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Abstract

It is generally accepted that enzymes evolved via gene duplication of existing proteins. But duplicated genes
can serve as a starting point for the evolution of a new function only if the protein they encode happens to
exhibit some activity towards this new function. Although the importance of such catalytic promiscuity in
enzyme evolution has been proposed, little is actually known regarding how common promiscuous catalytic
activities are in proteins or their origins, magnitudes, and potential contribution to the survival of an
organism. Here we describe a pattern of promiscuous activities in two completely unrelated proteins—serum
albumins and a catalytic antibody (aldolase antibody 38C2). Despite considerable structural dissimilari-
ties—in the shape of the cavities and the position of catalytic lysine residues—both active sites are able to
catalyze the Kemp elimination, a model reaction for proton transfer from carbon. We also show that these
different active sites can bind promiscuously an array of hydrophobic negatively charged ligands. We
suggest that the basic active-site features of an apolar pocket and a lysine residue can act as a primitive
active site allowing these promiscuous activities to take place. We also describe, by modelling product
formation at different substrate concentrations, how promiscuous activities of this kind— inefficient and
rudimentary as they are—can provide a considerable selective advantage and a starting point for the
evolution of new functions.

Keywords: Promiscuous; promiscuity; substrate ambiguity; cross-reactivity; catalytic antibody; serum al-
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Specificity is considered a hallmark of biological activity.
But there exists evidence (most of which is sporadic in
nature) suggesting that proteins can react with substrates for
which they have been neither evolved nor designed. Al-
though such promiscatalytic activities (be they binding or
catalysis) are often discarded as undesirable side effects or
experimental artifacts, they may in fact be of fundamental
importance. In the course of evolution, promiscuity may
provide a vital springboard from which new catalytic ac-

tivities can emerge out of existing folds and active sites.
Indeed, as indicated by the relatively small number of en-
zyme superfamilies, evolution seems to have solved a di-
verse array of chemical problems with relatively few solu-
tions (Babbitt and Gerlt 2000). However, the concept of
promiscuity as a general, inherent property of protein active
sites is at odds with the exquisite specificity that is at the
heart of biological activity. Consequently, whereas the spe-
cific activity or even cross-reactivity of many thousands of
proteins has been analyzed in much detail, promiscuous
activities or poly-reactivities have been studied with only
few proteins, and almost never in a systematic manner.
There are even fewer cases where close structural resem-
blance has led to the identification of promiscuous activities
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(Nagahara et al. 1995; Palmer et al 1999), or where such
activities were the result of directed evolution (Jurgens et al.
2000; Matsumura and Ellington 2001). Thus, to ascetain a
conclusive role for promiscuity in enzyme evolution (Jensen
1976; O’Brien and Herschlag 1999), we would need to sys-
tematically determine how common promiscuous activities
are and correlate their type, mechanistic origins, and mag-
nitude with prototypic active-site features.
We distinguish here between promiscuity (or poly-reac-

tivity) versus cross-reactivity in the following manner.
Cross-reactivity is related to the original activity (i.e., the
activity for which the active site evolved or was designed).
Thus, a cross-reactivity would typically overlap to a signifi-
cant extent with the original activity—for example, the sub-
strate or ligand would be a derivative of the original one. In
the case of binding, cross-reactivity relies on the same cen-
tral binding site interactions to bind analogous ligands (Kra-
mer et al. 1997). In contrast, poly-reactivity (or promiscuity)
applies when the original and the promiscuous activities
occur with dissimilar substrates or ligands and proceed via
completely different mechanisms. Whereas cross-reactivi-
ties are typically identified by a rationale choice of an ana-
log of the original substrate or ligand, promiscuous activi-
ties are typically found by a search of a random library of
ligands (Varga et al. 1991; Kramer et al. 1997) or coinci-
dence (Hollfelder et al. 1996).
In the case of binding, theoretical models that predict the

