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Abstract

We used the molecular modeling program Rosetta to identify clusters of amino acid substitutions
in antibody fragments (scFvs and scAbs) that improve global protein stability and resistance to
thermal deactivation. Using this methodology, we increased the melting temperature (T,,) and
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resistance to heat treatment of an antibody fragment that binds to the Clostridium botulinum
hemagglutinin protein (anti-HA33). Two designed antibody fragment variants with two amino acid
replacement clusters, designed to stabilize local regions, were shown to have both higher Ty,
compared to the parental scFv and importantly, to retain full antigen binding activity after 2 hours
of incubation at 70 °C. The crystal structure of one thermostabilized scFv variants was solved at
1.6 A and shown to be in close agreement with the RosettaAntibody model prediction.
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INTRODUCTION

Antibody fragments, such as single chain variable fragment (scFv) and single chain antibody
(scAb), have been utilized for numerous applications®. Antibody fragments can be
efficiently expressed in microorganisms?, they offer several advantages for diagnostic
applications and also afford greater tissue penetration properties, which is useful for
therapeutic purposes especially in cancer3. However, compared to full length antibodies,
scFv and scAb fragments have generally lower stability and are more susceptible to thermal
stress*®. Low thermal stability can lead to decreased shelf-life, poor pharmacokinetics, and
reduced biodistribution®. Additionally, the formation of partially unfolded structures at
elevated temperatures exposes the hydrophobic core that can initiate protein aggregation?8.

A number of approaches for scFv stabilization have been reported including directed
evolution of variants with increased stability using display systems®-13, stabilization of the
interface between variables regions of heavy (V) and light (V) chains through the
introduction of a non-native disulfide bond between Vi and V| 1416 and rational
designl’-19. Recent advances in computational protein modeling also have accelerated
stability design and optimization processes of enzymes and biotherapeutics, including
antibodies29-24, RosettaAntibody in particular has become an important tool for predicting
antibody structures by first using sequence homology to generate a starting model, then
refining the conformations of complementarity determining region (CDR) loops as well as
V-V orientations?>26, Rosetta-based approaches have been used to generate
“supercharged” antibody variants?’ as well as for the de novo design of antigen binders28-30,

Here, starting with the Vy and V_ sequences of a scFv molecule that binds to Clostridium
botulinum hemagglutinin 33 protein (HA33)31 as a model system, we first produced a
structural model using RosettaAntibody32 and then designed 7 sifico clusters of mutations
that stabilize local regions that are expected to be most susceptible to unfolding. The
engineered variants were expressed, purified and evaluated in terms of thermodynamic
stability (T,,) and resistance to inactivation at elevated temperatures. We identified two
variants C1+C9 and C9+C14 in which increased local hydrophobic interactions and rigidity
confer an increased Ty, by ~4.5 °C and >20-fold greater resistant to inactivation at 70 °C for
2 hours. The structure of one of these computationally stabilized variants, C9+C14 scFv, was
solved at 1.6 A to validate the accuracy of the model and the designed stabilizing mutations.
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Homology modeling and engineering of anti-HA33 scFv

The RosettaAntibody variable region homology modeling server32 was used to generate a
structural model of anti-HA33 scFv based on the amino acid sequence. Antibodies with
known structures that have V and V| framework sequences (from Protein Data Bank
[PDB] 1RUR and 1DCF) and H1, H2, L1, L2, and L3 loops (1JO5, 1AJ7, 1A2Y, 1WEJ, and
1WEJ) identical or similar to those of anti-HA33 scFv were identified. H3 loop
conformations were modeled de novo, and after several cycles of modeling and refinement,
the ten scFv models with the lowest energies based on the Rosetta score function were
selected (Supplementary Figure 1).

We sought to redesign small clusters of residues (<5 residues) to increase local stability.
Without any special insight on framework regions likely to be destabilizing, we visually
inspected the predicted structures to generate a diverse set of clusters in the orders of
hundred that would cover most framework regions. The Rosetta protein structure prediction
and design software uses a weighted energy function33, incorporating hydrogen bonding,
salt-bridge interactions, van der Waals forces, and solvation energies to assign a Rosetta
Score that reflects relative protein stability. We used the software to introduce cluster
mutations in framework regions, excluding cysteine residues, in the ten homology models.
Ultimately, the top 15 lowest energy-scored cluster variants were selected for further
experimental validation for their expression and thermostability (Figure 1). These models
showed a tendency to introduce bulkier side-chains and add more hydrophobic contacts. We
note that all the mutations identified by computational modeling were proximal to the
protein surface as mutations in the hydrophobic core of the protein failed to show
improvements based on the energy-score.

