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ABSTRACT: The femtomolar-affinity mutant antibody
(4MS.3) generated by directed evolution is interesting because
of the potential of antibody engineering. In this study, the
mutant and its wild type (4-4-20) were compared in terms of
antigen—antibody interactions and structural flexibility to
elucidate the effects of directed evolution. For this purpose,
multiple steered molecular dynamics (SMD) simulations were
performed. The pulling forces of SMD simulations elucidated
the regions that form strong attractive interactions in the
binding pocket. Structural analysis in these regions showed
two important mutations for improving attractive interactions.
First, mutation of Tyr102(H) to Ser (sequence numbering of

" Wild-type

Mutant

Protein Data Bank entry 1FLR) played a role in resolving the steric hindrance on the pathway of the antigen in the binding
pocket. Second, mutation of Asp31(H) to His played a role in resolving electrostatic repulsion. Potentials of mean force (PMFs)
of both the wild type and the mutant showed landscapes that do not include obvious intermediate states and go directly to the
bound state. These landscapes were regarded as funnel-like binding free energy landscapes. Furthermore, the structural flexibility
based on the fluctuations of the positions of atoms was analyzed. It was shown that the fluctuations in the positions of the antigen
and residues in contact with antigen tend to be smaller in the mutant than in the wild type. This result suggested that structural
flexibility decreases as affinity is improved by directed evolution. This suggestion is similar to the relationship between affinity
and flexibility for in vivo affinity maturation, which was suggested by Romesberg and co-workers [Jimenez, R, et al. (2003) Proc.
Natl. Acad. Sci. U.S.A. 100, 92—97]. Consequently, the relationship was found to be applicable up to femotomolar affinity levels.

he antibody—antigen reaction is one of the most

important molecular recognitions because antibodies
play a central role in the immune response.'™ Antibodies
bind to their antigens with both high affinity and specificity and,
thus, serve as excellent targets for investigating molecular
recognition. In particular, the anti-fluorescein antibody (4-4-
20), which binds to the chromophore fluorescein (FLU) with
high affinity, has been widely investigated as a model antibody
in terms of its biophysical properties through structural,
thermodynamic, kinetic, computational, and mutational anal-
yses.* "' The binding affinity (K;) of the 4-4-20 antibody
against the hapten fluorescein—biotin system is 700 pM.'"'*
Romesberg et al. used the 4-4-20 antibody as a model molecule
to investigate the mechanism of in vivo antibody evolution
from the germ line to the mature antibody (generally termed
affinity maturation) using a spectroscopic approach.*~"” Their
results demonstrated that the structural flexibility of a binding
site decreases as the affinity is enhanced during affinity
maturation and, furthermore, suggested that affinity maturation
transforms molecular recognition from an induced-fit model for
the germ line into a lock-and-key model for the mature
antibody. The induced-fit model indicates that the shape of the
antibody is altered in the antigen binding process and
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polyspecific binding is allowed. On the other hand, the lock-
and-key model indicates that the antigen must perfectly fit the
antibody; i.e., the binding site is specifically shaped like a lock
that fits only a specific keylike antigen. Thorpe and Brooks
investigated thermodynamic quantities for the germ line, two
intermediates during affinity maturation and a mature antibody
(4-4-20), using molecular dynamics (MD) simulations and
demonstrated that the binding entropy decreases during affinity
maturation.'® Their results confirmed the relationship between
the enhancement of affinity and the decrease in structural
flexibility during affinity maturation, as experimentally shown
by Romesberg et al. They also discussed the free energy
landscape of antibody—antigen binding by expanding the
description of a funnel-like energy landscape that is commonly
accepted in protein folding.'"~>

