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Abstract By combining computational design and site-
directed mutagenesis, we have engineered a new catalytic
ability into the antibody scFv2F3 by installing a cata-
lytic triad (Trp**~Sec™-GIn’?). The resulting abzyme,
Se-scFv2F3, exhibits a high glutathione peroxidase (GPx)
activity, approaching the native enzyme activity. Activity
assays and a systematic computational study were per-
formed to investigate the effect of successive replacement
of residues at positions 29, 52, and 72. The results revealed
that an active site Ser’*/Sec substitution is critical for the
GPx activity of Se-scFv2F3. In addition, Phe®*/Trp—Val’%/
Gln mutations enhance the reaction rate via functional
cooperation with Sec’%. Molecular dynamics simulations
showed that the designed catalytic triad is very stable and
the conformational flexibility caused by Tyr'®' occurs
mainly in the loop of complementarity determining region
3. The docking studies illustrated the importance of this
loop that favors the conformational shift of Tyr54, Asn® 5,
and Gly’® to stabilize substrate binding. Molecular
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dynamics free energy and molecular mechanics-Poisson
Boltzmann surface area calculations estimated the pK,
shifts of the catalytic residue and the binding free energies
of docked complexes, suggesting that dipole—dipole inter-
actions among Trp**~Sec>>~GIn’? lead to the change of
free energy that promotes the residual catalytic activity and
the substrate-binding capacity. The calculated results agree
well with the experimental data, which should help to
clarify why Se-scFv2F3 exhibits high catalytic efficiency.

Keywords Abzyme - GPx mimic - Docking - MD
simulation - MDFE simulation - MM-PBSA

Abbreviations
GPx Glutathione peroxidase
MD Molecular dynamics

MDFE Molecular dynamics free energy

MM-PBSA Molecular mechanics-Poisson Boltzmann
surface area

ROS Reactive oxygen species

GSH Glutathione

Sec Selenocysteine

EDTA Etheylenediaminetetraacetic acid

NADPH Reduced nicotinamide adenine dinucleotide
phosphate

CDR3 Complementarity determining region 3

RMSD Root mean-square deviation

Introduction

Reactive oxygen species (ROS), including superoxide
anions, hydroxyl radicals, hydrogen peroxide, hydroper-
oxide, nitric oxide, and singlet oxygen, are normal products
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of cellular respiration (Devasagayam et al. 2004). They
display high chemical reactivity and have important roles
in cell signaling and homeostasis (Thannickal and Fanburg
2000). However, an imbalance between the production of
ROS and protective mechanisms may result in oxidative
stress that causes serious damage to cellular membrane
lipids, proteins, and nucleic acids. This oxidative stress can
lead to a range of human diseases such as atherosclerosis,
neurodegenerative diseases, cancer, and allergies (Matés
et al. 1999; Battin and Brumaghim 2009).

A family of antioxidant selenoenzymes has evolved in
mammals as a regulatory system for ROS (Liu et al. 2012).
Among them, GPx is an important member that catalyzes
the reduction of a variety of hydroperoxides by glutathione
(GSH) to protect cells against oxidative damage (Thomas
et al. 1990; Esworthy et al. 1998). Studies on the structure
and catalytic mechanism of GPx reveal that a catalytic triad
composed of selenocysteine (Sec), Gln and Trp is directly
involved in catalysis and a perfect location of Sec in the
specific GSH-binding site can greatly enhance the reaction
rate (Maiorino et al. 1995). The detailed redox cycle
involves the oxidation of selenol to selenenic acid, which
reacts with GSH to form a selenenyl sulfide adduct, and
then a second GSH attacks the sulfur of this adduct to
produce a GSH disulfide (Scheme 1) (Toppo et al. 2009).

Due to the biological importance of GPx, considerable
effort has been devoted to reproducing the properties of
this selenoenzyme. To date, a number of artificial GPx
models, ranging from small molecular compounds to
macromolecular ones, have been reported to exhibit sig-
nificant GPx-like functions (Bhabak and Mugesh 2010;
Huang et al. 2011). Using a GSH analog (GSH-S-
DN,phBu) as an antigen, we have produced a monoclonal
antibody 2F3 that is capable of binding GSH (Ren et al.
2001). The single chain fragment scFv2F3, which is
derived from 2F3, can be further converted into Se-
scFv2F3 by chemical modification of the reactive serine to
Sec (Wu and Hilvert 1990). Like natural GPxs, Se-scFv2F3
can efficiently catalyze the reduction of hydroperoxides by

