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Dengue is one of the most dominant arthropod-borne viral
diseases, infecting at least 390 million people every year
throughout the world. Despite this, there is no effective treat-
ment against dengue, and the only available vaccine has already
been withdrawn owing to the significant adverse effects.
Therefore, passive immunotherapy using monoclonal anti-
bodies is now being sought as a therapeutic option. To date,
many dengue monoclonal antibodies have been identified,
most of which are serotype-specific, and only a few of which are
cross-reactive. Furthermore, antibodies that cross-react within
serotypes are weakly neutralizing and frequently induce
antibody-dependent enhancement, which promotes viral entry
and replication. Therefore, broadly neutralizing antibodies
with no risk of antibody-dependent enhancement are required
for the treatment of dengue. Here, we developed a single-chain
variable fragment (scFv) antibody from an anti-fusion loop E53
antibody (PDB: 2IGF). We introduced previously predicted
favorable complementarity-determining region (CDR) muta-
tions into the gene encoding the scFv antibody for affinity
maturation, and the resultant variants were tested in vitro
against the highly conserved fusion and bc epitope of the
dengue virus envelope protein. We show some of these scFv
variants with two to three substitution mutations in three
different CDRs possess affinity constants (KD) ranging from 20
to 200 nM. The scFv-mutant15, containing D31L, Y105W, and
S227W substitutions, showed the lowest affinity constant,
(KD = 24 ± 7 nM), approximately 100-fold lower than its
parental construct. We propose that the scFv-derivative anti-
body may be a good candidate for the development of an
effective and safe immunotherapy.

Dengue virus is one of the most prevalent mosquito-borne
human pathogens, affecting about half of the world’s popula-
tion (1). Dengue virus-1 (DENV-1) through 4, are four distinct
dengue virus serotypes that vary by 25 to 40% in the amino
acid sequences (2). Infection can be caused by any of the four
serotypes, although primary infection is self-limiting and re-
covers after a systematic illness (3). Secondary infection with
the homologous serotype also confers life-long immunity;
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however, secondary infection with the heterologous serotype
confers only partial or transitory immunity, which frequently
results in dengue with warning signs and severe dengue, ac-
cording to the revised WHO dengue case classification (4, 5).
Nonetheless, there are no effective vaccines or drugs that can
completely protect the dengue virus infection. The most
promising vaccine candidate (Dengvaxia) recently demon-
strated an increased risk of severe dengue in the people who
had never been infected with DENV, and there is no significant
protection against DENV-2 (6, 7).

Monoclonal antibodies are nowbeing sought as an alternative
therapy for dengue fever patients. Passive immunotherapy using
monoclonal antibodies has already been proven to reduce
influenza, severe acute respiratory syndrome, middle east res-
piratory syndrome, Ebola, and HIV viral titers significantly
(8–11). Even so, the food and drug administration has recently
approved Emergency Use Authorization to some monoclonal
antibody therapies for the treatment of mild-to-moderate
COVID-19 in nonhospitalized patients (12, 13). Antibody-
based therapy presents a unique set of challenges in the treat-
ment of dengue due to the ability to bothmediate protection and
exacerbate the disease via the process of antibody-dependent
enhancement (ADE) (14, 15). As a result, finding therapeuti-
cally safe antibodies is challenging, and producing them in
adequate quantities using B cells from infected persons is costly.
For cost-effective manufacture and to address ADE’s biosafety
issues, many expression systems and protein engineering tech-
niques are now being researched (16, 17).

The dengue virus is a member of the Flaviviridae family that
forms both mature and immature states during its life cycle.
The outer surface of a mature virus is made up of 180 copies of
the E glycoprotein (18, 19), of which 90 homodimers are
organized in icosahedral symmetry to generate a smooth
surface (18), whereas the glycoprotein E and prM are arranged
into heterodimers and form 60 trimeric spikes on the surface
of the immature virion (20). Each of the E glycoproteins has
three unique beta-barrel ecto-domains: DI, DII, and DIII (21).
At the apex of DII, two conserved hydrophobic loops (fusion
and bc) are essential for pH-mediated membrane fusion
(21, 22). The majority of antibodies are produced against the E
glycoprotein during the normal course of infection, and the
most of these antibodies are specific to the fusion loop (23, 24).
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Structure-guided affinity maturation of an antibody fragment
Antibodies that recognize the Flavivirus fusion loop are
often strongly cross-reactive but poorly neutralizing (25, 26).
E53 is an anti-fusion loop antibody that primarily binds to the
Flavivirus E protein’s fusion loop and, to a lesser extent, the bc
loop (27). The E53 antibody protects mice from deadly WNV
infection by inhibiting viral attachment, according to pre-
liminary functional tests (26, 28). Further structural studies
have revealed that E53 has the capacity to sterically prevent the
conformational transition from an immature to mature virus
(27). However, the anti-fusion loop antibody might induce
ADE by promoting FcγR-mediated entry of the partially
immature virions into the monocytes or phagocytes (29). By
considering these facts, exploring the engineered version of
such Fc-free Fab or single-chain variable (scFv) antibody
fragments can provide a critical understanding of the means to
limit viral progression by locking them into immature
conformation and avoiding the ADE.

