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Abstract

Proteins are renowned for their specificity of function. There is, however, accumulating evidence that many
proteins, from enzymes to antibodies, are functionally promiscuous. Promiscuity is of considerable physi-
ological importance. In the immune system, cross-reactive or multispecific antibodies are implicated in
autoimmune and allergy conditions. In most cases, however, the mechanism behind promiscuity and the
relationship between specific and promiscuous activities are unknown. Are the two contradictory? Or can
a protein exhibit several unrelated activities each of which is highly specific? To address these questions,
we studied a multispecific IgE antibody (SPE7) elicited against a 2,4-dinitrophenyl hapten (DNP). SPE7 is
able to distinguish between closely related derivatives such as NP (nitrophenol) and DNP, yet it can also
bind a number of unrelated ligands. We find that, like DNP, the cross-reactants are themselves bound
specifically—close derivatives of these cross-reactants show very low or no binding to SPE7. It has been
suggested that cross-reactivity is simply due to “hydrophobic stickiness”, nonspecific interactions between
hydrophobic ligands and binding sites. However, partitioning experiments reveal that affinity for SPE7 is
unrelated to ligand hydrophobicity. These data, combined with crystal structures of SPE7 in complex with
four different ligands, demonstrate that each cross-reactant is bound specifically, forming different hydrogen
bonds dependant upon its particular chemistry and the availability of complementary antibody residues.
SPE7 is highly homologous to the germline antinitrophenol (NP) antibody B1-8. By comparing the se-
quences and binding patterns of SPE7 and B1-8, we address the relationship between affinity maturation,
specificity, and cross-reactivity.
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Promiscuity is not a new concept but its mechanism has
never been explored in depth. Many enzymes have been
shown to catalyse reactions and utilize substrates in addition
to their supposed original function and not necessarily re-
lated to it (O’Brien and Herschlag 1999; James and Tawfik
2001; Copley 2003). Drug action is based almost solely on
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promiscuity—a drug commonly binds an active site that
evolved to bind another molecule altogether. Likewise,
many antibodies elicited against a particular antigen have
also been shown to bind other, structurally unrelated anti-
gens (Cameron and Erlanger 1977; Mariuzza and Poljak
1993; Webster et al. 1994). Such phenomenon have been
referred to alternately as cross-reactivity, multispecificity,
molecular mimicry, and moonlighting—although the terms
properly differ in meaning (James and Tawfik 2003). Prom-
iscuity, or multispecificity is thought to play a key role in
enabling proteins to rapidly evolve new functions (O’Brien
and Herschlag 1999; James and Tawfik 2003). While pro-
tein specificity has been widely studied, the mechanisms be-
hind promiscuity, and the relationships between specificity and
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promiscuity are largely unexplored. How multiple functions
are performed by a single protein sequence is mostly un-
clear. Are specificity and promiscuity contradictory; or can
a protein exhibit a promiscuous activity that is itself highly
specific?

A plausible possibility is that the very stereochemistry of
protein binding sites predispose them to perform more than
one function. There appear to be common active-site fea-
tures such as rugged matrixes of apolar and polar residues
that can promote binding or catalysis of more than one
substrate and reaction (O’Brien and Herschlag 1999;
DeLano et al. 2000; James and Tawfik 2001). Antibodies,
for instance, generally have a high frequency of aromatic
residues such as tryptophan or tyrosine in their binding sites.
A long-held view has claimed that this imparts antibodies a
property of “hydrophobic stickiness,” allowing several dif-
ferent antigens to bind through nonspecific hydrophobic in-
teraction (Padlan 1994). Indeed, certain antibodies were
shown to bind a range of ligands with affinities directly
related to ligand hydrophobicity (Barbas 3rd et al. 1997).
However, this view of nonspecific binding is at odds with
the exquisite specificity with which proteins, such as en-
zymes and antibodies, are known to interact with their sub-
strates. In the case of antibodies, it is imperative that all
antigens are differentiated specifically to mount an effective
and targeted immune response. How then do binding sites
accomplish being both specific and cross-reactive?

The above question can be resolved if the cross-reactants
are related or contain the same binding epitope as the origi-
nal antigen. This type of cross-reactivity, where the target
and cross-reactant are related and interact with the binding
site in a similar manner has been termed molecular or an-
tigen mimicry. Molecular mimicry constitutes by far the
most common type of cross-reactivity described in the lit-
erature (Oldstone 1998). However, we know that proteins,
and antibodies in particular, can also bind completely un-
related ligands (James et al. 2003). Theoretical models pro-
pose that the number of complementary binding ligands for
any given binding site is a function of the ligand library size
and the affinity cutoff with which the library is selected.
Thus, alternative ligands can be found for any protein pro-
vided that a large enough chemical diversity is explored
(Inman 1978; Perelson and Oster 1979). On the few occa-
sions where proteins have been subject to systematic
screens, these predictions have largely been borne out. A
comprehensive antibody cross-reactant search was per-
formed by Varga and colleagues, who screened an anti-DNP
(2,4-dinitrophenol) IgE antibody (SPE7) against a library of
over 2000 compounds and identified a number of unrelated
compounds which competed against the immunizing hapten
for binding (DNP; Varga et al. 1991). We have been inves-
tigating SPE7 to establish a mechanistic paradigm for prom-
iscuity at the molecular level. Recently, we demonstrated
that SPE7 can bind entirely unrelated antigens (from hap-
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tens to proteins) by switching between radically different
preexisting structural isomers. One isomer possesses a deep
and narrow binding site for small aromatic ligands, includ-
ing the immunizing hapten. A protein antigen makes use of
another, unrelated antibody isomer with a wide, shallow
binding site (Foote 2003; James et al. 2003). However, there
is also cross-reactivity within each structural isomer. Al-
though the small haptenic cross-reactants identified by
Varga are structurally unrelated, they all appear to bind the
antibody isomer that possesses a deep and narrow binding
site. This study focuses on the mechanism by which a single
binding site binds a number of unrelated ligands. We de-
scribe the cloning, sequencing, and biochemical character-
ization of the SPE7 Fv fragment. We examined SPE7’s
binding to a series of small molecule ligands—the immu-
nizing hapten (DNP) and its derivatives, and several pro-
miscuous ligands and derivatives thereof. We found that
SPE7 exhibits exquisite specificity for both the immunizing
hapten and the promiscuous ligands, and that ligand hydro-
phobicity is not the driving force behind cross-reactivity.
We find that cross-reactants do not need to mimic the target
antigen to bind, but bind the antibody by making different
specific contacts with its combining site. The affinity and
specificity of binding of the various ligands (cross-reactants
and immunizing hapten alike) is controlled by the number
and nature of specific hydrogen-bonding interactions be-
tween ligand and antibody. Finally, comparison of the se-
quence and binding pattern of SPE7 with its putative ger-
mline antibody (B1-8) indicate that there is no obvious link
between affinity maturation and cross-reactivity.