Antibodies play an important role in pharmaceutical and
biotechnological industrial applications, such as diagnostics,

biosensors, and antibody drugs. Although wild-type antibodies
identified by in vivo affinity maturation generally bind with a
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dissociation constant ranging from 107 to 107" M,** further
improvement in affinity is required for various applications. An
anti-fluorescein mutant antibody (4MS.3) was generated by
directed evolution, which is a method used in protein
engineering, using yeast surface display."' The binding affinity
was improved 1800-fold relative to that of the wild type (4-4-
20), and a K of 270 fM was achieved. This binding affinity is
the highest in those of antibodies published to date. The
mutant contains 14 mutations. Interestingly, this success
indicated the potential of antibody engineering in terms of
the upper limit for affinity enhancement. Midelfort et al.
compared the mutant (4MS.3) with the wild type (4-4-20) by
kinetic, thermodynamic, structural, and computational anal-
yses.'” In comparisons between the crystal structures of the
wild type and the mutant, little difference could be observed.
The kinetic analyses by stopped-flow techniques showed that
the binding kinetics of the mutant and wild type are expressed
by single rate constants, so no evidence of the existence of
induced fit was provided for either of them. Thermodynamic
data and electrostatic energy calculations based on the
Poisson—Boltzmann equation furthermore suggested that a
large binding free energy change was achieved by the sum of
many small structural changes caused by specific mutations that
improve electrostatic interactions.

In this study, the femtomolar-affinity mutant antibody
(4MS.3) and its wild type (4-4-20) were compared in terms
of antigen—antibody interactions and structural flexibility to
elucidate the effects of the directed evolution. For this purpose,
multiple steered molecular dynamics (SMD) simulations were
performed. SMD simulation mimics experimental measure-
ments of pulling a ligand by atomic force microscopy (AFM)
but takes place on a different time scale and is quite effective in
the investigation of energetic and structural changes between
the bound and dissociated states. In the case of nonequilibrium
processes such as SMD simulations, Jarzynski equality****
allows us to calculate the binding free energy [termed the
potential of mean force (PMF)]. Many researchers have also
reported that SMD simulations identified the dynamic
processes of protein—ligand binding and unbinding.*>~>> We
were especially interested in the relationship between affinity
improvement and structural flexibility in directed evolution and,
furthermore, the molecular recognition model for the
femtomolar-affinity antibody mutant, ie., induced-fit, lock-
and-key, or otherwise. As mentioned above, Romesberg et
al.®~"” and Thorpe and Brooks'® demonstrated that structural
flexibility decreases as affinity is enhanced during in vivo affinity
maturation and suggested that molecular recognition is
transformed from an induced-fit model into a lock-and-key
model. We finally discussed a comparison between in vivo
affinity maturation and directed evolution in protein engineer-

ing.
B METHODS

Structure Preparation. From the Protein Data Bank
(PDB), X-ray crystal structures of wild-type 4-4-20 Fab at 1.85
A resolution (PDB entry 1FLR)® and femtomolar-affinity
mutant antibody SM4.3 scFv at 1.50 A resolution (PDB entry
1X9Q)"* were taken. The mutant contains 14 mutations
relative to the wild type. To properly investigate only the
contribution of mutations, equivalent regions were prepared in
each crystal structure as follows. After sequences of 1FLR and
1X9Q_had been aligned, scFv regions were extracted: residues
1—-112 in the light chain and 1-177 in the heavy chain for
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1FLR and residues 15—124 and 152—268 for 1X9Q (see Figure
S-1 of the Supporting Information). The Ca-rmsd (root-mean-
square deviation of Ca atoms) between these regions is 0.8 A,
so the main chains of these regions almost correspond. Missing
residues 77 and 78 in 1FLR and 125 and 126 in 1X9Q
compensated for each other’s structures after these structures
were superposed by an rmsd fit of the main chain. Each
structure contained an antibody of 219 residues with two
disulfide bonds in the heavy and light chains, the antigen of the
fluorescein dianion (FLU), and six bound waters in the binding
pocket.

