and immediately processed by HPLC, the definitive method for separating and
quantifying plant pigments (101-104) including accessory carotenoids (105).
Chlorophyll a concentrations from all water samples were also determined fluoro-
metrically (106). Nutrient and pigment concentrations are given micromoles per
liter and nanomoles per liter, respectively. Here 19'-hexanoyloxyfucoxanthin (Fig.
3I) is a diagnostic tag for Phaeocystis spp., which dominated the near-ice phyto-
plankton, and fucoxanthin (Fig. 3]) is a tag for diatoms that were found further out
in the MIZ.
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Research Article

Structural Evidence for Induced Fit as a
Mechanism for Antibody-Antigen Recognition

JamEes M. RiN1, URSULA SCHULZE-GAHMEN, IAN A. WILSON*

The three-dimensional structure of a specific antibody
(Fab 17/9) to a peptide immunogen from influenza virus
hemagglutinin [HA1(75-110)] and two independent
crystal complexes of this antibody with bound peptide
(Tyr?1%°-Leu®'%®) have been determined by x-ray crystal-
lographic techniques at 2.0 A, 2.9 A, and 3.1 A reso-
lution, respectively. The nonapeptide antigen assumes a
type I B turn in the antibody combining site and interacts
primarily with the Fab hypervariable loops L3, H2, and
H3. Comparison of the bound and unbound Fab struc-
tures shows that a major rearrangement in the H3 loop
accompanies antigen binding. This conformational
change results in the creation of a binding pocket for the
B turn of the peptide, allowing Tyr®'% to be accommo-
dated. The conformation of the peptide bound to the
antibody shows similarity to its cognate sequence in the
HAIl, suggesting a possible mechanism for the cross-
reactivity of this Fab with monomeric hemagglutinin. The
structures of the free and antigen bound antibodies dem-
onstrate the flexibility of the antibody combining site and
provide an example of induced fit as a mechanism for
antibody-antigen recognition.

UNDAMENTAL QUESTIONS CONCERNING THE STRUCTURAL
basis of antibody-antigen recognition are still largely unan-
swered. Although hydrogen bonding, van der Waals contacts,
salt bridges, and buried surface area are of critical significance (1),
the contribution of conformational changes in the antibody or
antigen upon complexation, which may range from small changes in
side-chain torsional angles to domain rearrangements, has still to be
assessed. The concept of inducible fit relaxes the requirement for an
exact preexisting fit between antibody and antigen. Such inducibility
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occurs at the expense of specificity, and hence there should be limits
on the magnitude of these changes (2). The extent to which either
the antibody or antigen changes conformation has, in fact, been
much discussed (1-6). Both the lock-and-key (3) and induced fit
type mechanisms (4—6) have been used to describe antibody-antigen
recognition.

The x-ray crystal structures of a few unliganded antibodies and
antigens and their respective antibody-antigen complexes have been
determined and indicate that small but significant changes in both
the antigen and antibody can accompany complex formation (1, 2,
4, 5). Complexes of Fab fragments with lysozyme and with
neuraminidase (3, 7-9) show differences in the antigen of up to 1 to
2 A for backbone and 2 to 4 A for side-chain atoms, whereas the
Fab’ fragment of an antibody (B1312) to a myohemerythrin peptide
and its corresponding Fab'-peptide complex show similar changes in
the antibody (5). In addition, small but significant differences in the
relative orientation of the variable heavy and light chain (Vi and
V) domains in the Fv fragment of an antibody to lysozyme (D1.3)
have been observed between the bound and unbound forms (4).
Domain changes of a larger magnitude have been observed for an
antibody (BV04-1) to single-stranded DNA (10).

It is not yet clear how such changes manifest themselves in terms
of the specificity and selectivity of antibody antigen interactions. The
potential design of antibodies with tailored specificity and catalytic
properties (11), however, requires that we understand in structural
detail the role of conformational changes in antigen recognition.

We have now determined the three-dimensional structure of Fab
17/9 from a mouse immunoglobulin [IgG2a(k)] to a peptide,
corresponding to 36 amino acid residues [HA1(75 to 110) from the
influenza virus hemagglutinin (HA), in both its unliganded form
and in complex with its nonamer peptide antigen (Tyr"'%°-Asp-Val-
Pro-Asp-Tyr-Ala-Ser-Leu®'?3-amide). This antibody, Fab 17/9, is
one of a panel of 21 monoclonal antibodies whose peptide binding
specificity has been well characterized (12, 13). The minimum
epitope for Fab 17/9 corresponds to the six residues from Asp™*°! to
Ala"'%®. The nonamer peptide binds to the antibody with 50
percent inhibition at 2 x 107® M as determined by competition
enzyme-linked immunoabsorbent assay (ELISA). The cognate pep-
tide sequence is on the monomer surface in the HA but is located in
the trimer interface and, consequently, the antibody cannot bind to
the trimeric HA at physiological pH (12, 14). At low pH, the HA
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trimeric heads undergo a partial dissociation and the trimeric HA
can be cleaved by trypsin to yield monomeric “tops” [HAL(28-
328)] (15) which are bound by Fab 17/9 with an affinity three to
four orders of magnitude less than that of the nonamer peptide.
Antibody binding to this biologically important, fusion-active form
of the trimeric HA has also been demonstrated for other members of
this panel of monoclonal antibodies (16).