Results and Discussion

Cloning sequencing and generation of SPE7 Fab
and Fv fragments

We cloned the cDNA for antibody SPE7’s Fab fragment
from hybridoma SPE7.49 (generously provided by Prof. Ze-
lig Eshhar; Eshhar et al. 1980); for cloning primers see
Table 1 and Materials and Methods. Following sequencing
(Fig. 1), The Fab and Fv fragments of SPE7 were expressed
in Escherichia coli and purified to homogeneity by Ni-NTA
chromatography followed by gel filtration. While the Fab
fragment expressed poorly, the Fv fragment gave a reason-
able yield. We followed binding to SPE7 by measuring the
quenching in intrinsic antibody fluorescence that occurs
upon hapten complexation. Quenching was observed with
both intact SPE7 (data not shown) and Fv (Fig. 2). Intact
SPE7 contains nonbinding-site tryptophans that contribute
to the fluorescence. The fraction of quenched amplitude
relative to the total fluorescence of the free protein was
therefore much greater with the Fv. Nevertheless, the af-
finities measured for both intact IgE and the Fv fragment
were essentially identical. All following references to experi-
ments with SPE7 refer to SPE7 Fv unless otherwise stated.
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A. SPE7 Light Chain nucleotide sequence
CAGGCTGTTGTGACTCAGGAATCTGCACTCACCACATCACCTGGTGAAACAGTCACACTCACT
TGTCGCTCAAGTACTGGGGCTGTTACAACTAGTAACTATGCCAACTGGGTCCAAGAAAAACCA
GATCATTTATTCACTGGTCTAATAGGTGGTACCAACAACCGAGCTCCAGGTGTTCCTGCCAGA
TTCTCAGGCTCCCTGATTGGAAACAAGGCTGCCCTCACCATCACAGGGGCACAGACTGAGGAT
GAGGCAATATATTTCTGTGCTCTATGGTACAGCAACCATTTGGTGTTCGGTGGAGGAACCAAA
CTGACTGTCCTAGGCCAGCCCAAGTCTTCGCCATCAGTCACCCTGTTTCCACCTTCCTCTGAAG
AGCTCGAGACTAACAAGGCCACACTGGTGTGTACGATCACTGATTTCTACCCAGGTGTGGTGA
CAGTGGACTGGAAGGTAGATGGTACCCCTGTCACTCAGGGTATGGAGACAACCCAGCCTTCC
AAACAGAGCAACAACAAGTACATGGCTAGCAGCTACCTGACCCTGACAGCAAGAGCATGGGA
AAGGCATAACAGTTACAGCTGCCAGGTCACTCATGAAGGTCACACTGTGGAGAAGAGTTTGT
CCCGTGCTGACTGTTCCT

B. SPE7 Heavy Chain nucleotide sequence
GAGGTGCAGCTGCAGCAGTCTGGGGCTGAGCTTGTGAAGCCTGGGGCTTCAGTGAAGCTGTCC
TGCAAGGCTTCTGGCTACACCTTCACCAGCTACTGGATGCACTGGGTGAAGCAGAGGCCTGGA
CGAGGCCTTGAGTGGATTGGAAGGATTGATCCTAATGGTGGTGGTACTAAGTACAATGAGAA
GTTCAAGAGCAAGGCCACACTGACTGTAGACAAACCCTCCAGCACAGCCTACATGCAGCTCA
GCAGCCTGACATCTGAGGACTCTGCGGTCTATTATTGTGCAAGAATGTGGTACTACGGTACTT
ACTACTTTGACTACTGGGGCCAAGGCACCACTCTCACAGTCTCCTCAGCCTCTATCAGGAACC
CTCAGCTCTACCCCTTGAAGCCCTGTAAAGGCACTGCTTCCATGACCCCGGGCTGCCTGGTAA
AGGACTACTTCCCTGGTCCTGTGACTGTGACCTGGTATTCAGACTCCCTGAACATGAGCACTG
TGAACTTCCCTGCCCTTGGTTCTGAACTCAAGGTCACCACCAGCCAAGTGACCAGCTGGGGCA
AGTCAGCCAAGAACTTCACATGCCACGTGACACATCCTCCATCATTCAACGAAAGTAGGACTA
TCCTAGTTCGACCTGTCAACATCACTGAGCCCACCTTGGAGCTACTCCATTCATCGCTG

C. SPE7 Light Chain amino acid sequence

QAVVTQESALTTSPGETVTLTCRSSTGAVTTSNYANWVQEKPDHLFTGLIGGTNNRAPGVPARFS
GSLIGNKAALTITGAQTEDEAIYFCALWYSNHLVFGGGTKLTVLGQPKSSPSVTLFPPSSEELETNK
ATLVCTITDFYPGVVTVDWKVDGTPVTQGMETTQPSKQSNNKYMASSYLTLTARAWERHNSYSC
QVTHEGHTVEKSLSRADCS

D. SPE7 Heavy Chain amino acid sequence

EVQLQQSGAELVKPGASVKLSCKASGYTFTSYWMHWVKQRPGRGLEWIGRIDPNGGGTKYNEKF
KSKATLTVDKPSSTAYMQLSSLTSEDSAVYYCARMWYYGTYYFDYWGQGTTLTVSSASIRNPQL
YPLKPCKGTASMTPGCLVKDYFPGPVTVTWYSDSLNMSTVNFPALGSELKVTTSQVTSWGKSAK
NFTCHVTHPPSFNESRTILVRPVNITEPTLELLHSSL

Figure 1. Nucleotide and amino acid sequence of the Fab fragment of
antibody SPE7 (variable and 1st constant domains). Sequences were de-
rived from cDNA produced from hybridoma SPE7.49 (see Materials and
Methods).

