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Many enzymes possess, besides their native function, additional promiscuous activities. Proteins with several
activities (multipurpose catalysts) may have a wide range of biotechnological and biomedical applications.
Natural promiscuity, however, appears to be of limited scope in this context, because the latent
(promiscuous) function is often related to the evolved one (sharing the active site and even the chemical
mechanism) and its enhancement upon suitable mutations usually brings about a decrease in the native
activity. Here we explore the use of computational protein design to overcome these limitations. The high-
plasticity positions close to the original (“native”) active-site are the most promising candidates for
mutations that create a second active-site associated to a new function. To avoid compromising protein
folding and native activity, we propose a minimal-perturbation approach based on the combinatorial
optimization of, both the de novo catalytic activity and the folding free-energy: essentially, we construct the
Pareto Set of optimal stability/promiscuous-function solutions. We validate our approach by introducing a
promiscuous esterase activity in E. coli thioredoxin on the basis of mutations at positions close to the native-
active-site disulfide-bridge. Native oxidoreductase activity is not compromised and it is, in fact, found to be
1.5-fold enhanced, as determined by an insulin-reduction assay. This work provides general guidelines as to
how computational design can be used to expand the scope and applications of protein promiscuity. From a
more general viewpoint, it illustrates the potential of multi-objective optimization as the computational
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analogue of multi-feature natural selection.
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1. Introduction

Enzymes are natural protein catalysts that can enhance reaction
rates up to 23 orders of magnitude [ 1] with an impressive affinity and/or
specificity. Their applications are enormous, and enzyme design holds
the promise to provide important impact in society areas like medicine
(i.e. treatment of neurodegenerative diseases [2], design of therapeu-
tically antibodies to bind tumor-associated antigenic determinants
while maintaining a small immunogenicity, development of peptide-
based vaccines), biotechnology (biosensors [3,4], biocatalysts with
activity in non-natural environments) and bioremediation (design of
enzymes that would reduce waste by-products and toxicity [5]).

In the last few years, studies on enzyme evolvability have given
convincing evidence on the mechanism of evolution of protein functions
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from cross-reactive proteins [6-10], starting from the observation that
most proteins possess, besides their native function, additional promis-
cuous functions with specificities in the range of kea¢/Kim ~10~2-10%[10].
In the proposed mechanism, a weak promiscuous function arises due to
neutral evolution, protein robustness (the ability of proteins to tolerate
mutations without compromising fitness) and plasticity (the ability of
gaining new functions by a reduced number of mutations). Under the
right selection pressure, natural selection can improve the new function
once it has arisen until, at some point, the protein may become
specialized for the new function.

In the classic view, selection constraints on the native function were
believed to be determinant in the process (if a given function appeared
by natural selection, there must be a large penalty associated to the loss
of that function) reducing the allowed evolution scenario to gene
duplication at an early stage of the specialization. However, modern
studies have shown that in most cases the coupling of the nascent and
the original functions is smaller than expected (see [10] and references
therein). This allows for several generations of “generalist” proteins [11]
that are able to perform both functions, and suggests that gene
duplication acts after the new function has appeared [8] and not before.

Proteins with several activities (multipurpose enzymes) may have
a wide range of biotechnological applications related (but not limited)
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to industrial organic synthesis and metabolic engineering [12-17].
However, natural protein promiscuity (as described in the two
preceding paragraphs) may perhaps be of limited use in the develop-
ment of these multipurpose catalysts. First of all, natural promiscuous
activities are often related to the evolved ones, sharing the same active
sites and even the basic chemical mechanisms and, in general, bearing a
significant resemblance to the original function [10]. Secondly,
development of the promiscuous activity upon suitable mutations
usually brings about a decrease in the evolved activity (see Table 2 in
[10]). We explore in this work the use of computational design to
overcome these limitations.