It is of interest to determine how the dual recognition of the free
peptide and the intact protein can be mediated by the same
antibody. Since the epitope embedded in the intact protein is
presented in an environment different from that of the peptide,
either free in solution or coupled to a carrier protein, considerable
accommodation in the antibody or the antigen (or both) might
underlie the dual recognition capabilities of antibodies to peptides.

Crystallization and data collection. Unliganded Fab and mon-
oclinic peptide complex were crystallized as described (17) with
minor modification. The unliganded (native) Fab (10 mg/ml) was
crystallized from 0.2 M imidazole-malate buffer (pH 5.6 to 6.5)
containing 0.1 M NaCl; polyethylene glycol (PEG) 600 (30 to 39
percent) was used as precipitant. The crystals are in space group P2,
with unit cell dimensions of a = 90.4 A, b = 82.8 A, c = 73.4A, B
= 122.6°. The asymmetric unit contains two Fab molecules, result-
ing in a solvent content of 46 percent. A monoclinic (P2,) Fab-
peptide complex was grown from 20 mM ammonium acetate (pH
5.5) containing 50 mM MnCl, at a PEG 600 concentration of 2 to
4 percent. The nonamer peptide was added in five times molar excess
compared to the amount of Fab (10 mg/ml) (17). The unit cell
dimensions of the complex crystals are a = 63.5 A, b = 73.4 A, c =
62.7 A, B = 117.1°, and a single Fab-peptide complex in the
asymmetric unit gives a solvent content of 53 percent. A second
Fab-peptide crystal form was grown by macroseeding from 1.7 M
ammonium sulfate, 0.2 M imidazole citrate (pH 6.5), and 1.8
percent PEG 600 with Fab at 4 mg/ml and a five times molar excess
of peptide. The initial crystals were obtained from the same buffer at
2.2 M ammonium sulfate concentration. This crystal form is tri-
clinic, with space group P1 (a = 60.1 Ab=671Ac=732Aa
= 89.9°, B = 101.8°, y = 96.5°) and two molecules in the cell giving
a solvent content of 61 percent. Data from all crystals were collected
on a Siemens multiwire area detector mounted on an Elliott GX-18
x-ray generator, equipped with a 100-pwm focus and Franks focusing
optics (18) and processed with the XENGEN software package (19).
A 2.0 A data set for the unliganded Fab was collected from eight
crystals with a merging R value of 0.09 on intensities. The triclinic
crystal grew as a twin composed of two identical lattices related by
an approximate 180° rotation about the a*-axis. Data were integrat-
ed from each of the two lattices independently with the use of the
appropriate orientation matrices in XENGEN, and overlapping
reflections were discarded. Data to 2.9 A (87 percent complete)
were collected from 18 crystals with a merging R value of 0.12.
Since the monoclinic Fab-peptide crystals were very small (0.3 by
0.04 by 0.02 mm), data were collected at —150°C to minimize the
effects of radiation decay. Techniques similar to those described by
Hope (20) were used to flash cool the crystal on a thin glass paddle
in the cold nitrogen stream of the Siemens L'T?2 after a brief washing
in mother liquor containing 35 percent ethylene glycol. A complete
data set to 3.1 A was collected from a single crystal in 10 days with
a merging R value of 0.10.

Structure determination. The variable and constant domain
models from McPC603 (21) and HyHEL-5 (8), respectively, were
used in the molecular replacement solution of the native Fab. Each
molecule in the asymmetric unit was solved independently with the
8 to 4 A data (23 A Patterson cutoff radius) with the use of the
Crowther fast rotation function and the Crowther and Blow trans-
lation function implemented in the MERLOT program package
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(22). Of the five Fab structures available, all gave good rotation
solutions for the variable domains, but only HyHEL-5, which like
Fab 17/9 is a mouse IgG(k), gave interpretable results for the
constant domain. Rigid body refinement (eight domains) was
performed with CORELS (23) and MATREF (24) to give a model
with an R value of 0.42 for the 10.0 to 4.0 A data. The hypervariable
loops and all other residues differing from the input model were
then manually built into OMIT maps (25) with the use of FRODO
(26). Model refinement with the high-temperature simulated anneal-
ing protocol from X-PLOR (27) against the 8.0 to 2.5 A data
resulted in an R value of 0.25 with an overall temperature factor of
11.6 A2, Subsequently, manual rebuilding from OMIT maps and
two cycles of the temperature bath cooling protocol were performed
to incorporate first the 2.3 A data and then the 2.0 A data. The
model, which includes 160 water molecules, has an R value of 0.195
for the 6.0 to 2.0 A data (F > 20y), with restrained individual
atomic temperature factors. The root-mean-square (rms) devia-
tions from ideality on bond lengths and angles are 0.015 A and 3.0°,
respectively.