probability and magnitude of promiscuity have been pro-
posed and largely verified experimentally (Varga et al.
1991; Griffiths and Tawfik 2000). These suggest that any
site, if screened against a large, random diversity of ligands
will bind a certain fraction of these ligands. In general, there
will be few ligands binding with high affinity and more
ligands with lower affinity; and, the larger the number of
screened ligands, the higher the frequency of binders for any
given affinity threshold. Importantly, the frequency and af-
finity of promiscuous ligands for a given site is generally
independent of the affinity this site exhibits towards its
original ligand. It is tempting to assume that a similar pat-
tern would be applicable to catalysis, but catalytic promis-
cuity has yet to be systematically addressed—theoretically
and experimentally. Most importantly, for both binding and
catalysis, little is known regarding the molecular mecha-
nisms that give rise to both promiscuity and fine specificity
within the very same active site.
Here we describe the characteristics of what we believe to

be one possible group of promiscuous activities for which
the only requirement seems to be a site on the surface of a
protein comprising an apolar, hydrophobic pocket and a
lysine side chain. We do so by identifying functional simi-
larities and analogies between the active site of an antibody
(aldolase antibody 38C2; Barbas et al. 1997) and site IIA of
human serum albumin (HSA) that satisfy these require-
ments.

Results

Antibody 38C2 belongs to a family of highly homologous
antibodies raised against a reactive diketone hapten (Wag-
ner et al. 1995) and possessing an active site consisting of a
deep hydrophobic pocket with a conserved lysine residue
(Barbas et al. 1997; Karlstrom et al. 2000). It has been
established that the lysine’s amine attack on the carbonyl
group of various substrates (including the immunizing hap-
ten) leads to the formation of a covalent enamine interme-
diate (Scheme 1). Consequently, a variety of reactions that
proceed via an enamine intermediate are catalyzed by these
antibodies: aldol and retro-aldols (Wagner et al 1995; Bar-
bas et al. 1997), decarboxylation of�-keto acids (Bjornest-
edt et al. 1996), and an allylic rearrangement (Lin et al.
1997).

Scheme 1

The active site of the aldolase antibodies is broadly remi-
nicent of site IIA of HSA, which also consists of a hydro-
phobic pocket surrounding a reactive lysine (Carter and Ho
1994; Curry et al. 1998). The IIA site has been shown to
catalyze several reactions (Hollfelder et al. 1996, 2000, and
references therein). These include the base-catalyzed elimi-
nation of 5-nitrobenzisoxazole (the Kemp elimination;
Kemp et al. 1975; Scheme 2) where a lysine side chain is
thought to act as the catalytic base (Lys 222 in bovine serum
albumin [BSA]) (Kikuchi et al. 1996) or the homologous
Lys 199 in HSA (Hollfelder et al. 2000). We examined
whether the active site of 38C2, although selected specifi-
cally for the formation of an enamine intermediate with
carbonyl substrates, can also catalyze other reactions via a
different mechanism—for example, general-base (Scheme
2), rather than nucleophilic catalysis (Scheme 1)—and bind
ligands similar to the ones known to promiscuously react
with HSA.

Scheme 2

Catalytic and binding promiscuity
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Antibody 38C2 was found to acceleate the rate of elimi-
nation of benzisoxazole1 (Fig. 1) The kinetic parameters
for the antibody-catalyzed reaction were determined using
the Michaelis-Menten model (Fig. 2; Table 1). Although
kcat for 38C2 is around 20-fold lower than that of HSA (and
so is the rate acceleration, kcat/kuncat), KM is also lower and
by the same degree, thus giving rise to a very similar kcat/
KM.
Catalysis by 38C2 was measured over a range of pHs

between 7.4 and 10.4 (Fig. 3) and the kinetic pKa (8.9)
found to be very similar to that of HSA (9.2). These (ki-
netic) pKas are consistent with the catalytic base being an
�-amino group of a lysine side chain, the pKa of which is
normally around 10.5, reduced because of an apolar micro-
environment (Hollfelder et al. 2000). There exists however,
a difference of 3 units from the kinetic pKa of 6.0 observed
with antibody 38C2 for the formation of an enamine with
3-methyl-2,4-pentanedione (Barbas et al. 1997). A kinetic
pKa reflects the effect of pH on the sum of all of the rate
constants affecting the reaction (Fersht 1985). Different
substrates will show different pKas depending on the rate
constants leading to the formation and breakdown of their
complexes, although the actual ionization state of the cata-
lytic residue in the free (uncomplexed) active site is obvi-
ously the same. The difference of 3 logarithmic units be-
tween the pKas of the two 38C2 catalyzed reactions appears
to be consistent with the different rate enhancements: the
kcat/kuncat for the aldol reactions of antibodies of the 38C2
family range between 104 and 107 (Barbas et al. 1997; Karl-
strom et al. 2000), whereas for the Kemp elimination the
kcat/kuncat is 0.27 × 10

