R

ONLINE METHODS

Subjects and samples. Samples were obtained from individuals with AITL
or PTCL-NOS, as well as from individuals with other mature T cell, mature
B cell and myeloid neoplasms, and were used after approval was obtained from
the local ethics committees at all participating institutes (Supplementary
Tables 1 and 3). Informed consent was obtained from all living subjects.
High-molecular-weight genomic DNA was extracted from archived speci-
mens that were frozen fresh or after fixation. DNA was also extracted from
paraffin-embedded, formalin-fixed samples for targeted amplicon sequenc-
ing. Constitutional DNA samples were obtained from buccal swabs, mono-
nuclear cells from apparently tumor-free bone marrow aspirates or peripheral
blood. Data on clinical outcomes were available for 71 subjects. Samples
of a subcohort of PTCL-NOS cases were reviewed by four expert hemato-
pathologists.

Within PTCL-NOS cases, a subgroup without the typical morphology
of AITL but having two or more of the following immunostaining features
was designated Tpy-like PTCL-NOS>: (i) positive staining for CD10 in
tumor cells, (ii) positive staining for PD-1 in tumor cells, (iii) proliferation
of CD21-positive follicular dendritic cells and (iv) the presence of
EBER-positive B cells.

Sorting of the tumor cell-enriched fraction and other fractions. CD4* and
CD8* T cell fractions were purified from skin tumors from subject PTCL159,
and CD4* and CD8* T cell, CD19* B cell and CD14* monocyte cell fractions
were purified from pleural effusion cells from subject PTCL160.

The skin tumor from subject PTCL159 was processed into single-cell
suspension. Cells were stained with fluorescein isothiocyanate (FITC)-
conjugated anti-CD4 antibody (BD Biosciences, 555346) and phycoerythrin
(PE)-conjugated anti-CD8 antibody (Dako, clone DK25) and were then
fractionated on a FACSAria (BD Biosciences).

Mononuclear cells (MNCs) were isolated from the pleural effusion of
subject PTLC160 by Ficoll-Paque density-gradient centrifugation. MNCs
were stained with FITC-conjugated anti-CD4 antibody and anti-CD14
antibody (BD Biosciences, 555397), PE-conjugated anti-CD8 antibody and
PE-conjugated anti-CD19 antibody (Dako, clone HD37) and were fraction-
ated on a FACSAria.

Whole-exome sequencing. Tumor DNA was extracted from subject biopsy
samples infiltrated with lymphoma cells. DNA from either buccal mucosa,
bone marrow MNCs without apparent lymphoma infiltration or peripheral
blood cells was used for the paired normal control. Whole-exome capture
was accomplished through the hybridization of sonicated genomic DNA to
the bait cDNA library synthesized on magnetic beads (SureSelect Human All
Exon 50Mb or V4 kit, Agilent Technologies). Captured targets were subjected
to massively parallel sequencing using a HiSeq 2000 (Illumina) according to
the standard protocol for 100-bp paired-end reads.

Detection of candidate somatic mutations was performed using our in-
house pipeline for whole-exome sequencing!® with minor modifications.
Briefly, sequencing reads were first aligned to the human reference genome
(hg19) using Burrows-Wheeler Aligner (BWA)?° version 0.5.8 with default
parameter settings. PCR duplicates were eliminated using Picard. The number
of reads containing SN'Vs and indels in both tumor and germline samples was
determined using SAMtools?’, and the null hypothesis of equal allele frequen-
cies in tumor and germline samples was tested using the two-tailed Fisher’s
exact test. A variant was adopted as a candidate somatic mutation if it had
P <0.01, was observed in bidirectional reads (i.e., in both the plus and minus
strands of the reference sequence) and its allele frequency was less than 0.1
in the corresponding germline sample. Finally, the list of candidate somatic
mutations was generated by excluding synonymous SNVs and other variants
registered in either dbSNP131, the 1000 Genomes Project or our in-house
SNP database constructed from 180 individual samples. All candidates were
validated by deep sequencing.

Validation of whole-exome analysis. Genomic DNA from tumors and
paired normal samples was amplified using the REPLI-g mini kit (Qiagen).
Regions that included candidate mutations were amplified by genomic PCR
using KOD cox neo (TOYOBO) with a NotI linker attached to each primer

(Supplementary Table 13). Products were combined, and DNA was purified
using the QIAquick PCR Purification kit (Qiagen) and digested with Notl.
Digested DNA was purified again, and a 1.5-pg aliquot of purified DNA was
ligated with T4 DNA ligase for 5 h, sonicated into ~150-bp fragments on
average using Covaris and used for the generation of sequencing libraries,
according to a modified Illumina paired-end library protocol. Libraries were
then subjected to deep sequencing on a MiSeq (Illumina) according to the
standard protocol for 150-bp paired-end reads.