ROOH ROH
E-Se + H* E-SeOH
GSSG GSH
GSH E-Se-SG H,0

Scheme 1 The catalytic cycle of GPx. ROOH hydroperoxide, GSH
glutathione, E-SeH selenol, E-SeOH selenenic acid, E-SeSG selenenyl
sulfide adduct, GSSG GSH disulfide
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GSH. Its GPx activity was found to be 3,394 U/umol,
which approaches the activity of native GPx from rabbit
liver (5,780 U/umol). Although this result is very promis-
ing, the detailed mechanism of how Se-scFv2F3 exhibits
high catalytic efficiency remains unclear. The reason for
this is that chemical modification has the disadvantage of
unspecifically modifying other serine residues on the sur-
face of scFv2F3 into Sec. As a result, the high GPx activity
of Se-scFv2F3 may be attributed to an additive effect of
several Sec residues.

To determine which serine is the primary site for
chemical modification, a theoretical model of scFv2F3 has
been constructed to guide site-directed mutagenesis stud-
ies. Structural analysis suggested that Ser>> is an ideal site
for Sec incorporation and two adjacent residues, Phe* and
Val’?, may participate in the formation of a catalytic triad
after replacing them with Trp and Glu, respectively (Luo
et al. 2010). In this work, we generated a series of scFv2F3
mutants with replacements at positions 29, 52, and 72 to
complement the above experiment by performing activity
assay on each variant. Furthermore, a systematic compu-
tational study, including MD, MDFE, docking, and MM-
PBSA simulation, was carried out to help elucidate the
conformational flexibility, residual activity, and substrate-
binding mode/capacity of scFv2F3 mutants. These calcu-
lated results were consistent with the experimental data,
which provided significant insights into the cooperative
ability of the designed catalytic triad to enhance the cata-
lytic reaction.

Theory and methods
Preparation of scFv2F3 mutants and their models

The scFv2F3 model was constructed through a series of
procedures involving conformational search for side
chains, end repair, splice repair, and MD simulation, as
described by previous work (Luo et al. 2010). The struc-
tural quality of the final model was verified using Profile-
3D and PROCHECK (Liithy et al. 1992; Laskowski et al.
1993). The scFv2F3 mutants, Mutant I (Ser’> — Sec),
Mutant 1l (Ser’® — Sec, Phe?® — Trp), Mutant III
(Ser52 — Sec, Val’”? - Gln) and Mutant IV (Ser52 — Sec,
Phe* — Trp, and Val’?> — Gln), were prepared to test
their catalytic activity and the corresponding models,
Model I, Model 1I, Model III, and Model 1V, were con-
structed using Swiss-PdbViewer (Guex and Peitsch 1997).
In these mutant models, Ser’* was replaced by Cys rather
than Sec, because Se and S share similar redox properties
and the parameters of Sec are unavailable to the AMBER
11 program (Maiorino et al. 1998; Ponder and Case 2003).
10-ns MD simulations were performed using standard
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AMBER ff03 force field for model refinements. Each
system was solvated in a 15 A octahedral TIP3P water box
and neutralized by two chlorine ions. The time step of the
simulations was 2.0 fs with a cutoff of 15 A for the non-
bonded interaction, and long range electrostatic interac-
tions were calculated with the particle mesh Ewald method.
For temperature regulation, the Langevin thermostat was
used to maintain the temperature of our system at 300 K.
The SHAKE algorithm was employed to constrain all
bonds involving hydrogen atoms (Simmerling et al. 2002;
Tuccinardi et al. 2007).

Activity measurements for scFv2F3 mutants

The gene for scFv2F3 mutants was created by QuikChange
Site-Directed mutagenesis (Braman et al. 1996) and the
proteins were expressed and purified to measure their
activities. The GPx activity was determined using a previ-
ously described method (Wilson et al. 1989). The reaction
was carried out at 37 °C in 700 pl of solution containing
50 mM PBS (pH 7.0), 1 mM EDTA (etheylenediaminete-
traacetic acid), 1 mM sodium azide, 1 mM GSH, 0.25 mM
NADPH (reduced nicotinamide adenine dinucleotide phos-
phate), 1 U of glutathione reductase, and 10-50 uM of Se-
scFv2F3. The Se-scFv2F3 was pre-incubated with GSH,
NADPH, and glutathione reductase. The reaction was initi-
ated by the addition of 0.5 mM H,0,. The activity was
determined by the decrease of NADPH absorption at 340 nm
using a UV-vis spectrophotometer. 50 mM PBS (pH 7.0)
was used as a control sample. The activity unit (U) is defined
as the amount of abzyme that consumes 1 pmol of NADPH
per min. The specific activity is expressed in U/pmol.

pK. Shifts calculations for the catalytic residue

The residual activity of the catalytic residue depends on its
ionisation state and could be affected by the change of the
active site microenvironment. Using a MDFE simulation,
the proton pK, shift for the sulfhydryl group of Cys? in
each mutant model relative to a reference model N-acetyl-
Cys-N-methylamide was calculated.

