Brown, personal
imunication) for comparison with the X-ray model. There were 11 discrepancies, all of
were resolved in the model by adding, deleting or changing the atomic type of, at
, 2 atoms/residue. The chemical sequence is now known except for distinctions within
pairs, Gln, Glu and Asn, Asp. Since these residues are isosteric and each can form
rogen bonds, they cannot always be distinguished at 16 A resolution by X-ray data.
erefore acid/amide distinctions in the model were based mostly on the sequences of other
variable domains (Kabat et al., 1977). In favorable cases, however, obvious
ogen bonding partners and/or the chemical composition in short peptides enabled a
to be made. The amino acid sequence in the final model is given in Table 2. When
pared with the sequence deduced from the 3 A map, significant discrepancies were
aled, although the original interpretation was reasonable (609, correct).

e final model contains 1019 non-hydrogen atoms, 833 from protein (all fully occupied).
d the 186 water oxygen atoms. The model fits into the electron density extremely well,
indicated in Fig. 1. The mean isotropic thermal factor is 16-5 A> when all atoms are
tluded, and 12:5 A? for protein atoms only. For solvent atoms, the mean Bf is 342 A2, A
Stogram indicating the distribution of thermal factors for the protein is given in Fig. 2.
he final crystallographic residual R, value is 0149 for the 12.763 observed reflections with
acings ranging from 10 to 146 A. The R factor is plotted as a function of resolution in

B (isotropic thermal factor) = 820%, where © is the root-mean-square amplitude of atomic
bration.
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664 W. FUREY ET AL.

TAaBLE 2
Amino acid sequence of Bence—Jones protein Rhe (V)

Residue

No. 1 2 3 4 6§ 6 7 8 9 10 11 12 13 14 15 16 17 18 1%
Code E 8 V L T Q P P S A S 3 T P @ @ R YV I

No. 21 22 23 24 25 26 27 28 20 30 31 32 33 34 35 36 37 38 38
Code S C T ¥ 8§ A T D I & 8 N 8 VI W ¥ Q @

No. 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59
Code P & K A P K L L I ¥ ¥ N D L L P 8 ¥ W

No. 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 7 I8 79
Code D R F 8 A 8§ K 8 G T S A S L A I S > L .
No. 81 82 83 84 8 8 87 88 89 90 91 92 93 94 95 96 97 98 99 100
Code S E D E A D Y Y ¢ A A WND S L D E B ;

No. 101 102 103 104 105 106 107 108 109 110 111 112 113 114
Code F & ¢ G¢ T K L T V L 6 Q P K

One-letter amino acid code: A, alanine: (', cysteine: D, aspartate: E. glutamate: F, phenylalani
G. glycine: I, isoleucine: K, lysine: L, leucine: N, asparagine: P, proline: Q. glutamine : R. arginine:
serine; T, threonine: V. valine; W, tryptophan: Y, tyrosine: O, water.

Fig. 3. Throughout the refinement, the protein model was restrained with respect to
stereochemistry, resulting in a final model with root-mean-square deviations from ‘“‘ideal

bond distances of 0024 A. The root-mean-square deviation from planarity for the
appropriate atomic groups (including peptide links) is 0020 A. The last refinement cy

resulted in a root-mean-square shift in atomic positions of 0:006 A with a correspondi
estimated standard deviation of 0-011 A. The latter is most certainly an underestimate of
the true error in atomic positions. which we estimate to be ~0-04 to 0-08 A by the method
of Luzzati (1952). Mean electron densities for the main-chain atoms, N, ('a, (' and O a
2:89, 224, 244 and 3:17 e/A?, respectively.

3. The Molecular Structure
(a) T'he monomeric subunit

The Rhe monomer consists of nine strands, as is the case for all immunoglobul
variable domains of known structure. A stereoscopic drawing of the -carb i
structure is given in Figure 4. If we neglect the N-terminal residue, which 15
highly disordered and cannot be located accurately, the structure begins with ap
turn involving residues 2 to 5. The nine strands contain residues 6 to 12, 17 to 24{
33 to 39, 44 to 50, 54 to 57, 60 to 67. 72 to 79, 84 to 92 and 97 to 114. All strand{
are in an extended conformation: however, there is one short helix of roughly 145
turns (residues 25 to 32) connecting strands 2 and 3. {

" As seen in Figure 4, the nine strands are connected by ten turns, resulting in &
pair of antiparallel S-sheets. The first, designated sheet A, contains strands 2; il
and 7, while the second (sheet B) contains strands 3, 4, 8 and 9. The two sheets al"‘?“ ‘
also connected by a disulphide bridge between (ys22 (strand 2) and Cys89 )
(strand 8), and by a salt-bridge between Arg62 and Asp83. Only strands 1 and 5
are isolated from the sheets, although segments of strands 3 and 4 e\rentu&}ly
break away from sheet B. This latter feature has important consequences with

regard to the mode of domain-domain association upon dimerization. In previous
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FiG. 1. Stereoscopic projections of some typical residues superimposed on the 146 A electron densi
map illustrating the fit. The electron density contours begin at 0-6 e/A® and increase in steps of (-6 e/A’
Note that all rings, even prolines, have “‘holes™ in their centers. Also note the electron density for
water molecule near the OH group in (d). Coefficients for the electron density synthesis were
F,exp (ig.) with the illustrated atoms omitted from the phasing.

descriptions of the immunoglobulin fold (Amzel & Poljak, 1979: Davies et al.,
1975), both three and four-strand structures are mentioned, but with definitions .
opposite to those given above. Usually, strands 1, 2, 6 and 7 are referred to as the
four-strand sheet with strands 3, 8 and 9 forming the three-strand sheet. As will
be shown later, the hydrogen-bonding pattern in Rhe suggests that strand 1 is
much more closely related to sheet B, and that it should not be considered a
member of the “four-strand’ sheet (A). Surprisingly, the corresponding hydrogen-
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FiG. 2. Histogram of mean thermal factors (B) for each residue. (%) Main chain: (!) side chain;
main and side-chains equal.
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Fia. 3. Plot of R factor versus resolution.

diagrams for other immunoglobulin domains (Amzel & Poljak, 1979)
with that for Rhe, yet the sheet designations are different.

terms of the variability of amino acid sequence, residues 23 to 35 represent
t hypervariable region, while the second and third hypervariable regions