To prepare molecular systems for simulation, we added 7994
water molecules (TIP3P) for the wild type and 7994 water
molecules and one counterion (Cl7) for the mutant in cubic
simulation boxes automatically by the tleap module in Amber
version 9.0. Standard protonation states, including neutral His,
were assigned for all residues in all proteins automatically by
the tleap module. The force fields of parm99°° and gaff®” were
assigned for the antibody and for the antigen, respectively. Each
system for the wild type and the mutant was minimized for 500
steepest descent steps and S00 conjugate gradient steps. After
the minimizations, the systems were heated from 0 to 300 K for
10 ps, during which movements of heavy atoms of the antibody
and antigen were restrained with a force constant of 2.0 kcal
mol ™' A% Subsequently, the systems were equilibrated under a
constant pressure (NPT) for 100 ps, during which all
movement of atoms was allowed. In this way, initial structures
for simulations were prepared.

Steered Molecular Dynamics (SMD) Simulation. SMD
simulation was applied to pull an antigen out of a binding site.
This situation mimics experimental measurements of pulling a
ligand by atomic force microscopy (AFM). Many researchers
also have reported that SMD simulations identified the
dynamic processes of protein—ligand binding and unbind-
ing>*73% Multiple SMD simulations were performed using
Amber version 9. These simulations were performed under the
NVT condition (300 K), which is controlled by Langevin
dynamics with a 1 ps™ collision frequency. SHAKE (rigid
bonds)*® was used on all hydrogen-containing bonds. The
particle mesh Ewald (PME) method®*® with an 8.0 A cutoff
was used for calculating electrostatic interactions. In addition to
general conditions for the MD simulation, conditions for
pulling FLU were specified for the SMD simulation. First, a
reaction coordinate was specified as the distance between the
Ca atom in Val [Val38(H) in PDB entry 1FLR for the wild
type or Vall88 in PDB entry 1X9Q for the mutant] and the
C10 atom in FLU (see Figure 1). The reaction coordinate is
termed Val(CA)—FLU(C10). In each SMD simulation, FLU
was pulled from 17 to 30 A on the reaction coordinate. The
position at 17 A indicates a stable distance in the FLU-bound
state during 10 ns MD simulations for both the wild type and
the mutant (see Figure S-2 of the Supporting Information).
The averages were 17.36 A for the wild type and 17.43 A for
the mutant, and the standard deviations were 0.38 A for the
wild type and 0.37 A for the mutant. On the other hand, the
position at 30 A indicates a distance completely pulled out of
the binding site.

Pulling an antigen corresponds to moving the following

guiding potential h:
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Figure 1. Reaction coordinates for steered MD simulation. The
Val(CA)—FLU(C10) coordinate is the distance between the Ca atom
of Val in the anti-fluorescein antibody and the C10 atom of fluorescein
(FLU). Shown is the crystal structure of the anti-fluorescein mutant
antibody (PDB entry 1X9Q), in which Val is residue 188. Purple and
green solid ribbons represent heavy and light chains, respectively. The
reaction coordinate is represented by a dashed double-headed arrow.
During each SMD simulation, FLU moved from 17 A (bound state) to
30 A (dissociated state) on the reaction coordinate.

where k, r, and &(r) are the spring constant, the three-
dimensional coordinate, and the position on the reaction
coordinate, respectively. An external parameter 4 is changed on
the reaction coordinate by a constant velocity v (4, = 4o + vt
where t is time). Note that £(r) is constrained near A by
potential 4. In this study, the constant pulling velocity was set
to 10 A/ns. The pulling velocity is an important parameter for
SMD simulations because higher pulling velocities may lead to
significant nonequilibrium effects, which may introduce obvious
errors.”’ Several publications have reported the use of pulling
velocities in the range of 10—100 A/ns.””**73>** Therefore,
using a value of 10 A/ns is reasonable. A large spring constant
(k = 20000 kcal mol™' A™?) was used for stiff-spring
approximation,” which is described in the next section.
Under these conditions, a total of 20 SMD simulations were
performed from various initial structures at 17 A on the
Val(CA)—FLU(C10) coordinate for the wild type and the
mutant, respectively. Initial structures were generated in 3 ns
MD simulations where the Val(CA)—FLU(C10) distance was
restrained around 17 A. Structures were stored every 1 ps, and
then 20 initial structures were randomly selected.