Recently, we reported the development of a scFv antibody
fragment from the E53 antibody. A virtual scFv mutant library
was constructed and tested against the fusion and bc (Fu-bc)
region of the dengue envelope protein using a structure-guided
approach (30). A recombinant Fu-bc subunit protein was also
developed and evaluated for immunogenicity in BALB/c mice
for in vitro binding of the scFv mutant library (31). In this
study, we have created a series of scFv mutants by substitution
mutations in the complementarity-determining regions
(CDRs) and tested them in vitro against the Fu-bc subunit
protein. The favorable CDR mutations screened from the
in vitro binding assay were further recombined to create syn-
ergistically powerful scFv variants. Detailed structural analysis
also enabled us to explore significant insights about the inter-
residue atomic interaction between the altered CDR residues
of the scFv antibody and the targeted epitope (Fu-bc) residues.
Results

Effects of scFv-CDR mutations on the binding with the Fu-bc
epitope

All of the scFv mutants and Fu-bc epitopic proteins were
expressed in Escherichia coli (BL21) and purified via size-
exclusion chromatography to a high purity level. Both of the
proteins behaved as monomers by size exclusion chromatog-
raphy (Figs. S1 and S2) and, previously, we confirmed their ac-
tivity by an in vitro binding assay (30, 31). As determined by
surface plasmon resonance (SPR), the WT scFv binds to the
immobilized Fu-bc protein with a KD of 2.3 μM, which is
consistent with our current estimation by the same technique
(30). To improve the binding affinity, further saturation muta-
genesis was performed in the epitope–paratope interface by
using Discovery Studio 4.0, and the top 10 substitutions (T30W,
D31L, D31F, Y32W, Y33Q,G103T, Y105W, S227L, S227W, and
H230W) at seven hotspots in the three CDRs (VH-CDR1, VH-
CDR3, and VL-CDR3) of scFv were selected based on higher
negative mutation energy in single, double, and triple mutation
combinations (30). The CDR alterations and sites (Fig. 1A) that
lead to more favorable epitope interactions as determined by
Discovery Studio 4.0 were created in vitro using site-directed
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mutagenesis, and their affinity was determined using SPR
(Figs. 2 and S3). Except for Y32W (Mutant4) in VH-CDR1 and
H230W (Mutant10) in VL-CDR3 of the scFv protein, the affinity
constant,KD, was observed to decrease (up to 300 nM)with all of
the chosen substitutionmutations (Table 1). In the 3D structure
of the DENV–scFv complex, the positions of both the affinity
enhancing and decreasing substitution mutations are shown in
Figure 1, B and C.

Synergistic effects of scFv CDR mutations

Four sets of double substitution mutants were created prior
to the generation of scFv triple combinatorial mutants to
assess their synergistic effects on each other. These were
created through the combination of two primary affinity-
enhancing single mutations in the two alternative CDRs. The
SPR data indicated that all of the four sets of double mutants
increased the affinity with KD values ranging from 50 to
200 nM (Figs. 3 and S4). Notably, when combined with pri-
mary affinity-enhancing substitutions G103T in VH-CDR3
(Mutant6), the scFv VH-CDR1_Y33Q (Mutant5) showed
50-fold higher affinity than the VH-CDR1_T30W (Mutant1)
when combined with VL-CDR3_S227L (Mutant8) and S227W
(Mutant9). On the other hand, the VH-CDR3_Y105W
(Mutant7), when combined with the other affinity-enhancing
mutation VL-CDR3_S227W (Mutant9), showed only 13-fold
higher affinity (Table 1). Since each of the CDR substitution
mutations in a combination of alternative CDR mutations
shows only a positive epistatic effect, these combinations were
further utilized for the creation of triple combinatorial
mutants.

Combinatorial effects of scFv triple mutations

Since the substitution mutation Y33Q (Mutant5) enhances
affinity the most among the VH-CDR1 mutations while also
having a good synergistic impact with the VH-CDR3 muta-
tions, it was further considered to recombine with the other
double mutants viz. Mutant12 and Mutant14 to acquire more
affinity. Moreover, the affinity-enhancing VL-CDR3 substi-
tution mutation S227L (Mutant8) was incorporated into the
double mutant13 (Y33Q, G103T) to investigate a mutation
combination within the three alternative CDRs. Another
triple mutation combination (Mutant15) was created by
introducing the highest affinity enhancing mutation (Y105W)
in the VH-CDR3 on the backbone of double mutant12
(T30W, S227W). Surface plasmon resonance experiments
revealed that the resulting three sets of triple substitution
combination (Mutant15–17) increased the affinity with KD

values 20 to 52 nM (Fig. 3). The triple combination mutant15
(D31L, Y105W, and S2227l) increases the highest affinity in
terms of KD value change, approximately 100-fold higher
than its WT variant, whereas the fourth set of triple com-
bination variant (Mutant18) showed a moderate affinity
enhancement (only �7 fold) among all the double and triple
combinations, because it consisted the most detrimental
substitution mutation, H230W, along with the two affinity-
enhancing substitution mutations Y33Q and Y105W. On
the other hand, scFv-mutant16 (T30W, Y33Q, and S227W)