Data processing and variant calling were performed with a set of modifi-
cations to the method described in a previous publication!®. Each read was
aligned to the set of targeted sequences from PCR amplification, for which
BLAT?!, instead of BWA??, was used with the -fine option. Mapping infor-
mation in the .psl format was converted to the .sam format with paired-read
information using an in house-generated my_psl2sam script. The script
was derived from the psl2sam.pl script distributed with SAMtools. Minor
changes were applied to the original script to give the paired-end informa-
tion upon conversion. Of the successfully mapped reads, the following reads
were excluded from further analysis: reads that mapped to multiple sites,
reads that mapped with more than four mismatched bases and reads that
had more than ten soft-clipped bases. Next, the Estimation_CRME script
was run to eliminate strand-specific errors and to exclude cycle-dependent
errors. A strand-specific mismatch ratio was calculated for each nucleotide
variant for both strands using data for those bases between 11 and 50 cycles.
To calculate the frequency of each SNV, all reads were mapped to the target
reference sequence using BLAT. The number of mapped reads was differen-
tially enumerated for the dichotomic alleles, i.e., mutant and wild-type alleles.
For indels, individual reads were first aligned to each of the wild-type and
indel sequences and then assigned to the one with which better alignment
was obtained in terms of the number of matched bases. Allele frequency was
calculated by enumerating each allele according to those assignments. SNVs
comprising equal to or more than 2.0% of total reads of the tumor sample
rather than the germline sample at each nucleotide position, if it existed, were
adopted as somatic mutations.

Targeted sequencing of the RHOA, TET2, IDH1, IDH2 and DNMT3A genes.
Targeted sequencing was performed to determine the mutation rate in a
large series of PTCL samples for the RHOA, TET2, IDH1, IDH2 and
DNMT3A genes. DNA samples from 79 tumors (46 AITL and 33 PTCL-
NOS) and 9 paired bone marrow or peripheral blood cell samples were
analyzed, including 6 pairs of tumors and controls analyzed by whole-exome
sequencing.

DNA samples were prepared as follows: 61 DNA samples were extracted
from fresh frozen biopsy specimens, and 18 DNA samples were extracted from
paraformaldehyde-lysine-periodate (PLP)-fixed frozen specimens (46 samples
were original DNA, and 33 samples were amplified using the REPLI-g mini
kit). All exons of the selected genes were captured with the SureSelect target
enrichment system (Agilent Technologies), and massively parallel sequencing
was then performed on a HiSeq 2000.

For each sample, all sequencing reads were aligned to hgl9 using BWA
version 0.5.8 with default parameters. After all duplicated reads and low-
quality reads and bases were removed, allele frequencies of SNVs and indels
were calculated at each genomic position by enumerating the relevant reads
using SAMtools. Initially, all variants showing allele frequencies of >0.02 were
extracted and annotated with ANNOVAR3? for further consideration if they
were found in >6 reads out of >10 total reads and appeared in both plus- and
minus-strand reads. All synonymous variants, known SNPs in public and pri-
vate databases, including dbSNP131, the 1000 Genomes Project as of 21 May
2012 and our in-house database, were removed. Candidate mutations whose
allele frequencies were <5% were validated by PCR-based deep sequencing
using Jon Torrent (Life Technologies).

Deep sequencing using Ion Torrent. Fragmented DNA was prepared in
the same manner as described above. Libraries were then subjected to deep
sequencing on lon Torrent according to the standard protocol for 300-bp
single-end reads. After excluding reads whose length was >200 bases or <50
bases to reduce sequencing errors, the allele frequency was calculated for each
SNV or indel as described above.
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Hotspot sequencing to identify RHOA mutations encoding p.Gly17Val.
Eighty DNA samples from tumors were extracted from unfixed biopsy
specimens (n = 1), PLP-fixed frozen specimens (# = 38) and formalin-fixed,
paraffin-embedded specimens (n = 41). All samples were original DNA
without amplification, except for one sample amplified using the REPLI-g
mini kit. Samples were subjected to genomic PCR with tagged PCR prim-
ers (Supplementary Table 14) and were subsequently prepared using the
NEBNext DNA Library-Prep Reagent Set for Illumina (New England BioLabs).
Products underwent massively paralle] sequencing on a MiSeq according to the
manufacturer’s protocol. The SNV representing a G-to-T change comprising
equal to or more than 2.0% of total reads at the ¢.G50 nucleotide position of
the RHOA gene was adopted as the mutation. Methods of data analysis were
the same as described above.

Antibodies. Antibodies used for protein blots or immunostaining were
mouse anti-RhoA (1:1,000; Cytoskeleton, ARHO03), mouse anti-f-actin
(1:2,000; Sigma, A5441), mouse anti-DDDDK tag (1:10,000; MBL, M185-3),
mouse anti-Myc tag (1:10,000 for WB, 1:500 for IHC; MBL, M192-3), mouse
anti-GST tag (1:2,000; MBL, M071-3), rabbit anti-ECT2 (1:1,000; Millipore,
07-1364), goat anti-mouse IgG conjugated to horseradish peroxidase (HRP)
(1:10,000; Dako, P0447), goat anti-rabbit IgG conjugated to HRP (1:10,000;
Dako, P0448) and Alexa Fluor 647-conjugated goat anti-mouse IgG (1:1,000;
Invitrogen, A-21235).

Cell lines and transfection. NIH3T3 cells (American Type Culture Collection)
were cultured at 37 °C in low-glucose DMEM (Sigma) supplemented with 10%
heat-inactivated FCS and 1% penicillin-streptomycin. Cells were transfected
with plasmids using FuGene6 transfection reagent (Promega) according to the
manufacturer’s protocol. Jurkat cells (European Collection of Cell Cultures)
were cultured at 37 °C in RPMI-1640 (Sigma) supplemented with 10% FCS
and 1% penicillin-streptomycin.