Characterization of the designed antibody variants

Fusion of the C_chain to scFvs (resulting in scAb fragments) increases the expression yield
of scFv antibody fragments in bacteria by assisting with folding efficiency /in vivo, but it has
been reported not to affect the thermal stability of the protein34. To validate that the
thermostability of scAb proteins reflects that of scFvs, we first expressed the anti-HA33
antibody in both scFv and scAb formats in £. coli. Because we had found that the yield of
HA33 scFv in E.coliis very low due to aggregation, we produced scFvs by first expressing
the corresponding scAbs containing a Factor Xa cleavage site between the V| and C_
domains. Following purification from £.coli, scFvs were produced by treatment with Factor
Xa and subsequent removal of the C; domain (Supplementary Figure 2). We measured T,
via differential scanning fluorometry (DSF), and scFv produced by this method had a
comparable Ty, (69.2 £ 0.1 °C) as the anti-HA33 scAb (69.3 £ 0.1 °C) (Figure 2a).

After confirming that the T, of the wildtype anti-HA33 antibody in the scAb format reflects
that of the scFv form, we expressed all the cluster variants in the scAb formats to examine
their thermostability. Overall, 13 out of 15 variants were successfully expressed and purified
with >95% purity (Figure 2b), and all showed comparable affinity to HA33 as determined by
ELISA (Supplementary Table 1).
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For each variant, we measured both the thermodynamic stability by determining the T, and
also the resistance of the proteins to deactivation and loss of binding activity following
prolonged incubation at 70 °C. The latter assay reflects the fraction of the protein that
irreversibly unfolds at 70 °C3%. 5 out of 13 variants showed small but significant increases in
Tm when compared to the wildtype scAb (Figure 2¢), with the C9 variant showing the
highest AT, of 3.9 £ 0.1 °C. Next, each variant was incubated at 70 °C for 1 hour, and then
the remaining binding activity at room temperature was determined by ELISA. 10 out of 13
variants exhibited dramatic improvement with regards to resistance to inactivation at 70 °C,
with the C1 scAb retaining 70.2 = 0.7 % of its binding affinity (Figure 2d and
Supplementary Table 2). We noted that T,,, did not correlate with resistance to thermal
stress; for example, C1 showed the highest resistance to thermal stress despite having a
lower T, than the wildtype scAb, whereas C7 was more susceptible to thermal challenge
than the wildtype despite showing an increase in Tpy,.

We sought to further improve scAb thermal stability by examining whether mutations that
stabilize different regions exert synergistic effects. For this purpose, we combined the
mutations in the C9 variant which showed the highest increase in T, due to amino acid
substitutions in the V| with those from variants C1, C2, C4, and C14, which had shown
improved thermal stability with the mutations introduced in the V' region (Supplementary
Table 3). The two best variants were C1+C9 and C9+C14, which showed AT, of 4.5+ 0.1
°Cand 4.6 £ 0.1 °C, respectively (Figure 3a). Significantly, these two variants retained
100% of their binding affinity to HA33 after the thermal challenge at 70 °C of 1 hour as well
as after a 2 hour thermal challenge (Figure 3b and ¢, and Supplementary Figure 3).

The crystal structure of C9+C14 (in the scFv format) was solved at 1.6 A resolution
(Supplementary Table 4). Overall, the structure was in close agreement with the
RosettaAntibody model, with the overall root-mean-square deviation (RMSD) being 0.56 A,
and RMSD values ranging between 0.58 A to 0.84 A for individual antibody framework and
CDR regions (Figure 4a). In the design model of C9, the hydrophobic groups in the side
chains of S147K, S149W and E242M pack together to form a hydrophobic cluster on the
surface of the V| domain, demonstrated by the increased local hydrophobicity based on the
Eisenberg hydrophobicity scale3¢ (Figure 4b and Supplementary Figure 4). Similar
interactions are observed in the crystal structure, although the chi2 torsion angle on W149 is
flipped 180 degrees so that the opposite face of the indole ring is presented to the methylene
and methyl groups of K147 and M242. It is interesting that placing hydrophobic residues on
the solvent exposed face of a p-sheet can raise protein stability. We observed a similar result
in a previous study with a B-sandwich protein that adopts an antibody-like fold3”. Although
the hydrophobic groups are partially solvent exposed in this scenario, they are still burying
more hydrophobic surface area than is buried in the unfolded state. This additional
hydrophobic burial occurs when the B-strands partner and pack adjacent side chains against
each other. In C9, M242 is brought next to W149 when the full p-sheet forms. Overall, our
results are consistent with other studies that show that hydrophobic interactions substantially
improving protein stability38-40,