Scheme 2 shows two proton binding reactions (Kollman
1993). The standard reaction free energy AG related to the
equilibrium constant K, is given by the following formula:

AG = —kT InK,. (1)
pK, can be written as:

PRy = —logio Ku = 53057 4C (2)
and

1
PKa protein = PKa,compound + WAAG (3)

AGprolein
Protein-CYS

» Protein-CYX

AAG = AGpratein_AGCnmpound T

Compound-CYS ——— > Compound-CYX
Compound

Scheme 2 Thermodynamics cycle to analyze pK, shifts

where pK, protein and PK, compound are the pK, of the SH
group of Cys in the mutant model and the reference model,
respectively. AAG = AGprotein — AGcompound 18 the double
free energy difference for the thermodynamic cycle.

Two protonation states of N-acetyl-Cys-N-methylamide
(ACE-CYS-NME and ACE-CYX-NME) were created.
Based on the assumption that only the charges local to the
sulfhydryl proton change on deprotonation, we set the
charges of hydrogen and sulfur atom to match AMBER/
ff03 force field values, and then folded the charges in all
the other atoms into the beta-carbon atom (Scheme 3). In
this way, two protonation states of Cys>* were also created
for the mutant models.

The proton binding can be described as the introduction
of a new particle into the protein model. The system
gradually transforms from an initial state A (protonated
Cys) to final state B (ionized Cys) (Hummer and Szabo
1996). The energy function U can be modified and
expressed as a linear function of a progress variable

U(Z) = (1 — )Ua + AU (4)

where / is the ‘coupling parameter’, and U, and Ug are the
energy functions of state A and state B, respectively.
Varying / from 0 to 1, the free energy change AG can be
estimated by numerical integration of 0G/04

1

AG = [ (3G /a4),d2 (5)
0/ ;

However, using some given weights (w;) and quadrature
points (4;), Gaussian quadrature formulas of higher order
are more efficient at calculating AG

0.1893 H 0.0000

02852 AMBER/ff03

H
|
S 01323
|

@]

I
i
p -0.2214 Cp 01847

C C
N N’ N N\

| |
OCCH; HNCH; OCCH; HNCH;

Scheme 3 The reference model (N-acetyl-Cys-N-methylamide) with
partial charges in the protonated state (leff) and ionized state (right)
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AG ~ Y wi{8G/a), (6)

1

n

l

The thermodynamic integration calculations were
started using the ff03 force field and GB continuum
solvent model (Simonson et al. 2004; Bashford and Case
2000). First, a quick minimization stage consisting of 750
steps, of which the first 500 were used for the steepest
descent and the last 250 for the conjugate gradient, was
done to remove bad contacts. Then, free energy simulations
were performed at 300 K using five 4 values (0.0, 0.11270,
0.5000, 0.88729 and 1.0000), and 3 ns simulations were
run for each 1 value to equilibrate the system. The
temperature was controlled by Langevin dynamics method
(Pastor et al. 1988) and the time step was 2.0 fs with non-
cutoff for the non-bonded interaction. SHAKE was applied
to keep all bonds involving hydrogen atoms rigid.

Molecular docking and binding free energy calculations

The structure of GSH was optimized at the B3LYP/6-31G
level by Gaussian 03 program (Frisch et al. 2003). In-
sightIl/Affinity was used to fulfill the molecular docking
procedure between GSH and the scFv2F3 mutant models
(Luo et al. 2008). The binding free energy (AGy;ng) of each
docked complex was analyzed by MM-PBSA method
(Kollman et al. 2000). This method combines the molec-
ular mechanics, Poisson Boltzmann electrostatics, surface
accessible calculations, and normal mode analyses for the
entropy. The binding free energy of enzyme-substrate,
AGy;ng, 1s expressed as

AGbind = AGbind,vacuum + AGsol\ucomplex - AGsolv,enzyme
- AGsolv.subslrate

(7)

where AGpind.vacuum 18 the free energy of association of
enzyme and substrate in the gas phase, and AGoy enzymes
AGo1y substrates AN AGioly complex are the solvation free
energies of the abzyme models, substrate GSH, and
abzyme—GSH complex, respectively. AGpind.vacuum €an be
described by the following formula:

AGbind.vacuum = AEMM —TAS (8)

where AFEyp is the difference in the sum of bond,
angle, dihedral, electrostatic, and van der Waals (vdW)
energies between products and reactants. The solvation
free energy comprises electrostatics and non-polar free
energy:

AGsolv = AGPB + AGnonpolar (9)

The snapshots of each system were sampled from
the last 500 ps single trajectory with an interval of 2 ps.
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The electrostatic contribution to the solvation free energy is
calculated using the PBSA program. A 0.5 A grid size was
used and the dielectric constant for the solute and solvent
were set to 1 and 80, respectively. The non-polar
contribution to the solvation free energy is computed
with the MOLSURF program. The solute entropic
contribution was estimated using the NMODE module.
All simulations were performed using AMBER 11. (Li
et al. 2007; Fujiwara and Amisaki 2008; Lu et al. 2012).