Characterization of the binding pattern of SPE7

We determined binding constants for a range of small mol-
ecules that promiscuously bind SPE7 (including those iden-
tified by Varga et al. 1991) with affinities between 20 nM to
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Figure 2. Quenching of SPE7’s fluorescence upon binding of DNP-Ser
and alizarin-red. The ligands were added to 0.3 uM SPE7 Fv in 1-pL
aliquots of varying concentration. The fluorescence measured at 341 nm (in
arbitrary units) was fit to ligand concentration using a standard quadratic
expression (see Materials and Methods) to yield dissociation constants (K4)
of 20 =2 nM for DNP-Ser and 40 + 5 nM for alizarin-red.

200 pM. Given the wide range of affinities tested, different
methods had to be applied depending on the affinity con-
stant of the ligand. Fluorescence quenching was used for
ligands with K; < 10 wM. Competitive ELISA was applied
in two different modes depending on the affinity constant of
the ligand (Table 2). For low-affinity ligands (K, > 10 uM),
we adapted the traditional competitive ELISA method (Vol-
ler 1978) using immobilized DNP-Asn:BSA. As the affin-
ity of DNP-Asn for SPE7 (0.7 wM) is significantly less than
DNP-Lys (Table 2), it provides a much better reference for
low-affinity ligands. For ligands with higher affinity, we
made use of DNP-Biotin to assay DNP binding and com-
petitive inhibition in solution (after incubation, complexes
were captured onto streptavidin-coated plates; for details of
the assay, see Materials and Methods). The affinities mea-
sured for a series of ligands with submicromolar affinities
show good agreement between the different methods. Rep-
resentative results of these experiments are shown in Fig-
ures 2 and 3, and the resulting affinities are summarized in
Table 2. As many of the cross-reactants contain a ketone
group (e.g., alizarin or acenaphthenequinone), the involve-
ment of a Schiff-base covalent bond with an antibody lysine
residue was ruled out by borohydride reduction experiments
(see Materials and Methods).

The studied cross-reactant ligands are not structurally re-
lated to the immunizing hapten (DNP) and have very dif-
ferent chemistries, demonstrating that antibody cross-reac-
tivity does not have to be with closely related molecules. To
assess how specific this cross-reactivity is, we measured
binding of a large number of derivatives related either to the
original hapten (DNP-Lys; Table 2) or to one of the cross-
reactants. Closely related derivatives of each ligand have
little or no affinity, demonstrating that each cross-reactant
interacts specifically. For example, SPE7 binds NIP with
~2000-fold lower affinity than DNP-Lys (Table 2), al-
though NIP is much more closely related to DNP than any
of the other cross-reactants. We also tested a range of aliza-
rin derivatives, including some that differ only in the num-
ber or position of hydroxyl groups (Table 2, right panel).
While SPE7 binds alizarin (Az) with an affinity of 0.2 uM,
it shows almost no affinity for anthraquinone (Az-Q; which

Table 1. Sequences of the SPE7 primers

Primer Primer sequence (5'-3")*

VAB GATGCTGTTGTGACTCAGGAATC

VAF ACCTACGACAGTCAGTTTGG

MA1Fo GGAACAGTCAGCACGGGA

IgE-C2-Fo CGCAGCGATGAATGGAGTAGCTCC

IgE-B1-Bc GAGGTSMARCTGCAGSAGTCWGG

IgE-B9-Bc GAGGTSCARCTGCAGGAGTCW

H_Fo_Eco GACGCCTAAGGAATTCTTACTAGTGATGGTGATG
H_Bc_Avo CGGCAGTCCAGCGTACCTAGGCTAATAAGCATGC

S =C/IG,M = A/IC,R = A/G, W = A/T.

www.proteinscience.org 2185



James and Tawfik

Table 2. Structures and affinities of various SPE7 ligands

. Ligand
Ligand Structure |K,; (#M) L Structure |K; (M)
(Az Derivatives)
2 4-dinitrophenol B '
O'”'Q 0.2 002" | Alizarin (Az) s()i):'ja 0.2 (0.02)"
(DNP) N, Y
o, CONH g
DNP-Lys L~ 0.04 (0,002 | Anthrone* (Az-0) @A):O ©5200
wo,
OEN—Q— cooH Anthraquinone®
DNP-Ser 0.02 (x0.002)* €200
NG, OH (Az-Q) X
@ HEg Anthraflavic acid oH
DNP-Asn * Q ‘[c 0.7 (20.04)% 100 (x20°
o oo, (Az-F) o
COOHb [9] OH
DNP-Pro Ve 102"  |Anthrarufin (Az-U) Qf':(b 1200
NO, OH O
4-hydroxy-3- Ve o | Alizarin Complexone I o .
”“@'LE_‘“‘QHOH 100 (220)° 408 01 0.12 (20.009)"
nitrophenyl (NP) (Az-C) . T Sorpoon
o OH
4-hydroxy-5-iodo-3- N @ g o
HO-Q—'-'#-M%—QH 100 (£20)° Alizarin Red (Az-R) C‘D i 0.040 (+0.005)2
nitrophenyl (NIP) i § | i
. § o) (o]
Acenaphthenequinone on
&5 0.6 2003 | Purpurin (Pr) 0.20 (20.03)°
(Aq) L
4-bromo-1-hydroxy- o
) ON. c=# - . OH b
Furazolidone fj ﬁ\fo 1.2(+0.08) anthraquinone-2- 3 (+0.7)
carboxylic acid (Az-B) oo

The immunizing hapten (indicated in bold), DNP derivatives, and several unrelated haptens are shown in the left column. In the right column, is shown
alizarin and a series of related derivatives. Binding affinities were determined by fluorescence quenching,” or by competitive ELISA with either
DNP-Biotin® or DNP-Asn-BSA® (for details, see Materials and Methods). Those compounds which gave less than 50% inhibition in competition ELISAs
at a concentration of 200 wM are indicated as having an affinity >200 wM, and are effectively considered to be nonbinding.

is identical except that it lacks two hydroxyl groups).
Similarly, the presence of a hydroxyl group on the benzene
rings (e.g., anthraflavic acid) dramatically reduces affin-
ity (Table 2). Notably, our expanded screen for cross-
reactants has identified an alizarin derivative (Az-R;
K, = 40 nM) with similar affinity to the immunizing hap-
ten DNP-Lys.

