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Abstract

We have previously found that the complex between fluorescently labeled digoxigenin and the monoclonal
antibody 26-10 forms with a decrease in volume of approximately 30 ml/mol, leading to increased association of
these species under applied hydrostatic pressure. In the present study, we have utilized a panel of mutant antibodies
and Fab fragments, previously characterized for their importance in the binding affinity of digoxin:26-10, to probe the
molecular basis of pressure sensitivity in this complex, as measured by fluorescence polarization spectroscopy.
Several mutations that result in marked decreases in affinity exerted little or no significant effect on the association
volume. Mutation at any of several key aromatic residues of the 26-10 Fab heavy chain led to a decrease in the
pressure-induced association, and two mutants with Trp — Arg mutations at heavy chain residue 100 exhibited
pressure-induced dissociation. The effect of charged groups was found to depend on their proximity to contacting
aromatic groups. The ability to understand and control the pressure sensitivity of antigen—antibody complexes has
numerous potential applications in immunoseparations and immunosensors. © 1999 Published by Elsevier Science
B.V. All rights reserved.
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1. Introduction

The study of pressure-sensitive immune com-
plexes is motivated by their potential applications
in biotechnology and because they add informa-
tion regarding volume changes to our understand-
ing of non-covalent interactions in molecular
recognition. The effect of pressures up to 4000
bar on binding equilibria has been investigated
for a number of antigen—antibody systems, and it
has been found that many complexes dissociate
when subjected to high pressures; however, others
are unaffected and some even associate at high
pressure [1-3]. These previous studies have, so
far, provided relatively little information regard-
ing the molecular determinants of pressure sensi-
tivity. An improved understanding of the mecha-
nistic basis for pressure sensitivity would provide
guidelines for molecular engineering strategies to
design selectively pressure-sensitive antibodies for
use in applications such as immunoaffinity purifi-
cation [4] and immunosensors [5].

Various non-covalent interactions in the bind-
ing site may regulate the pressure sensitivity of
antigen—antibody pairs. The qualitative effect of
different chemical groups is believed to be under-
stood — the formation of interfacial voids, salt
bridges, or aliphatic contacts is expected to
proceed with a positive change in volume, whereas
hydrogen bonds and aromatic stacking, due to
their efficient packing, are expected to lead to a
negative change in volume [6,7]. These conclu-
sions are based largely on small molecule studies;
extrapolation to macromolecular binding inter-
faces is complicated by the heterogeneous nature
of the latter. Macromolecular binding pairs for
which mutants are available can be useful in
extracting information regarding mechanisms in
the context of a heterogeneous binding interface.
One such system is the complex between the
cardiac glycoside digoxin, and the monoclonal
antibody 26-10 [8]. The structure of the complex
between digoxin and the 26-10 Fab has been
solved by crystallography [9], and a number of
mutant antibodies to 26-10 have been generated
by natural variation and mutagenesis [10,11]. The
three-dimensional crystal structure of the Fab
26-10 digoxin: complex has revealed an absence

of hydrogen bonds, salt bridges or conformational
changes at the interface; as a result, binding of
digoxin:26-10 is strongly dominated by non-polar
interactions [9]. Notably, the C3 attached tridigi-
toxose sugar is exposed to solvent and does not
participate in binding, and digoxigenin, which is a
closely related analog of digoxin lacking the sugar
moiety, exhibits similar affinity for 26-10 [9,10].
We have used fluorescently labeled digoxigenin
and a selection of 26-10 mutants as a model
system for exploring the molecular determinants
of pressure-induced association.

2. Materials and methods
2.1. Fluorescein-digoxigenin conjugation

Fluorescein was conjugated to digoxigenin as
described elsewhere [12]. The identity and purity
(>98%) of fluorescein labeled digoxigenin was
determined using mass spectrometry.