Mutagenesis and constructs. Human RHOA cDNA was isolated by PCR ampli-
fication from peripheral blood MNC-derived cDNA. Mutagenesis to create con-
structs encoding the Gly14Val, Gly17Val, Gly17de], Thr19Asn and Alal161Glu
mutants was carried out with the PrimeStar Mutagenesis Basal kit (TaKaRa)
according to the manufacturer’s instructions. All cDNA-encoded products
were tagged at their N terminus with the Flag and/or c-Myc epitope. These
constructs were subcloned into the pEF-neo expression vector, the pGCDN-
samIRESGFP retroviral vector and the tetracycline-inducible lentivirus-based
expression vector CS-TRE-PRE-Ubc-tTA-I2G7 (ref. 33). cDNA encoding the
ECT2-GEP fusion protein was kindly provided by T. Ishizaki (Oita University).
An N-terminal deletion mutant (residues 414-882) of ECT2 was generated
with the PrimeStar Mutagenesis Basal kit. Constructs encoding wild-type and
Gly17Val RHOA were subcloned into the pGEX-2tk vector (GE Healthcare).
All cDNA sequences were confirmed by Sanger sequencing.

Retrovirus production and generation of stable cell lines. For retrovirus
production, each retroviral vector was transfected into 293gp packaging cells
with a vesicular stomatitis virus G (VSV-G) expression plasmid®%. Retrovirus-
containing supernatant was used for the transduction of 293gpg cells to estab-
lish stable cell lines capable of producing high titers of VSV-G pseudotyped
retroviral particles, To establish cell lines stably expressing wild-type or mutant
RHOA, NIH3T3 cells were infected with these retroviruses. Infected cells
expressing GFP were isolated using a FACSAria. The purity of sorted cell
fractions consistently exceeded 95%.

Rhotekin binding assays. The amount of the GTP-bound form of the RHOA
protein was measured using the RhoA Activation Assay kit (Cytoskeleton)
according to the manufacturer’s instructions. Briefly, cell lysate was incubated
at 4 °C for 1 h with a GST fusion protein containing the RHO-binding domain
of rhotekin (GST-RBD) immobilized on glutathione Sepharose beads. After
washing the beads twice with lysis buffer and once with wash buffer provided
by the manufacturer, we fractionated bead-bound proteins by 12% SDS-PAGE
and immunoblotted with anti-RHOA and anti-Flag antibodies. Total cell lysate
was also blotted with anti-RHOA and anti-Flag antibodies to assess the frac-
tional ratios of rhotekin-bound RHOA proteins.

GEF-binding assays. GST-fused wild-type and Gly17Val RHOA proteins
were prepared as previously described with minor modification3>. Briefly,
GST-fused wild-type and Gly17Val RHOA proteins were expressed in BL21
competent Escherichia coli cells (TaKaRa), which were lysed in lysis buffer
(20 mM HEPES, pH 7.5, 150 mM NaCl, 5 mM MgCl,, 1% Triton X-100,
1 mM dithiothreitol and 1 mM phenylmethylsulfonyl fluoride) and subjected
to sonication. Lysate was cleared by centrifugation at 20,000g for 15 min at
4 °C, incubated with Glutathione Sepharose 4B beads (GE healthcare) for
45 min at 4 °C and washed twice with lysis buffer.

NIH3T3 cells were transiently transfected with a construct expressing the
N-terminal deletion mutant of ECT2 by FuGene6. After 48 h, cells were lysed
in lysis buffer, cleared by centrifugation and incubated with GST-fused wild-
type or Gly17Val RHOA protein bound to Sepharose beads for 2 h. Beads were
washed three times with lysis buffer. Bound material was boiled with Laemmli
buffer and blotted with anti-GST and anti-ECT2 antibodies.

SRE-RE reporter assays. For the measurement of activity on SRE-RE, luciferase
reporter assays were performed using the pGL4.34 reporter vector (Promega),
which contains an SRE-RE and a mutant form of the serum response ele-
ment lacking the ternary complex factor (TCF)-binding domain. SRE-RE was
designed to respond to SRF-dependent and TCF-independent signaling such
as the signaling that occurs after RhoA activation!®. NTH3T3 cells were seeded
in 24-well plates and cotransfected with pGL4.34 at 40 ng/well, the expression
vector pSRa containing B-galactosidase at 20 ng/well and the expression vector
pEF-neo containing various RHOA cDNA constructs at the concentrations
indicated. Luciferase activity was measured at 48 h after transfection, and
values were normalized by f3-galactosidase activity.

F-actin staining. NIH3T3 cells were transfected with constructs encoding wild-
type or mutant RHOA on glass coverslips. After 48 h, cells were fixed with 4%
paraformaldehyde in PBS for 15 min at room temperature and permeabilized
with 0.5% Triton X-100 in PBS for 10 min. After washing with PBS, cells were
incubated with rhodamine phalloidin (100 nM; Cytoskeleton). For double-
staining immunohistochemistry, permeabilized cells were blocked with 3%
BSA and 0.1% Triton X-100 in PBS. Then, cells were incubated with mouse
anti-Myc antibody (1:500 dilution) followed by Alexa Fluor 647-conjugated
goat anti-mouse IgG antibody (1:1,000 dilution) and rhodamine phalloidin
(100 nM). Nuclei were stained with DAPI. Images were obtained by confocal
laser scanning microscopy (Leica).