2186 Protein Science, vol. 12

Cross-reactant binding is not driven
by hydrophobic stickiness

Stacking interactions of aromatic ligands with binding site
tryptophans or tyrosines often play an important role in
antibody binding. Indeed, structural analysis of SPE7 re-
veals that the bound haptens stack against a tryptophan side
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Figure 3. Inhibition of SPE7 Fv binding to immobilized DNP-Asn by
various cross-reactants as measured by competitive ELISA. Noted are the
abbreviated names of the various cross-reactants, the full names and struc-
tures of which are given in Table 2. Residual SPE7 binding to immobilized
DNP-Asn was determined by measuring capture of SPE7 using anti-myc-
HRP secondary antibody (see Materials and Methods). Binding, as a per-
centage of the binding observed in the absence of any inhibitor, was plotted
against inhibitor concentration. IC5ys were determined as the concentration
of ligand needed for 50% inhibition and are given in Table 2.

chain at L93 (James et al. 2003; see also Fig. 5). It has been
argued that cross-reactivity is the result of nonspecific hy-
drophobic interaction—a phenomenon generally referred to
as hydrophobic stickiness (Padlan 1994). We measured the
hydrophobicity of several cross-reactants, including a range
of alizarin derivatives, by partition between n-octanol and
water (see Materials and Methods). As can be seen in Figure
4, there is, in fact, no correlation between hydrophobicity
and affinity. On the contrary, the highest affinity ligands are
actually the most hydrophilic. Furthermore, substitutions
around the alizarin aromatic ring system show that affinity
does not increase with hydrophobicity. Anthraquinone (Az-
Q), which is considerably more hydrophobic than alizarin,
exhibits very low affinity to SPE7. Alizarin-red (Az-R) has
a fivefold higher affinity than alizarin, despite it being
10,000 times more soluble in water (AlogP = 4).

Cross-reactant binding is mediated by specific
hydrogen bonds

Analysis of cross-reactant derivatives, and of alizarin in
particular, reveals that SPE7 is able to differentiate between
very closely related molecules (Table 2). The hydroxy
groups at the 1’ and 2’ positions of the anthraquinone ring
system seem to determine specificity. Removal of these
groups negates binding (as in Az-Q), as does replacing them
with different groups—for example, in 4-bromo-1-hydroxy-
anthraquinone-2-carboxylic acid (Az-B) where the 2’ hy-
droxyl is replaced by a carboxylic acid and affinity reduced
by 15-fold. Groups, including hydroxyls, at other positions,
for example, at the 3’ or 4’ positions, seem to have little
effect on affinity. Alizarin complexone (Az-C) with an ad-
ditional substituent at the 3 position and purpurin with an
hydroxy group at the 4’ position, bind with similar affinity
to Alizarin. The positioning of the hydroxyl groups at one of
the benzene groups of the anthraginone system is also cru-
cial—1',5" and 2',6" dihydroxy anthraquinones (anthrafurin
and anthraflavic acid, respectively), where the hydroxy
groups are positioned on the two opposite benzene rings,
exhibit very low affinity (K; > 200 puM). Two derivatives
were found to exhibit higher affinity than alizarin—these

10'
R
a @5/5/%«“”’“” L 27
10°F AZ-R b Bl O ST 0y
i Az-C A7 A
- Pr Az
_ 1035_ A;
p= L
£t 4 s
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- Az-Q
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Figure 4. Relationship between ligand hydrophobicity and affinity for
SPE7. Affinities were taken from Table 2. Hydrophobicity was determined
by measuring ligand partition between an aqueous buffer and a hydropho-
bic organic solvent (n-octanol; see Materials and Methods). The partition
coefficient (P) is the ratio of ligand concentration in n-octanol versus
water. A positive logP value indicates that a ligand is more soluble in
n-octanol than in water, and, therefore, more hydrophobic, while a negative
logP indicates greater solubility in water and lower hydrophobicity.
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are alizarin complexone (Az-C, K; = 0.12 wM) and aliza-
rin red (Az-R, K4 = 0.045 pM; Table 2). Both derivatives
posses a negatively charged group at the 3’ position.

This binding pattern analysis suggests that binding of
both the immunizing hapten and cross-reactants is depen-
dent on different but specific stereochemistry. These find-
ings are in good agreement with the recently published crys-
tal structures and presteady-state kinetics of SPE7 Fv bound
to DNP-Ser, alizarin-red, and furazolidone (James et al.
2003). In addition to these, we include here the structure of
SPE7 in complex with the cross-reactant acenaphthenequi-
none (Fig. 5). Details of the structure determination and
refinement are given in Table 3. Comparison of the four
hapten-bound structures reveals that they all bind to a very
similar combining-site configuration with only slight alter-
ations in the position of a few antibody side chains. This is
in contrast to the binding of a protein cross-reactant, which
makes use of another, radically different combining-site
configuration of SPE7 (James et al. 2003). The structures
show that while the haptens all stack against a tryptophan of
the L3 loop (L93), they make different sets of hydrogen
bonds dependent upon their different chemistries (Fig. 5;

Figure 5. Details of the binding site of SPE-7 in complex with (A) Ace-
naphthenequinone, (B) DNP-Ser, (C) Alizarin-red, and (D) Furazolidone.
The binding site is presented as a semitransparent surface together with
interacting residues. Putative hydrogen bond contacts between SPE7 and
the haptens are shown. The figure was generated with the program AESOP.

2188 Protein Science, vol. 12

Table 3. Structure determination parameters of the
acenaphthenequinone: SPE7 complex

Spacegroup P2,2,2,

Cell a = 7873, b = 78.64, c = 167.56

Copies per a.u. 4

Buffer 22% PEG 8K, 0.1 M Sodium Cacodylate,
0.2 M Sodium Acetate pH 5.6

Resolution 24 A

Unique reflections 30,262

Roerge 0.111 (0.465)

Redundancy 4.0

Completeness (%) 98.1 (98.4)

Average /01 7.5 (2.2)

*Final Ry 0.269

*Final Ryee 0.271

Bond r.m.s.d. 0.007

Angle r.m.s.d. 1.3°

Numbers in parentheses refer to the highest resolution shell (2.55-2.4 A).