Both complexes were solved with the use of partially refined
coordinates of the native Fab. For the triclinic crystal form, well-
defined rotation solutions, related by an approximate twofold
rotation axis, were found for each of the variable and constant
domains of both molecules in the unit cell. The two independent
Fab’s were placed on a common origin by computing a set of cross
vectors between the two molecules and were then refined as rigid
bodies (eight domains) to an R value of 0.38 for the 8.0 to 3.5 A
data. Refinement with the simulated annealing protocol of X-PLOR
resulted in an R value of 0.24 for the 8 to 3 A data. The Fab
model was further rebuilt and refined as described above. Although
electron density for the bound peptide was present at this stage,
both this density and that for the H3 loop were still quite weak and
discontinuous. A second cycle of simulated annealing was per-
formed, and the difference electron density for the peptide was then
averaged over both molecules in the unit cell (28). The peptide was
initially built into the averaged map, but in subsequent rebuilding
and refinement steps both molecules were treated independently in
unaveraged maps. The model has an R value of 0.20 for the 8.0 to
2.9 A data with restrained individual temperature factors with rms
deviations from ideality on bond lengths and angles of 0.016 A and
3.7°, respectively.

The monoclinic crystal form was solved generally as described
above. In this case, however, the translation problem was solved
with the search based on the correlation between observed and
calculated intensities implemented in X-PLOR. Each domain was
solved independently on an 0.5 A grid with the use of the 8.0 to 4.0
A data. The relative y coordinate between the variable and constant
domains was determined by a one-dimensional search of the con-
stant domain at each of the four choices of relative origin by
incorporating the scattering contribution for the variable domain.
Simulated annealing with X-PLOR gave a model with an R value of
0.24. Electron density for the bound peptide was clear at this stage.
The electron density for the protein interior was strong and well
defined, but features on the surface of the protein seemed weaker
and the noise level higher than that in our other Fab determinations.
Since the data were collected at low temperature (—150°C), this
may result from surface features with multiple conformations or
ordered solvent structure that is not easily modeled at this resolu-
tion. The model has an R value of 0.22 for the 8.0 to 3.1 A data with
restrained atomic temperature factors and 22 well-ordered water
molecules. The rms deviations from ideality on bond lengths and
angles are 0.019 A and 3.9°, respectively.

The solvent-accessible surface areas on the Fab and the peptide
were calculated according to the program MS (29), with a 1.7 A
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Fig. 1. Electron density for the bound peptide in an OMIT difference map (25)
calculated for molecule 1 of the triclinic Fab peptide complex at 2.9
A resolution. The map is contoured at 2.7 o, and displayed with the
program Tom FRODO on a Silicon Graphics personal IRIS work station.
Density for residues 101 to 107 is continuous at 1.8 o.

probe radius and standard van der Waals radii (30). Hydrogen
bonds and van der Waals contacts were assigned with the program
CONTACSYM (8, 31). The Fab was numbered according to Kabat
et al. (32) and the letters L, H, and P preceding the number
designate light chain, heavy chain, and peptide, respectively.
Domain structure. Based on a pairwise comparison of the two
native and three independent complex molecules, no significant
change in the relative orientation of the V; and V; domains is seen
on complex formation. The variable domains from all molecules
were first superimposed on molecule 1 of the native structure with
conserved residues from the Vi; domain. The rotation and transla-
tion operation required to align the V; domains were then calcu-
lated. While the values for the three Fab-peptide complexes were
consistently larger than those for the two unliganded Fabs (4.1° and
0.43 A,4.2°and 0.86 A, 3.4° and 0.86 A compared to 2.9° and 0.29
A), the differences did not exceed those found for a similar analysis
with the constant domains (1.9° and 0.60 A, 1.5°and 0.37 A, and
1.7° and 0.54 A compared to 0.7° and 0.01 A). Thus, if domain
rearrangements occur, they are of the order of a degree in rotation

Table 1. Hydrogen bonds and van

Fig. 2. Comparison of
the structure of the pep-
tide bound to the Fab
and its cognate structure
in the influenza virus he-
magglutinin. The pep-
tides were overlapped on
the Ca atoms of the
B-turn region (residues
104 to 107). The Fab-
bound peptide confor-
mations are shown in
red (triclinic molecule 1)
and green (monoclinic),
and the corresponding ﬂ Yy