FiG. 4. Rhe monomer. a-carbon skeleton.
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668 W. FUREY ET AL.

correspond to residues 51 to 57 and 90 to 100, respectively. All other residy
positions usually show much less variation in sequence for A-type V1 domai

(b) Main chain torsion angles and turns

In Figure 5 the distribution of ¢, i angles is shown in the usual Ramachandray
plot, with “allowed™ regions marked according to Ramakrishnan .
Ramachandran (1965). The most striking feature of the plot is the small numbej
of non-glycine residues outside allowed regions, indicating a very stab
conformation. There are only three violations, with extenuating circumstances
explaining the occurrence of each. For example. the abnormal ¢ value for Asp28 is
readily explained when neighboring residues are also considered. From
Figure 6(a), it is clear that any change in ¢ would weaken hydrogen-bondi
interactions with the main chain NH groups of Ser31 and Asn32. A change in {
here would also affect the direction of the NH bond of Ile29. Since this group i
already ideally oriented for hydrogen bond formation to the side-chain carboxy
group of Asp28, any change could only destabilize the system. There are ey
more compelling reasons for the unusual angles in Asn52. From Figure 6(b), i
clear that any change in ¢ would weaken the hydrogen-bond interactions between
NH of Asn52 and O of Val34, and between main chain atoms O of Tyr51 and NH
of Asp53. Likewise, any change in ) would weaken the hydrogen bond between
main chain O of Asn52 and water oxygen OI118. A change in ¢ would also
weaken the NH—O hydrogen bond already mentioned between Asp53 and Tyrdl.

G
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PG
L 16 !
d G i
XC G
s2
X N52 |
|
|
!
% D28 ;
-120 G ‘
B ‘
-180 0 60 120 180

¢ (°)
FiG. 5. The Ramachandran plot for Rhe. G indicates glycine residues.

+ Abbreviation used: V, variable domain of light chain.
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STRUCTURE OF BENCE-JONES PROTEIN Rhe 669

(a)

90117 90117

0118 _

(b)

i. 6. Environments around (a) Asp28 and (b) Asn52.

only other abnormal conformation occurs for Ser2. Since the torsion angles
er2 are likely to be adversely affected by the disorder in residue 1, and in any
t are just slightly outside of an allowed region. no further comment is
ired .
L Table 3 the ten sharp turns in Rhe are classified according to the scheme
foduced by Venkatachalam (1968), and extended by Lewis et al. (1973). The
't that all three turns of type II have Gly in position 3 is in excellent agreement
h the findings of Venkatachalam (1968) and Crawford et al. (1973). They claim
t for a 1—4 hydrogen bond to remain intact in a type II bend, position 3 must
glycine. In a more recent study on the frequency of occurrence of each amino
d in various positions of B-turns in 29 proteins, Chou & Fasman (1977) found
4t the most frequently occurring amino acid residues are Pro, Gly, Asn, Asp and
°I. The structure of Rhe is consistent with their findings in that of the 40
sidues involved in the ten turns, 23 (579,) conform to those five amino acid
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670 W. FUREY ET AL.

TABLE 3
B-Turn parameters

d Cal-Cad  d O1-N4

Residue no. Sequence $2 (%) ¥2 (%) $3 (%) Y3 (%) (A) (A) (lass
2-5 SVLT —76 —47 —104 146 627 539
13-16 TPGQ —50 130 95 —11 593 313
40-43 VPGK —55 138 79 11 571 314
51-54 YNDL 70 —46 —143 12 586 410
56-59 PSGV —-57 142 79 -6 6-04 338
60-63 SDRF -72 3 -72 —18 610 319
68-71 SGTS 58 —117 —104 15 560 320
80-83 SSED —53 =37 —64 —-14 549 291
93-96 NDSL —65 —25 —8l1 —36 534 317
94-97 DSLD -8l —36 —86 —21 500 372

NI, non-ideal, i.e. one angle off by more than 50°.

types. There is only one abnormal turn (type IV), which is the result of th
unusual torsion angles for Asn52 discussed above. In this case, the usual 1—
hydrogen bond is replaced by a 1—3 hydrogen bond. The only “non-ideal” en
(residues 2 to 5) is probably still an artifact of the disordered N-terminal residue.

(¢) Secondary structure

The secondary structure of Rhe is almost exclusively B-sheet, and therefore Rhe
is classified as a B-protein according to the scheme of Levitt & Chothia (1976).
Sheet A (strands 2, 6 and 7). along with strands 1 and 5, forms one half of a ﬁ'-_
barrel. These five strands make up approximately one-half of the molecule and
the corresponding main chain atoms are shown in Figure 7(a). From the Figure, it
is obvious that the sheet is quite regular, with no g-bulges of the types repor
by Richardson et al. (1978). There are few hydrogen bonds from the inner strands
to strands 1 or 5. Indeed. most of the carbonyl and NH groups in strands 1 and 5
are nearly perpendicular to the plane of sheet A. This is particularly the case for
strand 1, with Thr5 and Thr13 being exceptions. The hydrogen bond to Thrl3 is &
consequence of the B-turn involving residues 13 to 16. In strand 5, even if the NH
and carbonyl groups were ideally oriented, hydrogen bonds would not exist as this
strand is considerably below the plane of sheet A. Note that strand 5 consistS
almost exclusively of members of the second hypervariable region. hence
interactions between these residues and strand 6 are likely to vary considerably
within V; domains from different sources. "

“Analysis of sheet B (strands 3, 4, 8 and 9) is considerably more complicated.
With the exception of the short helical region and a few turns linking to sheet A,
these four strands complete the monomeric subunit of Rhe. The main chain atoms
for this half of the molecule are shown in Figure 7(b). The most obvious features
are the regular B-type hydrogen bonds between the two central strands, and the
“wide” B-bulge (Richardson ef al., 1978) to the left involving residues Gly103;
Gly104 and Tyr8S.

The rightmost strand (strand 4) includes a “classic” B-bulge involving residues
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(5. )

Fie. 7. (a) Strands 5, 6. 7. 2 and 1 (from left to right) comprising one-half of the Rhe monomer. (b) Strands 9. 8.3 and 4 (from left to right) comprising

the other half. (¢) Helical region.
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672 W. FUREY ET AL.