3 (Table 2). Thus, the difference in
reactivities of the catalytic lysine side chain, between the
aldolase reaction for which the antibody has been selected
and the promiscuous Kemp elimination, is reflected not only
in the rate but also in the pKa of these reactions. This may
be due to differences in the positioning of the reactive lysine
between the different substrates and the equilibrium shift

that follows the covalent modification of the reactive lysine
in the reaction of 38C2 with 3-methyl-2,4-pentanedione.
The observed kinetic pKa (Fig. 3) could also be the result

of a residue with a pKa of 8.9, which is essential for the
integrity of the active site or binding of the benzisoxazole
substrate. The catalytic base could in this case be hydroxide
coming from solution. However, no further increase in rate
of product release is observed when exogenous bases (e.g.,
formate or ammonia, which is also of similar size to hy-
droxide, at 25–50�M concentration) are added to either
antibody 38C2 or HSA (data not shown).
To verify that the Kemp elimination and aldol reactions

both take place in the same site and are catalyzed by the
same lysine residue of antibody 38C2, we have tested the
blocking effect of three different ketones on the eliminative
activity of 38C2. These ketones were shown to form stable
enamines with the catalytic lysine in the aldol reaction (Bar-
bas et al. 1997). We found that these ketones do inhibit the
catalysis of the Kemp elimination. At a concentration of 50
�M, the eliminative activity of 38C2 was partially inhibited
by pyridoxal and 3-methyl-2,4-pentadione (40% and 53%,
respectively) and completely inhibited by pentadione
(>98%). Serum albumins have also been shown to react
with pyridoxal phosphate via an enamine mechanism, and
the formation of this Shiff-base inhibits their catalysis of the
Kemp elimination (80% for BSA and 40% to HSA). With
BSA, the same lysine residue seems to be involved in
Schiff-base formation and in catalysis of the Kemp elimi-
nation. However, the precise interpretation of these results
(and in particular with regard to HSA) is complicated by the
fact that there appears to be more than one site for pyridoxal
phosphate binding (Hollfelder et al. 2000).

Fig. 2. The kinetic parameters for the 38C2-catalyzed elimination of
benzisoxazole1. Initial rates of product release (vo) were determined at a
range of substrate concentrations ([So] � 20–500�M; [Abo] � 4.4 �M;
in 50 mM Tris at pH 8.9; T� 25°C) Data were fitted directly to the
Michaelis-Menten model (vo � [Abo] × kcat× [So]/([So] + KM) and also to
the Eadie-Hofstee fit (inset) to give kcat of 1.56 ± 0.02/min and KM of
70.9 ± 3.3�M.

Fig. 1. Catalysis of the elimination benzisoxazole 1 by antibody 38C2.
Substrate (1, 40 �M) was added to 50 mM Tris buffer (pH 8.9) or to the
same buffer containing antibody 38C2 (4.4�M). The rate of elimination
was followed by monitoring the appearance of the phenol product2 at
405 nm.
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To assess the degree of overlap between HSA and anti-
body 38C2 in their promiscuous binding activities, we
screened a series of compounds for inhibition of catalysis by
both proteins. Many of these had been shown to bind HSA
(Carter and Ho 1994) and inhibit its catalysis of the Kemp
elimination (Hollfelder et al. 2000); others were chosen be-
cause they possess a negative charge and a hydrophobic
moiety (Table 2). We identified a large number of com-
pounds that significantly inhibit catalysis in both 38C2 and
HSA. Although most of the HSA inhibitors have only a
modest effect on 38C2 those that show greater inhibition
share the same general chemical features—hydrophobic
moiety and a negative charge. When the negative group is
blocked, inhibition both of HSA and 38C2 is generally re-
duced (Table 2, cf. 4-Iodophenol and 4-Iodoanisole or phe-
nyl acetic acid and its methyl ester).
The pattern of inhibition suggests a considerable overlap

in the ligand binding of antibody 38C2 and HSA, with both
electrostatic interactions (presumably with the lysine amino
side chains) and hydrophobicity playing major roles. In-
deed, hydrophobicity has been shown to be a major driving
force for ligand binding to antibody 38C2 (Barbas et al.
1997). The exception to this is Fmoc–glycine, the methyl
ester of which binds more tightly in both HSA and 38C2.