We have selected thioredoxin from E. coli (PDB code 2trx, 1.5 A
resolution [18]) as scaffold for our studies. It is a small (108 residues)
general disulphide oxidoreductase found in all the kingdoms of living
organisms; it is a common model for protein design studies because of
its high stability and good expression properties [19]. We aim at
introducing an esterase activity [the nucleophilic hydrolysis of the p-
nitrophenyl acetate (PNPA) into p-nitrophenol (PNP) and acetate] in
E. coli thioredoxin, following an approach similar to that used in ref
[20]. Unlike these previous studies [20], however, we intend to
preserve the natural thioredoxin activity (see below for details).

Natural promiscuous activities appear to be shaped by residues at
the “wall and perimeter” of the native active site [10]. These residues
show high-plasticity, likely because they do not belong to the protein
scaffold or the native catalytic machinery [10] and provide a suitable
target for the introduction of new, non-natural promiscuous activities
[21,22]. However, designing a new active-site implies introduces
“unsatisfied” destabilizing interactions (which will hopefully be
satisfied upon ligand and/or transition-state binding). Designing a
new active-site in close proximity to the native one poses the additional
problem that the introduced destabilizing interactions may disrupt the
native active site and affect the original activity. Our computational
design approach, therefore, is based on a multi-objective optimization.
Both a measure of protein stability and de-novo catalytic activity are
simultaneously optimized by using two competing score functions for
folding free energy and binding free energy of the protein-ligand (i.e.
transition-state-model) complex , obtaining the Pareto Set [23] of
optimal stability/promiscuous-function solutions. The goal of this
procedure is the development of the new activity with the lowest
possible stability cost, which has two advantages. First of all, the need to
introduce additional stabilizing mutations (to compensate the destabi-
lizing effect of the new active-site mutations) is minimized. This is an
important point, since the original (native) active-site would be one
obvious target for stabilizing mutations (active-site residues are
optimized for function, not for stability) and, in this case, we aim at
preserving the original activity. Indeed, in a previous work [20], the
catalytic D26 residue was mutated to isoleucine, a change which
enhances stability but which will impair the natural thioredoxin oxido-
reductase activity. Secondly and most important, since our designed
active-site is spatially close to the original one, the low-stability—cost
strategy guarantees the minimal perturbation required for maintaining
the original activity.

Our computational design approach is based upon the DESIGNER
software [24,25], which optimizes protein sequence for a given target
structure. This procedure uses atomic models and rotamer libraries to
represent side-chain conformations. The free energies of the different
models are calculated with the CHARMM force-field [26] and a free-
energy solvation term proportional to the surface area [27]. Calcula-
tions on a reference state (taken to represent the unfolded state)
allow a quantity akin to the unfolding free energy to be computed for
each model.

The DESIGNER program was originally developed to address the
inverse folding problem. However, as we show in this work, it can also
be used to design new active-sites. This requires that the design is
approached as an optimization in sequence-space of a protein structure
which includes a model of the transition state of the chemical reaction

(the tetrahedral PNPA intermediate in the case of interest here) with
reference to the structure without the transition-state model bound,
thus yielding a quantity akin to the free energy barrier of the reaction.
Furthermore, since DESIGNER also leads to a quantity akin to the
unfolding free-energy, the multi-objective stability-function optimiza-
tion is indeed feasible.

2. Materials and methods
2.1. Molecular modeling of the new active site

2.1.1. General approach

We aim at introducing a promiscuous esterase activity in E. coli
thioredoxin: the nucleophilic hydrolysis of the p-nitrophenyl acetate
(PNPA) into p-nitrophenol (PNP) and acetate. The general approach
we use is similar to that described in ref. [20]; i.e., we choose a
histidine residue as a nuclophile for the reaction and we model the
tetrahedral transition state for the reaction as PNPA-histidine
structure constructed as a generalized rotamer of the histidine. An
initial exploration of the available positions to place the anchor
nucleophile, and their different energies lead us to fix our search to
position 39. This position has additional advantages: good accessibil-
ity properties and proximity to the native thioredoxin active site [28],
a high plasticity region. Also, position 39 is close to wild-type charged
residues (36 K, 57 K) which could in principle be electrostatically
complementary to p-nitrophenyl acetate. However, this does not
represent a bias in our computational analysis, as all mutations are
allowed at both positions and lysine is not favored in the rotamer
construction process. All subsequent computations described in this
work have been carried out on the A39H background.