Results and discussion
Construction of scFv2F3 model

Based on the results of sequence alignment and analysis
(Fig. S1), the Vg domain model of scFv2F3 (amino acid
from Gln' to Ser''®) was built using three templates (PDB
ID: INQB, ILMK, and 2GKI). The overall quality of
scFv2F3 structure was examined by Profile-3D and Pro-
check (Fig. S2). Figure 1 shows the structure of scFv2F3
model, which is comprised of two beta sheets packed
closely against each other in a compressed antiparallel beta
barrel. The predicted modification site Ser> is positioned
after strand B5. Two absolutely conserved cysteine residues
(Cys** and Cys’®), located in the B3 and P8, respectively,
can form a disulfide linkage to stabilize the conserved
framework regions. Analysis and characterization of the
active site of scFv2F3 model shows that only six residues,
including Phezg, Thr30, Met34, IleSI, Sersz, and Val72, are
positioned in the binding cleft. Among them, Phe?’, Ser’?,
and Val’? are in close proximity to each other, with dis-
tances ranging from 3.05 to 4.65 A. Such distances are
favorable for the formation of a hydrogen-bonding network
after substitution of the three residues with Sec>?, Trng,
and GIn"?, respectively.

Determination of GPx activity

The GPx activity of each variant is summarized in Table 1.
In the absence of a catalytic residue Sec, scFv2F3 is
essentially inactive. The Ser’?/Sec>? mutation, however,
causes a significant increase in GPx activity. A comparison
of the activity of Mutant I (2,359 U/umol) and the chem-
ically modified scFv2F3 (3,394 U/umol) reveals that Sec>?
contributes to almost 70 % of GPx activity relative to all
Sec residues. This means that Ser’> is the predominant
modification site and the high residual activity of Sec’?
may be attributed to its favorable position in an active site
to attack substrate. On the basis of Mutant I, a further
substitution of either Phe* (Phe — Trp) or Val’?
(Val — GIn) yields a more active abzyme, with GPx
activities of 2,555 and 2,637 U/umol, respectively. This is
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Fig. 1 The structure of scFv2F3 model and close-up view of the
preferred mutation sites Phe?, Ser’?, and Val’>. Ser®? is the key
modification site and a disulfide bond is formed between Cys22 and
Cys”. The grid points represent the binding site of scFv2F3 model.
The distances are marked in magenta dotted lines (unit: A)

due to the proton donating potential of Trp and Gln that
facilitate the dissociation of Sec’ 2, leading to a much easier
nucleophilic attack on substrate. In contrast, Mutant III
shows a greater improvement in GPx activity than Mutant
II, suggesting that the NH group of Gln favors the forma-
tion of a more acidic SeH group of Sec®?. As for Mutant IV,
the triple variant exhibits a dramatically enhanced GPx
activity as compared to Mutant I. GPx activity for Mutant
IV is 4,235 U/umol, an increase of 1,876 U/pumol from
Mutant I. The increase in activity is larger than the addition
of the respective contribution of Phe®’/Trp?® and Val’%/
Gln’* mutations. This indicates that the designed catalytic
triad Sec’?, Trp?®, and Gln’* functions synergistically and
is directly involved in catalysis.

The stability and flexibility of Se-scFv2F3 model

10-ns MD simulations of each mutant model were initiated
at 300 K to collect a conformational assemble of structures.
The results revealed that the flaps of Model IV spontane-
ously rearranged from one form (A-form) to another
(B-form) and exhibited significantly increased fluctuations
after 5.5 ns (See Fig. S3). Figure 2a shows the difference
between A-form and B-form conformations, where the
CDR3 loop (amino acid residue 99-107) in the B-form
structure has its tip twisted relative to its conformation in
the A-form structure. This conformational change is similar
to the largest conformational changes induced by antigen

Table 1 The GPx activity of all mutants of scFv-2F3

Mutants Residue 1  Residue 2  Residue 3~ GPx activity
(U/pmol)

scFv2F3 Phe® Ser? Val’? ND

Mutant 1 Phe® Sec’ Val” 2,359
Mutant I Trp* Sec™? Val” 2,555
Mutant III ~ Phe® Sec™ GIn”* 2,637
Mutant IV Trp? Sec™? GIn"? 4,235
Se-scFv2F3 3,394
Native GPx 5,780