This reflects that, regardless of the driving force, the shape
of the ligand affects affinity and binding is specific. A non-
specific mode of binding (e.g., hydrophobic stickiness; Pad-
lan 1994) is also contradicted by the relative inhibition ef-
ficiency of different Fmoc amino acids. Fmoc-L-alanine
and Fmoc-L-phenylalanine exhibit similar inhibition despite
their very different hydrophobicities; and Fmoc–tryptophan,
which is even more hydrophobic than the preceding two,
shows the lowest inhibitory effect.

Discussion

The binding and catalytic activities described above for both
antibody 38C2 and HSA genuinely can be defined as pro-
miscuous (see definition in introduction). In the case of
HSA, although it is unclear what the physiological role and
hence the driving force for the evolution of site IIA is
(Carter and Ho 1994), it clearly could not have been the
elimination of benzisoxazoles—a physiologically meaning-
less reaction. Antibody 38C2 was selected in vivo, by the
immune system, to bind and react covalently with a�-dik-
etone hapten via an enamine mechanism (Wagner et al.
1995). Consequently, it exhibits efficient catalysis of sev-
eral reactions proceeding via an enamine intermediate
(Scheme 1) (Wagner et al. 1995; Bjornestedt et al. 1996;
Barbas et al. 1997; Lin et al. 1997; Karlstrom et al. 2000).
In a sense, these reactions can be defined as cross-reactivi-
ties as they all follow the antibody’s ability to form an
enamine intermediate—an activity for which it was se-
lected. In the promiscuous catalysis of the Kemp elimina-
tion, however, the same lysine side chain acts in a different
context and mechanism, namely as a general base rather
than a nucleophile, and in a concerted, proton transfer re-
action rather than via a covalentantibody-substrate interme-
diate (compare Schemes 1 and 2).
Serum albumins are highly conserved—from sea lamprey

to humans (Gray and Doolittle 1992; Carter and Ho 1994).
Indeed, every serum albumin tested thus far can catalyze the
Kemp elimination (Hollfelder et al. 2000), including bovine
serum albumin where site IIA, and Lys 222 within it, could
be directly implicated in catalysis (Kikuchi et al. 1996).
Similarly, antibody 38C2 is part of a family of highly ho-
mologous antibodies sharing the conserved reactive lysine

Fig. 3. The kinetic pKa for the 38C2-catalyzed elimination of benzisoxa-
zole1. Initial rates of product release (vo) were determined at pH 8.2–10.4
under pseudo-first-order conditions ([So] � 25 �M, [Ab0] � 4.4 �M,
Buffer: 50 mM Tris at pH 7.4–8.9, 50 mM AMP at pH 9.15–10.4,
T � 25°C). Data were fit to the equation: vo � vo

H/(10(pKa−pH)+ 1),
where 1/(10(pKa−pH)+ 1) is the active fraction of antibody at a given pH,
vo
H is the rate of the fully active (deprotonated) form of 38C2 (4.17 ± 0.1

�M/min) and pKa is 8.9 ± 0.04.

Table 1. Kinetic parameters for antibody 38C2 and HSA

Proteina pKa KM (�M) kcat (min
−1) kcat/KM (M−1min−1) kcat /kuncat

cTurnover

38C2 8.9 70.9 ± 3.3 1.56 ± 0.024 2.23 × 104 0.27 × 103 �10
HSAb 9.2 3060 ± 1200 28.8 ± 9.7 2.37 × 104 5.0 × 103 ∼ 30

aReactions for 38C2 and HSA were carried out in 50mM Tris at pH 8.9 and 9 respectively.
b The determination of HSA’s kinetic parameters is described in Hollfelder et al. (1996, 2000).
c Minimum number of product molecules produced per enzyme molecule (see Materials and Methods).
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and other active-site residues (Karlstrom et al. 2000); we
have tested only the commercially available 38C2 but other
members of the family are likely to exhibit activity. It there-
fore seems that two unrelated protein families—each
evolved under a completely different selection pressure—
can maintain a very similar prototypic pattern of promiscu-
ous activities. To assess the general abundance of this (and
other) active-site prototypes, systematic screens will have to
be performed with large numbers of proteins. Such screens
for very weak activities are, however, technically quite de-
manding (Tawfik et al. 1992; O’Brien and Herschlag 1999).