Construction of PMF Based on the Jarzynski Equality.
The free energy change along a reaction coordinate is termed
the potential of mean force (PMF). Generally, the PMF is
expressed as a function of coordinate &":

F(&) = ~kT In [ dr dp S[E(w) - &) expl—BHI, p)]
)

where ¢ and H represent a position on the reaction coordinate
and a Hamiltonian of the molecular system, respectively. On
the other hand, the PMF based on SMD simulation is
expressed by the Hamiltonian of the original system and the
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guiding potential as a function of external parameter A
correlated to &

®(\) = —kpT In /dr dp fdg' 8[e(x) — €]
k

exp{ -prate ) — PETe(0) — 1}

= —kgT In f de’ eXp[—ﬁF@') - ﬁg(’é/ - ”)2] ®3)

Note that £ is constrained near 4. When spring constant k is
significantly large, &' is approximated by & ~ A (stiff-spring
approximation).” Consequently, ®(1) ~ F(1); ie., the free
energy of the original system can be expressed as a function of
external parameter A.

The Jarzynski equality’>** allows us to calculate free energy
changes under nonequilibrium processes such as SMD
simulations:

exp(—PAF) = (exp(—pW)) )

where AF and W represent the free energy change and the
work of external force in SMD simulation, respectively, and f§ =
(ksT)™', where k and T are the Boltzmann constant and
temperature, respectively. The term in broken brackets on the
right-hand side is the exponential average, and it is highly
possible that insufficient sample data cause large statistical
errors. To prevent this problem, the Jarzynski equality is
expanded by cumulant expansion as follows:

ak = wy - Bwy - wp)

- 2 3
+ ?((W Y — (WSHW) + 2(W))... )

and the second-order cumulant is used to suppress statistical
error.*? If the distribution of work W is Gaussian, the third- and
higher-order cumulants are identically zero and the second-
order cumulant is definitely applicable.*”** When the second-
order cumulant is used, the free energy change is represented as
follows:

FGh) = Flho) = (Wos) = Lo ) = (Woo )

(6)

where 4, and 4, represent positions on the reaction coordinate
at time t and time zero, respectively. W,_,, represents the work
done from time zero to time .

The statistical reliability was estimated by the standard
deviation obtained by using the bootstrap method.** The
bootstrap method is generally used for estimating population
properties by measuring the empirical distribution of the
observed data. The empirical distribution is measured from a
number of data sets resampled by random sampling with
replacements from the original observed data set. Here, a set of
works obtained from N SMD simulations are represented as
follows:

Weet = {W(l)—nff W(%—Mf’ Wg—>t’ ) W(I)V—>t} (7)

As shown in the textbook about the bootstrap method,*” the
N of 20 used in this study is a workable number. The following
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Figure 2. Averages of pulling forces of 20 SMD simulations in the range of 17—30 A on the Val(CA)—FLU(C10) reaction coordinate for (a) the
wild type (4-4-20) and (b) the mutant (4MS5.3). Error bars represent standard deviations. Panel ¢ shows the difference between the mutant and the

wild type.
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Figure 3. Antibody—antigen interactions for anti-fluorescein antibodies at 17.00, 19.75, and 23.00 A on the Val(CA)—FLU(C10) reaction
coordinate. In each panel, 20 structures obtained by SMD simulations were superposed on the crystal structure by an rms fit of Car atoms. FLUs are
represented by green lines. Residues, in which mutated sites are represented by sticks and otherwise by lines, are colored by atom. Sites 1—4, which

are assigned in front of the residue name, correspond to Tyr103(H), Tyr102(H), Asp31(H), and TyrS6(H) in PDB entry 1FLR (wild type) and
Tyr254, Ser253, His182, and Tyr207 in PDB entry 1X9Q (mutant), respectively.