Leu48, Ile49 and Trp36. In similar regions of Bence—Jones proteins Rei a
McP(603, a classic bulge was detected by Richardson et al. (1978). involving
residues Leud47, Tle48 and Trp35. There is another bulge further down strands g
and 4 after they turn away from sheet B. The residues involved are Alad4, Pro4j
and GIn39. but it is not clear whether this bulge should be classified as wide or
classic. Note in Figure 7(b) that as strands 3 and 4 proceed downward. they also
move out, ending up nearly perpendicular to sheet B. It is this feature that
ultimately determines the mode of association of variable domain monomers into
a dimer.

In terms of the variability of amino acids, nearly all residues shown in the g-
sheet portion of Figure 7(b) are generally considered conserved. The loop shown in
the upper left containing residues 90 to 100, however, is made up exclusively of
residues from the third hypervariable region. The only other feature with
considerable secondary structure is the short helical region (residues 25 to 32)
shown in Figure 7(c). Note that the region is made up exclusively of members of
the first hypervariable region. Although this segment is obviously helical, the
distances between a-carbons ¢ and i+3 are considerably larger than usually found
in helices. For the five consecutive tetrapeptides beginning with Ser25, the mean
Ca—Coyy 3 distance is 580 A. The mean Cx—Cn;,;3 distances for helical
tetrapeptides in myoglobin, lysozyme and pancreatic trypsin inhibitor are 515,
533 and 540 A, respectively (Chou & Fasman, 1977). The extension of the helix is
apparently required to accommodate the unusual angles for Asp28 discussed
earlier. This is evident from an examination of the main chain torsion angles for
residues 26 to 31, the inner residues of the helix. If Asp28 is excluded, the mean ¢,
i values for the five residues are —73° and —28°, respectively, which are close to
the normal helical values of ¢ ~ —60° and ¢ ~ —30°. Therefore, if a tetrapeptide
did not include Asp28, one would expect to observe normal helical Cx—Cojpz
distances.

The complete Rhe monomer is generated by placing the two large segments
shown in Figure 7 back to back connecting them with the appropriate g-turns.
The short helical segment connects strand 2 to strand 3, and therefore also
connects sheet A to sheet B. The interaction between sheets is further stabilized
by a disulphide bridge between Cys22 (strand 2, sheet A) and Cys89 (strand 8,
sheet B), by hydrophobic interactions in the core of the protein, and by a salt-
bridge between Arg62 (strand 6, sheet A) and Asp83 (strand 8, sheet B). Strand 1
also interacts with strand 9 (sheet B), forming a seam between the two large
regions of B-structure. This is evident in Figure 8, where the complete main chain
hydrogen bonding pattern is shown. Apparently, this is the reason why strand 1
interacts only weakly with sheet A, and also explains the carbonyl and NH
orientations in strand 1 mentioned above. The skewed hydrogen bonds in Figure 8
result from the fact that these two strands are parallel. Of the nine strands in
Rhe, this is the only occurrence of B-type interactions between parallel strands:
all other interacting strands run in opposite directions. Note the kink in strand 1
caused by the Pro-Pro sequence for residues 7 and 8. In Bence—Jones protein Rel
(Huber & Steigemann, 1974), residue 8 is also Pro, but was found to be in the cis
conformation. All eight proline residues in Rhe are in the frans conformation.
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F1G. 8. Schematic diagram showing main chain hydrogen bonds.

, unlike in the Rei structure, there is no evidence of disorder in the disulphide
ge in Rhe. The S-S distance is 2018 A with (;—S,-S, angles of 103-4° and
". The (';—S-S—(; torsion angle is 87-4°.

(d) Hydrogen bonding

:

e temporarily restrict our attention to only one monomer, then the protein—
'n hydrogen-bonding interactions can be separated into three categories:
1 chain—main chain, main chain-side chain, and side chain-side chain.

, the N-H-O angle greater than 120°, and the (“O-H angle greater than
Although these criteria are somewhat arbitrary, they are reasonable in that
Strong hydrogen bonds will certainly be detected, all totally unrealistic ones
- be rejected, yet a considerable margin for error is provided for. Most
{rogen bonds are in fact quite normal, as indicated by mean N-O distances and
H-0 angles of 2:990 A and 160°, respectively. It should be pointed out that
hough protein stereochemistry was restrained during the refinement process, no
traints were included for any of the hydrogen bond interactions. Therefore, the
drogen bond parameters represent unbiased structural observations. There are

main chain-main chain, 21 main chain-side chain. and 11 side chain-side chain

in chain interactions is not surprising, considering that two B-sheets constitute
08t of the molecule.

For the main chain-side chain hydrogen bonds, the mean donor-acceptor
Stance decreases to 2:908 A and the standard deviation rises to 0213 A. This is
hainly the result of including three hydrogen bonds with oxygen atoms as both
1€ donor and acceptor. If these three terms are neglected, the mean distance rises
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TaBLE 4
Side chain—side chain hydrogen bonds

d D-A D-H-A (-O-H

Donor Acceptor (A) & ©)
Q6NE2 T1050G1 3:005 174 114
R17NH2 S770G 3166 152 171
T270G1 8S250G 3209 155 140
T270G1 N930D1 3148 164 99
N32ND2 DY40D2 3115 178 102
R62NHI1 DS830D1 2-830 174 123 |
R62NH2 D830D2 2:994 169 121
K67NZ N520D1 2912 172 103
N93ND2 D280DI1 2-858 169 119
S950G N930D1 2682 172 123
Q112NE2 E840E2 3254 156 96
Mean 3-:016 167 119
Standard deviation 0-181 9 22

to 2961 A and the standard deviation drops to (0:174 A. The adjusted statistics
then are in reasonable agreement with the results for main chain—main chain
hydrogen bonds. The mean donor-H-acceptor angle for these interactions is also
160°.

Of the 11 side chain-side chain hydrogen bonds (listed in Table 4), five
correspond to interactions exclusively between hypervariable residues, and
therefore are likely to be unique to the Rhe structure. Of the remaining six
hydrogen bonds, the most important seem to be the two involved in the salt-
bridge between Arg62 and Asp83 shown in Figure 9. In addition to connecting the
two B-sheets, the residues in the Figure serve to insulate the non-polar core
residues from solvent. Since these residues are not from hypervariable regions,
this feature may be common to all V; domains.