2.2. Production and purification of Fab 26-10 and
phage display mutants

Details of the initial construction and expres-
sion of these libraries are presented elsewhere
[11]. Each colony of E. coli was grown in 1 1 of
super broth (30 g tryptone, 20 g yeast extract and
10 g MOPS per 1, pH 7.0) with 20 mM magnesium
chloride and 50 pg/ml carbenicillin at 37°C.
When absorbance at 600 nm exceeded 1.0 O.D.,
the cultures were induced with 1 mM IPTG
overnight at 30°C. After overnight growth, the
cells were separated by centrifugation and resus-
pended in 20 ml of PBS with 200 pM
phenylmethylsulfonyl fluoride. The suspended
cells were disrupted by sonication and the cell
debris was subjected to centrifugation. The super-
natant was filtered through a 0.22-pm filter, ap-
plied to a ouabain-BSA-Sepharose affinity
column, eluted with 0.2 N ammonium hydroxide
(pH 11), and immediately neutralized with 1,/10
volumes each of 10 X PBSA and 1 M Tris (pH
4.8). The Fabs were concentrated by ultrafiltra-
tion and dialyzed into phosphate buffer (0.15 M
NaCl and 0.05% azide, pH 7.2) for storage. The
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final yields of Fab mutants were 100—-400 pg. Size
exclusion HPLC (G2000 SWxI column, TosoHaas,
Montogomeryville, PA, USA) of each Fab mutant
indicated the presence of 5-30% high molecular
weight proteins. Since the measured affinities and
association volumes of Fab interactions with
digoxigenin were close to previously published
values, the mutants were used without further
purification. The whole IgG mutants LL2 and
LB4 were prepared as described previously [10]
and deemed to be free of impurities by HPLC
using a G3000SWy; column (TosoHaas).

2.3. High pressure fluorescence polarization
spectroscopy

The binding of antibodies to fluorescein-labeled
digoxigenin was monitored by measuring the
change in fluorescence polarization, or anisotropy,
corresponding to a decrease in the rotational
diffusion coefficient for bound hapten as com-
pared to unbound [13]. Correction for window
birefringence and determination of bound frac-
tion, affinity constant and free energy were as
described previously [3,14]. The only exception
was that the ratio of fluorescence intensities in
the bound-to-unbound states was 0.45, in contrast
to 1.0 for labeled protein antigens that we had
used in previous studies [3]. The experimental
protocol was essentially as described [12], al-
lowing for slow ramping of pressurization and
sufficient time for sample equilibration at each
step.

3. Results

We have previously investigated the interaction
of fluorescently-labeled digoxigenin and the 26-10
antibody using high pressure fluorescence polar-
ization spectroscopy [12]. Over the range of
1-2000 bar, pressure-induced association was
observed. The finding of a negative association
volume was somewhat unusual for a macromolec-
ular system but could be mediated by the efficient
packing of aromatic groups present in both digox-
igenin and 26-10. We utilized the same experi-

mental approach and a selection of mutant anti-
bodies to investigate the biochemical basis for
this behavior in more detail. In each case, the
fluorescence anisotropy of a complex was mea-
sured at 200 bar intervals from 1 to 2000 bar;
greater anisotropy corresponds to an increasing
fraction of bound hapten. From the fluorescence
anisotropy, the bound fraction and free energy of
association (AG) were calculated as described
[12]. Representative examples of fluorescence
anisotropy and free energy vs. pressure (P) are
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Fig. 1. (a) Anisotropies (A4,,,,) and (b) free energies (AG) of
the interaction of 26-10 Fab () and two mutants, G20 (m)
and D9 (e), with fluorescently labeled digoxigenin. The associ-
ation of the indicated complexes was monitored by fluores-
cence polarization spectroscopy over the pressure range
1-2000 bar. Anisotropy values were corrected for birefrin-
gence by standard methods [14]. Anisotropies were converted
to fractions bound and free energies, and association volumes
(AV) were determined by regression of AG vs. P. Note that
the complexes involving 26-10 and G20 each exhibited pres-
sure-induced association, whereas that involving D9 exhibited
pressure-induced dissociation.
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shown in Fig. 1. The association volume was re-
gressed in each case from the AG vs. P plot.

3.1. Single residue variants of 26-10

First, we used previously characterized mutants
of the 26-10 monoclonal antibody that were
observed to exhibit marked effects on affinity.
Single substitutions in the CDR2 of tyrosine with
a histidine at H:50 (mutant LL2) and of serine
with a phenylalanine at H:52 (mutant LB4) re-
sulted in significantly lower affinities for digoxin
[10]. We chose to study LL2 and LB4 to verify
whether these key contacting residues also influ-
ence the association volume. The observed af-
finities of 26-10 and the two mutants at atmo-
spheric pressure were somewhat less than re-
ported previously for their interaction with digoxin
[10,15]; this may be due to the use of fluorescently
labeled digoxigenin as the ligand here. The asso-
ciation volume of LB4 and digoxigenin (AV =
—28 + 5 ml/mol) was close to that of wild-type

Table 1

26-10 and digoxigenin (AV' = —31+4 ml/mol,
Table 1). On the other hand, LL2 exhibited a
lower pressure sensitivity (AV of —18 +£5
ml/mol) as compared to 26-10, but a substantial
pressure-induced association remained. Thus,
residues that are important determinants of bind-
ing affinity at atmospheric pressure do not neces-
sarily play a major role in the pressure response
of the complex.