The new binding site is in principle defined by the positions
neighboring to 39, excluding those with wild-type proline or glycine:
1,4, 26, 28, 30, 36, 38,42, 43, 46, 55, 57, 59 and 99, which are allowed
to mutate to any amino acid except proline, cysteine and methionine
(see Fig. 1A). All other positions were forced to conserve their wild-
type amino acid but were free to change rotamer to avoid border
effects. No previous stabilizing mutation was introduced. This gave a
total of 15 designed positions and 93 fixed amino acid positions,
yielding a sequence space of 108,

2.1.2. Side-chain rotamer library enhancement for tetrahedral
transition-state modeling

We do not introduce in the force field biasing extra terms in order to
obtain interactions known to favor the reaction. On the other hand, we
have enhanced the rotamer library to improve the modeling of protein-
ligand (transition state model) interactions. We have used the
backbone-dependent rotamer library by Dunbrack and Karplus [29]
including all rotamers with probability P>90%. The rotamer of the
combined histidine (N6 as nucleophile) and tetrahedral intermediate
was modeled with the same initial dihedral angles as in [20]: y; and y»
from the histidine in the library, x5 (£30, 90, +150), y4 (+—60,
+180), and ys (4+90). To provide a better docking of the ligand to
thioredoxin, we have added a refined version of the standard library
following the protocol described in [30]. This procedure refines the
library specifically in the ligand-protein interface by searching only for
conformations that provide a better interaction and improve ligand
recognition. For each pair of rotamers involved in binding we first
minimize the structure (100 iterations of steepest descent) of the
interacting rotamers. A low-dielectric environment (¢ = 1) in CHARMM
was found to significatively speed-up calculations by biasing the search
towards H-bond formation. During minimization, backbone charges are
set to zero to restrict the optimization to rotamer-rotamer interactions.
In a second step, we minimize the resulting structure (100 steps of
ABNR, ¢ = 8) to obtain the refined conformation of both residues, which
are stored as new rotamers for further use. To simplify the size of the
calculations, we required a maximum interacting energy of — 5.0 kcal/
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Fig. 1. Structural analysis of the design of a promiscuous activity in thioredoxin. A) Structure
of the wild-type thioredoxin active site (C32-C35 disulfide bridge and D26). Wild type
residues considered in the design procedure are shown. The entrance to the native active site
is from the other side of the central 3 sheet. B) Structure of the designed thioredoxin active
site for esterase activity in the absence of the substrate, PNPA. The designed mutations are
W28K, A39H and K57E (V3 variant). Relevant interactions (1S-43D, 28K-26D, 30E-36K,
39H-57E) are shown. C) Detail of the modeling of the PNPA transition state in the V3 mutant.
Relevant interactions are shown: binding interactions with the ligand (36 K, 28 K) and
stabilizing interactions (1S-43D, 28K-57E, 30E-36K, 39H-57E). Note that the native function
active-site interacts with the promiscuous function active site.

mol and performed a clustering in dihedral angle with a granularity
factor of 10°. This resulted in a total number of 2886 rotamers and a size
of the combinatorial space of 10%® possible structures.

2.1.3. Computational analyses

We performed the initial exploration of the available positions to
place the anchor nucleophile which included the enhancement of the
library described above and resulted in a CPU time consumption of
8000 h in processors Power4 and Power4+ (1.3 GHz and 1.7 GHz)
using the facilities provided by IDRIS supercomputer center. Once we
fixed the anchor nucleophile position (H39) and performed the
clustering in dihedral angle of the resulting library, we proceeded to
recalculate the interaction energies of the remaining 2886 rotamers,
(2000 CPU hours provided by the BSC supercomputer center: Power
PC 970MP processors at 2.3 GHz). The optimization procedure took
1000 CPU hours at BSC.