Table 4). For instance, the hydrogen bond contacts made by
DNP-Ser with L36 and 1.93 are absent in alizarin-red, while
furazolidone contacts only H35 and acenaphthenequinone
only H50. The importance of the 1’ and 2 position in the
alizarin derivatives is clear; the hydroxyl groups act as hy-
drogen bond acceptors for the side chain of arginine H50
(from CDR loop H2). The finding that negatively charged
groups at the 3’ position, as in Az-C and Az-R, result in
higher affinities also correlates with the structures. These
groups are positioned to form charged hydrogen bonds with
the amino group of lysine H59. Hydrogen bonding and elec-
trostatic interaction effectively improve the affinity of the
hydrophobic anthraquinone ring moiety from an affinity of
less than 100 uM (Az-Q) to 0.045 uM (Az-R; Table 2)—a
~2000-fold improvement in affinity.

Further evidence that it is specific hydrogen bond con-
tacts that mediate cross-reactant binding rather than changes

Table 4. Summary of putative interactions between SPE7 and
various binding ligands

Antibody
Residue Atom DNP-Ser Furazolidone Aq Az-R
L36 N32 041
042
H50 Ne 062 o1
H50 Nn2 061 05 02 03
o1 06
H59 N2 O1 04
L93 Nel 0% ol 02
H35 Ne2 062 02 (0]

03

Hydrogen bonds are indicated in plain text; residues and atoms involved in
planar stacking or charged interactions are indicated in italics. The atom
annotations in this table refer to the atoms as listed in the respective PDB
files.
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in the context of hydrophobic interaction is provided by the
structure of the acenaphthenequinone (Aq):SPE7 complex
presented here (Table 3). As can be seen in Figure 5a, Aq is
bound in a similar manner to DNP-Ser (the immunizing
hapten) and Az-R—the quinone ring system stacks against
Trp93L. The 1’ oxygen of Aq’s carbonyl is positioned to
hydrogen bond with the side chain of Arg50H, which has its
NHI group within 3.2 A of the 1’ oxygen. The structures
also show that Aq has a considerably lower affinity for
SPE7 than Az-R, not because of steric hindrance or poor
complementarity to the hydrophobic pocket but because it
does not have the same hydrogen bond forming potential as
Az-R. While the 1’ hydroxy of Aq is positioned to hydrogen
bond in a similar manner to the 2’ hydroxy from Az-R, it
lacks the 2’ hydroxy, the negatively charged sulphate group,
and keto group of the anthraquinone system (Fig. 5; Table
4). Thus, although Aq is considerably more hydrophobic
than Az-R, it does not have suitably placed groups with
which additional specific contacts can be made. The same is
also true within the alizarin derivatives, where the basic
anthraquinone ring, although considerably more hydropho-
bic, has a 2000-fold lower affinity than its hydroxylated
derivatives. However, it is not just the number of hydrogen
bond interactions that affect ligand affinity. Ligand:binding-
site shape complementarity, opposing charge repulsions,
differing solvation energies for different ligands, and also
differences in the strength of the hydrogen bonds them-
selves will all affect affinity. Furazolidone, like Aq, forms
only one hydrogen bond. The two ligands bind SPE7 with
similar affinities (1.2 and 0.6 pM, respectively), although
different antibody residues are involved in forming the com-
plex as well as different ligand moieties.

This study of antibody SPE7 suggests that hydrophobic
stickiness alone can provide only very low affinity binding
(K4>200 wM; Table 2). The physiological relevance of
such low affinity binding is questionable. To become acti-
vated and begin clonal expansion, B-cells have to bind an-
tigens above a threshold affinity. Even the primary re-
sponse, mediated by low-affinity IgM antibodies, requires
micromolar affinities (<10 wM). Thus, hydrophobic stack-
ing, unless coupled to additional, specific interactions, will
not allow antigens to stimulate B-cell activation and thereby
initiate clonal selection and affinity maturation. In the case
of SPE7, it seems that these additional interactions involve
specific hydrogen bonds to the 1’ and 2’ hydroxyls (in the
anthraquinone system) and with antibody residues Arg50H
and Lys59H. Both the number and the precise position of
these groups have a profound effect on the affinity.

The anti-NP antibody BI-B8 is SPE7’s putative
germline precursor

An IgBLAST search (Altschul et al. 1990) indicated that
SPE7 is most closely related to antibody B1-8 (Fig. 6).
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Figure 6. Heavy- and light-chain amino acid sequence of SPE7 Fv aligned
with antibody B1-8. Residues with absolute identity are highlighted and in
bold. CDRs are indicated as boxed sections.

B1-8 is a primary response IgM raised against 4-hydroxy-
3-nitrophenyl acetate (NP; Table 2) (Bothwell et al. 1981).
Like B1-8, the heavy chain V, D, and J regions of SPE7 are
constructed from the V(186-2), DFL16.2, and JH2 genes,
respectively. In joining the V and D regions an additional
residue (Met99) has been incorporated into the reading
frame. In SPE7, the first D-region residue has been substi-
tuted from an Aspartate to a Tryptophan. The heavy chain is
combined with a light chain constructed from the VA1 V
gene and jlv1 J gene. N-light chains are unusual as they are
only used if the k-genes fail to recombine; however, they
are common in NP/DNP binding antibodies (Taketani et al.
1995). A number of different anti-NP antibodies have been
sequenced, and most have been found to derive from a small
subset of V, D, and J genes (Taketani et al. 1995). Despite
these general similarities, the sequence identity between
B1-8 and SPE7 is unusually high. SPE7 uses identical
germline V(D) and J genes in both chains, including the
VAL light chain gene. In fact, SPE7 differs from B1-8
within CDR regions only at one position within CDR H2
(60:Ser — Gly), four positions in CDR H3 (99:Tyr — Met),
(100:Asp — Trp), (104:Ser — Thr), (105:Ser — Tyr), and
one position in CDR L3 (98:Trp — Leu). SPE7 is an affin-
ity matured antibody, and was isolated following repeated
challenges with DNP antigen (Eshhar et al. 1980). The dif-
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ferences observed between it and B1-8 are likely to be the
result of somatic hypermutation (e.g., the mutation in H2).
It therefore seems that SPE7 originated from a germline
antibody with a sequence highly similar, if not identical, to
B1-8.