Figure 1. Sites of substitution mutations modeled on the dengue virus E protein. A, depicts the putative affinity-enhancing mutation sites in the three
complementarity determining regions (CDRs) of scFv’s primary structure (selected from our previous in silico study (30)). B, in the 3D complex model
structure, the mutation sites in VH-CDR1, CDR3, and VL-CDR3 are located in close proximity to the Fu-bc epitope (orange and yellow surface, respectively).
The residues that were substituted by site-directed mutagenesis are shown as blue and red sticks on the dengue virus EDII cartoon-surface structure, where
the blue stick shows affinity-enhancing substitution sites (VH-CDR1: T30, D31, and Y33; VH-CDR3: G103 and Y105; VL-CDR3: S227), and the red stick shows
affinity-reducing substitution sites (VH-CDR1: Y33 and VL-CDR3: H230). C, both the beneficial and detrimental substitution sites are located on the periphery
of the epitope-binding site. The green surface area enclosed by the black dotted line includes residues of structural paratope of the scFv antibody. The blue
and red colors include the beneficial and detrimental substitution residues, respectively. Else, the variable heavy and light chains are shown in gray and
violet surface areas, respectively. EDII, envelope Domain II; Fu-bc, fusion and bc loop; scFv, single chain variable fragment antibody.

Structure-guided affinity maturation of an antibody fragment
and mutant17 (Y33Q, G103T, and S227L) showed higher
affinity, though at a moderate level of fold change in the KD

values, that are �45 fold and �86 fold higher than the WT,
respectively (Table 1).

To corroborate the binding affinity of these scFv triple
mutants, the KD values were further analyzed by using bio-
layer interferometry (BLI). According to BLI, all the four sets
of triple combination mutants (Mutant15, 16, 17, and 18) bind
to the immobilized Fu-bc protein with KD values of 21 ±
11 nM, 47 ± 19 nM, 31 ± 14 nM, and 310 ± 35 nM, respectively
(Fig. 4 and Table S1), which are almost consistent with the KD

values determined by SPR. Further, to confirm the binding
affinity, in vivo binding analysis was performed by the yeast
two-hybrid assay. For this, the Fu-bc subunit gene was cloned
in the pGADT7 (bait) vector, and the four sets of scFv triple
combination variants were cloned in the pGBKT7 (prey) vec-
tor. The qualitative results of the yeast two-hybrid assay have
shown that all of the scFv triple combination variants are also
capable of interacting with the Fu-bc in the cellular conditions
(Fig. S5).
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Figure 2. Kinetics of scFv WT and single mutant proteins’ binding to the Fu-bc subunit protein. The Fu-bc subunit protein was coupled to the SPR
biosensor chip, and scFv-WT, 10 scFv single mutants (Mutant1-10), and one negative control (other than scFv protein) were applied at graded concen-
trations (25–500 nM) over the coupled surface (from t = 0 to t = 300 s), followed by buffer washout (dissociation) for another 180 s and measurement of net
binding (in RU). The association (ka) and dissociation rate constants (kd) were derived by fitting the recorded sensograms to (1:1) Langumir-binding rate
equations, and the affinity constant KD was derived by dividing the dissociation constant (kd) with the association constant (ka). The overlay of curves for
different concentrations of scFv protein was fitted into a numerical model by global analysis using Autolab kinetic evaluation software 5.1. The color of each
fitted curve shown is a representative response of different concentrations of analytes (i.e., green, 25 nM; golden, 50 nM; violet, 100 nM; blue, 200 nM; and red,
400 nM). Fu-bc, fusion and bc loop; scFv, single chain variable fragment antibody; SPR, surface plasmon resonance.

Structure-guided affinity maturation of an antibody fragment
Superimposition of scFv antibody on WNV–Fab crystal
complex

The WNV/DENV–scFv chimeric complex was iteratively
built and superposed on the WNV-Fab crystal complex
structure (PDB: 3I50) to analyze the structural basis for the
capacity of Fab-derived (PDB: 2IGF) scFv to interact with the
receptor-binding site (Fu-bc loop) of DENV E protein
(Fig. S6C). The epitope and paratope regions of the WNV/
DENV–scFv chimeric complex were compared to those of the
WNV–Fab complex to acquire a better understanding of the
structural ramifications of the interactions between the scFv
protein and the DENV E protein. The WNV–Fab complex has
573 Å2 receptor-binding surface area and 1183 Å2 paratope-
binding surface area, but the WNV/DENV–scFv chimeric
interface has 617 Å2 receptor-binding surface area and
1949 Å2 paratope-binding surface area, which are significantly
larger. The overall binding surface area of the WNV/DENV–
scFv chimeric complex (2199 Å2) is likewise bigger than that of
WNV-Fab (1365 Å2), implying a broader surface range inter-
action (Fig. 5). The detail interactions of the WNV-Fab and
WNV/DENV–scFv complexes are summarized in Tables S2
and S3, respectively.