Residues 1, 2, and 3 are the mutation sites

ND not-detectable GPx activitym, Se-scFv2F3 selenium-containing
abzyme created by chemical modification

binding (Stanfield and Wilson 1994), suggesting that the
plasticity of the CDR3 loop may be an important source of
diversity of antigen-binding sites. Root mean square fluc-
tuation (RMSF) analysis also shows that the residues
within the CDR3 loop exhibit larger fluctuations than those
in other regions (See Fig. S4), revealing the high flexibility
of this loop. A notable consequence of the conformational
rearrangement is that Tyr'®" in B-form structure is in a
radically different position than in A-form structure. In the
A-form structure, Tyr'®" is packed against Tyr*? and Tyr'*?
to fill the space adjacent to N-terminal (Fig. 2b). Con-
versely, Tyr'®" in B-form structure lies adjacent to the
CDR?2 loop; however, it also makes close contact with two
tyrosine residues: the side chain of Tyr'®! interacts with
Tyr>® and Tyr’° (Fig. 2c). The similarity of environment of
Tyr'®" in both structures reveals that Tyr'®' may be of
central importance in determining which conformation the
CDR3 loop adopts.

Although the conformation of the CDR3 loop changes
dramatically, the designed catalytic triad is not disrupted
during the rearrangement event. Figure S3 shows the root
mean-square deviation (RMSD) of residue Trp?®, Cys™?,
and GIn’? versus simulation time. The results indicate that
there is no significant structural fluctuation for the designed
catalytic triad during rearrangement. The Co. RMSD values
remains at ~0.4 A through the whole simulation, which
indicates that Trp?®, Cys®?, and GIn’? are able to provide a
stable scaffold for its side chains to contact each other. In
addition, the dihedral angle distribution of the side chains
of the three residues were monitored (Fig. 3). The chil and
chi2 of Trp* remain stable with dihedral angles of about
175° and 250°, respectively. The chil of Cys>? starts about
200° during the first 200 ps and then increases sharply to
about 300°, indicating that the simulation procedure
improves the unfavorable conformation of Cys>2. The chil
and chi2 of GIn’? stay approximately constant during the
entire simulation, but the chi3 undergoes multiple
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Fig. 2 a Structural
superposition for two
conformations of Se-scFv2F3
isolated from the MD trajectory:
A-form (white), B-form
(magenta). The difference
between two kinds of
conformations is in the CDR3
loop. b Environment of the
Tyr'®! in the CDR3 loop of
A-form structure.

¢ Environment of the Tyr
the CDR3 loop of B-form
structure (color figure online)

101 .
Oln

conversions between about 280° and 75°. The corre-
sponding conformations of the side chain of Gln’* are
shown in Fig. 4a and b, respectively. According to the
trajectory analysis, the former angle distribution presented
for about 80 % of the trajectory appears to be the major
components of the overall assemble. This finding is con-
sistent with two conformations of the glutamine in the
crystal structure of native GPx, in which the conformation
of GIn that stabilizes the Cys using its amide oxygen
(Fig. 4c) is more prevalent than another conformation
using the amide nitrogen to stabilize Cys (Fig. 4d).
Structural comparison of Se-scFv2F3 and native GPx
reveals an enzyme-like active site within the antibody
scaffold. As shown in Fig. 5a, with the exception of Gln"?
positioned at strand 36, the members of the catalytic triad
are located in loops: Trp*® located between B3 and B4 and
Cys>? positioned in a very sharp turn after strand B5. This
is consistent with the local structural features in native
GPx4 (Fig. 5b). Table S1 lists the detailed distance mea-
surements. The distances between the sulfur atom of Cys>>
and its potential binding partners (Trp*® and GIn’?) are 3.38
and 3.19 1&, which are shorter than the average distances
(3.91 and 3.65 A) in native GPx, suggesting that Trp®°,
Cys™, and GIn’? are in close proximity so as to form a
catalytic triad. Arg'>?, which is near the catalytic triad in
GPx4 (Scheerer et al. 2007), is conserved in all GPx-
isoforms and participates in the formation of a positively
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charged surface to attract substrate molecules to active site.
Interestingly, this residue was also detected at a similar
position in Se-scFv2F3. The distances between the guan-
idyl N of Arg98 to the backbone atoms N and O of Trp29
are 7.79 and 8.33 A, close to the average distances of that
in the native GPxs (7.44 and 7.45 A).