Lentivirus production and generation of stable cell lines. For lentivirus pro-
duction, each lentiviral vector was transfected into HEK293T cells with the
psPAX2 packaging plasmid and the pMD2.G envelope plasmid. To establish
cell lines inducibly expressing wild-type or Gly17Val RHOA, Jurkat cells were
infected with these lentiviruses. Infected cells expressing GFP were sorted on a
FACSAria. The purity of sorted cell fractions consistently exceeded 95%.

Cell proliferation assays. For cell growth assays, Jurkat cells transduced with
lentiviral vectors were incubated in 96-well culture plates, and the absorbance
at 450 nm was measured with Cell Counting Kit-8 (Dojindo) according to the
manufacturer’s instructions.

Cell cycle analysis. Cell cycle distributions were determined by 5-bromo-
2’-deoxyuridine (BrdU) and aminoactinomycin D (AAD) incorporation
using the APC BrdU Flow kit according to the manufacturer’s protocol
(BD Pharmingen). Briefly, Jurkat cells were incubated for 30 min in BrdU
(10 uM). Then, cells were fixed, permeabilized, treated with DNase and stained
with APC-conjugated anti-BrdU antibody and 7-AAD. Flow cytometry was
performed on a FACSCalibur cytometer (BD Biosciences), and data were ana-
lyzed with FlowJo software (Tree Star).

mRNA sequencing for Jurkat and NIH3T3 cells. Jurkat cells, inducibly
expressing wild-type or Gly17Val RHOA, were described above. Wild-type
or Gly17Val RHOA protein expression was induced by the addition of 2 ug/ml
doxycycline for 2 d (n = 2 for each). NIH3T3 cells were transiently transfected
with pGCDNsamIRESGFP vector encoding wild-type or Glyl7Val RHOA
(n = 2 for each). After 48 h, GFP-positive cells were sorted by FACSAria.
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Total RNA was extracted by RNeasy mini kit (Qiagen) using the RNase-free
DNase kit (Qiagen) to reduce contamination from genomic DNA according
to the manufacturer’s protocol. Libraries for sequencing were prepared
using the Illumina TruSeq RNA Sample Preparation kit v2, according to the
manufacturer’s instructions. Briefly, poly(A)* RNA was recovered from 1 jug
of total RNA using oligo(dT)-coated Sera-Mag magnetic beads. Recovered
poly(A)* RNA was then chemically fragmented. RNA fragments were con-
verted to cDNA using SuperScript IT and random primers. The second strand
was synthesized using RNase H and DNA polymerase I. cDNA ends were
repaired using T4 DNA polymerase, T4 polynucleotide kinase and Klenow
DNA polymerase. A single adenosine was added to 3’ ends using Klenow
fragment (3’-to-5’ exo minus). Adaptors were attached to cDNA ends using
T4 DNA ligase. Fragments were then amplified by ten cycles of PCR using
Phusion DNA polymerase. Libraries were validated with an Agilent 2200
TapeStation (Agilent Technologies) and were applied to an Illumina flow cell
using the Illumina Cluster Station. Sequencing was performed on a HiSeq
2000 with the paired-end 100-bp read option, according to the manufacturer’s
instructions.

Reads obtained from RNA sequencing were mapped to the reference tran-
script and genome using the Genomon-fusion pipeline. For the expression

level of each gene, the fragments per kilobase of exon per million mapped reads
(FPKM) value was calculated from mapped reads on the gene. GSEA was car-
ried out using GSEA version 2.0. The top ten highest gene sets of normalized
enrichment score were listed on the basis of FDR g values (<0.25). Curated
gene sets (c2.kegg.version 4.0, c3.tft.version 4.0 and c5.bp.version 4.0) used
in this study were obtained from MSigDB collections.
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Abstract

The optlmlzatlon of antlbodles isa desxrable goal towards the development of better therapeut|c strategles The antlbody ;
11K2 was previously developed as a therapeutic tool for lnﬂammatory diseases, and displays very high affinity (4.6 pM) for
_its antigen the chemokine MCP-1 (monocyte chemo-attractant protein- 1). We have employed a virtual Ilbrary of mutations

, of 11K2 to identify antlbody variants of potentially higher affinity, and to establish benchmarks in the engineering of a
- mature therapeutic antlbody The most promising candidates identified in the virtual screening were examined by surface“
© plasmon resonance to vahdate the ' computational predlctlons, and to charactenze their bmdmg affinity and key
~ thermodynamic properties in detail. Only mutations in the light-chain of the antibody are effective at enhancing its afﬁmty,
for the antigen in vitro, suggesting that the interaction surface of the heavy-chain (dominated by the hot-spot residue -

- Phel01) is not amenable to optimization. The single-mutation with the highest affinity is L-N31R (4.6-fold higher aff'nlty; ‘
“than WIId—type antibody). Importantly, all the single-mutations showing increase affinity incorporate a charged residue (Arg,
Asp, or Glu). The characterization of the relevant thermodynamic parameters clarifies the energetic mechanism. Essentially,

the formation of new electrostatic interactions early in the binding reaction coordinate (transition state or earlier) benefits
the durability of the antlbody antigen complex. The combination of jn silico calculations and thermodynamlc analysis is an

effectlve strategy to lmprove the affinity of a matured therapeutic antlbody ~
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deployment of biobetter strategies in the design and preparation of
improved therapeutics it is necessary to strengthen our under-
standing of the physicochemical properties of engineered antibod-
ies [10].