The interphase of the WNV–Fab and DENV–scFv com-
plexes were two dimensionally plotted using Discovery
4 J. Biol. Chem. (2022) 298(4) 101772
Studio 4.0 to get further insight into the interaction. In the
case of the WNV–Fab complex, four CDRs (VH-CDR1,
VH-CDR2, VH-CDR3, and VL-CDR3) contact the receptor-
binding site (RBS) (Fu-bc epitope), whereas five CDRs (VH-
CDR1, VH-CDR2, VH-CDR3, VL-CDR2, and VL-CDR3)
interact in the WNV/DENV–scFv chimeric complex, which
also suggests a broader range of interaction. Furthermore,
the interface of the WNV–Fab complex forms at least 11
potential H-bonds or other nonbonds (i.e., other than co-
valent bonds), whereas the interface of the WNV/DENV–
scFv chimeric complex forms 16 potential H-bonds or other
nonbonds without any steric interference, indicating stron-
ger interaction (Tables S2 and S3). The fusion and bc loop
residues (in RBS) that make contact with Fab or scFv CDR
residues in both the WNV–Fab and DENV–scFv complexes
are completely conserved not just between DENV2 and
WNV but also throughout all DENV serotypes (Fig. S6D).
Despite this, the three-dimensional structures of the RBS
(Fu-bc loop) of all four dengue virus serotypes (DENV2,
DENV1, DENV3, and DENV4) are superimposable on the
WNV RBS with reduced RMSD (Fig. S6E). All of these
findings indicate that the Fu-bc loop specific antibody must
be cross-reactive, and its scFv format provides an advantage
for improved epitope binding.



Table 1
Binding affinity of scFv-CDR mutants for Fu-bc subunit protein

The affinity constant (KD) of the scFv variants was determined by surface plasmon resonance (Autolab ESPRIT). The fold change in the KD values is the ratio KD
WT/KD

mutant. The
errors of ka and kd measurements were between 0.001 and 0.009 E5 M−1S−1 and between 0.001 and 0.0001 S−1, respectively.

Structure-guided affinity maturation of an antibody fragment
Complementarity determining region mutations alter the
binding interface of WNV/DENV–scFv chimeric complex

The WNV/DENV–scFv chimeric complex was visualized
using DimPlot to analyze the effect of substitution at each of
the SPR-validated CDR positions. Except for VH-CDR1 resi-
dues Tyr32, Tyr33, and VL-CDR3 residue His230, all of the
targeted CDR residues reside apart from interaction with the
RBS (Fu-bc loop) (Fig. S7). Interestingly, the SPR data revealed
that, with the exception of Tyr32Trp and His-230Trp, all the
targeted CDR substitutions resulted in the reduced affinity
constant KD relative to the WT version (Fig. 2). As a result,
Tyr32 and His230 are likely to be critical for receptor binding,
as their replacement disturbs the interaction with the RBS, and
raises the affinity constant KD compared to the WT variant.
Although Tyr33 of VH-CDR1 interacts with RBS (Fu-bc loop),
and its replacement with Gln reduced affinity constant KD

when compared to its parental form, this suggests that Gln
plays another role in the interaction interface.

The interaction interface of the WNV/DENV–scFv
chimeric complex was examined using the Analyze Protein
Interface function of Discovery Studio 4.0 to find further im-
pacts of each of the CDR substitution mutations. Table S4
summarizes the alterations in the epitope–paratope interac-
tion caused by each substitution mutation, which are illus-
trated in Figure 6. The substitution of T30W, D31F, Y33Q,
G103T, Y105W, and S227W at the epitope-binding interface
enhanced one or more nonbond interactions (Fig. 6B), which
might be playing a key role in strong epitope binding. The
substitutions of Y32W and H230W, on the other hand,
increased certain nonbond interactions at the interface, but it
also caused steric clashes with neighboring epitope residues,
which might prevent epitope binding (Fig. 6C). In addition,
D31L and S227L substitutions have no direct effect on non-
bond interactions, but they do enhance the hydrophobicity of
the receptor-binding site, which is thought to be important for
binding initiation (Fig. 6D) (32).
Discussion
The E53 antibody is a highly cross-reactive fusion loop–

specific Fab antibody that binds to a conserved region of the
WNV and dengue virus E proteins. These antibodies produced
during primary DENV infection may cross-react during sec-
ondary infection and may promote ADE. An earlier study sug-
gests that E53 poorly bindswithmature viruses but has the ability
to sterically hinder the transition from immature tomature virus
(27). As a result, this E53 (Fab) has been reconstructed into a
small version of scFv with the goal of achieving more epitope
binding, affinitymaturation, and therapeutic testing trial. Others
have pointed out that its smaller size, flexibility of VH-VL chains,
and ability to be produced in E. coli expression systems offer
advantages over Fab (33, 34). However, in spite of the numerous
advantages, the engineeredWTscFv antibodywhichwas derived
from the anti-fusion loop E53 (2IGF) antibody, retains low af-
finity (KD = 2.3 μM) for the recombinant Fu-bc protein. The
interacting residues in the receptor-binding site (Fu and bc loop)
are entirely conserved across all the DENV strains and WNV,
according to conservation studies. By superimposition, scFv
completely overlaps the VH and VL chains of Fab (E53) without
creating any steric clash with the RBS of theWNV–Fab complex
structure. Furthermore, structural analyses have revealed that
scFv captured a greater epitope region than Fab (Fig. 5), indi-
cating that scFv is an excellent candidate for affinity maturation
and the production of cross-reactive and highly potent antibody
fragments. We recently identified certain hotspots in the scFv
CDR and demonstrated higher negative mutation energy by
altering them with particular residues (30). After in silico veri-
fication of inter-residue atomic interaction between scFv CDR
residues and their adjacent Fu-bc residues, the CDR mutations
that contributed to more favorable antigen-antibody binding
were investigated here experimentally.