The amino acid substitution derived from the C14 variant (A9P) in the Vy rendered that
loop more rigid (Figure 4c). Proline residue has lower configurational entropy than any other
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amino acid residue due to its pyrrolidine ring hindrance, and prolines have been shown to be
beneficial for increasing thermal stability when they are introduced within loops#143. Taken
together, our data demonstrate that the overall stabilization of anti-HA33 antibody can be
explained and rationalized by the interactions and effects introduced by the mutations and
this, in turn, validates the accuracy of the design through the Rosetta.

DISCUSSION

Antibody fragments, such as scFvs and scAbs, are widely used for diagnostics; however,
their utility can be limited by loss of binding activity upon storage especially at elevated
temperatures. Stability at elevated temperatures is particularly relevant for the design of
diagnostic kits suitable for desert and tropical environments under conditions where
refrigeration is not an option. Here we report the successful stabilization of an antibody
fragment against deactivation at elevated temperatures by computational design. We
introduced stabilizing amino acid substitutions only in the frameworks to minimize effects
on antigen binding affinity and we confirmed experimentally that this is the case
(Supplementary Table 1). 5 out of 13 variants showed a significant increase in T, and 10
out of 13 variants showed increased resistance to thermal deactivation following incubation
at 70 °C (Figure 2c and d). Interestingly, variants that had stabilizing substitutions at the
lower part of Vi (C1 and C14) and V| (C9) regions showed the highest increase in
thermostability. Two variants with combinations of mutations, C1+C9 and C9+C14, showed
about ~4.5 °C improvement in Ty, and improved resistance to thermal challenge (Figure 3).
The crystal structure of the C9+C14 variant was in excellent agreement (<1A overall
RMSD) with the RosettaAntibody model (Figure 4a). We note that in the C9+C14 variant
two serine residues (S147K and S149W) had been replaced. Of note, a systematic analysis
of proteins from thermophilic organisms has shown that serine is considered a thermolabile
amino acid and the serine content is significantly lower in thermostable proteins*4. Overall,
the three mutations in the V| domain likely increased the stability of the antibody by
introducing new hydrophobic contacts between B-strands. The bottom of the Vi domain
likely is stabilized through the rigidity introduced by the proline substitution.

In conclusion, we used the Rosetta platform for protein design to achieve thermal
stabilization of an antibody fragment; our best design was completely resistant to loss of
binding activity even after 2 hours at 70 °C. It remains to be seen whether the amino acid
substitutions in C9+C14 can be imported into antibody fragments that recognize other
antigens but are derived from the same framework (and have different CDRs). Overall, the
Rosetta based workflow reported here is likely to be useful as a strategy for engineering
enhanced resistance to thermal deactivation in other antibody fragments of practical interest.

Materials and Methods

Antibody Modeling Methods

The RosettaAntibody variable region homology modeling server32 was used to generate a
structural model of anti-HA33 scFv based on the amino acid sequence. First, from
antibodies with known structures that have Vi and V| framework sequences (from Protein
Data Bank [PDB] 1RUR and 1DCF) and H1, H2, L1, L2, and L3 loops (1JO5, 1AJ7, 1A2Y,
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1WEJ, and 1WEJ) were used for modeling. H3 loop conformations were modeled de novo,
while allowing the V-V orientation and the conformations of other regions to change.
After several cycles of modeling and refinement, the ten scFv models with the lowest
energies based on the Rosetta score function were selected.