Although the mean donor-acceptor distances and donor-H-acceptor angles
are similar in all three categories, the “acceptor angles” (~O-H show a marked
tendency to decrease as the number of main chain atoms in the hydrogen bond
decreases (146°, 132° and 119° for main chain-main chain, main chain-side chain
and side chain—side chain interactions, respectively). This is probably the result of
increased flexibility in the side-chains, enabling the more favorable acceptor

FiG. 9. Salt-bridge between Arg62 and Asp83.
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Fic. 10. All non-polar residues shown relative to the a-carbon frame.

es to occur. For an ideal linear hydrogen bond, the donor—H-acceptor angle
0°, and for a carbonyl oxygen as acceptor, the ideal C~O-H angle is 120°.

(e) Non-polar residues

ie Rhe monomer contains 42 non-polar residues, of which 23 (55%,) can be
ight of as “core” because of their internal positions in the molecule. The
fions of all non-polar residues relative to the «-carbon frame are shown in
ure 10. The core residues are mainly Leu, Val and Ile, but they also include the
matic side-chains of Trp36 and Phe63. Trp36 is deeply buried and is almost at
center of gravity of the molecule, whereas Phe63 is near the bottom of the
lain and is partially exposed to solvent. Of the 19 non-polar residues not
ignated as protein core, most participate in hydrophobic interactions across
2-fold axis of dimerization.

(f) Charged residues

E ‘nsidering the conditions of crystallization, 19 of the 114 amino acid residues
a Rhe monomer are expected to be charged. The seven Asp, five Glu, five Lys
d two Arg residues produce a net charge of —5, in accord with the observed
electrio point of 4-4. Surprisingly, there are no strong acid-base interactions
her than the one salt-bridge in which Arg62 neutralizes Asp83. The positive
large on the side-chain of Arg62 might also be partially neutralizing Glu82 by
ansfer of charge through a solvent molecule. This was shown in Figure 9, where
18 seen that water O141 links the side-chains of Glu82 and Asp83. Since the
Sitive charge is strongly linked to the carboxyl group of Asp83, the charge may
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also be propagated through water O141 to Glu82. The diffusion of charge throug
solvent molecules has been proposed by Finney (1977). and was recently obse
in the crystal structure of actinidin by Baker (1980). In the present case, it is al
possible that O141 is not a water oxygen at all, but an ammonium ion. This woul
certainly be more effective in neutralizing charge and is equally consistent wif
X-ray data at 1:6 A resolution.

Although there are no other strong acid-base interactions between side-chair
nearly all charged residues are involved in polar interactions of some sort, wit
hydrogen bonds to water being the norm. The only charged side-chain no
identified in any specific contacts is the ("-terminal residue Lysl14. This residue |
unambiguously positioned in the electron density map, but its thermal factors an
high (36 A2 for N;) and considerable disorder may be present. This is nc
surprising, considering its exposed location (see Fig. 4).

In terms of the overall charge distribution, the bottom of the molecule (as seen
in Fig. 4) is predominantly negative. This is caused mainly by the seven-residue
sequence 80 to 86, which contains five acids expected to be ionized. All other
regions in the monomer are relatively neutral, with no other locali
concentration of charge.

F1G. 11. Comparison of variable domain dimers viewed down their 2-fold or pseudo-2 fold axes. (a)
Fab New: (b) Rei: (¢) Mcg: (d) Rhe. Co-ordinates for Rhe are taken from the refined model. Co-
ordinates for the others are taken from the protein data bank. Brookhaven National Laboratory
Associated Universities Inc.. Upton, Long Island, N.Y. In (a) and (c¢) the constant domains were
omitted.
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(g) The Rhe dimer

ie unique mode of domain association exhibited by Rhe is best realized by
parison with the related structures New (Poljak et al., 1973), Rei (Epp et al.,
) and Mcg (Schiffer et al., 1973). Rei and Mecg are Bence-Jones proteins,
as New is the antigen binding fragment (Fab) of an immunoglobulin G (IgG)
cule. Figure 11 presents the four variable domain dimers viewed down their
ective 2-fold or pseudo-2-fold axes and shows the difference in combining site
letry. In Rhe, the combining site cavity is lined at the bottom instead of
trating infinitely between domains. One might be tempted to associate the
rent cavity architectures with sequence changes resulting from the varied
ple sources: however, the major structural change in Rhe occurs in the non-
ervariable residues 36 to 50, a region highly conserved in amino acid sequence.
s 15-residue segment lies between the first and second hypervariable regions of
V. domain and forms most of the interdomain contacts within the cavity.
en a Rhe monomer is fit by a least-squares procedure to a Rei monomer
litting hypervariable residues and the 15-residue loops from the minimization),
re are deviations of up to 8 A between corresponding atoms in the two loops.
8 is in spite of the fact that the amino acid sequences are nearly identical in
e regions, with only one very conservative Thr/Val substitution distinguishing

o

n Figure 12, the complete Rhe dimer is shown both at the x-carbon level and
h all atoms included. Since Rhe forms a non-covalent dimer, interactions
ween domains must either be due to hydrogen bonds, van der Waal’s contacts
electrostatic forces. If we apply the same criteria for accepting bonds used
thin a monomer, then there are only six hydrogen bonds spanning the 2-fold

n39, Ala44, Pro45, Lys46, Leu47, Ser57 and their symmetry-related
unterparts. Note that only one of the hydrogen bonds (in fact, the weakest)
volves a hypervariable residue (Ser57), and that all other hydrogen-bonded
Sidues are members of the 15-residue loop.