2.2. Site-directed mutagenesis, protein expression, purification and
sample preparation

Oligonucleotides used for mutagenesis were purchased from
Invitrogen Corp. Mutations were introduced in the sequence of
wild-type thioredoxin from E. coli, previously cloned into pET-30a,
using the QuikChange (TM) Site-Directed Mutagenesis method from
Stratagene®. The V3 triple mutant (W28K/A39H/K57E) was over
expressed in BL21 (DE3) pLys during 4 h. Cells were harvested and
resuspended in 30 mM Tris, 1 mM EDTA, pH 8.3 (TE buffer), lysed by
sonication and centrifuged at 10,000 x g for 10 min. Nucleic acids in
the soluble fraction were precipitated overnight by addition of a
streptomycin sulphate 10% solution (Sigma-Aldrich) prepared in TE
buffer and removed by centrifugation at 100,000 x g for 30 min. The
protein was purified by size exclusion chromatography and anion
exchange chromatography as previously described [31]. The purity of
the protein was checked by SDS-PAGE electrophoresis. Samples were
prepared by exhaustive dialysis against 10 mM sodium phosphate, pH
6.95 buffer. Protein concentration was determined by UV absorbance
(£250=8310M~'cm™ ).

2.3. Activity measurements

Two kinds of activity measurements were carried out in the present
study. The nucleophilic hydrolysis of p-nitrophenyl acetate (PNPA) into
p-nitrophenol (PNP) was performed as previously described in [20]
with minor modifications. All experiments were carried out at 22 °C.
Stock solutions of 75 mM PNPA were freshly prepared in acetonitrile by
weight. The reaction was initiated by the addition of PNPA to a solution
of thioredoxin previously tempered. PNP formation was followed by
absorbance at 400.5 nm (£4005=12400M~! cm™"). In all cases,
kinetics were measured against PNPA solutions in buffer, used as a
blank to take into account the spontaneous hydrolysis of the reagent.
Initial rates were calculated from the slope of the time-dependence of
the absorbance and data were analyzed by non-linear least-squares
fitting of the Michaelis-Menten equation (see Fig. 3) using SigmaPlot
(SPSS Inc.). Additionally, the natural oxidoreductase activity was
determined using a turbidimetric assay consisting of the thioredoxin-
catalyzed rate of reduction of insulin disulfides by dithiothreitol [32].
Reaction mixtures contained thioredoxin (up to 6-8 M) in potassium
phosphate 0.1 M, EDTA 2 mM pH 6.5 and insulin 0.5 mg/mL. Reaction
was initiated by addition of DTT, 1 mM final concentration, previously
dissolved in water. The increase in the Agso due to insulin aggregation
upon thioredoxin mediated reduction was monitored for 1 h at 25 °C
(see Fig. 4). Activities were calculated from the slopes of the maximum
dAgso/dt versus thioredoxin concentration. In all cases, absorbance
measurements were corrected for the value given by a sample lacking
thioredoxin and DTT.
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2.4. Stability measurements

The thermal unfolding transitions were followed by differential
scanning calorimetry of V3 against dialysis buffer at a scan rate of
90K-h~'. A VP-DSC microcalorimeter (Microcal Inc.) was used.
Rescans of V3 were done to check the reversibility of the transition.
Experimental data were analyzed on the basis of the two-state model
as previously described [33].

3. Results and discussion
3.1. Multi-objective optimization and construction of the Pareto Set

We approach enzyme design as a two-objective problem. We
consider as one objective the effect on stability of the designed region,
which is coupled to the primary function of thioredoxin due to spatial
proximity. It is estimated from an approximation to the folding free
energy as defined previously [24] and does not involve the presence of
the PNPA tetrahedral intermediate. The other objective is a quantity
akin to the activation free energy of the reaction which is estimated
from calculations on a protein structure which includes a model of the
transition state of the chemical reaction (the tetrahedral PNPA
intermediate in the case of interest here) with reference to the
structure without the transition-state model bound. Note that the
values of K, and k¢, are not specifically addressed by this procedure,
since they are given by complex expressions including the equilib-
rium and rate constants for the several steps of the catalytic
mechanism: see Fig. 3 in ref [20].