set A is generated by random sampling with replacement from
W,

set*

o)

3)
0>t W

(N)
02w W,

A= {W(l) 0—>t}

00—t

(8)

where W = W) (i # j) is allowed. Repeating the operation M
times generates the following sets (M = 500 in this study):

B = (A1) A2 AB) 40 (9)

From each data set A? in B, the totals of M PMFs are
calculated. The average and the standard deviation of their
PMFs are regarded as the estimator and the statistical error,
respectively.

B RESULTS

Antigen—Antibody Interactions. An external pulling
force of the SMD simulation can be obtained throughout the
reaction coordinate. The pulling force is calculated by the
formula f,; = AW/Ar, where Ar and AW represent changes in
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the distance and work of pulling FLU in SMD simulation,
respectively (Ar = 0.25 A in this study). The values of pulling
force are useful for roughly estimating the strength of the
interaction between the antibody and FLU throughout the
reaction coordinate. Figure 2 compares the average of pulling
forces of 20 SMD simulations in the range of 17—30 A on the
Val(CA)—FLU(C10) reaction coordinate between the wild
type and the mutant. Note that negative and positive signs
denote inward and outward forces in the binding pocket,
respectively. In panels a and b, the region of 17—23 A includes
the strong forces for both the wild type and the mutant, and
this region is found to be important for antigen—antibody
interactions of anti-fluorescein antibodies. On the other hand,
the region of 23—30 A includes the week and nearly flat forces
for both the wild type and the mutant. The strongest forces of
the wild type and mutant are 6.21 kcal mol™" A™" at 18.75 A
and 8.23 kcal mol™" A™! at 19.75 A, respectively; ie., the
strongest force for the mutant is larger than that for the wild
type, and the position the strongest force for the wild type is
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deeper than that for the mutant. Panel ¢ shows the difference in
the pulling forces between the mutant and the wild type. This
result shows the pulling force for the mutant is stronger than
that of the wild type throughout the reaction coordinate except
for the range of 17—19 A; ie., this result suggests that
mutations strengthen attractive antibody—antigen interactions
in almost any region. The difference is much larger in the range
of 19-22 A; hence, this region is considered to have a
particular effect of mutations.

Figure 3 shows interactions between the anti-fluorescein
antibody and FLU antigen on the pathways during 20 SMD
simulations for the wild type and the mutant. This figure
includes three positions at 17.00, 19.75, and 23.00 A on the
Val(CA)—FLU(C10) reaction coordinate. These three high-
lighted positions correspond to the initial position in the SMD
simulations, the region near the strongest pulling force, and the
region changing into a weak and nearly flat force in Figure 2,
respectively. In each panel, 20 structures obtained by 20 SMD
simulations are superposed on the crystal structure by an rmsd
fit between Ca atoms. First, let us look at panels b and e of
Figure 3 to confirm antibody—antigen interactions. Note that
residue sites 1 and 2, which are assigned in front of the residue
name, ie., Ser253 and Tyr254 in the mutant and Tyr102(H)
and Tyrl03(H) in the wild type. In the wild type, the two
contiguous Tyr residues seem to be quite sterically crowded,
especially the side chain of Tyrl103(H) that fluctuates
significantly. Consequently, their Tyr residues strongly affect
the location of FLU by steric hindrance, and FLU also
fluctuates significantly. On the other hand, in the mutant, the
tightness is relieved because of the substitution with a smaller
side chain from Tyr to Ser, and furthermore, the side chain of
Tyr successfully fits into the space generated by the
substitution. As a result, this mutation plays an important
role in resolving steric hindrance on the pathway of FLU. Next,
let us look at panels ¢ and f of Figure 3 and confirm antibody—
antigen interactions. Note residue site 3, i.e., Asp31(H) in the
wild type and Hisl182 in the mutant. This mutation is
accompanied by a change in the ionized state. Naturally, Asp
with a negative charge in the wild type and dianion FLU repel
each other by electrostatic repulsion. On the other hand, His in
the mutant plays an important role in resolving the electrostatic
repulsion. In Figure 3¢, it is seen that the side chain of the His
can move readily; i.e., His does not strongly interact with FLU.
Next, let us look at panels a and d of Figure 3. Note residue site
4, ie, TyrS6(H) in the wild type and Tyr207 in the mutant.
This site is not a mutation site; however, it is interesting that
this Tyr plays a role in capping FLU in the bound state, so the
Tyr is considered to significantly affect the binding affinity. As
seen in panels b and e of Figure 3 and panels ¢ and f of Figure
3, the Tyr significantly fluctuates except for in the bound state;
therefore, the Tyr affects FLU by steric hindrance on the
pathway of FLU.