Cross-reactivity and affinity maturation

A comparison of the binding patterns of SPE7 and its
putative germline equivalent B1-8, indicates that SPE7
has a vestigial ability to bind the same NP derivatives as
B1-8, albeit with lower affinity. B1-8 binds NP with an
affinity of about 2 wM, whereas SPE7 binds it with 50-fold
lower affinity (Table 2). Conversely, B1-8 has very poor
affinity for DNP, less than 100 pM. Several mutants of
B1-8 have been explored (Bruggemann et al. 1986), one of
which (B1-8.V4) has a single point mutation in CDR H2
(50:Arg — Gly). This single mutation results in more than a
100-fold reduction in affinity for NIP (the immunizing hap-
ten) but increases affinity for DNP to around 10 pM
(Bruggemann et al. 1986). Interestingly, we found that nei-
ther the V4 mutant nor wild-type B1-8 bind the SPE7 cross-
reactants (e.g., furazolidone, acenaphthenequinone, or aliza-
rin; measured by competitive ELISA). It seems that the
observed pattern of multispecific binding is unique to SPE7,
and has arisen during the course of affinity maturation. In
every other way, SPE7 behaves like a matured antibody; it
binds DNP with higher affinity than its putative precursor
B1-8 and distinguishes between DNP and NP with exqui-
site specificity. The fact that discrimination of the target
antigen (DNP) is improved but multispecific binding to un-
related ligands is still possible may appear contradictory, yet
we suggest that it is not. After all, cross-reactive ligands do
not have to share the same binding site determinants as the
primary ligand. This is consistent with the biochemical evi-
dence that cross-reactants engage SPE7 through a unique
pattern of hydrogen bond interactions, dependent upon their
specific chemistry. It is, of course, highly likely that
changes during affinity maturation will affect binding of
cross-reactants that bear structural resemblance to the pri-
mary antigen. In the case of SPE7, the increased specificity
toward DNP is manifested in lower affinity (relative to its
progenitor, B1-8) toward derivatives such as NP or NIP.
However, the modified binding site that binds DNP with
higher affinity and specificity, has the capacity to bind new
and completely unrelated ligands. Thus, when it comes to
promiscuous or multispecific binding, maturation would be
expected to alter the pattern rather than the number of pro-
miscuously-bound ligands as the stereochemical landscape
of the binding site is changed. We, therefore, suspect that
B1-8 has its own unique pattern of multispecificity, distinct
from SPET7.

Whether B1-8, a germline antibody, exhibits a broader
spectrum of promiscuous binding relative to the matured
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variant SPE7 remains to be examined. To our knowledge,
no study has been performed to compare the multispecific-
ity of a mature antibody with its germline precursor. It has
been suggested that certain properties of germline antibod-
ies may predispose them toward multispecific binding. For
example, long flexible loops and a high occurrence of un-
restrictive residues such as glycine might promote confor-
mational diversity, and hence, the ability to bind several
unrelated ligands, or, a concentration of aromatic residues in
the binding site might lead to cross-reactivity through hy-
drophobic stickiness (Padlan 1994). However, none of these
theories have been demonstrated experimentally. Certainly,
there is nothing in the sequence comparison of B1-8 and
SPE7 to support them: the loop lengths have not changed
upon maturation and the number of aromatic residues has
decreased, if only by one residue (Fig. 6).

Immunological implications

The results presented above suggest that, contrary to com-
mon assumption, multispecificity cannot be explained in
terms of general hydrophobic stickiness. Binding to very
different ligands occurs through specific interactions with
SPE7’s binding site. SPE7, therefore, combines two benefi-
cial features in terms of the antibody immune response.
First, by binding to a number of different antigens it in-
creases the size of the immune repertoire and thus the like-
lihood of intercepting an invading antigen. If a significant
number of antibodies display similar characteristics in vivo,
then the primary immune repertoire may not be limited to
the number of circulating B-cells. Second, by ensuring
specificity for each antigen, the potential for cross-reaction
to an antigen mimic is limited. Potentially, this characteris-
tic could significantly reduce the probability that antibodies
raised against a bacterial protein will cross-react with a
self-protein that resembles the antigen and cause autoim-
munity. The fact that autoimmunity can be mediated by
antigen mimicry (Cohen 2001) highlights that such protec-
tion is not complete. There has been considerable success in
determining a causal relationship between specific infec-
tions and autoimmune conditions where antigens are related
by molecular mimicry (Oldstone 1998). However, our re-
sults suggest that cross-reactivity to unrelated antigens may
be an even greater and yet underappreciated risk. There are
many cases where a link has been established between an
infection and an autoimmune disease but the mechanism of
cross-reactivity is not known (Fairweather et al. 1998; Bar
Meir et al. 2000). Linking unrelated antigens to a single
autoimmune antibody is not trivial even when a likely
pathogen is known, and may require detailed systematic
analysis. However, establishing these relationships at the
molecular level may open the door to effective prophylactic
treatment.
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Concluding remarks