HA peptide (14) is —— e EEa
shown in yellow. Comparison of the Fab-bound peptides with the HA
peptide shows similarity between the NH,-terminal residues TyrP!%®
to Prof!%® and between the COOH-terminal residues Asp?!®* to Ser?!%”
(type I B turn). The major difference is in the  angle of Pro®'%3.

and a few tenths of an angstrom in translation. Calculation of the
elbow angle that relates the pseudo-twofold rotation axes within the
V. and Vy and within the C; and Cy1 domains gives values of
159° for the two unliganded Fab moieties, and 173° 171°, and 175°
for the two triclinic and monoclinic Fab-peptide complexes [calcu-
lated as in (5)]. Although these values might suggest a bound and
unbound form of the Fab, the close agreement shown by the
unbound forms can be explained by the pseudo-centered nature of
the monoclinic crystal lattice, whereas similarity among the peptide
bound forms likely reflects a common packing interaction along the
73 A axis.

Peptide conformation. Comparison of the Fab-peptide complex-
es from the monoclinic and triclinic crystal forms shows that all three
crystallographically independent complexes are similar. All show
electron density for the first eight residues of the nonapeptide and,
in addition, molecule 2 of the triclinic form shows density for
Leu®'%8, The NH,-terminal residues (Tyr®*%°-Asp-Val-Pro®'%%) of
the bound peptide are found in an extended conformation while the
COOH-terminal residues (Asp®%4-Tyr-Ala-Ser”*%7) adopt a type I
B turn (Fig. 1). Comparison of the peptide conformation with that
of the corresponding sequence in the HA shows structural similarity
with the amino and carboxyl portions of the peptide when they are

der Waals contacts in the Fab 17/9

Fab 17/9 contact residues

tide complexes. Fab residues . Contacts
It:)heft undel'goP hydrogen bonding Peptide  Atom Van der Waals (no.)
with peptide residues also contrib- Hydrogen bonds contacts only
ute to van der Waals contacts. Res-
idues with van der Waals contacts  Y?100 N524 N52 (H2), N522 051 (H2) R% (H3) 0-5
only are listed scparately. Specific  DF'! 032 §% Oy (H2), N° O8] (H2), G N (H2) Y* (H2) 16-22
atoms listed with the peptide resi- 031 G** N (H2), G** N (H2), G°> N (H2)
dues indicate those atoms that hy- VP92 N N2 051 (H2) Y5S (H2), R (H3) 39

bond with Fab residues. $52 Oy (H2)

The Fab residues (atoms) listed are ~ PP103 Y56 (H2), Y*© (H2) 813
all the residucs (sroms) making DFI®*" 051,082 R%" guanidinium (H3) T (H2), Y5 (H2) 5-10
contacts with the peptide in the Y?1% On D! 051 (L3), R Nql (H3) Y32 (L1), E% (H3), E'® (H3) 24-35
three complexes. Not all of the in- R®® Nm2 (H3), N'°% N (H3),
teractions are necessarily found in G!%% N (H3)
one single complex, and the num- AP'% QO N® N (L3), N** 051 (L3) D®! (L3), Y2 (L3) 89
ber of contacts given is the range §%3 (L3), L% (L3), R* (H3)
for the three complexes. There are ~ SF197 Y58 On (H2) 46
13 to 15 hydrogen bonds and 89 to ~ LF108 Y% (L3) 0-5
92 total contacts made in each of
the Fab-peptide complexes. H2, Total 89-92
H3, L1, and L3 refer to the heavy : : :
chain CDR’s 2 and 3 and light *Residues forming salt bridges.

chain CDR’s 1 and 3, respectively.

The pairwise contacts were generated in CONTACSYM (8, 31) with a cutoff of 3.4 A for hydrogen bonds and salt bridges and up to 4.11 A (depending
on the atom types) for van der Waals contacts. Amino acid residues are listed with the one-letter code (39).
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superimposed independently. The turn in the peptide resembles the
type I turn for the same residues in the HA (Fig. 2). Likewise,
residues 100 to 102 adopt a similar extended conformation in both
the peptide and protein. With the exception of Pro®!3, the changes
in ¢ and ¢ values are small, indicating conformational similarity for
each half of the peptide but difference in the overall shape of residues
100 to 107 in the peptide and protein antigen. Clearly, only a subset
of the interactions seen in the Fab peptide complex are possible
when the Fab binds the protein epitope. This fact coupled with the
decreased accessibility of the protein epitope presumably accounts
for the reduced affinity for HA “tops.”

Antibody-antigen interaction. The peptide interacts primarily
with the hypervariable loops or complementarity determining re-
gions (CDR) L3, H2, and H3 (Fig. 3). On average, the peptides
make 14, 45, and 29 pairwise contacts with each of these loops,
respectively. There are no contacts with hypervariable loops L2 and
H1 and only one or two contacts with L1. The number of hydrogen
bonds and salt bridges between peptide and Fab ranges from 13 to
15 for the three crystallographically independent complexes and
involve 11 Fab residues (Table 1). The total number of contacts
between bound peptide and Fab ranges from 89 to 92, and involves
21 Fab residues (Table 1). As in other Fab complexes (34), the
interactions with antigen are dominated by aromatic residues, small
hydrophilic residues, and charged residues for salt-bridge formation.
Except for Leu™®® there are no small aliphatic residues in contact
with the peptide antigen.