Serum albumins and aldolase antibody 38C2 share
prototypic active-site features

The common pattern of activities in serum albumins and
antibody 38C2 might imply a strong degree of structural
similarity. However, these proteins differ dramatically not
only in the their overall structure but also in the fine archi-
tecture of their active sites. The structure of 38C2 is not
known but the Fab structure of another aldolase antibody,
33F12, which is highly homologous to 38C2 in sequence
and activity (Karlstrom et al. 2000), has been solved (Bar-
bas et al. 1997). The binding site of 33F12 consists of a
narrow cleft formed at the interface between the heavy and
light chains and enclosed by the CDR loops (Fig. 4a,b). The
base of the cleft is highly hydrophobic, and the catalytic Lys
93H is surrounded by a number of aromatic residues. In
contrast to the all-�-sheet antibodies, HSA is entirely�-he-
lical. The IIA site consists of an extended hydrophobic

channel bordered by a number of aromatic residues, with the
catalytic lysine at one end (Lys 199; homologous to Lys 222
in BSA; Fig. 4c,d) (Curry et al. 1998). Despite these dis-
similarities—in orientation and composition of the side
chains constituting the walls of the two active sites, in the
general shape of the cavities, and even in the position of the
lysines relative to the cavities—the two active sites share an
essential feature: a quite simple arrangement of hydropho-
bic residues surrounding a catalytic lysine amino side chain
(Figure 4a,c).
The origins of serum albumin catalysis of the Kemp

elimination previously has been ascribed to specific me-
dium effects (Hollfelder et al. 1996). This stems from the
fact that the amine-catalyzed Kemp elimination (unlike the
carboxyl-catalyzed reaction) is not affected by nonspecific
medium effects of type exerted by organic solvents (e.g., by
desolvation and activation of the base catalyst) (Kemp et al.
1975). However, this reaction is affected by specific, local-
ized medium effects exerted by the active-site microenvi-
ronment that stabilize the transition state and thereby accel-
erate its rate (Hollfelder et al. 1996, 2001). The same
mechanism probably prevails not only in HSA but also in
antibody 38C2.
Beyond the particular similarities between 38C2 and

HSA, active sites, regardless of how they evolved and for
what, possess common characteristics. The heterogeneous
microenvironment of the active site, an organized matrix of
apolar, hydrophobic residues next to polar or charged ones,
induces specific medium effects that contribute to the ca-
talysis of the Kemp elimination as in essentially any other
reaction (Hotta et al. 2000 and references therein). Such
microenvironments seem to be common at the interfaces of
proteins’ surfaces and their hydrophobic core (Perutz 1967).
These microenvironments can, for example, desolvate a
substrate and thereby activate it, render a catalytic side
chain more basic, acidic, or nucleophilic (and thus affect its
pKa), stabilize charged transition states via dispersion and
stacking interactions, or immobilize water molecules to
serve as catalysts or charge stabilizers (Jencks 1969; Fersht
1985; Cannon and Benkovic 1998). In other words, active
sites posses features that are inherently catalytic and this
explains why promiscuity is both possible and probable.
Because these features are of course under selection in ev-
ery biological active site to provide optimal catalysis of a
specific reaction, they also provide the necessary forces to
potentially catalyze reactions on any substrate that can be
bound. A clear demonstration of this point is the fact that
the two proteins described here have evolved under com-
pletely different selection pressures but have still ended
up with an active site capable of promiscuously catalyzing
the same (physiologically irrelevant) reaction. The gener-
ally catalytic nature of active sites, in fact, explains why,
for example, active-site residues are so often labeled by
generic amino acid modifiers, whereas other residues on

Table 2. Inhibition of catalysis by 38C2 and HSA

Inhibitor

% Inhibitiona

HSA 38C2

Fmoc-glycineb 67 69
Fmoc-glycine methyl ester 70 85
Fmoc-L-alanine 63 23
Fmoc-L-phenylalanine 59 25
Fmoc-L-tryptophan 26 0
4-iodophenol 61 54
4-iodoanisole 45 17
Caprylic acid 11 42
3-nitrobenzoic acid 4 48
Phenylacetic acid 65 64
Methyl phenyl acetate 35 28
4-toluene sulphonic acid 22 50
Ibruprofen 33 48
4-iodophenoxyacetic acid – 35
Warfarin 44 42
2,3,5-tri-iodobenzoic acid 19 53
3-nitrobenzeneboronic acid 15 51

a Inhibitions were determined at 500�M ligand (see Materials and Meth-
ods).
b FMOC� N-(9-fluorenylmethoxycarbonyl).
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the surface of the protein are not (O’Brien and Herschlag
1999); or, why certain regions of proteins comprise hot
spots for binding of natural and in vitro-selected ligands
whereas the rest of the protein surface seems inert (DeLano
et al. 2000).