Introduction

The exquisite specificity and high affinity of antibodies are
increasingly exploited for therapeutic and biotechnological pur-

poses, such as in cancer immunotherapy, in diagnosis, and in
molecular bio-sensors [1-3]. Biobetter, defined as the biomedicine
successfully developed through functional and/or physicochemical
improvement of a natural molecule, provides a promising strategy
for the next generation of therapeutics [4]. However, the
optimization of the physicochemical properties of an antibody
without perturbing the affinity and specificity for the cognate
molecule is a challenging endeavor. Progress in this field is
accelerating, and successful examples of improved antibodies using
biobetter strategies have been reported, such as higher affinity for
the cognate, increased stability in solution, enhanced pharmaco-
kinetics, diminished immunogenicity, or conjugation to drug
delivery systems [5-9]. Nevertheless, to advance further the
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The interaction surface of antibody-antigen complexes involves
a large number of residues and water molecules establishing
multiple non-covalent interactions that are difficult to quantify at
the molecular and atomic levels. Although the evaluation of
protein-protein  binding energy remains a challenging task,
progress in computing performance and force-field parametriza-
tion are rapidly advancing our predictive capabilities [11,12].
Thus structure-based computational techniques are increasingly
employed in the design of biotherapeutic antibodies [13].

Herein, we report the improvement of the binding affinity of the
mature antibody 11K2 for its target antigen MCP-1 (monocyte
chemotactic protein-1), an important therapeutic target in
inflammatory diseases such as arteriosclerosis [14], allergy [15],
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and rheumatoid arthritis [16]. The design of an optimized version
of the antibody 11K2 with enhanced binding capabilities may
improve its therapeutic value in the treatment of inflammatory
diseases. Although the binding affinity of 11K2 for its antigen is
very high (4.6 pM) [17], the analysis of the crystal structure of the
antibody-antigen complex (PDB entry code 2BDN) suggests how
to further increase the affinity by optimizing the complementary
determining region (CDR) of the variable domain of the light
chain (Vr) (Figure 1) [18]. Indeed, the interaction surface between
the CDR of the Vi of 11K2 and the antigen is 257 A% a value
significantly smaller than that of the CDR of the variable domain
of the heavy chain (Vg) (511 AQ) [19]. Moreover, the evaluation of
the thermodynamic properties of the engineered antibodies is a
desirable goal towards increasing our predictive capabilities in
future optimization strategies.

In this report we have calculated the binding energy between
MCP-1 and a virtual library of systematic mutations at each of the
62 residues of the CDR of the antibody 11K2 by computational
methods. The in silico calculations suggest that single-mutations
carrying charged residues at specific locations favor the binding
energy with the antigen. The affinity of the most promising
candidates was determined experimentally by the technique of
surface plasmon resonance (SPR), which identified several muteins
with enhanced affinity for the antigen. The thermodynamic
analysis reveals the fundamental mechanism explaining the
superior binding capabilities of the optimized antibody. Our study
highlights the benefits of combining in silico and in vitro
methodologies for a more effective molecular design by biobetter
strategies.

Materials and Methods

Comprehensive mutagenesis in silico

Fach of the 62 residues belonging to the CDR of 11K2 (as
defined by Kabat [20] and Chothia [21]) were subjected to
systematic mutagenesis i# silico with each of the other 19 natural
amino acids (62x19 = 1,178 mutations). The initial coordinates
of 11K2 in complex with MCP-1 were retrieved from the PDB
(entry code 2BDN). For each mutation in the antibody, 100
randomized models were generated using the default parameters
of the program MODELLER of the Discovery Studio Suite
(Accerlys, San Diego, CA) [22]. Each model of the mutated
antibody-antigen complex was optimized by a combination of
simulated annealing followed by molecular mechanics minimiza-
tion until the mean square gradient decreased below 0.01 kcal
mol ™! A2, The interaction energy between antigen and antibody
in each of the 117,800 models was calculated using the default
values in the module Einteract of the package software MOE
(Chemical Computing Group, Canada) using the AMBER99 force
field after hydrogen atoms were explicitly added and minimized.
We used the default dielectric constant (80.0), mimicking the
behavior of water. Structural models of muteins lacking non-
covalent interactions with the antigen were not considered for
further analysis. For each mutation tested, the electrostatic and
van der Waals interaction energies were summed up and applied
as a surrogate to evaluate the affinity of the mutant for the antigen,
as described previously [23]. As a reference we built 1,000 model
structures of native antibody by optimizing the x-ray structure
using the program MODELLER as explained above. Mutations
displaying histograms with more favorable energy of interaction
than that of wild type protein were selected for in vitro
examination (H-L27R, H-L27K, H-N28D, H-N28Q, H-D31E,
L-Y30K, L-N31R, L-N31K, L-S53D, L-S53E, L-T56D, L-T56E)
(see a representative example in Figure S1).