The NH,-terminus of the bound peptide (100 to 103) adopts an
extended conformation in the Fab binding site and interacts primar-
ily with residues of the H2 loop. The average temperature factors for
these residues are higher than those for the COOH-terminal B turn,
suggesting that they interact less tightly with the Fab. Tyr?% is
particularly disordered with little or no electron density for its side
chain. Tyr?'% has no Fab contacts in the monoclinic crystal form
but has three to five interactions and one crystal contact in the
triclinic crystal form (Table 1).

In contrast, Asp¥'®!, a key residue of this peptide epitope, makes
between 16 and 22 contacts with the Fab (Table 1). Despite its
central role in binding, the electron density for its side chain in both
crystal forms is weak, as is the density for its contact residues in the
Fab molecule, making it difficult to accurately position its carboxyl
group. However, it clearly interacts with the side chains of Ser*™>?
and Asn™522 as well as the three glycine residues, Gly**53 to Gly*'55,

Fig. 3 (Left). Stercoview of the binding pocket of the Fab with residues
contacting the bound peptide (red) highlighted in yellow. The Ca atom
backbones of the Vi; and V; domains are shown in dark and light green,
respectively. Molecule 1 of the triclinic crystal form is shown. Fab and
peptide residues are numbered only where clarity permits. Tube models in
Figs. 3, 4, and 6 were calculated with the program MCS (33). Fig. 4
(Right). Comparison of the Ca atom backbone of the Fv domain (V4 and
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which form the tip of the H2 loop. The peptide bond orientation
between Gly™5 and Tyr*™5® appears to be different in the two
complex crystal forms, although the density in each is fairly weak,
resulting in a different combination of hydrogen bonds between the
Asp'®! carboxyl group and the amide groups of Gly*53-Gly*55.

The amide nitrogen of Val®*°2 makes a hydrogen bond with the
side chain of Asn*52* of the Fab in all complexes and a hydrogen
bond with the hydroxyl group of Ser*™>? in the triclinic complex.
There are no hydrogen bonds to the carbonyl oxygen of Pro®!%3 of
the peptide. However, the proline ring does form van der Waals
contacts with the side chains of Tyr**5® and Tyr**>8, which define
one edge of the binding pocket.

Residues Asp®!%-Ser®'%7 adopt a type I B turn in the Fab
binding site and primarily make contacts with residues of the H3
and L3 hypervariable loops. The B turn is more deeply buried in the
Fab binding site than the NH,-terminal region of the peptide. It is
consequently more immobilized, as reflected by the average temper-
ature factors and is probably responsible for the major portion of the
stabilization energy. Asp®'%* forms a buried salt bridge with ArgH®
of the H3 loop. This is the only interaction that involves charge
neutralization in this complex. In addition, Arg*®® forms a stacking
interaction with Tyr"'% which is further sandwiched by Glu*1%.
The hydroxyl group of Tyr* ' is hydrogen bonded to one or more
of Asp™!, Arg"®, Asnt1%02 and Gly™!%% in the different com-

plexes. In total, Tyr®!%® makes between 24 and 35 contacts with the
Fab. The carbonyl oxygen of Ala®'® makes a very hydrogen
bond with the backbone amide group of Asn'®* in all three

complexes.

The peptide surface areas buried on binding are 397, 419, and
448 A? for the monoclinic and the two triclinic complexes respec-
tively. In reference to the Fab’ B1312-peptide complex (5), Colman
(35) pointed out that, since the peptide adopted a # turn in the Fab
binding site, the surface area buried on binding may in fact be an
underestimate. We have calculated that, in an extended B confor-
mation, residues 100 to 107 would present an accessible surface area
of 799 as compared to 740 A2 in the conformation found in the
Fab-peptide complex. Since in this case (36), as with B1312 (37),
there is no evidence for secondary structure in solution for the
peptide residues bound by the Fab, our estimates of surface area
buried on binding may be underestimated by some 7 to 8 percent.
Analysis by residue shows that approximately 110 A2 of the buried
surface area on the peptide is contributed by Tyr!%%, between 50