The potential selective advantage of
catalytic promiscuity

In a wider context, one should be asking how relevant are
promiscuous activities of the type and magnitude described
above as a basis for enzyme evolution? The reaction de-
scribed in this work, the Kemp elimination, admittedly
bears no physiological relevance, although it does model
proton transfer from carbon, a critical step in numerous
bioreactions. And, the catalytic activity of HSA, and in
particular of antibody 38C2 is rather low. The rate accel-
eration exhibited by the latter–270-fold—is orders of mag-
nitude lower than the weakest of natural enzymes (Griffiths

and Tawfik 2000). To assess the hypothetical selective ad-
vantage of a protein exhibiting the level of promiscuous
activity of HSA or antibody 38C2, we have calculated the
ratio of product produced in the presence versus the absence
of these promiscuous proteins (Fig. 5). We assume, for the
sake of this demonstration, that the product is contributing
to the survival or growth of the organism and that the above
ratio therefore reflects the advantage provided to an organ-
ism carrying these promiscuously active proteins over other
organisms that do not. Our analysis is based on a protein
concentration of 10�M. This may seem unusually high as
in vitro assays are typically performed at nM or even pM
enzyme concentrations. In the cell, however, numerous pro-
teins, in particular house-keeping enzymes are present at
very high concentrations, sometimes exceeding 1 mM
(Price and Stevens 1999).
There are many factors on which the evolution of a new

protein may depend. The results of our hypothetical analysis
obviously relate to a simplified case where the promiscuous

Fig. 4. Secondary structures and surface representations of the active sites of aldolase antibody 33F12 (a homolog of 33C2) (Barbas
et al. 1997) and HSA (Curry et al. 1998). (a) The active-site surface of 33F12 takes the form of a cleft with the catalytic lysine residue
(H93) at the bottom. (b) The main chain and residues surrounding Lys 93 (in yellow) and forming the cavity are depicted (in green)
(H33W, L96Y, L27dH, L98F, L32F, H103W, H98Y, H93K, H95Y); these come from the�-strands of both the heavy (H) and the light
chain (L). (c) The IIA site of HSA consists of a deep channel into which the�-amino group of Lys 199 projects. (d) The main chain
of the�-helices and the side chains forming the walls of the IIA site are depicted (in green and lysine in yellow) (V241, L238, L219,
F223, L234, I264, I290, A261, L260, K199). PDB files 1AXT (Barbas et al. 1997) and 1BKE (Curry et al. 1998) were used for
depicting the sites of aldolase antibody 33F12 and HSA, respectively. Surfaces (A andC) were calculated using a 1.4 Å probe in
GRASP (Nicholl and Honig 1991). Electrostatic potentials are marked, with red corresponding to an overall negative charge and blue
for positive. Ribbon representations were created using SETOR (Evans 1993).
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starting point exhibits substrate binding and catalysis.
These indicate that at low substrate concentrations (<0.2
mM), both proteins, including 38C2 with a rate accelera-
tion of 270, can potentially provide a substantial selec-
tive advantage (10- to 30-fold). At high substrate concen-
trations (>0.25 mM), only HSA with a rate acceleration
of 5000 is providing a conspicuous selective advantage. But
as the concentration of the promiscuous protein has a direct
(linear) effect on its selective advantage, antibody 38C2
could, in principle, also become selectable at concentrations
higher than 10�M. Interestingly, 38C2 and HSA have al-
most identical catalytic efficiencies (kcat/KM; Table 1) al-
though the contribution from either kcat or KM significantly
differs. Antibody 38C2 exhibits high affinity (low KM) for
its promiscuous substrate but poor rate acceleration (kcat).
Our modelling suggests that this type of promiscuity can
provide a selective advantage but primarily at low substrate
concentrations (Fig 5). On the other hand, HSA exhibits
lower substrate affinity (high KM) but higher kcat. The latter
seems to become particularly essential at high substrate con-
centrations (Fig 5).