PLOS ONE | www.plosone.org

Optimization of a Therapeutic Antibody

Expression and purification of MCP-1

The DNA encoding MCP-1 was synthesized by GeneArt
(Regensbyrg, Germany) and sequence-optimized for expression in
Escherichia coli (Table S1). The MCP-1 gene was expressed in a
vector pET26b (Novagen) displaying a hexa-histidine tag at the C-
terminus. The DNA sequence was confirmed by the dideoxy
chain-termination method.

E. coli strain Rosetta2 (DE3) cells Novagen) transformed with
the expression vector of MCP-1 were grown at 28°C in 2x YT
broth. Protein expression was induced by addition of 0.5 mM
isopropyl B-D-1-thiogalactopyranoside when the optical density at
600 nm reached a value of 0.6. Cells were allowed to grow for an
additional 16 h at 28°C. The cells were harvested by centrifuga-
tion at 8,000x g for 8 min and the pellet thus obtained was
resuspended in 40 ml of a solution containing 0.5 M NaCl and
50 mM Tris-HCI at pH 8.0 (buffer A). Cells were subsequently
lysed by the sonication method with an ultrasonic cell-disruptor
instrument (Tommy) for 15 min (Output 7, Duty 50). A compact
pellet containing the soluble intracellular components was
obtained by centrifugation at 40,000 x g for 30 min. The soluble
fraction was collected and applied onto a Ni-NTA column
(Novagen) equilibrated with buffer A. Protein was eluted with
stepwise increase of imidazole (10, 20, 30, 50, 100, 200, and
300 mM) in buffer A. The fractions containing MCP-1 were
pooled, and subjected to size exclusion chromatography using a
HilLoad 26/60 Superdex 75-pg column (GE Healthcare) equili-
brated with 50 mM Tris, NaCl 500 mM, EDTA 1 mM at pH 7.4.

Expression and purification of 11K2 scFv

The DNA encoding the single-chain variable fragment (scFv) of
11K2 was chemically synthesized by GeneArt and sequence-
optimized for expression in E. coli (Table S1). The 11K2 scFv
construct was expressed in vector pUTE [24] displaying a hexa-
histidine tag at the C-terminus. The DNA sequence was confirmed
by the dideoxy chain-termination method.

Cells of E. coli strain BL21 (DE3) (Novagen) were transformed
with the expression vector of 11K2 scFv and grown at 28°C in LB
broth. Protein expression, cell harvesting, and cell lysis were
performed as described above for MCP-1. A compact pellet
containing the insoluble intracellular components was obtained by
centrifugation at 7,500xg for 30 min. SDS-PAGE analysis and
western blotting were conducted using the insoluble fraction
(Figure S2). The soluble fraction was discarded. The insoluble
fraction was then solubilized with 6 M guanidine-HCI, 0.5 M’
NaCl and 50 mM Tris-HC] overnight at 4°C. After solubilization,
11K2 scFv was purified in a Ni-NTA column (Novagen) as
described above for MCP-1, except that the equilibration and
elution buffers were supplemented with 6 M guanidine-HCI
(denaturing conditions).

The purified antibody was refolded by the stepwise dialysis
method [25]. Briefly, 11K2 scFv was diluted to 7.5 uM with 6 M
Guanidine-HCl in 0.2 M NaCl, 50 mM Tris-HCI, 1 mM EDTA
(pH 8.0), followed by stepwise dialysis to remove the denaturant.
In order to increase the refolding efficiency, 0.2 M L-Arg-HCI was
added to the dialysis solution to minimize protein aggregation
when the concentration of guanidine-HCI decreased to 1-0.5 M.
The refolded antibody was further purified on a Hiload 26/60
Superdex 75-pg column equilibrated with a solution containing
0.2 M NaCl, 50 mM Tris-HCl and 1 mM EDTA (pH 8.0). The
same protocol was employed for the purification of the antibody
muteins.
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Figure 1. Crystal structure of 11K2 Fab in complex with its antigen MCP-1. The coordinates were retrieved from the PDB (accession code
2BDN). (A) Interaction surface of 11K2. The surface in magenta (Vy) and yellow (V) correspond to residues of the antibody interacting with the
antigen. Other residues are shown in light gray. The dotted line indicates the boundary between Vy and V| chains. The antigen is depicted in dark
green. (B) CDR of the antibody. All the residues belonging to the CDR were subjected to virtual systematic mutagenesis. The ribbons in magenta and
yellow belong to Vi, and V| chains, respectively. The dark green ribbons depict the antigen.

doi:10.1371/journal.pone.0087099.g001

Binding Assays by SPR

The interaction between MCP-1 and wild-type 11K2 scFv (or
muteins) was analyzed by SPR in a Biacore T200 instrument (GE
Healthcare). Research grade CMS5 Biacore sensor chip (GE
Healthcare) was activated by a short treatment with N-hydro-
xysuccinimide/N-ethyl-N’-(3-dimethylaminopropyl) carbodiimide
hydrochloride, followed by immobilization of the antigen MCP-1
at a surface density of ~220 RU. The activated groups on the
surface of the sensor were subsequently blocked by injecting 100 pl
of a solution containing 1 M ethanolamine. The kinetic data of the
binding of 11K2 scFv to the antigen were obtained by injecting
increasing concentration of antibody into the sensor chip at a flow
rate of 30 pl/min. The measurements were carried out in PBS
containing 0.005% (v/v) Tween-20. Contact time and dissociation
time were 5 min and 20 min, respectively. Data analysis was
performed with the BIAevaluation software (GE Healthcare).
Association (k,,) and dissociation (k,z rate constants were