V) of the liganded and unliganded Fab. Molecule 1 of the triclinic
Fab-peptide complex (green) was superimposed on molecule 1 of the native
Fab (blue), with the Ca atoms of residues 2 to 7, 16 to 24, 33 to 40, 66 to
72, and 89 to 95 from the V;; domain. In addition to the Ca atoms, side
chains are shown for the bound peptide (red). The hypervariable loops of the
light and heavy chain are marked L1-3 and H1-3, respectively. A major
conformational change in the H3 loop is evident.
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and 60 A2 by each of Asp®'®!, Val®!%2, Asp®1%% and Ala"'%, and
from 25 to 30 A2 by Pro?%3 and Ser®'%”. The corresponding buried
surface in the Fab for the three complexes ranges from 446 to 543
A2, of which about 6 percent is contributed by hypervariable loop
L1, 20 percent by L3, 43 percent by H2, and 31 percent by H3. As
in the B1312 Fab'-peptide complex (5), about three-fourths of the
contact surface is contributed by the heavy chain. Like other
Fab-antigen complexes, there is close complementarity between the
buried surfaces on the antigen and Fab. The fit is particularly good
around Asp®'°! and the B turn region of the peptide.

The Fab-peptide interactions seen in the x-ray structure agree well
with the results of epitope mapping with a series of substitution
analogs of a 13-residue peptide (HAL, 98 to 110). The reactivity of
peptide analogs substituted with each of the 20 possible amino acids
in position 101 to 106 was measured by inhibition ELISA (38),
which showed that Asp®'°! and Tyr®'%® are the critical residues for
binding with the affinity being on average 800 to 2000 times lower
on substitution. Substitution of Asp®'®, which forms the salt
bridge with ArgH®5, results in an average 400 times lower affinity.
Since the main contribution to binding from Ala®'% involves a
hydrogen bond to its carbonyl oxygen, it is not surprising that this
side chain substitution results only in an average 35 times decrease
in affinity. For Val®'%? and Pro®%? the decrease in affinity is only 5
and 8 times, respectively, as would be expected from the limited
interactions that they make with the Fab molecule.

The numbser of contacts between Fab 17/9 and its peptide antigen
are comparable to those of other Fab-protein or Fab-peptide com-
plexes (1-5, 8, 9). In the three lysozyme complexes (D1.3, HyHEL-5,
and HyHEL-10) and the peptide complex (B1312), the number of
hydrogen bonds (10 to 15), salt bridges (0 to 3), and van der Waals
contacts (65 to 111) are comparable with those that we found (13 to
15 hydrogen bonds; 1 salt bridge, and 74 to 81 van der Waals
contacts). Moreover, as discussed by Stanfield et al. (5), the respective
Fab and antigen-buried surface areas (540 A and 460 A2) for the
B13I12 Fab'-peptide complex are not much less than those found in
the Fab-lysozyme complexes [for example, HyHEL-5 750 A2and 750
A’], even though the number of antigen contact residues is much
smaller for the peptide (7 for B1312) than for the proteins (17 in
HyHEL-5; 19 in HyHEL-10). This is also true for the 17/9 Fab-
peptide complex where the corresponding values for the Fab and
antigen buried surfaces are 476 and 420 A2 for molecule 1 of the
triclinic form. Furthermore, the number of Fab residues contacting
the antigen is similar for the protein (1) and peptide (5) complexes (14
to 21 compared to 18) despite the differences in the size of the ligand.

Fig. 5. Electron density in the antibody
combining site for the H3 loop in the
unliganded Fab and the Fab-peptide com-
plex. Both molecules are shown in the same
orientation. (A) OMIT difference electron

ity map at 2.0 A resolution showing
residues 95 and 99 to 100c of the H3 loop
for molecule 1 of the native Fab. The

ity next to the carbonyl group of
Asn!%* shows two ordered solvent mole-
cules. (B) OMIT difference electron density
map (2.9 A resolution) for the same resi-
dues of molecule 1 in the triclinic Fab-
peptide complex including residues 104 to
107 of the peptide. The peptide residues are
shown in pink. In the native molecule,
Asn*1%% s in the volume occupied by
Tyr®1% of the peptide in the Fab-peptide
com| Conformational changes in the
Fab in this region result in a pocket being
formed to accomodate the key Tyr®1% side
chain of the peptide antigen.
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Table 2. The rms deviations between free and bound Fab for residues in
the H3 loop. The Vy; domain of the Fab’s were superimposed onto the
Vi domain of the native Fab 17/9 (mol 1), with the Ca atoms of
residues 2 to 7, 16 to 24, 33 to 40, 66 to 72, and 89 to 95. The rms
deviations were calculated between the native molecule 1 and the various
complexes: the monoclonic (P2,), the triclinic molecule 1 (P1 mol 1), and
the triclinic molecule 2 (P1 mol 2). As a control the rms deviations
between the two native molecules and between the various complexes
were also calculated, which show rms deviations for the main chain and
side chain of the H3 loop (95 to 102) of 0.2 and 0.4 A (nat 1 and nat
2), 0.4 and 0.8 A (P1 mol 1 and P1 mol 2), 0.8 and 1.3 A (P1 mol 1 and
P2,). Only the H3 loop shows a significantly and consistently higher rms
deviation for the backbone between all the Fab-peptide complexes and the
native molecule 1 than in between the various complex forms and between
the two native molecules (on average 2.3 versus 0.5 A).