For the protein design simulations, the ten lowest scoring homology models from
RosettaAntibody of the starting antibody were used as templates. The homology models
output from RosettaAntibody were subjected to two additional rounds of rotamer
optimization and gradient-based minimization of side chain and backbone torsion angles
before the design simulations were performed. This initial preparation of the antibody model
and the subsequent design simulations were performed with the “score12” energy function
in Rosetta*®. Without relying on any foreknowledge in regards to unstable regions of scFv to
avoid biasing our redesigning efforts, visual inspection was used to identify small clusters of
amino acid side chains (2-5 residues) that interact with each in the homology models.
Overall, we identified a diverse set of clusters that would cover most regions of the scFv.
The sequences for these clusters were then optimized using the pack_rotamers protocol in
Rosetta, which performs fixed backbone rotamer-based sequence optimization#6. Additional
sub-rotamers were included by sampling torsion angles near the most preferred values for
chil and chi2 (ex1 and ex2 options) in Rosetta*’. All amino acids except for cysteine were
allowed during the sequence optimization. On the order of hundred different residue clusters
were submitted to this protocol. Each cluster optimization was performed on all ten of the
homology models and the homology model which produced the lowest scoring design for a
given cluster was passed forward for consideration. The lowest scoring designs (~40) were
visually inspected to select the designs for experimental characterization. The latest up-to-
date directions can also be found at: https://www.rosettacommons.org/docs/latest/
application_documentation/antibody/antibody-protocol.

The predicted structures of C9+C14 scFv modeled using the RosettaAntibody 3.0 antibody
modeling protocol as described?6:48, A total of 2000 candidate structures were generated per
sequence, with the ten lowest scoring models, as evaluated by the Rosetta scoring function,
being chosen for visual inspection and further analysis. Root-mean square deviation
(RMSD) of the top models to the solved structure was calculated over the backbone atoms
(C, Ca, N, O) using the McLachlan algorithm?® as implemented in the ProFit software
(Martin ACR, Porter CT. Available at: http://www.bioinf.org.uk/soft-ware/profit).

Gene synthesis and cloning

Genes encoding the scFv variants were synthesized as previously described®®, and the
inserts were cloned into a modified version of pMoPac16°1, where Factor Xa protease cut-
site was introduced between the scFv and C;_ domain (PelB-scFv-Strep-Factor Xa-Ck-His-
cMyc).

Expression and purification of HA33 and antibody variants from E. coli

For the HA33 expression, Jude-1 cells with pMoPac12 vector containing HA33 sequences
with 6x his31 were grown overnight at 37 °C, then diluted 1:1000 into 1 L TB media and
grown until ODggg around 0.5 at 30 °C. To induce expression of the proteins, 500 uL of
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IPTG (Sigma-Aldrich) was added and incubated overnight at 25 °C. Cells were isolated by
centrifugation at 120 Hz for 10 min and resuspended in 12.5 mL of 100 mM Tris, 0.75 M
sucrose solution at pH 7.5 with EDTA-free protease inhibitor cocktail added (Roche). 1.25
mL of lysozyme at 20 mg/mL in Tris-sucrose solution was added and the culture was placed
in a shaking incubator at 4 °C for 20 min. After 25 mL of 1 mM EDTA was added, the
culture was placed back in a shaking incubator at 4 °C for 30 min. Cells were pelleted by
centrifuging at 280 Hz for 30 min and the supernatant containing the periplasmic fraction
was collected. These samples were filtered through 0.22 um syringe filter. The collected
periplasmic fraction was passed through 4 mL Ni-NTA agarose (QIAGEN) affinity column
in gravity mode. Flow-through sample was collected and passed through the column three
times. The column was washed with 15 mL of 10 mM imidazole 150 nM NaCl, 100 mM
Tris-HCI, pH 7.5 buffer prior to eluting with 5 mL of 250 mM imidazole, 150 nM NaCl, 100
mM Tris-HCI, pH 7.5 buffer. Eluates were then buffer-exchanged into PBS using Amicon
Ultra-15 (10K) centrifugal spin columns (Millipore).