To rank the sequences by simultaneously using two competing
scores (akin to the folding free energy and the binding free energy of the
transition-state complex) we use a method previously presented [34],
based on standard techniques in computer science for multi-objective
optimization. In a single objective protein design problem, the goal is to
find the solution associated with the lowest cost function (the global
minimum). However, in a multi-objective optimization problem there is
no single optimal solution, but a set of optimal solutions, each of them
representing a different trade-off between the objectives. To compare
two different solutions, a relation of dominance is defined as follows: A
dominates B if, for all objectives, A has a better performance than B; as a
result A has to be kept while B has to be discarded (even though B may
lead to an active foldable protein). The set of all non-dominated
solutions is called Pareto globally optimal set (or, simply, the Pareto Set)
and finding this set is the goal of the multi-objective computational
optimization problem [23]. Note that, in the Pareto Set, only those
solutions showing an optimal trade-off between the different objectives
are kept. As a result, the complexity of the problem is dramatically re-
duced without loss of relevant information (see illustration in Fig. 2A).

In order to construct the Pareto Set, we have followed the procedure
we have recently described in detail [34]. Briefly, we have used a
protocol of Monte Carlo-Simulated Annealing (MCSA) cycles [35,36],
combined with an exponential cooling schedule (initial and final
temperature To = 1R kcal/mol and Tr=0.01R kcal/mol) to minimize a
weighted sum of the scores corresponding to the two objectives:

AGscalaro\) _ )\,Acstability + (.1 _)\).Acnewfunction (1)

where AGSPIY apnd AGPeWfunction gre the computational measures
akin to the free-energies of folding and binding of the transition-state
model, respectively. The weight, A\, was allowed to take many
different values in the range [0.05, 0.95] to ensure the exploration
of different design regions. The rationale behind this procedure is that
each of the different A values leads to a given point belonging to the
Pareto Set of solutions (although neighboring A values may lead to the
same point). However, the use of A values different from 0.5 produces
solutions in a sub-optimal conformation for that sequence, so an
additional minimization by an unbiased MCSA (A =0.5) was performed
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Fig. 2. Multi-objective computational optimization and construction of the Pareto Set.
A) Illustration of the Pareto Set for a stability/binding multi-objective optimization. Each
dot represents a given sequence. The Pareto Set of non-dominated solutions is shown in
black. B) Pareto Set of sequences corresponding to the design of esterase activity on a
thioredoxin scaffold. The stability corresponds to a measure akin to the folding free energy
of the enzyme, while binding corresponds to a measure akin to the free energy of
interaction of the enzyme with the tetrahedral intermediate of the reaction. Points a, b, ¢
and d correspond to the V3 mutant considering each of the four possible conformers. The
alignment of the sequences with binding energy in the (— 10, —24) kcal/mol is shown
(note that only those residues considered in the design are shown).

for each of the obtained sequences to ensure they reach their minimum
energy conformation. The Pareto Set of non-dominated solutions thus
obtained is the result of the two-objective optimization problem and is
shown in Fig. 2B. Note that the trade-off between the two competing
objectives is clearly apparent in the Pareto Set, the most stable
sequences showing poor binding and the best binding sequences
being highly unstable.