Despite the presence of four lysine residues in the interface, there are no
dications of any strong acid-base interactions between domains. The major
rces maintaining the dimer are therefore hydrophobic interactions spanning the
fold axis. To identify strong hydrophobic interactions, all interatomic distances
ross domains were computed, and those less than 4 A were deemed significant.
he contacts involve 19 unique residues of which only seven (Ile35, Tyr51, Leud4,
1056, Ser57, Trp92 and Pro99) are from hypervariable regions. Pro56 and Ser57
re the only hypervariable residues to form contacts with non-hypervariable
sidues, and 11 such contacts are formed. The strongest interactions that occur
Vclusive]y between hypervariable residues are between Tyr51 and Trp92
I contacts). The 19 residues involved in interdomain contacts are shown in
figure 13. In Figure 13(b). the contact region close to the 2-fold axis and at the
bottom of the cavity is shown, highlighting the hydrogen bonding across the
dyad. Although there are few direct contacts between hypervariable residues
across the 2-fold axis, there are several cases where water molecules link residues

PFIZER EX. 1125
Page 19



678 W. FUREY ET AL.

(b)

FiG. 12. (a) The Rhe dimer, a-carbon skeleton: (b) all atoms.

in dyad-related domains. These cases will be discussed later. The combining site
cavity between domains is shown in Figure 13(c) in a view down the 2-fold axis.
Only the hypervariable residues are included. From the Figure, obvious
contenders for hapten binding are Ser33, Ile35 and Tyr51. Since most of the
important contacts between domains are between non-hypervariable residues. we

see no reason why other variable domain dimers cannot adopt this mode of
domain-domain association.

(h) Packing interactions

In any crystal there will always be contacts to neighboring molecules that could
conceivably influence molecular features within the unique part of the structure.
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(a)
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(c)

FiG. 13. Contacts across the 2-fold axis of dimerization. (a) Upper region near the top of the cavity:
(b) lower region at the base of the cavity: (c) all hypervariable residues.

In the case of protein crystals, however, intermolecular contacts tend to introduce
only minor effects on the overall molecular structure (Rupley, 1969). This is
probably because the interactions believed to be responsible for protein folding
are established long before crystallization occurs. Nevertheless, it is.important to
determine whether or not packing interactions are seriously affecting the
conformation of Rhe within the crystal. To determine the extent of packing
interactions, all interatomic distances between symmetry-related protein atoms
were computed (neglecting the 2-fold related domain, which has already been
discussed).

The unique interatomic contacts less than 4 A are confined to interactions
between 29 residue pairs involving seven different domains. The overall packing
pattern is shown in Figure 14, which is a view down the ¢ axis of the crystal. In
addition to showing the packing interactions between molecules, the Figure also
clearly reveals the presence of solvent channels parallel to the ¢ axis and
extending infinitely through the crystal. The 29 interacting residue pairs are listed
in Table 5 and are grouped according to the symmetry operator used to generate
the molecule in contact. Of the 29 pairs, only the six flagged with a footnote sign
are hydrogen-bonded, hence the major packing interactions are hydrophobic in
nature. The contacts are spread fairly evenly over the symmetry operations, so Wé
do not expect packing forces between any particular pair of domains to dominate
the structure.
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FiG. 14. Packing diagram viewed down the ¢ axis.

“particular interest are the contacts involving GIn39 and Pro4l, since they
of the 15-residue segment. Upon close examination, however, it is evident
hese contacts are incidental and in no way force the 15-residue loop to orient
Pormal to the B-sheets. We conclude that packing forces have no major
t on the folding pattern of a Rhe monomer, and in fact are probably minor
pared to the forces holding the dimer together.

(1) Water structure

ice Rhe crystals are known to contain approximately 519, solvent by volume

{

ng et al., 1979). one expects many protein—solvent interactions within the

TaBLE 5
acts to symmetry-related molecules: symmetry operation applied to second
’ residue in pair

Symmetry operator X —1/2, =Y —1/2,1-Z

S9-D61+ S11-G58+F S11-S57
S11-G58 G12-857 T13-857
Q16-857

Symmetry operator —X—1/2, Y—1/2.1-2Z
T13-F101 Q16-Y88f Q16-Q39F
R17-P41

Symmetry operator 12+ X, —Y—-1/2,1-Z
L55-L110 P56-L110 S57-L110

Symmetry operator —X —1/2,1/2+Y,1-Z

E1-P14 L96-P113 L96-K114F
L96-G111 D97-K114 E98-Q112
E98-K114 P99-G111 F101-G111

Symmetry operator X, Y. Z—1
T70-K1141 G69-K114 G69-P113
S68-K114 S68-P113

Symmetry operator —X —1/2, Y —1/2, —Z
S68-895

u
‘Contact includes hydrogen bond.
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682 W. FUREY ET AL. *‘
crystal. The interactions involving solvent can be separated into four genera]
categories: main chain NH-water; main chain O-water: side chain-water; and
water-water. Unlike the previously described hydrogen-bonding criteria, when ‘
water is involved we do not consider any angular information: only the donor— |
acceptor distance is used to detect hydrogen bonds. This is because hydrogen atom |
positions cannot be computed accurately for most of the interactions, although it
is possible for those involving nitrogen as the donor. To compensate somewhat for ‘
the possible inclusion of interactions that may have unfavorable geometry. we use !
a more selective cutoff distance of 32 A for acceptance of a hydrogen bond. Upon |
examination of the final structure, nearly all water molecules were reasonably |
positioned, thus indicating that the selection criteria was adequate. Similar |
criteria were applied to analyze the water structure in the iron—sulfur protein
rubredoxin (Watenpaugh et al., 1978).

Of the 114 main chain nitrogen atoms in Rhe, the presence of eight proline |
residues reduces the number available for hydrogen bonding to 106. Of the 106, 21 |
are found to be hydrogen-bonded to water, while 13 are found not to be hydrogen- »‘
bonded at all. The hydrogen-bonding potential of main chain NH groups is %
therefore realized to 889, of its maximum value. Of the 13 not designated as 4
hydrogen-bonded, most are involved in contacts of less than 4 A to suitable ﬁ
acceptors. The majority of NH groups bound to water are in the loops connecting |
strands, which is not surprising since most other NH groups are tied up in the p- ’
sheets. The mean N-O distance is 2976 A with an estimated standard deviation of
0177 A, in good agreement with values found for main chain-main chain
hydrogen bonds.

For main chain oxygen—water interactions, all 114 carbonyl oxygen atoms are
theoretically available, although many are also tied up in B-sheets. Of the 114,49 |
form hydrogen bonds to water, and 13 form no hydrogen bonds at all. Therefore,
the hydrogen-bonding potential is also realized to the extent of 889 if we assume
only one hydrogen bond per oxygen atom. As before, most of the atoms not
designated hydrogen-bonded actually are involved in contacts just outside the
cutoff. The mean O-O distance is 2:850 A with an estimated standard deviation of
0183 A.