Our current SPR experiment has revealed that except for
the two substitution mutations Y32W and H230W (scFv-
mutant4 and 10), the rest of the predicted scFv CDR mutations
J. Biol. Chem. (2022) 298(4) 101772 5



Figure 3. Kinetics of scFv double and triple mutant proteins’ binding to the Fu-bc subunit protein. The Fu-bc subunit protein was coupled to the SPR
biosensor chip, and scFv double (Mutant11–14) and triple (Mutant14–18) mutants were applied at graded concentrations (25–500 nM) over the coupled
surface (from t = 0 to t = 300 s), followed by buffer washout (dissociation) for another 180 s and measurement of net binding (in RU). The association (ka)
and dissociation rate constants (kd) were derived by fitting the recorded sensograms to (1:1) Langumir-binding rate equations, and the affinity constant KD
was derived by dividing the dissociation constant (kd) with the association constant (ka). The overlay of curves for different concentrations of scFv protein
was fitted into a numerical model by global analysis using Autolab kinetic evaluation software 5.1. The color of each fitted curve shown is a representative
response of different concentrations of analytes (i.e., green, 25 nM; golden, 50 nM; violet, 100 nM; blue, 200 nM; and red, 400 nM). Fu-bc, fusion and bc loop;
scFv, single chain variable fragment antibody; SPR, surface plasmon resonance.

Structure-guided affinity maturation of an antibody fragment
exhibited improve binding affinity as they displayed lower af-
finity constant KD with respect to the WT variant. That is why
mutant4 (Y32W) was not pursued further, and mutant10
(H230W) was tested as a negative control. In terms of minimal
affinity constant (KD = 302 ± 15 nM), the single mutant Y33Q
(Mutant5) had the greatest overall binding profile. The higher
affinity-enhancing substitution mutations in each of the CDRs
Figure 4. Parallel sensor kinetics and equilibrium analyses of scFv triple m
protein was coupled to the BLI biosensor chip, and scFv triple mutants (Mutant1
surface (from t = 0 to t = 660 s), followed by buffer washout (dissociation) for
and dissociation rate constants (kd) were derived by fitting the recorded sensog
derived by dividing the dissociation constant (kd) with the association constan
fitted into a numerical model by global analysis using BioEvaluation software
different concentrations of analytes (i.e., green, 25 nM; golden, 50 nM; violet, 1
equilibrium were plotted against each of the injected protein concentrations (l
the R2 values indicate that the regression model fits the data much better tha
fragment antibody.
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were recombined with each other to analyze their epistatic
effects. As determined by SPR, each of the four double com-
bination mutants (Mutant11–14) has good synergistic effects
and displayed binding affinity about 10- to 45-fold greater than
the WT. Mutant13, which comprises substitution mutations
Y33Q (Mutant5) in VH-CDR1 and G103T (Mutant6) in VH-
CDR, showed the greatest synergistic effects, with a 45-fold
utant proteins’ binding to the Fu-bc subunit protein. The Fu-bc subunit
4–18) were applied at graded concentrations (25–400 nM) over the coupled
another 490 s and measurement of net binding (in RU). The association (ka)
rams to a (1:1) kinetic titration series model, and the affinity constant KD was
t (ka). The overlay of curves for different concentrations of scFv protein was
4.1. The color of each fitted curve shown is a representative response of
00 nM; blue, 200 nM; and red, 400 nM). Furthermore, the BLI responses at
ower panel). The curves were fitted by nonlinear least squares regression. All
n the null hypothesis. Fu-bc, fusion and bc loop; scFv, single chain variable



Figure 5. Comparison of interaction interphase between WNV-Fab and WNV/DENV-scFv chimeric complex. A, WNV_RBS-Fab; B, DENV_RBS-scFv.
(Individual contacting residues are listed in Tables S2 and S3). In the RBS, the epitopic residues that contact the complementarity determining regions
(CDRs) are located in fusion and bc loop. Fusion and bc loop residues are colored in orange and yellow, respectively. VH-CDR1, VH-CDR2, VH-CDR3, VL-CDR2,
and VL-CDR3 are painted pink, green, cyan, brawn, and red, respectively. Receptor-binding surface area and PBSA are painted blue and lime color,
respectively. PBS, sparatope-binding surface area; RBS, receptor-binding site; scFv, single chain variable fragment antibody.