10+ - L-Asndt

Energy (keal mol}

A
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Figure 2. Mutagenesis in silico. Average energy values (as the sum
of electrostatic and van der Waals energies) of all possible mutations of
two different residues (L-Asn31 and L-Ser53) of antibody 11K2 with
respect to wild-type. Negative values suggest higher affinity between
the mutated protein and the antigen. The mutations indicated by the
asterisks were selected for further examination by SPR.
doi:10.1371/journal.pone.0087099.g002
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calculated by a global fitting analysis assuming a Langmuir
binding model and a stoichiometry of (1:1). The dissociation
constant (Kp) was determined from the ratio of the rate constants

[26]:

Kp= koﬁ‘ / kon

Calculation of thermodynamic parameters

Changes in enthalpy (AH9 and entropy (AS9) were calculated
from the slope and intercept, respectively, of the temperature
dependence of the dissociation constant using the van’t Hoff
approximation [27]:

InKp=A4H°/RT+4S°/R

where R is the gas constant and T is the absolute temperature.

The activation energy parameters were obtained from the
temperature dependence of the association rate constant following
the Eyring approximation:

In (kon/ T)= —(4H*/RT)+(4S*/R)+ In (ks /h)

where k,, is the association rate constant, AH? is the activation
enthalpy, R is the gas constant, T'is the absolute temperature, 4S*
is the activation entropy, kp is the Boltzmann’s constant, and # is
the Plank’s constant.

Results

Computational Selection of Favorable Mutations

To improve the high-affinity of antibody 11K2 for its antigen
MCP-1 we sclected potentially favorable mutations from a virtual
screening (in silico) consisting of 1,178 single mutations (19
mutations for each of the 62 residues composing the CDR loops).
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Figure 3. Binding sensorgrams. (A) Binding of wild-type 11K2 to its antigen MCP-1. (B) Binding of mutein L-N31R to MCP-1. The arrows pointing
downward indicate injection of running buffer with 11K2 antibody. The arrows pointing upward correspond to the injection of buffer with no
antibody. The response signal is proportional to the amount of scFv 11K2 binding to a chip decorated with antigen MCP-1. The straight dotted line at
the top curve in each panel is drawn to appreciate the slower dissociation rate of the mutein with respect to the wild-type protein. The concentration

of antibody is given in each panel.
doi:10.1371/journal.pone.0087099.g003

The force field AMBER99 as implemented in the software MOE
was used to perform 100 energy minimizations of each mutation
(total was 117,800 minimizations), and the corresponding values of
energy were subsequently plotted as histograms (Figure S1). The
overall shape of the histogram and the median were used to
estimate the relative efficacy of each mutation with respect to wild-
type antibody. The relative energies of two representative sets of
virtual mutations are shown in Figure 2. The residues examined in
the example are L-Asp31 and L-Ser53, which are located in the
first and second CDR of the Vi, chain, respectively. In a large
number of virtual mutations, the change of energy is compara-
tively small (less than =3 keal mol ™ "). The greatest differences are
observed in virtual muteins displaying charged residues (Arg, Lys,
Glu or Asp). In some cases, the substitution by a charged residue
increases the attractive energy, whereas in other cases the value of
energy becomes clearly unfavorable. For example, the calculated
energy of mutein L-N3IR is clearly more advantageous for
binding the antigen than that of wild-type antibody (AE-" 'R =

Table 1. Kinetic parameters of binding of scFv 11K2 to MCP-1
at 25°C.

Kon (M7
Protein s7") Kose (s™7) Kp (nM)  KpVT1K™ ™ Improved
wT 14x10*  10x107* 080 1 3
H-L27R  14x10*  33x107* 24 0.3 NO
HL27K  11x10°  39x107% 35 02 NO
H-N28D  16x10°  16x10~% 1.0 08 NO
H-N28Q  22x10°  19x107™* 85 009 NO
H-D31E  30x10° 15x107* 50 0.16 NO
LY30K  13x10°% 31x107% 25 03 NO
LN31R  13x10°  022x107* 017 46 YES
L-N31K  34x10*  980x10™% 290 0003  NO
L-S53D  90x10°  055x107%  0.61 13 YES
L-S53E © 73x10°  014%10°% 019 42 YES
LT56D  22x10°  086x10™* 039 21 YES
LTS6E  10x10°  026x107* 025 32 YES
doi:10.1371/journal.pone.0087099.t001
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—15.4 kcal mol ™), whereas the relative change of energy in
mutein L-S53R is clearly destabilizing (AE*"S**® = 8.9 keal
mol™!). Mutations displaying very favorable changes of energy in
Figure 2 were selected for experimental validation by the
technique of SPR (muteins L-D31R, L-D31K, L-853D, and L-
S53E). The following muteins were also selected from the whole
virtual screening and examined by SPR: H-L27R, H-L27K, H-
N28D, H-N28Q, H-D31E, L-Y30K, L-T56D, L-T56E. We note
that 11 muteins from a total of 12 selected mutations involved
charged residues (92%).