3.2. Design of a thioredoxin variant with a promiscuous activity

The Pareto Set provides an ordered and non-redundant list of
solutions, each of them with a different trade-off between the chosen
objectives. We have examined this list in the intermediate stability/
binding range (see Fig. 2B) to identify relevant mutations for a three-
mutation candidate for experimental validation. A consensus analysis
immediately suggests mutations STE, W28K and K57E (see alignment
shown as Inset in Fig. 2B). However, the Pareto Set shown in Fig. 2 has
been constructed on the basis of the average of the four possible
conformers associated to the A39H mutation and the subsequent side-
chain modeling (i.e., two different chiralities of the acetate and two
possible ways of histidine attack). A more detailed examination
reveals that the performance of the mutation S1E depends strongly of
the conformer associated to the A39H mutation, while mutations
W28K and K57E are more robust in this regard. These two mutations,
together with the nucleophile insertion (A39H) were modeled with
DESIGNER and seen to be reasonably close to the Pareto Set (see
Fig. 2B). We therefore chose this triple mutant variant (subsequently
referred to as V3) for experimental validation. The structure predicted
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by DESIGNER for our mutant V3 is shown in Fig. 1C, with our three
designed mutations (W28K, A39H and K57E) together with surround-
ing wild-type residues. It illustrates the balance between binding
interactions with the ligand (36 K, 28 K) and stabilizing interactions
with neighboring residues (1S-43D, 28K-57E, 30E-36K, 39H-57E).

3.3. Native and promiscuous activities of the designed thioredoxin variant

We have determined the promiscuous esterase activity by following
the hydrolysis of PNPA into PNP catalyzed by our designed thioredoxin
variant, V3, at 22 °C in sodium phosphate buffer 10 mM, pH 6.9. We
carried out the experiments using several concentrations of V3 as well as
PNPA. The formation rate of PNP was found to be linear over a wide time
interval. The reaction initial rates measured at different enzyme
concentration values have been represented in Fig. 3A. No deviations
from the expected linear dependences with the enzyme concentration
were found. The dependence of the reaction rate on PNPA concentration
is consistent with a simple Michaelis-Menten mechanism (see Fig. 3B)
with Ky, =1.198-107 3 M and ke, = 3.69-10~ 45~ ! (for the uncatalyzed
reaction kyncar=2.5-107° s=1, ref. [20]). It must be noted that the
values of K, and k., are given by complex expressions including the
equilibrium and rate constants for the several steps of the catalytic
mechanism: see Fig. 3 in ref [20]. As expected, wild type thioredoxin
does not show any significant esterase activity.

In addition, the native oxidoreductase activity of thioredoxin and V3
was experimentally determined (Fig. 4) by following the enzymatic-
catalyzed reduction of insulin by DTT as described by Holmgren [32].
Reduced insulin aggregates with a concomitant increase in solution
turbidity that is reflected in the increase in absorbance at 650 nm
observed after a certain lag-time (Fig. 4A). Activities were calculated as
the maximum of the dAgse/dt slopes. These values change linearly with
protein concentration (in the 0.2-3 pM concentration range). V3 is not
only found to have native reductase activity but, remarkably, it shows a
1.5-fold enhancement in native activity with respect to wild type
thioredoxin (Fig. 4B). This enhancement is also evident in the lag-time
values, which are significantly reduced in the case of V3 (Fig. 4C). Recent
single-molecule force-clamp spectroscopy studies [37] have revealed
two alternative forms of the catalytic mechanism of E. coli thioredoxin
catalysis, the first requiring a re-orientation of the substrate disulfide
bond and the second elongating the substrate disulfide bond. Given this
complexity in the catalytic process, it does not seem possible at this
stage to propose a reliable molecular interpretation of mutation effects
on bulk-phase activity (such as the 1.5-fold enhancement observed with
V3).The important point in the context of this work is, however, that the
introduction of the promiscuous esterase activity in thioredoxin has not
compromised the native oxidoreductase activity. This result does
support that our multi-objective stability/binding design is a minimal-
perturbation approach, less likely to lead to mutations affecting the
original function, even when the high-plasticity positions close to the
original active-site are used to create the second active-site associated to
the new function (as we have done in this work).