Fab Deviation (rms)
residue Main chain (&) Side chain (A)
H3
(H3) Pimoll Pimol2 P2, Pimoll Pimol2 P2,
R%S 0.5 0.7 0.6 1.0 0.9 1.2
E% 1.2 1.0 1.1 1.6 1.2 1.0
RY’ 32 3.1 25 5.4 54 49
Y8 1.9 21 1.7 4.6 4.8 4.7
D% 26 2.8 3.0 7.9 8.5 8.5
gl 1.8 1.8 1.7 8.9 8.9 7.6
N100a 37 3.8 39 7.7 7.6 7.8
Gloob 29 26 22
F100 1.7 1.6 14 23 2.3 1.3
Al0! 3.0 3.0 29 21 2.1 24
Yoz 2.0 20 1.6 0.9 0.9 0.9
R%5.yl0z 24 24 2.3 4.9 4.9 4.6

For both peptide antibodies (B13I2 and 17/9), the comparatively
large contact area is achieved by embedding parts of the peptide into
a deep groove and pocket on the Fab surface. Interestingly, the
seven-residue epitope, EVVPHKK (39), of the bound peptide in
the B13I2 complex and the corresponding peptide epitope, DVP-
DYAS, in the 17/9 complex, is bound in the antibody binding site
in a similar way. In each case, the first residue of the epitope (E or
D) participates in peptide binding and forms hydrogen bonds with
main-chain amides or serine hydroxyl within residues 52 to 55 of the
H2 loop. The residues, VV or VP, make limited contacts with the
Fab and can be replaced by other residues without substantially
reducing the affinity (38, 40). Finally, the four COOH-terminal
residues form B turns in both cases (VPHK type I and DYAS type
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Fig. 6. Comparison of the conformation of the H3 loop in the unliganded
Fab and the Fab-peptide complex. The Cax atom backbone of the H3 loop of
the free Fab (blue) and the complex (green) are shown in the same
orientation with their side chains in yellow. The Ca and side-chain atoms of
the peptide are shown in red. Residues Asp™®®-Asn™!%%, in particular, have
substantially different conformations in the free and bound forms.

I) and are tightly bound in a pocket formed mainly by residues from
the H3 and L3 hypervariable loops. Although it is unlikely that all
short peptides will assume B-turn conformations in antibody combin-
ing sites, the present Fab-peptide structures show that it is a good way
to maximize the total buried surface on the peptide while maintaining
a good fit to the pocket formed between the L3 and H3 loops.

Conformational changes. A comparison of the unbound and
bound forms of Fab 17/9 shows that a major conformational change
in the H3 loop is associated with peptide binding (Fig. 4 and Table
2). The hypervariable loops H1, H2, L2, and L3 retain similar
conformations while the L1 loop shows more variability largely
because of differences in packing among the three crystal forms (41).
The rearrangement of the H3 loop would seem to be primarily a
result of accommodating Tyr®'% of the peptide. Asn*1%%* in the
unliganded Fab, occupies the volume filled by Tyr®% of the peptide
in the complex (Fig. 5). Clearly, the Fab in the unliganded
conformation would be unable to bind the peptide antigen.

In general terms, the change in conformation of the H3 loop can
be described as a twisting of the two strands about the long axis of
the loop (Fig. 6). As a result, three residues in particular are found
to assume entirely different orientations in the bound and unbound
forms. Asnf1%% rotates to the distal side of the H3 loop where it
now Hpoints away from the binding site. Concomitantly, Asp™*® and
Glu™% flip from one side of the H3 loop to the other. The average
shift in Co position for the three complexes is 3.9, 2.0 and 4.6 Afor
Asp¥™®®, Glu™'%, and Asn™'%%, respectively. The ¢ and ¢ values
for these residues change from 61° and 22°, —78° and 44°, 58° and
-126° to —92° and —9°, 47° and 59°, and —143° and 72° on
peptide binding (for molecule 1 of the native and triclinic complex-
es, respectively). Other H3 loop residues also show significant shifts
in position (Table 2).

Analysis of the H3 loop conformation shows that it changes from
an aa reverse turn to an aca double turn on peptide binding, as
defined by Wilmot et al. (42). Furthermore, Asn™!%%, which like
Glyf1%% js found in the epsilon conformation in the native
molecule, assumes a more favorable conformation between the aff
region of ¢ and § space in the complexes (43). As a result of these
changes, the beta strands appear to open enough to accommodate
the peptide, resulting in the net loss of two main-chain hydrogen
bonds between the strands of the loop. In the native structure, five
hydrogen bonds connect the main chain at residues 94 to 102,
whereas in the complexes three different hydrogen bonds are made.