Structure-guided affinity maturation of an antibody fragment
greater affinity than the WT. Due to the positive synergistic
effects of all four double combination mutations, these mu-
tants were recombined with other affinity-enhancing muta-
tions to identify the optimum triple combination. The final
round of SPR data revealed that three of the four triple com-
bination mutants (Mutant15–17) exhibited higher affinity by
30- to 100-fold over the WT. The best triple combination
mutant is mutant15, which has D31L, Y105W, and S227W
substitution mutations, and has the lowest affinity constant
(KD = 24 ± 7 nM). Mutant16 and 17, the other two triple
combination mutants, bind Fu-bc subunit protein with KD

values 52 ± 17 nM and 27 ± 11 nM, respectively. The fourth
set of triple substitution mutant (Mutant18, Y33Q, Y105W,
and H230W), however, showed the least binding affinity
among all double and triple combinations because it combines
two affinity-enhancing substitution mutations (Y33Q and
Y105W) with the most detrimental substitution mutation
H230W (Mutant10), implying that His230 is located at the
mutation disallowed site and may play a role in epitope-
paratope surface complementarity (Table 1).

According to the structural study, the VH and VL chain
CDRs of scFv interact with the Fu and the bc loop, respectively.
The Fu-bc epitope was located near to the residues that were
substituted by the site-directed mutagenesis. Both the affinity-
enhancing and affinity-reducing substitution sites were found
on the periphery of the epitope-binding site (Fig. 6). The
structure of the WNV/DENV–scFv chimeric complex is
similar to that of the WNV–Fab complex (PDB: 3I50), and the
two complexes are virtually superimposable with RMSD of
0.321. According to a two-dimensional reduction plot (Dim-
Plot) (Fig. S7), most of the targeted residues do not come into
direct contact with the Fu-bc residues. Because His230 and
Tyr32 interact directly with the fusion loop residues Cys105
and Gly106, respectively, changes to them resulted in the
overall reduced affinity, as demonstrated by the SPR experi-
ment (Table 1). Although the alteration of the directly inter-
acting Tyr33 residue enhances affinity, probably because
changing Tyr33 to Gln creates an additional H-bond with a
pre-existing one, both of which aid epitope binding (Fig. 6B).

Further examination of inter-residue atomic interactions of
the epitope–paratope interface revealed that 10H-bonds and six
other nonbonds are involved in the surface complementarity of
the DENV–scFv complex. However, 12 H-bonds and nine other
nonbonds are involved in the surface complementarity of the
Fu-bc and scFv-mutant15, which might be the primary reason
for its improved binding. In addition, mutants 16 and 17 showed
at least three to five more H-bonds in the binding interface,
thereby having higher affinity than the other mutants. The
surface complementarity of Fu-bc and scFv-mutant18 contact
surfaces, on the other hand, involved 12 H-bonds, and a com-
parable number of favorable nonbonds as theWT; nevertheless,
it induced 10 additional bumps, whichmight be themajor cause
J. Biol. Chem. (2022) 298(4) 101772 7



Figure 6. Effects of scFv-CDR mutations on binding with Fu-bc loop of dengue virus E. A, close-up view of the binding interface of DENV-Fubc and
scFv-complementarity determining regions (CDRs) complex. Binding sites of Fu-bc and putative affinity-enhancing mutational sites in scFv-CDRs are
rendered in ball and stick format. DENV EDII is colored in cyan, while Fusion and bc loops are colored in orange and yellow, respectively. Otherwise, scFv VH-
CDR1, VH-CDR3, and VL-CDR3 are painted blue, green, and red, respectively. B, bonding effects of affinity-enhancing CDR mutations. C, bonding and steric
effects of affinity-reducing CDR mutations. D, hydrophobic effects of affinity-enhancing CDR mutations. Using the Discovery Studio 3.0 program, the
interaction interface was analyzed after substitution with each of the putative affinity-enhancing amino acids in Coot, with local energy minimization
(within 10–20 Å). In silicomutagenesis was performed using the WNV/DENV-scFv complex model. Discontinuous lines with different colors between residues
represent different types of nonbonds (i.e., green, H-bond; violet, electrostatic; pink, hydrophobic, orange, other non-bonds, and the red lines denoting the
steric hindrances). EDII, envelope Domain II; Fu-bc, fusion and bc loop; scFv, single chain variable fragment antibody.

Structure-guided affinity maturation of an antibody fragment
of its weaker binding (Tables S3 and S4). The detailed changes in
binding interface andnonbond interactions generated by each of
the substitution mutations are summarized in Table S4 and
shown in Figure 6, respectively. Overall, structural and binding
investigations suggest that each of the substitution mutations in
the scFv CDRs have significant role in epitope binding.

In summary, the structure-guided redesign of the scFv
antibody provides a useful platform to engineer a cross-
reactive and potential antibody candidate. In silico antigen–
8 J. Biol. Chem. (2022) 298(4) 101772
antibody interface analysis has enabled the successful predic-
tion of mutational hotspots in the CDRs of scFv antibodies.
Further, site-directed mutagenesis of scFv antibody validates
the structure-guided mutational approach with regards to
enhancement of in vitro binding affinity, which provides an
alternative to conventional genetic approaches to affinity
maturation. Ultimately, some of the resulting scFv variants
exhibit nM range of the binding affinity, which could be cross-
reactive because their parental E53 antibody is highly cross-
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reactive and deviates from ADE effect due to the lack of the Fc
part. Taken together, these data suggest that the newly
generated scFv variants might be valuable in the development
of therapeutic antibodies and diagnostic tools.