In a Rhe monomer, there are 59 residues with side-chain atoms capable of
forming hydrogen bonds, and 53 (909,) actually do so. In terms of the side chain=
water interactions, there are 62 hydrogen bonds involving 46 different protein
atoms: 14 of the residues have charged side-chains, hence solvent is clearly aiding
in charge delocalization. It is also possible that some of the “‘waters’ may really
be ammonium ions, although there are no clearcut cases. The mean donor-
acceptor distance is 2:896 A with an estimated standard deviation of 0-203 A. Note
that roughly 909, of the hydrogen bonding potential is realized in all categories.

For the 246 water—water hydrogen bonds in Rhe, the mean O-O distance is
2763 A with an estimated standard deviation of 0-266 A. The estimated standard
deviation is significantly higher for water-water interactions than for any other
category. This is partially because large thermal factors prevent accurate
determination of atomic positions, but it may also reflect the transition from
ordered water to bulk liquid. A detailed analysis of all water—water interactions is
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TABLE 6
Water oxygen hydrogen-bonding statistics

Number of
hydrogen
' bonds to Total number of hydrogen bonds

protein 0 1 2 3 4 5 Total
0 13 31 30 14 2 0 90
1 14 24 16 4 2 60
2 7 12 5 1 25
3 5 3 0 8
4 2 1 3
5 0 0
Total 13 45 61 47 16 4 186

d the scope of this text, and it suffices to state that most water-water
ions are confined to the large solvent channels.

e preceding paragraphs, interactions involving water were described from
point of view of protein atoms. An alternative and equally informative
ach is to consider each water molecule and the hydrogen bonds it forms
rately. A convenient way to summarize water interactions is to construct a
whose elements are the number of water molecules that form 0, 1, 2, ete.
n bonds. This approach was introduced by Watenpaugh et al. (1978) and
satisfactory description of the hydrogen-bonding distribution. The matrix
he is given in Table 6. The bottom row gives the total number of water
cules involved in 0, 1, 2, etc. hydrogen bonds, depending on the column,
' intermediate row entries determine how many of the hydrogen bonds were
> to protein. For example, there are 61 water molecules that form two
n bonds, of which 30 form none to protein, i.e. they make hydrogen bonds
0 other water molecules. Twenty-four must bridge protein to solvent,
only one of their hydrogen bonds is to protein, and seven bond exclusively
tein. This type of data organization draws attention to water molecules that
htly bound, and suggests an order for examining solvent interactions.
ably, water molecules that form four or more hydrogen bonds, with three

,0164

(») (c)

6. 15. Several multiply bound water molecules. (a) Water O115; (b) water O121; (c) water O123.
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or more to protein are structurally significant, and may even be considered
integral part of the molecular structure. Several examples of these “‘structural’
water molecules are shown in Figure 15.

In this and subsequent Figures, if a residue belongs to a symmetry-relas
domain, its residue number is incremented by 300. Thus, the first 300 residues (1
to 114 = protein, 115 to 300 = water) define the contents of the crystallographie
asymmetric unit. Residue numbers for the water molecules indicate the order in
which they were incorporated in the model, and therefore are a measure of their
peak heights in the electron density maps. Not surprisingly then, solvent residu
numbers are also well-correlated with their B values, and serve as indicators of
their reliability. The first 84 water molecules, numbered 115 to 198, are fully
occupied, while those numbered 199 to 300 were given variable occupancy factors
during refinement.

In general, most of the tightly bound water molecules have tetrah {
geometry, although it is often distorted. In Figure 15(a), O115 is seen to hyd:(iﬁ?::
bond to the side-chain of Serll, O of Pro56, O of Val59 and to water 0164 with
tetrahedral geometry. Note that O115 was the first water oxygen located,
consistent with its tightly bound state. In Figure 15(b), a similar situation is
shown for O121. In this case, hydrogen bonds are formed to main chain N of Glu6,
N of Gly103, O of Leu4 and water O128. For 0123, shown in Figure 15(c), there
are five hydrogen bond interactions. The donors are the OH groups in Ser6d,
Ser77 and water 0177, while the acceptors are the oxygen atoms, of Ala75 and
Arg62. Note that in Figure 15(a) symmetry-related domains are involved, whereoiv
in (b) and (¢) all residues involved are in the same molecule. In fact, in the la.ttbl
two cases all residues are from non-hypervariable regions. Thus, these features
may be present in other V; domains.

The previous section is not meant to imply that water molecules involved in
less than four hydrogen bonds are not important. It merely illustrates the general ‘
tendency of water to fill in gaps in the protein surface and, wherever possible, t0
link side-chains in an energetically favorable manner. In cases where three
hydrogen bonds are formed, the tetrahedral symmetry is usually maintained but
with one of the lone electron pairs on the water not participating in bonding.

The identification of several strongly bonded water molecules in key structural
segments of the protein indicates that solvent may help stabilize the novel Rhe
conformation. In particular, two of these “structural” water molecules were
identified, one in what is usually thought of as a hydrophobic region very near the
15-residue loop, and the other deep in the combining site cavity common to both
V. domains constituting the dimer. These water molecules refined to yield
isgtropic thermal factors of 97 and 89 A2, respectively. The electron density at
both of these sites is 3:11 e/A3, reflecting the highly ordered nature of these
waters.

Water O118 (Fig. 16(a)) is found to form three distinct hydrogen bonds in &
roughly trigonal arrangement, one to NHI of Trp36, one to O of Asn52 and one 0
O of Ser66. This water is interesting because of its location deep in the core of the
protein, and also because it is curiously close to the junction between 100P
residues and hypervariable regions (note the position of Trp36 in the loop). In &
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(b)

16. 16. (a) Water 0118 deep in the protein core amongst hydrophobic residues. Note that it is

b, an upper loop residue, to which this water is hydrogen-bonded. (b) Arrangement of water
cules in the cavity between variable domains in the dimer. Note the location of water 0417
ivalent to O117), which forms hydrogen bonds to all 3 hypervariable region residues.

'

vey of immunoglobulin structures, Padlan (1977) classified Trp36 as being
ipletely buried, and therefore it would not be expected to be accessible to
vent. This is clearly not the case, although detection of water molecules may
t have been possible with the lower resolution data available for the
munoglobulins used in the study. Water O118 is actually sandwiched between
€ two B-sheets, which are viewed “‘end on’ in the Figure. This water is very near
> molecular center of the protein in a hydrophobic region, although there does
pPear to be an accessible route to the protein surface in the upper right corner of
e Figure. In a study of the conformational energy of a Rhe monomer by semi-
pirical methods (Furey, unpublished results) the presence of 0118 in this region
luced the total energy of the system by ~9-5 kcal/mol.