In the native structure, only four main-chain hydrogen bonds are
made between the H3 loop and the rest of the Fab. Of these, only
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one is broken on peptide binding (Asp™®®-Trp™5°) to be replaced
by an alternative hydrogen bond (Glu™'%°-Trp™5°). In contrast, the
side-chain hydrogen bonds differ considerably in the bound and
unbound forms. Van der Waals interactions are also affected, most
notably those involving Glu™!%, which in the native structure
makes side-chain contacts with Tyr'#°. In the complex these con-
tacts are rcglacod by the extensive stacking interaction of Glu™!%®
with Tyr®1% (average shift in Glu™% C3 is 9.1 A). Remarkably,
Tyr'#® now makes van der Waals contacts with Asn™!%%2, The side
chains of Arg"®” and Glu™'% interact with symmetry-related
molecules in the triclinic crystal form. Since these interactions are not
common to the monoclinic form, whose H3 loop is essentially
identical in conformation, they must not make a significant contribu-
tion to the observed H3 loop conformation in the peptide complexes.
In the native structure, the only crystal contacts involving the H3 loop
are van der Waals interactions with the side chain of Tyr**® at the tip
of the H3 loop. Although this may affect the side chain rotamer
somewhat, the overall loop conformation is dictated by the extensive
hydrogen bond network within the H3 loop.

Induced fit. Wilson et al. (44) have analyzed the shape of the
antigen binding site from a number of Fab complexes with antigens
ranging from small haptens to proteins. Although the total surface
areas buried by the various antigens is often similar, the surface

Fig. 7. Shape of the binding pockets of the unliganded and liganded Fab.
Solvent accessible surface for the binding of the unliganded Fab
(blue) (A) and the Fab-peptide complex (green) (B) were calculated with the
programs AMS (29) and MCS (33) with a 1.7 A probe radius. For the
native molecule in (A) the peptide (pink) was positioned as in the complex in
order to illustrate the conformational that are made on peptide
binding. A substantial difference in the shape of the combining site can be seen
between the unliganded and peptide bound form of the Fab.
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contours seen by the antigen differ. To assess the extent to which the
H3 loop conformation affects the shape of the Fab 17/9 binding site,
we calculated both the buried surface in the peptide complex and the
corresponding surface for the native molecule (Fig. 7). The unli-
ganded Fab appears as an open, basin-shaped pocket, whereas in the
liganded Fab, a prominant groove connected to a deep pocket is
formed to fit the peptide antigen. The most striking change in the
shape of the binding site is the creation of a binding pocket for
TyrF'% and the formation of a very prominent channel to encom-
pass the extended portion of the bound peptide. The difference in
the two conformational forms of the Fab (liganded and unliganded)
illustrates the induced fit of an antibody to an antigen.

The antibody-antigen and protease-inhibitor complexes deter-
mined up until now have been characterized by small conformation-
al changes involving interacting surfaces that are not highly mobile
(45). The rapidly growing data base of Fab structures lends some
support to this view with the emergence of canonical hypervariable
loop conformations (46). In the Fab 1719 structures presented, we
find that the hypervariable loops are well defined and give no
evidence for multiple conformations in either the complex structures
or the high resolution native structure. There is, however, a large
change in the H3 loop conformation between the unbound and
bound Fab. Thus, a distinction between mobility and the ability to
assume more than one conformation may have to be made. The
native structure described above is incapable of binding peptide, and
a new conformation that is intimately associated with the bound
peptide is found in the complex. This does not necessarily suggest
that the loop is highly mobile or adopts multiple conformations.
The peptide bound conformation of the H3 loop may be energeti-
cally and kinetically accessible only in the presence of peptide. If so,
this induced fit mechanism may be a means of selecting a productive
binding mode without the entropic expense of immobilizing a
flexible loop.

Because the monoclonal antibody Fab 17/9 was obtained from
hyperimmunized mice and has therefore has undergone affinity mat-
uration, the question arises whether the primary antibody used already
an induced fit mechanism for peptide binding or whether the induced
fit appeared during the maturation toward the high affinity antibody.
The possibility of induced fit in the antibody binding pocket needs to
be considered in the attempt to induce anti-idiotypic antibodies,
which are thought to be “internal images” of external antigens (47).
Anti-idiotypic antibodies of this type would have to be complemen-
tary to the induced “binding conformation” of the antibody.

The conformational change described above is in contrast with
what has been observed, with other antibody-antigen complexes. In
these other cases, either small localized shifts in a few residues (1),
small shifts in domain associations (4, 10), or the segmental motions
of a portion of a hypervariable loop (5) have been observed. In Fab
17/9 we see two apparently well-defined conformations for the H3
loop, and these differ in the architecture of the whole loop. Taken
together, however, it seems likely that inducibility of fit spans a
considerable range of movements in the formation of antibody-
antigen complexes. Analysis of the unliganded structure alone may
not be sufficient to define the shape of the antibody combining site
with which the antigen interacts.
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