3.2. Mutant Fabs of 26-10

Two important aromatic residues in 26-10, that
make contact with the hapten, are tyrosine at
position 33 (H:CDR1) and tryptophan at position
100 (H:CDR3). To investigate the importance of
these non-polar contacts, we selected 10 mutants
with substitutions in the vicinity of these residues.
The mutants were chosen from a phage display
library of mutants in the H:30-35 [11] and
H:99-101 (M.K. Short and M.N. Margolies,
manuscript in preparation) loci. Those selected
exhibit generally comparable affinities for digoxi-

Association volumes of 26-10 and mutant complexes with fluorescently labeled digoxigenin

Antibody K, (10° M~ 1y? H:CDRI,

residues 30-35

H:CDR2,
residues 50-52

H:CDR3,

AV (ml/mol digoxigenin)
residues 99-101

26-10 and variant IgGs

26-10 IgG 5.0 - YIS
LL2 0.6 - HIS
LB4 0.08 - YIF

Phage display selected Fabs

26-10 Fab 53+19 TDFYMN -
Go6-1 4340.6 GERFFN -
D4-5 35402 MPSYIN -
D4-1 34102 WDLWVN -
D4-12 4.0+£0.2 ARMYIN -
A4-19 21.7+8.1 PSFYYN -
D36 22.0 - -
D32 18.6 - -
D6 1.6 - -
D9 1.6 - -
G20 0.6 - -

- ~31+4
- ~18+5
- —28+5

~29+4
- -33+5
- ~19+8
- —23+5
- 547
- ~20+2
YWALM 0+7
AWALQ ~23+7
GRALN +11+2
RRALD +2546
LQALS 1342

Affinities of H:CDR1 mutants for digoxin are from Short et al. (1995) [11]; those of H:CDR2 mutants are from Schildbach et al.
(1991) [10]; those of H:CDR3 mutants are from M.K. Short and M.N. Margolies, manuscript in preparation.
"The numbering convention of these residues proceeds as 99, 100, 100a, 100b, 101, according to standard convention, Kabat et

al. (1991) [21].
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genin as 26-10, with a few somewhat higher and a
few somewhat lower (Table 1).

The association volumes of the Fab:digoxigenin
complexes did not correlate with affinity (see
Table 1). Among the H:CDR1 mutants, D4-12
displayed the greatest change in reaction volume,
compared to wild-type, with a AV of —5+7
ml/mol. The other H:CDR1 mutants exhibited
roughly the same Al as the 26-10 Fab. Note that
the 26-10 Fab exhibited identical (within experi-
mental uncertainty) AV as compared to the whole
antibody (—29 + 4 vs. —31 + 4 ml/mol).

The greatest changes in AV were recorded for
the H:CDR3 mutants D36, D6 and D9. The asso-
ciation volume of D36, which has several muta-
tions that increase the non-polar character of the
region, was approximately zero. For two mutants,
D6 and D9, the pressure sensitivity changed di-
rections compared to wild-type, resulting in pres-
sure induced dissociation with A} of 11 + 2 and
25 + 6 ml/mol, respectively. D6 and D9 contain
identical insertions at H:100 and H:100b, al-
though it is the former (W100R) that appears to
make the most significant contribution (see Sec-
tion 4). Not all mutants from the H:CDR3 exhib-
ited abolished or reversed pressure sensitivity.
Two additional H:CDR3 mutants, D32 and G20,
interacted with digoxigenin with association
volumes of 80% (—23+7 ml/mol) and 45%
(=13 + 2 ml/mol) of wild-type 26-10 Fab.

4. Discussion

While some general features of the effects of
binding site chemistry (e.g. charged, polar,
aliphatic or aromatic) on association volumes have
been established, the identification of critical
amino acid residues for pressure sensitivity has
been accomplished in only a few cases, principally
involving salt bridges. We have previously re-
ported pressure-induced association of the digoxi-
genin:26-10 hapten:antibody complex, with a
magnitude (AV ~ —30 ml/mol at 25°C) greater
than that observed in other pressure-associating
systems to date. The negative association volume
exhibited by digoxigenin:26-10 appears to be due
to the presence of a large number of aromatic

groups among the contacting residues of this
complex, consistent with the behavior of small
aromatic dyes [16].