Perhaps the most intriguing solvent molecule is water 0417 (equivalent to
17), which lies deep in the combining site cavity and is shown in Figure 16(b).
his water forms four distinet hydrogen bonds, one to O of Ser33, one to OH of
Y1351, one to N of Trp92 and one to another water molecule. This water may be
gnificant if one realizes that the three amino acid residues involved are from
ach of the three respective hypervariable regions. Ser33 and Trp92 represent the
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first and third hypervariable regions in one monomer, while Tyr351 (equivalent to
Tyr51) represents the second hypervariable region from the other monomer. Thus, '
representative residues from each of the three hypervariable regions converge on a
single water molecule deep in the combining site cavity. It is difficult to imagine |
this water being displaced upon binding: first, because of the number of strong
hydrogen bonds that must be broken, and second, because there does not appear
to be any exit route for this water molecule (recall that the bottom of the cavity is |
blocked in Rhe, and any incoming antigen or hapten could conceivably block the |
top). It seems then, that this water may indeed be a structural element of the
protein helping to stabilize the Rhe conformation by tying together both variable
domains as well as the three hypervariable regions. We estimate this water and its 1
dyad-related counterpart to contribute a total of ~22 kcal/mol stabilization
energy to the dimer.

(j) Loop conformation and domain—domain association

It can be shown that the orientation of the 15-residue loop in Rhe is closely
related to the mode of domain—domain association by comparison with the dimer
of Bence—Jones protein Rei. If each domain of a Rhe dimer is independently fit by
a least-squares procedure to the corresponding domain of a Rei dimer as described
earlier, atomic collisions result near the local dyad-relating domains.This is shown
in Figure 17 in a view down the pseudo-2-fold axis. The continuous lines represent
the Rei structure, while the broken lines represent the Rhe structure after the
least-squares fit. The broken lines in the center of the dimer correspond to the 15-
residue loop, with the shortest contact being between Pro4l and its dyad-related
counterpart. The distance between a-carbons in this contact is only 2-8 A. If all
atoms were included there would be many more bad contacts, with some atoms
even crossing the 2-fold axis. Therefore, if the 15-residue loop is oriented normal
to the B-sheets as it is in Rhe, there must be an associated rotation of one domain
relative to the other to avoid collisions. Alternatively, if single domains from
each of the Rhe and Rei dimers are aligned by a least-squares procedure, then
one of the remaining domains requires a rotation of ~61° and a centroid

F1G. 17. Rhe structure (broken lines) after a least-squares fit to the Rei structure (continuous lines)-
Note the short contacts near the pseudo-2-fold axis.
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ation of ~19 A to become aligned with its counterpart. The major effect of
new mode of dimerization, in addition to providing a different cavity
tecture, is to increase the distance between corresponding residues in the two
h regions by 6 to 9 A.

ere are no indications from the packing analysis of any intermolecular
acts that might favor the Rhe loop conformation other than those contacts
s the axis of dimerization itself. Accordingly, we attribute the novel loop
tation to be an intrinsic feature of the molecule and not an artifact of crystal
effects. A comparison of main chain torsion angles between Rhe and Rei within
oop residues indicates no abrupt change, although there are deviations of up
) throughout with a root-mean-square deviation of 18°. Despite these subtle
ges in torsion angle, the same hydrogen-bonding scheme between strands is
nt in both structures. It appears likely that the overall loop orientation is
'mined by the cumulative effect of sequence variations and/or subtle changes
rsion angle originating at or beyond the top of the two strands, i.e. in the first
econd hypervariable regions. The largest atomic shift (for non-hypervariable
s) relative to the Rei structure occurs in Tyr37. in which the side-chain is
tely reoriented, corresponding to an 8 A shift in the terminal oxygen
n.

e local conformation of the 15-residue loop is shown in Figure 18 with main
n bonds thickened and hydrogen bonds as broken lines. It is apparent from
Figure that the loop is not in a random conformation but behaves more like a
and sheet, implying a certain degree of structural rigidity in this region.
Irogen bonding and van der Waals’ contacts to neighboring hypervariable
idues are apparent from Figure 8. In particular, interactions with residues 51 to
;,: play an important role in determining the loop orientation. The fact that
loop links to hypervariable regions 1 and 2 (residues 23 to 35 and 51 to 57,

G. 18, (a) Local conformation of the 15-residue loop consisting of the non-hypervariable residues
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respectively) is significant, because it can relate the conformational change in the
loop to amino acid changes associated with antigen specificity, although the
sequence within the loop itself is invariant. First and second hypervariable region

van der Waals® contacts and subtle changes in torsion angle. The result of these
forces, in addition to changing the local loop orientation, is a change in the mode
of association of variable domains into dimers. The novel association of domains ig
a necessary consequence of the new loop orientation, since unfavorable atomie
collisions across the 2-fold axis would otherwise occur. This reorienting of domaing
can ultimately generate combining site shapes and sizes that could not be
obtained simply by plugging different amino acids into hypervariable segments of
a structurally invariant framework. i

4. Discussion

The existence of the thermodynamically stable Rhe structure is in contradiction
to the hypothesis of a structurally invariant framework common to all variable
domains. If this concept is to be retained, clearly it must be modified to exclude
residues 36 to 50 from the framework. It should be obvious that researchers
studying immunoglobulin crystal structures by the molecular replacement
method (Rossmann, 1972) should use extreme caution in selection of search
models, since their unknown structures may differ in the mode of dimerization as
well as in the conformation of the isolated monomer. It might be best to consider
only monomers as search models, and omit residues 36 to 50. ‘

The accuracy of the model obtained from crystallographic refinement with
high-resolution data enabled identification of structural features relating the
domain-domain mode of association, i.e. combining site geometry, to the
conformation of the non-hypervariable loop residues 36 to 50 of each monomer.
This 15-residue loop appears to be somewhat variable in curvature, although it is
highly conserved in amino acid sequence. Apparently, its orientation and position
can be altered through hydrogen bonding and/or van der Waals' contacts t0
residues in the first and second hypervariable regions. These interactions with
hypervariable residues may ultimately determine gross features of the combining
site cavity by altering the mode of variable domain association. This process can
result in a larger range of combining site geometries than is possible when holding
all non-hypervariable residues structurally invariant, yet it does not require
additional alterations in variable domain DNA sequences. Such a process would
therefore extend the range of binding specificity very efficiently.