The issue of promiscuity is fundamental to our under-
standing of the function and evolution of proteins. For
instance, multifunctionality appears to be behind the ability
of a single protein to “moonlight” in several different
roles (for reviews, see Jeffery 1999; Copley 2003). These
roles can be structural or regulatory, as in Neurospora
crassa mitrochondrial tyrosyl-tRNA synthetase, which has
an additional role in the folding of active self-splicing
Group 1 introns (Caprara et al. 1996). Alternatively, these
roles can be catalytic as in Drosophila alcohol dehydro-
genase whose flexible active site confers the ability to
bind several different substrates (Benach et al. 1999).
A picture is therefore emerging of a spectrum of enzymatic
side activities, from catalysis of a range of substrates
involving the same key-step chemistry as the enzyme’s
primary activity, to catalysis of unrelated reactions via
fundamentally different enzymatic mechanisms (James
and Tawfik 2001; Copley 2003; James and Tawfik 2003).
A similar spectrum is observed with binding—from
cross-reactivity to multispecificity, namely, from binding
of ligands related to the original ligand, to ligands of
completely different structures (James et al. 2003). There
seem to exist, however, many different terms that are
used interchangeably to describe widely different degrees
of promiscuity. Our findings highlight the importance of
distinguishing between multiple ligand recognition (mul-
tispecificity, or promiscuity) and cross-reactivity by mo-
lecular mimicry. While cross-reactivity implies binding
of ligands that are similar or overlap the antibody’s original
antigen (Arevalo et al. 1994; Trinh et al. 1997), multi-
specificity refers to the binding of distinctly different
ligands, sometimes using a different set of combining-
site residues (Kramer et al. 1997), or even different con-
formations of the same antibody (James et al. 2003). This
study has focused on the mechanism by which a sin-
gle isomer with one binding pocket is capable of binding
a number of structurally different ligands in a specific
manner. We show that in the case of SPE7, the stereo-
chemical heterogeneity of both the antibody binding site
and the various ligands are exploited to generate specific
contacts, with little need for structural rearrangement. How
proteins exhibit specificity and promiscuity at the same
time is an interesting question. In this work we have dem-
onstrated that these properties need not be mutually exclu-
sive. We have shown that the specific complexation of un-
related binding partners occurs through the use of alterna-
tive binding site residues, and that this behavior is intrinsic
to the fabric of protein binding sites. Thus, promiscuous
activities need not be nonspecific as such, but rather each
protein may have its own unique pattern of promiscuous
activities, and each activity, standing alone, is highly spe-
cific.

Materials and methods

Cloning sequencing and generation of SPE7 Fv
and Fab fragments

The original SPE7 hybridoma clone expresses both k and A\ light
chains (Eshhar et al. 1980), and the resulting IgE is available from
Sigma. We cloned SPE7 Fab and Fv fragments from a subcloned
hybridoma, SPE7.49 that produces antibodies with A-light chains
only (generously provided by Prof. Zelig Eshhar). cDNA from the
SPE7.49 hybridoma, was prepared using the Reverse Transcriptase
System (Promega). As the sequence of SPE7 was unknown, light-
chain primers were synthesized based on the variable domain se-
quence of a cloned IgE anti-DNP antibody MPOC315 (Baldwin
and Schultz 1989). Once these primers, VAF and VAB, were found
to amplify the Fv domain from the prepared SPE7.49 cDNA, a Fab
forward (3') primer was designed (Table 1) based on a constant
A\-light chain IgE sequence from the Kabat database (sequence
36\ 1; Kabat 1991). To amplify the Fab portion of the heavy chain,
a forward primer was designed based on the sequence of mouse
IgE C2 region (second constant domain; Shinkai et al. 1988) and
a degenerate back primer based on consensus antibody sequences,
IgE-B1-Bc (Table 1). The final back primer used in cloning (IgE-
B9-Bc) was a refined version of IgE-B1-Bc. The remaining de-
generate positions in IgE-B9-Bc are located in the third position of
the codon and are synonymous substitutions.

The PCR-amplified light- and heavy-chain DNA fragments
were digested with Norl and PstI and Pstl and Ncol, respectively,
and cloned into a pUC119 poly-myc-his vector (generously pro-
vided by G. Winter). The resulting vector (pUC119—SPE7HAFab)
contains both chains, each with an RBS and pelB leader and with
a C-terminal myc and 6His tag on the heavy chain (the pelB leader
mediates export of the antibody into the periplasm of the cell). The
Fab fragment was found to express poorly (<0.1 mg per liter
culture). An Fv expression construct (pUC119-SPE7HAFv) was
created from the above Fab construct by digesting the gene en-
coding the light chain at a natural Avrll site, which occurs at the
end of the light variable domain, and EcoRI, which flanks the
polylinker cassette. The heavy chain was then amplified using a 5’
primer that introduces an Avrll site and appends a stop codon for
the upstream light-chain variable domain and a 3’ primer that
preserves the tags and introduces an EcoRI site (primers
H_Fo_Eco and H_Bc_Avo; Table 1). The heavy chain was then
recloned at the Avrll and EcoRI sites of pUC119-SPE7HAFab.

SPE7 Fv was expressed in E. coli TG1 cells freshly transformed
with pUC119-SPE7HAFv. Cells were grown in LB medium to
0.Dggp 0.8 at 30°C, transferred to 27°C, and induced with 1 mM
IPTG. Induced cells were for grown for 6 h at 27°C and spun down
at an RCF (relative centrifugal force) of 8300 for 20 min. All
following steps were performed on ice or at 4°C. Cell pellets were
resuspended in 1/40th volume of periplasm lysis buffer (20% su-
crose, 2 mM EDTA, 50 mM Tris, pH 8.0) and incubated for 20
min. The periplasm extract was spun for 20 min at RCF 40,000 in
a Sorval SS-34 and the supernatant dialyzed overnight against
PBS. The dialyzed solution was incubated for 1 h with Qiagen
Ni-NTA resin (2.5 mL per 250 mL periplasm extract) in binding
buffer (50 mM phosphate pH 7.4, 350 mM NaCl,). The resin was
spun down at RCF 1400 and washed twice with 250 mL of Wash
Buffer (50 mM phosphate pH 7.4, 350 mM NaCl and 10 mM
Imidizole). The washed resin was transferred to a column and Fv
eluted in 2 mL of elution buffer (50 mM sodium phosphate pH 7.4,
350 mM NaCl, and 200 mM Imidizole). The volume was reduced
to ~1 mL and loaded onto a HiLLoad S200 Superdex gel filtration
column, preequilibrated in 5 mM HEPES pH 7 plus 10 mM NacCl,.
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Fractions corresponding to the Fv were identified by ELISA on
DNP-BSA (see below) and SDS-PAGE, collected, concentrated,
and stored at —20°C.

ELISA

DNP-biotin

DNP-hexyl-NH, was synthesized by reacting 10 mmole N-Boc-
diaminohexane with 10 mmole 2,4-dinitrofluorobenzene in aceto-
nitrile. The product was purified by silica gel chromatography and
treated with trifluoroacetic acid (TFA) to give DNP-hexyl-NH, as
TFA saltl; 0.22 mmole of DNP-hexyl-NH, was added to 0.22
mmole of Biotin-amidocaproate-N-hydroxysuccinimide ester
(Sigma) in 2 mL of acetonitrile, followed by 0.5 mmole of Et;N.
The resulting solution was made up to 5 mL and stirred o/n. The
product (DNP-biotin) was purified by HPLC on a reverse-phase
RP C-18 column using a water/acetonitrile gradient plus 0.1%
TFA.