The residual activity of the catalytic residue

Five sets of 3-ns free energy simulation were run for each
system at A value of 0.0, 0.11270, 0.50, 0.88729 and 1.0 for
determination of the pK, values of sulthydryl group (Fig.
S5-59). As previously discussed (Simonson et al. 2004),
implicit solvent models frequently give quite good corre-
lations between calculated solvation free energies and
experimental pK, values, thus the GB dielectric continuum
solvent was used to simulate the effects of the aqueous
solution.

Table 2 lists the derivative of the free energy versus 4,
0G/0/. Using five 4 values and the corresponding weight
(w; =0.2777, A= 10.11270 or 0.88729; w; = 0.44444,
A = 0.50), the free energy difference (AG) of the reference
model was estimated to be —5.28981 kcal/mol. The
AG values of mutant models were slightly lower, with
AG = —5.53444 kcal/mol for Model I, —5.68381 kcal/mol
for Model 1I, —5.69049 kcal/mol for Model III, and
—5.88009 kcal/mol for Model IV. These results suggest
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Fig. 3 The dihedral angle distribution of Trp* (a), Cys> (b), and
GIn? (¢) during 10 ns MD simulation. chil: black; chi2: red; chi3:
blue (color figure online)

that the interactions between the thiolate ion of Cys > and
its binding partners make the ionized state more favorable.
To evaluate the pK, shift of Cys, the double free energy
difference of Model I, Model II, Model III, and Model 1V
relative to the model compound was calculated, giving
AAG = —0.24463, —0.39400, —0.40068, —0.59028 kcal/
mol, respectively. From the computational results, the free
energy changes were found to be sensitive to the envi-
ronment of the ionizable Cys52. Model I, with the smallest
value of AAG, has a relatively unfavorable environment for
the ionized state of Cys%, due to the non-specific interac-
tion of the cysteine thiolate anion with the side chains of
Phe?® and Val’?. However, Model IV has the most negative
value of AAG and a favorable environment for the ionized
state of Cys™?, indicating that hydrogen-bonding between
the ionized thiol and the side chain micro-dipoles of Trp*’
and GIn’? renders ionisation energetically favorable. As for

Fig. 4 The conformation of the catalytic triad in Se-scFv2F3 and
native GPx where Gln interacts with Cys using amide O or amide
N. a Se-scFv2F3 (Gln72 with the dihedral angle chi3 of about 280°).
b Se-scFv2F3 (GIn”* with the dihedral angle chi3 of about 75°).
¢ Human GPx (PDB ID: 2HE3). d Bovine erythrocyte GPx (PDB ID:
1GP1, U45C mutant). The distances are marked in black dotted lines
(unit: A)

Model II and Model III, there is no significant difference
between the dipole effect of Trp*’ and GIn’? on thiol
ionisation because the calculated AAG of Model 111 is only
0.00668 larger than that of Model II. This is in accordance
with the experimental data showing that the GPx activity of
Mutant 111 is only by 3 % greater than that of Mutant II.
Before calculating pK, values for Cys>, we hypothe-
sized that Cys in the model compound has a pK, value of
8.30, equal to the pK, value of Cys (Huber and Criddle
1967). As shown in Table 2, the pK, shifts of Cys in these
mutant models were found to decrease linearly with
AAG. The pK, of Model I was estimated to be 8.12, 0.18 U
lower than that of free Cys, indicating that Cys>> is in the
thiolate form at physiological pH. In addition, mutation of
either Phe® to Trp®® or Val’® to GIn’? results in a decrease
in pK,,, showing downward shifts by 0.11 or 0.10 U relative
to Model I, respectively. This suggests that the role of
Trp*® and GIn? in catalysis is to stabilize the thiolate form
of Cys%. As for Model IV, pK, value was calculated to be
7.87, and the pK, downshift relative to Model I is 0.25 U.
This value is larger than the sum of the pK, downshift
(0.21 U) of Model II and Model I1II, suggesting a cooper-
ative effect of Phe?® and Val’? on thiol ionization. The
smaller the value of pK,, the larger the extent of dissoci-
ation. Thus, the catalytic efficiency of the abzyme can be
adjusted by the designed catalytic triad when the active
ionized form Cys®? acts as nucleophile. Based on the pK,
calculations, Model IV should be the abzyme with the best
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Fig. 5 Structural comparison of
Se-scFv2F3 with native GPx.