For each scAb construct, vector-containing BL21 cells were grown overnight at 37 °C, then
diluted 1:1000 into 1 L TB media and grown until ODggg around 0.5 at 30 °C. To induce
expression of the proteins, 500 pL of IPTG (Sigma-Aldrich) was added and incubated for 6
hours at 30 °C. Cells were then isolated by centrifugation at 120 Hz for 10 min and
resuspended in 12.5 mL of 100 mM Tris, 0.75 M sucrose solution at pH 7.5 with EDTA-free
protease inhibitor cocktail added (Roche). 1.25 mL of lysozyme at 20 mg/mL in Tris-
sucrose solution was added and the culture was placed in a shaking incubator at 4 °C for 20
min. After 25 mL of 1 mM EDTA was added, the culture was placed back in a shaking
incubator at 4 °C for 30 min. Cells were pelleted by centrifuging at 280 Hz for 30 min and
the supernatant containing the periplasmic fraction was collected. These samples were
filtered through 0.22 pm syringe filter. The collected periplasmic fraction was passed
through 4 mL Strep-tactin superflow resins (IBA) affinity column in gravity mode. Flow-
through sample was collected and passed through the column three times. The column was
washed with 15 mL of 100 mM Tris, 150 mM NaCl, 1 mM EDTA, pH 8.0 prior to elution
with 5 mL of 100 mM Tris, 150 mM NaCl, 1 mM EDTA, 2.5 mM desthiobiotin (Sigma), pH
8.0. Each eluted scAb sample was buffer-exchanged into 50 mM Tris, 100 MM NaCl, 5 mM
CacCly, pH 8.0 using Amicon Ultra-15 (10K) centrifugal spin columns (Millipore).

To generate scFv from scAb, we incubated scAb with Factor Xa protease (QIAGEN) for 4
hours at room temperature, and after the completion of the reaction, we removed Factor Xa
protease using Factor Xa removal resin (QIAGEN). Subsequently, cleaved C; and uncleaved
scAb using 4 mL Strep-tactin superflow resins (IBA).

Size exclusion chromatography (SEC)

Each purified scFv and scAb sample were further purified via SEC performed on Agilent
1100 high performance liquid chromatography system using a Superdex TM 200 10/300GC,
(GE Healthcare), with a mobile phase of pH 7.4 PBS at a flow rate of 0.75 mL/min.
Fractions corresponding to monomeric proteins were collected for the subsequent analyses.
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Differential scanning fluorimetry

Differential scanning fluorimetry (DSF) was performed with SYPRO Orange dye (Life
Technologies) to determine the melting temperature of each variant by monitoring the
protein unfolding. For each sample, 15 pL of scFv or scAb antibodies varying from 0.1 to 25
UM was mixed with 5 pL of dye, diluted from 5000x to 20x for use. Each experiment
included a no protein control containing 100 mM HEPES buffer at pH 7. DSF assay was
performed on an Applied Biosystems ViiA 7 Real-Time PCR System using a temperature
gradient from 25 °C to 99 °C at a temperature ramp rate of 0.03 °C/s. The fluorescence
emissions and melting temperature measurements were analyzed using ViiA 7 Software
from Life Technologies.

Thermal challenge

Each scFv and scAb variant was subjected to the heat treatment at 70 °C at the concentration
of 1 mg/mL for 1 hour, unless noted otherwise, then cooled down and maintained at 4 °C for
20 min in a thermocycler (Applied Biosystems). Retaining binding affinity after the heat
treatment for each sample were subsequently assayed by ELISA.

Enzyme-linked immunosorbent assay (ELISA)

The half maximal effective concentration (ECsgg) values based on ELISA were used as the
apparent affinity values for comparisons between different variants. Costar 96 well ELISA
plates (Corning) were coated with 50 pL of 4 pg/mL HA33 antigen in PBS buffer at 4 °C
overnight. Wells were then decanted and blocked with 2% skim milk in PBS buffer for 2
hours at RT. After blocking, serially diluted antibodies bound to the plate for 1 hour,
followed by 1:5000 diluted mouse anti-NWSHPQFEK-tag HRP-conjugated secondary
antibody (GenScript) for 1 hour. For detection, 50 uL. TMB substrate (Thermo Scientific)
was added and quenched with 50 L 1 M H,SO4. Absorbance was measured at 450 nm
using a Tecan M200 plate reader, and data were analyzed and fitted using a 4-parameter
logistic nonlinear regression model in the GraphPad Prism software. All ELISA assays were
performed in triplicate.