DNP-Asn—BSA

DNP-Asn (1 mmole) was activated for conjugation by adding 2
mmole of 1,1’'-Carbonyldiimidazole in DMF and incubating for 1
h. One to 50 wmoles of activated DNP—Asn were added to 20
mg/mL BSA in 0.1 M carbonate buffer pH 9.8. The solution was
stirred at room temperature for 3 h and then extensively dialyzed
against PBS. The hapten density (Hd; number of hapten molecules
per BSA molecule) was determined by measuring the O.D. of the
conjugates in a microtiter plate at 405 nm (g495,m, = 2350 O.D.
units/M per 100 pL samples). DNP-BSA was prepared by reacting
10 pL of DNFB in 0.5 mL DMF with 20 mL of 3 wmole BSA in
0.1 M Carbonate buffer pH 9.8. NIP-BSA was generously pro-
vided by G. Winter.

Inhibitor solutions

As many of the inhibitors are relatively water insoluble, stock
solutions were prepared in DMSO at 50 mM and stored at —20°C.
DMSO stocks were freshly diluted in phosphate-buffered saline
(PBS) to =1 mM with vortexing while ensuring that no precipi-
tation occurred.

Competitive ELISA with DNP-biotin

This format of competitive ELISA was developed to enable the
process of DNP binding and its competitive inhibition by various
ligands to occur in solution. To this end, SPE7 (150 nM of Fv, or
20 nM of intact IgE; Sigma) was incubated for 2 h, with 10 nM
DNP-biotin (see above) in the presence of different inhibitors. The
antibody:DNP-biotin complex was then captured on streptavidin-
coated plates (Roche; high capacity). After a 15-min incubation,
the plates were rinsed and incubated with antimouse peroxidase
(Jackson; #115-035-006; 1:2500 Dilution in PBS with 1%
Tween20 [PBS/T]) for 1 h. Finally, plates were rinsed extensively
in PBS/T and the peroxidase substrate added (BM blue; Roche). In
reactions with the SPE7 Fv an anti-myc peroxidase antibody was
used instead (Invitrogen; 1:1000 Dilution in PBS/T). Reactions
were quenched with 0.5 M H,SO, and read at 450-650 nm in a
spectrophotometer plate reader. Ic50 values were calculated from
a range of different inhibitor concentrations (500 uM-5 nM), and
refer to the inhibitor concentration giving 50% of the signal ob-
served in the absence of any ligand.
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Competitive ELISA with DNP-Asn—BSA

This format of ELISA was used to determine affinity measure-
ments of ligands with a K; of 10 uM or lower. Nunc maxisorp
plates were coated for 2 h with 2 pg/mL. DNP-Asn-BSA
(Hd = 13) at room temperature and then blocked with 1 mg/mL
BSA for 20 min. A solution containing SPE7 preincubated with
inhibitors (for 1 h) was added and allowed to incubate for 30 min.
Plates were then rinsed, and any captured antibody was detected as
described above. The same protocol was applied for ELISA with
DNP-BSA and NIP-BSA, and with antibody B1-8 (ScFv of both
wild-type and V4 mutant were generously provided by G. Winter)
where the ELISA was performed at 2 pg/mL.

Affinity measurements by fluorescence quenching

Equilibrium binding constants were measured by fluorescence
quenching using an F-4500 Hitachi Fluorescence Spectrophotometer.
All experiments were performed at 20°C, with 1 mL of purified Fv at
0.3-1 uM in PBS. Ligands were added in 1-pL aliquots in steps of
varying concentration and fluorescence measured at 341 nm fol-
lowing excitation at 280 nm. Fits were performed with Kaleido-
graph (Abelbeck software) using equation I:(Lindner et al. 1999)
F = F,+/ (- (Lo~ Ao+ Ky) £ (Lo — Ay + Ko + (4K ,A0) ))12;
where F is the observed fluorescence, F, is the molar antibody
fluorescence, f* is the molar change in fluorescence, (4,) is the
total antibody concentration, (L) is the total ligand concentration,
and K is the dissociation constant.

Testing for Schiff-base formation

The following protocol was applied, to rule out the possibility that
cross-reactivity is due to the formation of a Schiff base between a
ketone group of the cross-reactants and a lysine residue in the
SPE7 binding site; 0.2 wmoles of SPE7 IgE were incubated with
50 pmoles inhibitor in a final reaction volume of 100 pL for 1 h.
Sodium cyanoborohydride (NaH;BCN) was then added to a final
concentration of 1 mM to reduce any Schiff base that forms.
Samples were diluted to 200 pL, dialyzed extensively against 0.1
M sodium acetate pH 5.5 and PBS, and the concentration of active
SPE7 determined by ELISA on DNP-BSA as described above. No
change in SPE7 binding titer was observed following this treat-
ment, indicating that binding of ketonic cross-reactants such as
alizarin or acenaphthenequinone is not mediated by Schiff-base
formation.

Partitioning experiments

The hydrophobicities of various SPE7 ligands was determined
using a partition assay between n-octanol and water essentially as
described (Fastrez and Fersht 1973). Ligand solutions were diluted
into 500 pL of PBS to a final concentration of 1 mM; 500 pL of
n-octanol were added and the solutions vortexed gently for 3 h.
The solvent mixtures were allowed to settle overnight, and 100 pL.
from each phase were added to 900 pL of 96% ethanol. The O.D.
of the ethanolic solutions was measured at a suitable wavelength,
to give the ligand concentration in the aqueous and organic phases.
The partition coefficient (P) is equal to the O.D. observed in the
octanol phase divided by the O.D. observed in the aqueous phase.
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Crystal structure analysis

Determination of the structure of the Acenaphthtenequinone:SPE7
complex was performed with the Fv fragment of SPE7 essentially
as described for the complexes of SPE7 with DNP, furazolidone,
and alizarin-red (see Supporting Material Online for James et al.
2003). The coordinates have been deposited under the PDB acces-
sion code 10AX.
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