Implications for in vitro evolution

It has been show recently, that during the in vitro evolution
of an enzyme with a new specificity, intermediates are gen-
erated with promiscuous characteristics (Matsumura and El-
lington 2001). Such studies may provide insights regarding
the role of promiscuity in enzyme evolution in nature and
also suggests that in the future promiscuous precursors may
play a key role in the directed evolution (Merz et al. 2000;
Arnold et al. 2001) of new enzymes in the laboratory. Thus,
perhaps in the future, in vitro selection strategies may make

use of libraries of existing proteins with a range of promis-
cuous activities. To take advantage of such starting points,
marginal activities will have to be detected, thus making the
threshold for selection of an active protein mutant as low as
possible (Griffiths and Tawfik 2000). But the availability of
promiscuous starting points should allow the evolutionary
process to proceed with a rather limited diversity thus cir-
cumventing the need for very large libraries.

Materials and methods

Materials

Antibody 38C2 and HSA were purchased from Sigma-Aldrich Ltd.
(A-47,995–0 and S-47,995–0, respectively). The antibody samples
were reconstituted in deionized water, aliquoted, and stored at
−20°C. Before each assay, the sample was centrifuged to remove
precipitated material and the antibody concentration in the super-
natant determined by measuring the optical density at 280 nm
(�280nm� 1.4 mg/mL per cm). Benzisoxazole substrate1 and phe-
nol product 2 were prepared as described (Kemp et al. 1975;
Hollfelder et al. 2000).

Kinetic assays

Initial velocities were determined by monitoring the release of
product 2 at 405 nm in a microtitre plate reader (Molecular De-
vices) and rates were calculated using�405nm�4300M at 0.2-mL
reaction volumes per well. The 5-nitrobenzisoxazole substrate1
was dissolved in methanol, freshly diluted (1:10) into water, and
added to the protein in buffer. The percentage of methanol in the
final reaction mixture was 2%. Rate of the background, buffer-
catalyzed elimination of1 (kbuffer) was determined to be
7.3 × 10−3/min, by measuring initial velocities at substrate concen-
trations ranging from 20�M to 0.5 mM in 50 mM Tris buffer (pH
8.9). For obtaining the value of kuncat, rates at different buffer

Fig. 5. The putative enrichment for product in the presence of promiscuous catalysts HSA and antibody 38C2. The enrichment is the
ratio of product obtained in the presence versus the absence of a promiscuous catalyst, at different substrate concentrations. Assuming
initial velocity conditions ([Product]� 0.1[So]), the enrichment is given by: [Eo](kcat/kbuffer)/([So] + KM); where [Eo] is the concen-
tration of the promiscuous catalyst (10�M; see text); kcat and KM are the kinetic parameters for HSA and 38C2 (Table 1); and, kbuffer

is the first-order rate constant for the background, buffer-catalyzed reaction under the same conditions. Results are presented for two
ranges of substrate concentrations: [So] � 1–150�M (A) and [So] � 2–10 mM (B).
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concentrations were extrapolated to zero buffer concentration
yielding a value of 5.75 × 10−3/min at pH 9.0 (Hollfelder et al.
1996). To test inhibition by various ligands, antibody 38C2 (4.4
�M) or HSA (7.5�M) were incubated with the various ligands
(typically at 500�M) for 1 h in 50 mMTris (pH 8.9). The sub-
strate (1) was added to a final concentration of 25�M and the rate
of reaction monitored at 405 nm and T� 25°C. The rate of the
buffer-catalyzed reaction was deducted from all rates and percent-
age of inhibition calculated from the ratio of rates observed in the
presence and in the absence of the protein.

Determination of turnover

The appearance of reaction product2was followed at [Abo] � 4.4
�M, [1] � 40�M in 50 mM Tris (pH 8.9). The turnover limit is
determined at the point where the rate of the antibody-catalyzed
reaction matches the rate of the background reaction (followed in
parallel in the same buffer without the antibody). The concentra-
tion of product released up to that limit was divided by the con-
centration of antibody active sites to yield the number of turnovers.
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