3.4. The balance between stability and promiscuous function in the
designed thioredoxin variant

The thermal stability of V3 was determined by differential
scanning calorimetry (DSC) at pH 7.0 in 10 mM phosphate buffer
(see Fig. 3C). The calorimetric transition was found to be reversible
and well-described by the two-state reversible model. Denaturation
temperature (71.8 °C) is significantly lower than that for wild type
thioredoxin under the same solvent conditions: 86.6 °C [33]. Unfold-
ing enthalpy is also found to be lower: 71 kcal/mol in V3 versus
114 kcal/mol in wild type thioredoxin. However, these unfolding
enthalpy values belong to the corresponding denaturation tempera-
tures and, therefore, a significant part of the difference is to be
attributed to the temperature dependence of the unfolding enthalpy.
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Fig. 3. Promiscuous activity and stability of the designed V3 variant of thioredoxin.
A) Hydrolysis rates of PNPA at different concentrations of the thioredoxin variant V3. All
measurements were carried out at an initial substrate concentration of 1.5 mM.
B) Dependence of the initial rates of hydrolysis of PNPA as a function of the substrate
concentration. The filled circles are the experimental values obtained using a protein
concentration of 8 uM and the continuous line is the best fit of the Michaelis-Menten
equation. C) Differential scanning calorimetry thermograms for wild-type thioredoxin and
the V3 variant at pH 7.0, 10 mM phosphate buffer. The symbols stand for the heat capacity
data and the continuous lines for the best fits of the two-state equilibrium model.

Creating a new active-site in a protein involves introducing potential
interactions that will only be satisfied upon substrate (or transition-
state) binding. These unsatisfied interactions will have a destabilizing
effect in the non-ligated protein. However, for a design based on the
Pareto Set of optimal stability/binding solutions, the stability decrease
observed should correspond to the achieved binding affinity (reflecting
an optimal trade-off between the competing objectives). We show
below that this correspondence does qualitatively hold for the designed
esterase activity in the V3 variant of thioredoxin.

Consider the binding of a ligand to a protein. The binding free
energy is related to dissociation constant (Kq) through:

0 _ _ pT. 1
AGgnping = —RT ln< /Kd> (2)

where the superscript ® indicates a standard state free-energy change.
Standard state is defined by the pressure and concentration units
associated to Ky [38]. As is customary, we use Ky in molar units for
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Fig. 4. Native oxidoreductase activity of the wild-type form and the designed V3 variant
of thioredoxin as determined from insulin-reduction assays. A) Representative plots of
absorbance at 650 nm versus time monitoring the aggregation resulting from the
reduction of insulin by DTT catalyzed by thioredoxin. The concentration of the wild-
type and V3 forms was 1.5 uM. B) Plot of oxidoreductase activity versus enzyme
concentration for the wild-type and V3 forms of thioredoxin. Activities are calculated as
the maximum values of the slopes of plots of absorbance at 650 nm versus time, such as
those shown in panel A. C) Plot of lag-time in the insulin-reduction assays (see panel A)
versus enzyme concentration for the wild-type and V3 forms of thioredoxin.

free-energy calculations and, therefore, our standard concentration
state is 1 mol.

The binding free-energy can be split into two contributions,
corresponding to the newly formed interactions in the protein-ligand
complex (AGnt) and to the loss of translational entropy associated to
reduction in the number of particles in solution upon binding (AG%):

0 0
AGginping = AGr + AGrg 3)
where only the translational contribution depends on the standard-state
concentration unit. Freire, Amzel and coworkers [38,39] have provided
evidence that translational free-energies can be calculated to an accept-
able approximation on the basis of Kauzmann's cratic entropies [40]:

AG’?R = —T-AScgar (4)

where, for a P4+ L—PL process and 1 mol standard state, AScgat iS
—8cal-K~!-mol~ .