There are a number of aromatic residues from
the 26-10 Fab that contact the hapten; among
these, more than 50% of the pairwise atomic
contacts involve four aromatic amino acids from
the heavy chain of the Fab — H:Tyr33, H:Tyr47,
H:Tyr50, and H:Trp100 [9]. We utilized anti-
bodies mutated at three of these residues. We
first looked at residues in the H:CDR2 region of
the Fab, using mutants that we had previously
characterized as having significant effects on af-
finity [10,15]. Mutation of H:Tyr50 to an aliphatic
or polar residue leads to a significant loss in
affinity [15]. The pressure sensitivity of Y50H,
which has a 10-fold lower affinity for fluorescently
labeled digoxigenin than wild-type, was reduced
by almost half, from —31 to —18 ml/mol, as
compared to wild-type. The reduction in
pressure-induced association exhibited by this
mutant could arise from a combination of two
factors — the loss of an aromatic (Tyr) residue,
and the introduction of a charged (His) residue,
which favors dissociation under pressure with an
estimated contribution of ~ 10 ml/mol charges
[7]. A nearby mutation involving a non-aromatic
residue, S52F (designated LL2), also exhibits a
10-fold weaker affinity for fluorescently labeled
digoxigenin than 26-10, yet we found no signifi-
cant difference in the association volume (AV)
between LL2 and wild-type. While the YS50H
mutation did have a significant effect on pressure
sensitivity, the H:CDR2 mutations did not ac-
count for all of the pressure-induced association.

Mutation of the aromatic residues in the
H:CDR1 region from residues 30 to 35 can also
lead to altered affinity and /or specificity [11]. The
five H:CDR mutants studied all exhibited nega-
tive association volumes, although the value for
one (D4-12) was close to zero (Table 1). The
extent of pressure-induced association in this re-
gion correlated with the number of aromatic (Phe,
Tyr, Trp) residues in positions H:30-35.

The H:CDR3 region makes the largest con-
tribution to the complementarity of digoxin:26-10
binding in terms of both the number of pairwise
contacts (26/59 total) and buried surface area
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(126,/383 A? total) [9]. This region was found to
have the greatest effect on pressure sensitivity,
with several mutations resulting in decreased
pressure-induced association; in fact, two (D6 and
D9) even displayed pressure-induced dissociation
(Table 1). The two mutants displaying pressure-
induced dissociation share a WAM to RAL muta-
tion in bases 100, 100a and 100b. Since the leucine
at 100b is present in mutants of both positive and
negative association volumes, we conclude that
the W100R mutation is responsible for the rever-
sal in sign of the association volume. The greater
AV of D9 is likely due to its three charged groups
in the 99-101 region, compared to only one for
D6. Another clone with the Trp100 mutated, G20,
possesses no charged groups and exhibited re-
duced pressure-induced association. Thus, the AV
of Trp100 mutants correlates with the number of
charged groups, with increasing charge leading to
increased AV.

Although charged groups appear to drive posi-
tive association volumes (pressure-induced disso-
ciation) in the cases where aromatic groups are
deleted, our results suggest that, when aromatic
groups are present, proximal charge groups may
act synergistically to drive negative association
volumes. In the wild-type 26-10 antibody, which
exhibits a large negative association volume (~
—30 ml/mol), charged groups are proximal to
the key aromatic residues in the H:CDR1 and
H:CDR3 regions (i.e. H:Asp31, H:Phe32; H:Lys99,
H:Trp100; see Table 1), albeit that the charged
side chains point away from the ligand in the
digoxin:26-10 complex [9]. Among the H:CDR1
mutants, the ones with the most negative associa-
tion volumes (G6-1 and D4-1) possess multiple
aromatic groups with at least one neighboring
charge, the next most negative (A4-19) possesses
multiple aromatics but no neighboring charges,
and the two least negative (D4-5 and D4-12)
possess only one aromatic residue and no neigh-
boring charges. Synergy of charged and aromatic
groups could also be responsible for the
pressure-induced association observed in com-
plexes involving nucleic acids [17,18]

In summary, we have used a selection of mu-
tants to the anti-digoxin antibody 26-10 to probe
the molecular basis for the high degree of pres-

sure-induced association observed in its complex
with fluorescently labeled digoxigenin. We found
no apparent correlation between affinity and as-
sociation volume, in contrast to previous observa-
tions of a correlation between AG and AV for
the mutation of salt bridges in the complex of
cytochrome bs—cytochrome ¢ [19,20]. It appears
that the effect of aromatic groups on pressure
sensitivity is more dependent on context, particu-
larly on the nature of neighboring residues. For
the pressure-induced association of digoxi-
genin:26-10, we conclude that aromatic residues
within the antibody Fab, particularly H100-Trp,
are key determinants of Al. Furthermore, our
results suggest that the effect of charged groups
on AV may be different depending on whether
they are proximal to aromatics. Clearly, further
studies on other well-defined systems are re-
quired to determine whether these conclusions
are general to all molecular complexes.
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