In case of nonequilibrium processes such as SMD
simulations, the binding free energy (termed the PMF) can
be calculated by the Jarzynski equality. Therefore, we analyzed
PMFs of the wild type and the mutant. We first estimated the
reliability of PMFs calculated by the second-order cumulant of
the Jarzynski equality (see Figure S-3 of the Supporting
Information). As a result, we decided that PMFs in the range of
17—-30 A on the Val(CA)—FLU(C10) reaction coordinate are
reliable within +2.5 kcal/mol error bars. Figure 4 compares
PMFs between anti-fluorescein wild-type and mutant antibod-
ies. Note that a zero-point origin of PMFs is at 17 A. The
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Figure 4. Potentials of mean force (PMF) in the range of 17—30 A on
the Val(CA)—FLU(C10) reaction coordinate. Gray and black lines
represent data for the wild type (4-4-20) and mutant (4MS.3),
respectively. Error bars correspond to standard deviations obtained
from the bootstrap method.

advantage of PMF is that a binding free energy landscape is
visualized. First, the smallest values are located at 17.10 A for
the wild type and at 17.90 A for the mutant; i.e, FLU binds
more deeply to the wild type than the mutant. This result is
supported by trajectories of the Val(CA)—FLU(C10) distance
during 10 ns MD simulations (Figure S-2 of the Supporting
Information), in which the Val(CA)—FLU(C10) distance of
the wild type tends to be shorter than that of the mutant. The
PMF for the mutant goes directly to the bound state from ~27
A. On the other hand, the PMF for the wild type is nearly flat
between 22 and 30 A and goes directly to the bound state from
~22 A. These results suggest that the mutant starts to stabilize
the binding at an earlier stage than the wild type after the two
species come close together in a diffusion-controlled process.
The landscape that goes directly to the bound state, ie., does
not include intermediate state, has often been described as a
funnel-like free energy landscape of protein—ligand inter-
action."®**~*¥ The kinetic analyses by stopped-flow techniques
showed that the binding kinetics of the mutant and wild type
are expressed by single rate constants,'* and this result supports
the description of the funnel-like landscape. The funnel-like
landscape has been widely accepted for protein folding,'*~*' so
it is not difficult to accept for protein—ligand interactions too.
Wang et al.*’ theoretically described the funnel-like landscape
of a protein—ligand interaction, which was based on protein
folding theory.” They discussed the idea that forming a funnel-
like landscape is related to binding specificity rather than
binding affinity, which is derived from just the free energy
difference between bound and dissociated states. In accordance
with the view of Wang et al., our PMFs support the finding that
the wild type and the mutant both have specificity against FLU.