Egs. (2)-(4) allow us to estimate the free-energy associated to
protein-ligand interactions (AGyr) from the experimental value of
the dissociation constant (Ky). Thus, using as Kq the Michaelis
constant value determined from the fitting shown in Fig. 3B
(Km=1.2-103 M) we obtain — 6.4 kcal/mol as an estimate of the
free energy associated to the PNPA-V3 interactions. We assume now
that those interactions are not satisfied in the non-ligated V3 variant
and, therefore, that they contribute to its destabilization with respect
to wild type thioredoxin. Schellman and coworkers [41] showed many
years ago that, to a first approximation, the effect of a free energy
perturbation (g) on equilibrium denaturation temperature can be
obtained from:

AT. — &1 (5)

where Ty, is the “non-perturbed” denaturation temperature value and
AH,, is the non-perturbed denaturation enthalpy at the temperature
T For thioredoxin under the solvent conditions of the stability deter-
minations reported here, T, =86.6 °C=359.8 K and AH,,, =114 kcal/
mol. Then, using — 6.4 kcal/mol as the value of the free-energy
perturbation, we obtain from Eq. (5) that AT, = —20°. This value is in
excellent qualitative agreement with the fact that the denaturation
temperature for V3 is 15° lower than that for wild type thioredoxin (see
Fig. 3B).

The above calculation is meant mainly for illustration. Thus for
instance, it neglects unfolded-state effects and it has been carried
using the PNPA binding free energy derived from the Michaelis
constant value, which may in fact be given by a complex expression
including equilibrium and rate constants for the several steps of the
catalytic mechanism (see Fig. 3 in ref. [20]). Furthermore, it would
have been desirable to perform the calculation on the basis of the
activation free-energy value (i.e. the free energy value for transition-
state “binding”). This, however, would have required the assumption
of a value for the front-factor in transition-state-theory rate equation,
which would have added considerable uncertainty to the calculation.
Caveats notwithstanding, the calculation suggests in a clear manner
an important general point, which is elaborated below:

We may expect a clear difference between re-designing a native
active site for a new function [42] and introducing a second active-site
for the new function. In the first case, destabilizing interactions con-
sistent with the new function are substituted for those corresponding
to the original function. In the second case, the destabilizing inter-
actions associated to the new-function are introduced without
eliminating those involved in the original “native” active site (which
is to remain functional) and, therefore, creating a second active site
will very likely cause a significant decrease in protein stability which
may compromise folding. Note that, according to the Schellman
equation (Eq. (5)) a free-energy perturbation of the order of several
kcal/mol (required for order-of-magnitude enhancement in binding
affinity or catalytic rate) translates into a decrease in denaturizing
temperature of several tens of degrees. Certainly, design of protein
promiscuity should benefit from previous stability enhancement but,
as illustrated by this work, it also requires the minimization of the
associated stability penalty by using an efficient computational multi-
objective methodology that selects the optimal trade-off solutions.

3.5. Concluding remarks

During evolution, many different protein features may simulta-
neously be under selective pressure; these include properties related
to stability, catalysis, interactions, solubility, prevention of aggrega-
tion, etcetera. Another example of the interplay between multiple
features in evolution is the development of a new function from a pre-
existing weak promiscuous function; in this case, to avoid gene
duplication at early stages of the development of the new activity, the
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protein has to maintain both activities during a certain evolutionary
stage.

In contrast, computational protein design usually employs a
single-objective scoring function to rank the different sequences in
the optimization procedure. However, the need to satisfy multiple
objectives in protein engineering has always been realized, but rarely
exploited, perhaps because of the lack of general methodological
guidelines to the multi-feature optimization problem. This work
makes proposals regarding such guidelines and provides the relevant
experimental validation. In particular, this work shows with a specific
experimental scenario how the computational analysis of several
competing objectives can be posed to lead to a set of optimal solutions
(not a single global minimum), with each possible criterion to choose
a specific solution representing a necessary trade-off between the
competing objectives.

From a different viewpoint, multi-objective analyses, such as
that described here, can offer valuable insight on the diversity of the
solution space, the choices that natural evolution confronts when
selecting enzymes under different pressures and the role of enzyme
promiscuity in shaping evolution.
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