Experimental procedures

Chemicals and instruments

The principal components of bacterial culture: LB broth,
tryptone, and yeast extract; antibiotics: kanamycin; protein
expression and extraction reagents: IPTG, Tris–HCL and base,
glycine, lysozyme, PMSF, SDS, acrylamide/bis-acrylamide,
ammonium persulfate, tetramethylethylenediamine (TEMED),
DTT, and EDTA, and Coomassie G-250 were purchased from
Himedia and VWR life science. Inclusion body solubilizing and
protein refolding reagents: guanidine hydrochloride, urea, argi-
nine hydrochloride, and isopropanol were from Sigma-Aldrich.
PCR cloning kit: pJET1.2; Q5 high fidelity DNA polymerase
and restriction enzymes, T4-DNA ligase, and rapid protein assay
BCA kit were from New England Biolabs (NEB) and Thermo
Scientific. Protein purification was performed by AKTA FPLC
systems using superose 12 10/300 size-exclusion column which
were purchased from GE Healthcare. Surface Plasmon Reso-
nance instrument (Autolab ESPRIT) and BLI systems (Octet
RED96) were used to measure the binding affinity.

Site-directed mutagenesis

From our previous in silico studies, top ten (T30W, D31L,
D31F, Y32W, Y33Q, G103T, Y105W, S227L, S227W and
H230W) substitution mutations at seven hotspots in three
different CDRs of scFv were selected based on higher negative
mutation energy in single as well as in different double and
triple mutation combination formats (30). In order to in vitro
creation of these substitutions by site-directed mutagenesis, 10
sets of partially overlapping primers were designed by altering
the target mutational site (Table S5). These primers are syn-
thesized by Integrated DNA Technology. Our previously
cloned scFv gene in the pET28a vector (scFv-pET28a) (33) was
used as a template for full-length PCR amplification of the
scFv-pET28a clone using Q5 high-fidelity DNA polymerase.
The PCR product was treated with DpnI for the digestion of
WT template DNA, and the remaining sample was used for
transformation in E. coli (XL10). After plasmid isolation,
mutations were confirmed by DNA sequencing. Furthermore,
double and triple mutants were created by a similar procedure
and confirmed by DNA sequencing.

Expression and purification of scFv-WT, scFv-mutants, and Fu-
bc subunit protein

Positive mutants and WT scFv were further transformed
into E. coli (BL21). A single colony for each was chosen for
inoculation with 10 ml of LB growth media and allowed to
grow overnight at 37 �C in the presence of 50 mg/ml of
kanamycin (Sigma). The next day, 500 ml of LB growth media
was inoculated with the previously grown 5 ml primary cul-
ture, which was allowed to grow at 37 �C until the A600 was
around 0.5. The secondary culture was further induced by
0.5 mM IPTG and allowed for overnight growth at a tem-
perature of 30 �C. The resulting growth culture was centri-
fuged at 4000 rpm for 30 min to harvest the bacterial cell
pellet. Further, scFv-WT and scFv mutant proteins were sol-
ubilized and refolded by following the procedure as described
earlier (33). Soluble scFv proteins were then purified by AKTA
FPLC systems using a superose 12 (10/300) size-exclusion
column. On the other hand, Fu-bc subunit protein (GenBank
Accession no: MN781186) was generated and purified using a
similar procedure as described previously (31).

Interaction study by SPR

To measure the changes in binding affinity of scFv proteins,
purified Fu-bc subunit protein was covalently immobilized on
the biosensor chip in a dual-channel kinetic evaluation instru-
ment, Autolab ESPRIT Twingle Biosensor platform, using
amine coupling strategy. Initially, the sensor surface was acti-
vated for both of the channels by passing a mixture (1:1 v/v) of
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide and N-
hydroxysuccinimide for a period of 300 s. The Fu-bc protein
dissolved in coupling buffer (10 mM sodium acetate buffers pH
5.0) around 150 μg/ml concentration was immobilized in
channel-1, whereas, only coupling buffer was passed in channel-
2 for 600 s. The remaining activated -COOH groups in both the
channels were blocked with 1 M ethanolamine (pH 8.5) for a
period of 600 s, and chip surface was washed twice with running
buffer (PBS pH 7.4). After preparation of SPR sensor surface,
each of the analytic scFv protein samples were injected through
channel-1, and the running buffer (PBS pH 7.4) was injected
through channel-2 over the immobilized surface and allowed
300 s for association followed by buffer washout (dissociation)
for another 180 s. Interaction between surface-bound Fu-bc and
scFv analytic proteins were recorded as a differential of response
in channel-1 and channel-2, thereby deducting the contribution
of running buffer (PBS, pH 7.4) in each run. The overall binding
response was acquired using data acquisition software and
analyzed using kinetic evaluation software version 5.1 provided
with system. The association (ka) and dissociation rate constants
(kd) were derived by fitting the recorded sensograms to (1:1)
Langumir binding rate equations, and the affinity constant KD

was derived by dividing the dissociation constant (kd) with the
association constant (ka) (Table 1). The overlay of curves for
different concentrations of scFv protein was fitted into a nu-
merical model using a global analysis technique. Furthermore,
the SPR responses at equilibrium were plotted against each of
the injected protein concentrations. The curves were fitted by
nonlinear least squares regression and are shown in Figs. S3
and S4.