Structural analysis

Crystals of C9+C14 were grown in hanging drops over a reservoir of 0.1 M Tris-HCI, pH 8.5
buffer with 15% (w/v) polyethylene glycol 2000. X-ray diffraction data were collected from
synchrotron radiation at beamline 5.0.3 of the Advanced Light Source (Berkeley, CA). Data
were then processed and scaled using the HKL2000 software suite®2. The structures of
C9+C14 were determined using molecular replacement by Phaser-MR from the PHENIX
suite® with 3UMT as a search model. Structures were refined with phenix.refine®3 along
with iterative model building in COOT®4. In the refinement, 5% of the test set was excluded
for Ryree Cross-validation®®. The final structures were evaluated by MolProbity®®. The data
collection and refinement statistics are summarized in Supplementary Table 4.

Data Availability
Coordinates and diffraction data have been deposited at PDB, accession number 6P79.

AIChE J. Author manuscript; available in PMC 2021 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal.

Supplement

Page 9

ary Material

Refer to Web version on PubMed Central for supplementary material.
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b
Variant Stabilized Number of Rosetta Score
Framework Mutations | [Design - WT] (REU)

C1 H1+H4 5 6.4

c2 H1+H3 4 -4.3

c3 L3 4 -35

C4 H1+H3 5 -3.2

C5 L3 4 -3.1

[«] L1+L4 2 -3.1

c7 H1+H3 3 -2.9

Ccs Li+L4 3 -25

c9 L1+L4 3 2.2

c10 H1 1 2.1

C11 H3 4 -2.0

c12 H3 3 -1.7

c13 H1 2 -1.1

C14 H1 1 -0.9

C15 H3+H4 3 -0.2
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Figure 1. Description of the cluster variants designed with Rosetta.
(a) Superimposed modeled structures of the 15 cluster variants. A diverse set of cluster

mutations were designed to cover most regions of the anti-HA33 Vi and V|_regions. The
designed mutations are depicted as stick representations. Yellow, V| ; green, V; blue, CDR.
(b) Description of the 15 variants. Framework regions of heavy (H) and light (L) with
introduced mutations are shown in the second column. WT, wildtype; REU, Rosetta Energy
Unit. More negative energies represent more stable folds. (c) Sequence alignments of the 15
cluster variants against wildtype. CDRs are delimited with boxes, and Vi and V| regions
are linked with a (GGGGS)4 linker.
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Figure 2. Characterization of the cluster variants.
(a) Melting temperatures (Ty,) of the anti-HA33 antibody in scFv and scAb formats. scFv

were generated using the approach summarized in Supplementary Figure 2. (b) SDS-PAGE
of the HA33 and the 13 variants expressed in scAb format (expected size: ~43 kDa). L,
protein ladder. (c) T, measurements of the designed variants expressed as scAbs. (d)
Retained binding activity of the designed scAb variants after thermal challenge at 70 °C for
1 hour. The percent binding affinity retained for each variant was calculated by setting the
half maximal effective concentration (ECsg) of each variant without the heat treatment as
100% and the ECsq of the wildtype after the thermal challenge as 0% (the C7, C8, and C10
variants were worse than the wildtype and set to 0). For (a), (c) and (d), averages are
calculated as mean with error indicating s.d., repeated in triplicates.
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Figure 3. Characterization of the best combinatorial variants.

(a) Ty measurements of wildtype (WT), C1+C9 and C9+C14 variants in scAb format. (b)
ELISA signal before and after the thermal challenges. Wildtype and each variant underwent
thermal challenge of heating at 70 °C for 1 hour or 2 hours before OD45q was measured. ()
Summary of binding affinities (ECsg) to HA33 before and after thermal challenges of 1 hour
or 2 hours. For (a)-(c), averages are calculated as mean with error indicating s.d., repeated in

triplicates.
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Figure 4. Comparisons between the Rosetta-predicted and experimentally-deter mined crystal
structure of the variant C9+C14.

(a) Superimposed structures of the modeled and experimentally determined structures. Root
mean square deviation (RMSD) between the two structures for each region is shown. (b)
Predicted interactions of the substituted residues (/ef?) compared to the observed interactions
formed by the residues (righi) for the mutations included in the variant C9. (c) Predicted
interactions of the substituted residues (/ef?) compared to the observed interactions formed
by the residues (righi) for the mutations included in the variant C14.
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