The detection of solvent molecules that are strongly hydrogen-bonded and
intimately related to both the 15-residue loop and the combining site cavity
suggests that solvent may play an important role in stabilizing the Rhe structure:
Note that the two tightly bound water molecules form hydrogen bonds to residues
36, 51 and 52, all of which themselves form contacts to upper loop residues near
the hypervariable region junctions. Since there is no other immunoglobulin
structure known to this resolution, nor are there any for which the solvent positions
have been determined so extensively, it is difficult to assess the effect of solvent in
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lizing protein conformation. This problem will be solved only when more
unoglobulin structures have been determined at high resolution. However,
ht into the problem might be gained by applying conformational energy
mization techniques to the Rhe crystal structure in the presence and absence
vent. Work along this line is underway in our laboratory.

lost of the conclusions discussed in the preceding paragraphs are drawn
]y from the observed correlation between gross structural features of the
ing site, domain—domain association, and the conformation of loop
36 to 50 within each monomer. In general, we have considered variations
main-domain association as a means of expressing antigen specificity, since
ins of the variations can be traced to hypervariable residues. It is also possible
; changes in the hypervariable regions that are less dramatic than amino acid
titutions might also reorient the loop, and consequently alter the mode of
ization. Adjustments in domain-domain association in response to changes
e first and second hypervariable regions may also permit a certain degree of
fitting of the combining site to better accommodate antigenic
erminants. When viewed in this light, a plausible trigger mechanism for
iying information from the combining site to switch regions connecting
iable and constant domains is unveiled. Before proceeding further, it must be
ted that the Rhe V| dimer is an antibody analogue (fragment) and not an
ict antibody. However, it is well-known that Bence—Jones dimers and Fab
gments share both conformational features and many chemical properties.
ed, it has even been suggested that Bence—Jones proteins may be considered
Pprimitive antibodies of unknown specificity (Edmundson et al., 1974). Hence
2 extrapolation to intact antibodies is not unwarranted.

details for transmission of binding information from the antigen combining
to the complement fixing site on antibody molecules is perhaps the most
riguing unanswered question in structural immunology today. Whether the
ismission is by an allosteric, associative or distortive mechanism, or by some
mbination of these mechanisms is still an open question (Metzger, 1974,1978;
eid & Porter, 1975; Beale & Feinstein, 1976: Givol, 1976). Although an allosteric
chanism has been proposed (Huber et al., 1976), it does not consider actual
nges in the combining site, instead it concentrates on the hinge and switch
lons connecting domains. Although the hinge and switch regions are indeed
iportant, all binding information must necessarily be initiated within the
mbining site, and be transmitted to the hinge and switch regions only as a
cond step. Since the combining site architecture is shown to be highly correlated
1th the 15-residue loop conformation, and ultimately with the mode of domain—
Mmain association, it is reasonable to expect that changes in the combining site
ich as those which could occur upon binding might also reorient the 15-residue
0p, and subsequently change the mode of association of domains. The large
Onformational change resulting from domain-domain reorienting is necessarily
Topagated to the switch regions, and could subsequently be passed to domains
urther down the chain. It is noteworthy that spectroscopic evidence (Lancet et
., 1977) suggesting large symmetry-conserving conformational changes upon
binding has been reported.

L1Nne
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A simple primary and secondary structure analysis adds credence to thj
mechanism, although it does not necessarily prove the allosteric model. Since th
complement fixing reaction is common to most antibodies yet must be initiated
from within the variable domains, it is very likely dependent on the amino acig
that are highly conserved within the variable domains. Since the majority of no s
hypervariable residues in variable domains are tied up in B-sheets, there are few
candidates left that might be associated with any trigger mechanism (unless one
assumes that the sheets are destroyed upon binding, but this is highly unlikely
Residues 36 to 50 are the only realistic choices. The fact that they con
directly to hypervariable residues and are involved in most of the interdomain
contacts serves to strengthen this hypothesis. It is also interesting to note that
although the “immunoglobulin fold™ is present in all immunoglobulin domains,
the constant domains not involved in binding of antigen are seven-strand
structures, while the variable domains are nine-strand structures. One of the extra
strands associated with the antigen-binding domains lies within the 15-residue
loop, implying a binding-related function for this loop (and its counterpart in the
heavy chain variable domain). 4

If this hypothesis is indeed correct, there is an important implication with:
regard to crystallographic binding studies. It implies that in order to observe the
conformation of a bound complex crystallographically, one must cocrystallize the
immunoglobulin with antigen or hapten rather than simply soak the latter into
previously formed immunoglobulin ecrystals. This is because the large
conformational changes expected would either be prevented from occurring
because of the rigid crystal lattice, or would occur but probably destroy the
crystal in the process.

Also if the postulated trigger mechanism is correct, it remains to be explained
why Rhe exists in this new conformation in the first place since there is no hapten
or antigen bound in the crystal. It may be that variable domain dimers can exist
in two forms, which are separated by a low energy pathway, with the structures
of Fab New, Rei and Mcg representing one form and Rhe the other. If the
activation energy for a transition from one form to the other is sufficiently low,
from statistical considerations one would expect to observe both conformations t0
some extent even in the absence of antigen, although the unbound conformation
should be dominant. Evidence for such an effect in antibodies has been reported
(Chiang & Koshland, 1979), where a small amount of complement was found to be
fixed by hapten-specific immunoglobulin M (IgM) antibodies even in the absence
of hapten. The assumption of a low energy barrier between bound and free dimers
is also consistent with the remarkable efficiency of the immune response. Crystal
packing forces might even reduce the required activation energy for a transition,
thereby increasing the frequency of occurrence of the lower probability state. A

conclusive test of this hypothesis will be obtained only when an immunoglobulin
is crystallized bound to its antigen.

The authors are grateful to the University of Pittsburgh for use of their computing
facilities. Atomic co-ordinates have been deposited in the Protein Data Bank, Brookhaven
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