Structural Flexibility. As shown in Figure 3, residues and
FLU tended to fluctuate more in the wild type than in the
mutant at 19.75 and 23.00 A on the Val(CA)—FLU(C10)
reaction coordinate. Here, it is interesting to quantitatively
analyze the change in the fluctuation in position along the
reaction coordinate, especially, of mutated sites. The fluctuation
in position at each point on the reaction coordinate was
calculated from 20 structures obtained by 20 SMD simulations
after their structures were superposed on the crystal structure
by an rms fit between Ca atoms. Figure S compares the
magnitudes of fluctuations in the position of the Car atoms of
residues in contact with FLU along the Val(CA)—FLU(C10)

dx.doi.org/10.1021/bi3000319 | Biochemistry 2012, 51, 2597—2605
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S. Fluctuations in the positions of Car atoms in residues contacting FLU along the Val(CA)—FLU(C10) reaction coordinate for anti-

fluorescein antibodies. Note that residue numbers in the headings of the panels are those used in PDB entry 1X9Q_(mutant). Mutated sites are
surrounded by dashed lines. Solid and dashed lines represent data for the mutant (4MS.3) and wild type (4-4-20), respectively. The fluctuation of
the position at each point (every 0.25 A) on the reaction coordinate was calculated from 20 structures obtained by 20 SMD simulations after their
structures were superposed on the crystal structure by an rms fit between Ca atoms.

reaction coordinate between the wild type and the mutant.
Fluctuations of Ca atoms tend to be smaller in the mutant than
in the wild type throughout all residues. As seen in panels f, i,
and j of Figure S, fluctuations of three mutation sites
significantly decrease. Interestingly, fluctuations of residues in
the heavy chain tend to be larger than those in the light chain.
Note that the mutation sites in panels i and j of Figure 5 are in
complementarity-determining region CDR-H3. CDR-H3 has
various conformations unlike other CDRs* and has a crucial
role in recogmzmg the antigen by changing its conforma-
tion.** > Our results suggest that mutations for weakening the
fluctuation of CDR-H3, ie, make CDR-H3 more rigid,
improve binding affinity. On the other hand, it is also
interesting to analyze fluctuations of FLU in the binding
pocket. Figure 6 compares the magnitudes of fluctuations in the
position of FLU(C10) along the Val(CA)—FLU(C10) reaction
coordinate between the wild type and mutant. The fluctuation
also tends to be smaller in the mutant than in the wild type
throughout the reaction coordinate except for around 27 A.
Here, remember that, in Figure 2, the region of 17-23 A
included the strong pulling forces and was important for
antigen—antibody interactions. Combining the results of
Figures 2 and 6 shows that FLU always fluctuates less in the
mutant than in the wild type in the important region.

B DISCUSSION

Romesberg et al."*~'” experimentally and Thorpe and Brooks'®

computationally demonstrated that structural flexibility de-
creases as binding affinity is enhanced during in vivo affinity
maturation and furthermore suggested that molecular recog-
nition is transformed from an induced-fit model for the germ

2602

——Mutant  ----- Wild-type

10 -
T 8] :
§ 61 o
=] ] ’
© | A
3 4 s
g ] . r“”;/
2 24 T

0 ] T rrrrrtrcrcrcrcrtroror

17 18 19 20 21 22 23 24 25 26 27 28 29 30
VAL(CA)-FLU(C10) [A]

Figure 6. Fluctuations in the position of the C10 atom of fluorosecein
(FLU) along the Val(CA)—FLU(C10) reaction coordinate for anti-
fluorescein antibodies. Solid and dashed lines represent data for the
mutant (4MS.3) and wild type (4-4-20), respectively. The fluctuation
in position at each point (every 0.25 A) on the reaction coordinate was
calculated from 20 structures obtained by 20 SMD simulations after
their structures were superposed on the crystal structure by an rms fit
between Ca atoms.

line into a lock-and-key model for the mature antibody. A
prototypical induced-fit model provides a flexible antibody that
complements the shape of a particular ligand upon binding.
The flexibility of the germ line has been related to poly specific
binding against various ligands for explaining why the potential
number of foreign molecules that can be recognized by the
immune system far exceeds the potential number of different
antibodies,">"® which is limited by available B-cells.”® On the
other hand, the lock-and-key model provides a well-defined
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binding pocket (lock) that is specific for one ligand (key) and
prioritizes high affinity over broad specificity.