A similar structural motif
consisting of Cyssz, Trp29,
GIn’?, and Arg98 was observed
in the active site. a Se-scFv2F3;
b human GPx4 (PDB ID:
20BI). The distances are
marked in black dotted lines
(unit: 10\)

Table 2 The MDFE results of

Small model compound  Model 1 Model 11 Model Il Model 1V
the model compound and each
mutant model 3G/oA (A = 0.0) —5.13751 —4.81513  —4.76394  —4.89037  —5.20626
0G/0/ (A = 0.11270)  —5.17571 —492972  —5.18335 —537815  —5.61459
All energies in kcal/mol. Forthe  0G/04 (J = 0.5) —5.24217 —5.58824  —5.77082  —5.62567 —5.95416
gee energies, it is calculated by 3G/p, (1 = 0.88729)  —5.48052 —6.05348  —6.04545  —6.10695  —6.02750
Ai;‘s:az I?tegfa“onf - 0G/dJ (J. = 1.0) ~5.56249 —6.11459  —621772  —6.56226  —6.22460
t! t! t!
¢ cenvative of the free AG 528981 ~553444  —5.68381  —5.69049  —5.88009
energy, 44G change in the
derivative of the free energy, AAG —0.24463 —0.39400 —0.40068 —0.59028
ApK, change in dissociation ApK, = AAG/2.303kT —0.17820 —0.28700  —0.29187  —0.42998
constant, pK, dissociation pK, value of Cys 8.30 8.12 8.02 8.01 7.87

constant

GPx activity, with Model Il and Model Il also showing
enhanced GPx activity. This is in accordance with the rank
order of activity test: Mutant IV > Mutant IIl > Mutant
1l > Mutant I. Nevertheless, the theoretical results are not
comprehensive in describing the system. The GPx activity
of Mutant IV is ~80 % greater than that of Mutant I and
approaches native GPx activity (5,780 U/umol). Compared
with the pK, shift of Model I, the calculated pK, shift for
Model IV seems to be too small to cause such a drastic
change in activity. Therefore, the activity of Se-scFv2F3
cannot simply be attributed to the dissociation of the
nucleophile.

Molecular docking and MM-PBSA analysis

The refined GSH model was docked into the binding cleft of
these mutant models (Fig. 6a, b). As shown in Fig. 6¢c and d,
the replacement of Phe?® and Val’* with bulkier residues
(Trp*® and GIn"?) does not cause steric hindrance between
GSH and the residues of the binding site. GSH can interact
with these mutant models in a similar manner. In these
enzyme—substrate complexes, one side of the substrate GSH

@ Springer

makes close contact with Ser’*, with a hydrogen bond
between the carboxyl group of GSH and the hydroxy group
of Ser’*. The carboxyl group of GSH on the other side of the
substrate is able to form a hydrogen bond with the amide
group of Asn’ and the backbone NH of Gly*°. The binding
contact is further reinforced by the interactions with the side
chain of Ile®!, The’!, and Ala’’. Moreover, the planar
peptide bond between the glutamine and cysteine of GSH is
stabilized by the hydrogen bond with the carbonyl oxygen
of Tyr>* to maintain a suitable orientation of the sulfhydryl
group of GSH for initiating the nucleophilic attack. Com-
pared to GSH in Model I and Model II, GSH in Model II1
and Model 1V adopts a tighter conformation, suggesting that
substrate binding is strongly influenced by replacement of
Val’? with GIn’?. The superimposition of the mutant models
reveals that Tyr’*, Asn®, and Gly’® on the CDR2 loop were
translated about 1 A toward the CDR3 loop (Fig. 6b). This
shift is probably due to the highly flexibility of the CDR3
loop responding to the conformational change of substrate,
which gives greater weight to the previous hypothesis that
the CDR3 loop is responsible for the diversity of antigen-
binding sites.
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Fig. 6 The conformation of
substrate GSH in the binding
cleft of the mutant models (a).
A comparison of the binding
mode of GSH with different
mutant models by
superimposing the coordinates
of backbone Co atoms. Model I:
cyan, Model II: white, Model
1II: magenta, Model IV: green
(b). The detailed binding
models of abzyme—substrate
complexes: Model I-GSH

(¢) and Model 1V-GSH (d)
(color figure online)

To characterize the binding affinities of docked com-
plexes, the MM-PBSA method was used to calculate the
binding free energy components. Table 3 summarizes the
binding free energies along with the contribution of indi-
vidual energy terms. The estimated total binding free
energy is negative for all of the complexes, indicating
favorable binding contacts. Both the electrostatic energy
(AEg g) and the van der Waals energy (AEypw) are
important for binding. The non-polar solvation energy
(AEpgsur) provides slightly favorable contributions, but
the electrostatic contribution to solvation (AEpgcar) leads
to a significant loss of the total binding free energy. The
resulting balance of the AEg; g and AEpgcar contribution,
AFEpgg; g, 1s unfavorable to the total binding free energy
for all systems except Model IV. In addition, unfavor-
able entropic contributions (TAS) are observed for all
complexes.