Parallel sensor kinetics of scFv triple mutants with BLI

To measure the affinity between Fu-bc subunit protein and
scFv triple mutants, Fu-bc protein was also immobilized via
amine coupling reaction on AR2G biosensors. In an Octet
RED96 BLI instrument, 12 AR2G biosensors were used for this
parallel sensor kinetics. A set of six sensors were allotted for
the samples which were preincubated in ddH20 for 10 min,
activated in a 1:1 mixture of 0.1 M N-hydroxysuccinimide and
J. Biol. Chem. (2022) 298(4) 101772 9
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0.4 M 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide for
800 s and incubated in the binding buffer PBS for 900 s.
Another set of six sensors were also activated but not incu-
bated in binding buffer, which was allotted for reference sen-
sors. All of the sensors were blocked with 1 M ethanolamine
for 180 s and stored in ddH20 before further usage. To mea-
sure the binding titration, the association and dissociation
phases were recorded for 480 s and 600 s, respectively for each
of the scFv triple mutants. Five dilutions of each of the analytes
were applied for parallel sensor kinetics in the Octet RED96
BLI instrument. Five sample sensors were recorded in the ki-
netic titration series, and one sensor was recorded as the
reference signal for buffer PBS (pH 7.4). Additional six sensors
were used as a reference. All procedures were carried out at 25
�C with an agitation speed 1000 rpm. All of the recorded
sensorgrams were double referenced against the buffer refer-
ence signal and empty sensors by the data acquisition ForteBio
software 7.01.0.92. The double referenced signals of each as-
sociation and dissociation phase were combined and exported
into a BioEvaluation 4.1 compatible “csv”-format using a py-
thon script (SI: Scripts). The association (ka) and dissociation
rate constants (kd) were derived by fitting the recorded sen-
sograms to (1:1) kinetic titration series model, and the affinity
constant KD was derived by dividing the dissociation constant
(kd) with the association constant (ka) and are tabulated in
Table S1. Furthermore, the BLI responses at equilibrium were
plotted against each of the injected protein concentrations.
The curves were fitted by nonlinear least squares regression.

Yeast two-hybrid assay

Our previously created scFv triple mutant DNA sequences
in the pET28a vector were digested with NcoI and EcoRI, and
the Fu-bc antigen sequence in the pET28a vector were
digested with EcoRI and BamHI. The resulting scFv triple
mutant sequences and Fu-bc sequence were cloned in
pGBKT7 vector with the fusion of a GAL4 DNA-binding
domain and in the pGADT7 vector with the fusion of a
GAL4 activation domain, respectively. The bait and prey re-
combinant vectors were transformed into the yeast Gold and
AH109 strains, respectively. Initially, the bait and prey trans-
formants were grown on SD/-Trp and SD/-Leu medium,
respectively, at 30 �C for 5 days. Positive clones from each of
the bait and prey transformants were grown on SD/-Trp and
SD/-Leu liquid medium, respectively, at 30 �C for 2 days, and
allowed for overnight mating and then grown on SD/-Leu/-
Trp medium at 30 �C for 5 days. Positive clones from each
of the transformants were mixed with 20 μl of double distilled
water, then 2 μl of the resulting mixture was dropped onto
SD/-Trp/-Leu and SD/-Leu/-Trp/-His/-Ade selection medium
containing 40 mg/l x-α-Gal and 15 mM 3-Amino-1,2,4-
triazole and grown at 30 �C for 2 to 3 days.

Structural study of Fubc–scFv interaction interface

Initially, the DENV–Fab (3IXY) complex was created via
molecular replacement using the crystal structure coordinates
of the WNV–Fab complex (3I50) (27). However, due to a
10 J. Biol. Chem. (2022) 298(4) 101772
resolution issue, the DENV E (1OAN) protein’s RBS (Fu-bc
loop) was colocated in the WNV–Fab complex (3I50), and the
VH (1–120) and VL (221–324) chains of Fab (PDB: 2IGF) were
joined with a flexible linker of (G4S)3, resulting in the formation
of the WNV/DENV–scFv chimeric complex. We overlaid the
WNV/DENV–scFv complex on the crystal structure of
theWNV–Fab complex to determine the structural basis for the
capacity of Fab-derived (PDB: 2IGF) scFv to engagewith the RBS
(Fu-bc loop) of DENV E protein. Using the Discovery Studio 4.0
tool, the RBS, paratope binding sites, and interaction of these
two complexes were comprehensively examined and compared
to each other. To demonstrate their identity, the amino acid
sequence and 3D structures of RBS (Fu-bc) from the four DENV
serotypes were aligned and superposed on the WNV-RBS
sequence and structure, respectively. The interaction interface
of the WNV/DENV–scFv complex was examined using the
Analyze Protein Interface programme of Discovery Studio 4.0 to
gain deeper insight into the interactions of each of the scFv-CDR
substitution mutations.
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