We also discuss the transformation of the molecular
recognition model of affinity improvement from the wild type
to the mutant by directed evolution, which is a method used in
protein engineering. First, our results demonstrated that
fluctuations in positions of residues in contact with FLU tend
to be smaller in the mutant than in the wild type; ie., the
antibody seems to behave more as a rigid lock in the mutant
than in the wild type. Second, our results demonstrated that the
fluctuation in the position of FLU tends to be smaller in the
mutant than in the wild type throughout the pathway of FLU in
the binding pocket; i.e., the antigen seems to behave more as a
rigid key in the mutant than in the wild type. These results
suggest that structural flexibility decreases as binding affinity is
improved, as well as in vivo affinity maturation, and
consequently, this relationship between affinity and flexibility
can be applied up to femtomolar affinity levels. Furthermore,
these results suggest that the molecular recognition is
transformed from a lock-and-key model into a more rigid
lock-and-key model by directed evolution. This suggestion is
partially supported by results of Midelfort et al.,, who analyzed
the kinetics of binding by stopped-flow techniques.'” They
showed that the binding kinetics of both the mutant and wild
type are expressed by single rate constants; i.e,, no evidence of
the existence of the induced-fit model was provided in either
case.

B CONCLUSION

We performed multiple SMD simulations for both anti-
fluorescein wild-type (4-4-20) and femtomolar-affinity mutant
(4Ms.3) antibodies and compared the wild type and mutant in
terms of antigen—antibody interactions and structural flexibility.
The pulling forces of SMD simulations elucidated the regions
that engage in strong attractive interactions in the binding
pocket. These regions of the wild type and mutant were almost
same, but the mutant had mach stronger attractive interactions
than the wild type. Therefore, it was found that these regions in
particular experience the effect of mutations. Structural analysis
in these regions showed two important mutations for
improving attractive interactions. First, mutation of Tyr102(H)
to Ser (sequence numbering of PDB entry 1FLR) played a role
in resolving the steric hindrance on the pathway of the antigen
in the binding pocket. Second, it was observed that mutation of
Asp31(H) to His plays a role in resolving electrostatic
repulsion. To show the electrostatic effect quantitatively,
further studies will be required. PMFs were also calculated
for estimating the binding free energy change. PMFs of both
the wild type and the mutant showed a landscape that does not
include obvious intermediate states and goes directly to the
bound state. These landscapes were regarded as a funnel-like
binding free energy landscape. These PMFs showed that the
mutant starts to stabilize the binding at an earlier stage than the
wild type after the two species come close together in a
diffusion-controlled process.

Next, we analyzed the structural flexibility based on the
fluctuations of positions of atoms. It was shown that the
fluctuations in the position of the antigen and residues in
contact with the antigen tend to be smaller in the mutant than
in the wild type. This result suggested that structural flexibility
decreases as affinity is improved during directed evolution. This
suggestion is similar to the relationship between affinity and
flexibility for in vivo affinity maturation, which was suggested by
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Romesberg et al.">~'7 Consequently, the relationship was
found to be applicable up to femtomolar affinity levels. The
relationship between affinity and flexibility is expected to be
used for development of a high-affinity engineered antibody in
pharmaceutical and biotechnological industrial applications
such as antibody drugs, biosensors, etc. We consider that
estimating the rigid antibody, for example, with a spectroscopic
experimental system as conducted by Romesberg et al. may be
helpful for efficiently selecting a high-affinity mutant in many
candidates.

B ASSOCIATED CONTENT

© Supporting Information

Aligned sequences of the wild type (PDB entry 1FLR) and the
mutant (PDB entry 1X9Q), trajectories of the Val(CA)—
FLU(C10) distance during the 10 ns MD simulation, and
reliability estimation of PMFs. This material is available free of
charge via the Internet at http://pubs.acs.org.
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