The order of the binding free energy is Model
1V < Model III < Model Il < Model I. Model IV has the
most favorable binding free energy, which is —12.91 kcal/
mol, about 4.5 kcal/mol more negative than Model I1I. The
binding free energies of Model II and Model I, with values
of —0.46 and —0.17 kcal/mol, are significantly higher than
that of Model IV. This result indicates that both the single
and double mutations cause a small rise in the substrate-
binding capacity, but a cooperative effect between the

Table 3 Results of the free energy calculation by MM-PBSA and
NMODE

Model 1 Model 11 Model 111 Model 1V
AEg g —17.92 —15.82 —19.33 —201.37
AEvpw —23.39 —22.85 —27.44 —19.53
AENT 0.00 0.00 0.00 0.00
AEGas —41.31 —38.67 —46.77 —220.90
AEppsur —3.67 —3.55 —3.73 —3.62
AEppcaL 26.18 22.42 22.61 190.38
AEppsoL 22.51 18.87 18.88 186.76
AEppELE 8.25 6.60 3.28 —10.99
AEppTOT —18.80 —19.80 —27.89 —34.14
TAS —18.63 —19.34 —19.40 —-21.23
AG -0.17 —0.46 —8.49 —12.91

All energies are in kcal/mol

AEg g electrostatic energy, AEypw van der Waals energy, AEyr internal
energy, AEgas total gas phase energy (AEgg + AEvpw +
AEnt), AEpgsyr non-polar solvation energy, AEppcar polar solvation
energy, AEpgsor total solvation energy (AEppsur + AEppcar), 4Eppere
total electrostatic energy (AEgr g + AEppcar), 4Eppror binding free energy
calculated from the terms above (AEgas + AEppsoL), T4S entropy contri-
bution to binding, 4G total change of binding free energy (AEpgror — TAS)

catalytic triad amino acids Trp, Cys, Gln at position 29, 52,

and 72 greatly enhances the affinity of the abzyme. The
calculated electrostatic contributions to the binding free
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energies for the four complexes are quite different, with
AEg g = —17.92, —15.82, —19.33, —201.37 kcal/mol for
Model I-GSH, Model II-GSH, Model III-GSH, and Model
1V-GSH, respectively. Correspondingly, the electrostatic
contribution to solvation calculated for the four complexes
is also very different, ranging from 22.42 to 190.38 kcal/
mol. Although the total electrostatic energy (AEpggLg) iS
offset by the increase of the electrostatic component of
solvation, the AEpgg g of Model IV, with a value of
—10.99 kcal/mol, is still much lower than that of other
models, suggesting that the binding ability of the electro-
static components of Model IV provides a thermodynamic
benefit to GSH. The increased and positive values of
AEpgg; g for other mutants are most likely due to the lack
of cooperative effects in the active site to offset desolvation
penalties. The calculated van der Waals contributions to
the binding free energies (AEypw) for the four complexes
are relatively close to each other, with values ranging from
—27.44 to —19.53 kcal/mol. This is due to the similar
binding modes and minor structural differences of these
docked complexes that cause a small change in van der
Waals energy. Moreover, the calculated entropy contribu-
tions for all of the complexes are also very close to each
other, ranging from —21.23 to —18.63 kcal/mol. This is
reasonable because the entropic contribution is mainly
determined by the sizes and shapes of the abzyme and
substrate involved in the binding. Overall, the calculated
binding free energies provide a semi-quantitative estimate
of substrate binding capacity, and the trend of binding
affinity is Model IV > Model III > Model II > Model I,
which agree well with the GPx activity of scFv2F3
mutants.

Conclusions

Based on a theoretical model of scFv2F3, the catalytic triad
(Trp*®-Sec™-GIn’?) has been precisely incorporated into
the antibody to yield a GPx-like abzyme (Se-scFv2F3) with
high catalytic efficiency. A series of scFv2F3 mutants with
replacements at position 29, 52, and 72 were constructed to
study the GPx activity of Se-scFv2F3 affected by the
designed catalytic triad. MD simulations and molecular
docking clearly demonstrated that the conformation of
Trp*®~Sec’*~GIn”? is not interfered by the dynamic
behavior of the CDR3 loop. Furthermore, the structural
change of this loop triggered by Tyr'®' is only associated
with the diversity of antigen-binding sites. MDFE simula-
tion and MM-PBSA analysis indicated that the designed
catalytic triad functions synergistically and is directly
involved in changing the residual activity and substrate
recognition of this abzyme to increase its reaction rate.
These results presented an alternative strategy to design
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novel artificial enzymes with efficient and quite new
activities by modifying pre-existing substrate-binding sites
on protein scaffolds.
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