Evaluation of the affinity by SPR

The kinetic rate constants of the binding of wild-type scFv 11K2
(and single-muteins) to immobilized antigen MCP-1 were exam-
ined by SPR (Figure 3, Table 1). The injection of the antibody to a
surface decorated with antigen produces an increase of the SPR
signal that is correlated with the association constant rate (k,p)
(Figure 3A). The dissociation rate constant (ko) is determined
from the signal decay after depleting the solutions from antibody.
The values of kg, and kog determined at 25°C were 14x10* M~}
s7' and 1.0x107* s7!, respectively, corresponding to a dissoci-
ation constant (Kp) of 0.8 nM. The small values of K,z indicate
slow dissociation rates — a clear evidence of tight binding of the
antibody to the antigen.

The values of K,y, Koz and Kp were also determined for each
mutein (Figure 4, Table 1). Significant differences emerge from the
comparison of their binding affinities. Whereas a majority of
mutations of the CDR of the Vi, chain give rise to a robust
increase of affinity with respect to the parent antibody (70% of
mutations), all mutations belonging to the Vy chain destabilize the
antibody-antigen complex. Overall, the mutation with the most
favorable effect for the affinity is L-N31R. This mutein binds 4.7-
fold stronger to the antigen than the wild-type antibody (Figure
8B, kon = 13x10* M1 s7h ke = 0.22x107% s Kp = 0.17
nM). Every mutein exhibiting higher affinity for the antigen than
that determined for wild-type antibody also displays slower ko4
values. In contrast, the destabilizing mutations, without exception,
accelerate the dissociation of the antibody from the antigen. Thus
the simple examination of k,y predicts the outcome of the
mutation in this particular antibody-antigen system.

Because the mutein L-N31R (displaying the most favorable
effect on affinity) incorporates the positively charged residue Arg

January 2014 | Volume 9 | Issue 1 | e87099
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0.1

Figure 4. SPR analysis of selected mutations. (A) Location of the residues selected in the virtual screening within the crystal structure of the
antibody-antigen complex (PDB entry code 2BDN). Mutations belonging to the heavy and light chains are depicted in magenta and yellow,
respectively. The antigen is shown in dark green. The hot-spot residue Phe101 is also shown (light green). (B) Relative kinetic parameters of the

binding of the muteins with respect to wild-type protein. Data is given in Table 1.

doi:10.1371/journal.pone.0087099.g004

we next examined the effect of the ionic strength in three different
solutions containing 137, 300 and 500 mM NaCl (Figure 5). No
major differences are observed in the kinetic rate constants (k,, or
kop or the affinity constant (Kp) of wild-type antibody. Similarly,
the kinetic parameters do not change dramatically in mutein L-
N31R, although we note that the values of k,, decrease slowly but
progressively from a value of 17x10* M™" s™! in 137 mM NaCl,
to a value of 13x10* M~ 5% in 500 mM NaCl (25% decrease).
Similarly, the affinity also decreases by approximately 25% as
manifested by an increase of Kp from a value of 0.36 nM to a
value of 0.47 nM. The data indicate a modest role of electrostatic
interactions, but only during the association (k,,) phase.

Thermodynamic characterization

Thermodynamic parameters for the wild-type antibody and for
the optimized muteins were obtained from the temperature
dependence of the dissociation constant, as described previously
(Figure 6, Table 2) [28,29]._ENREF_28 The van’t Hoff enthalpy
(4H ) and the entropy (—T4S°, calculated at 25°C) corresponding
to the binding of scFv 11K2 to MCP-1 displayed negative values
(AH°yr = —7.3 kcal mol™!, —=TAS°y = —5.0 kcal mol ™)
indicating favorable contributions from both energetic terms to the
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free energy of binding (4G % = —12.3 kcal mol™"). Important-
ly, the contribution of the enthalpic term increased substantially in
the muteins. For example, the value of AH °of L-N31R is 3.5-fold
more favorable to binding than that of wild-type antibody (4H °;.
v3zr = —25.6 keal mol™', AAH y3;2 = —18.3 keal mol™)).
The change of binding enthalpy of L-N3IR is largely (but not
completely) compensated by unfavorable changes of entropy
("‘ TASOL_N_;]R = 12.3 kecal molhl, “‘TAASOL_N_”R = 17.3 kcal
mol ™!, T = 25°C) resulting in a small advantageous change of
free energy with respect to the wild-type antibody (4G L-n372 =
—13.3 keal mol™", 44G% n31r = —1.0 keal mol“l). Similarly,
the other muteins exhibit favorable changes of enthalpy not
completely compensated by the entropy term. The thermody-
namic analysis clearly demonstrates the favorable contribution of
the enthalpy to the improved affinity, suggesting that the
mutations generate additional non-covalent interactions between
the antigen and antibody in agreement with the in silico
calculations performed above.

Energetic analysis of the transition state
The activation energy of each antibody-antigen complex was
determined from the temperature dependence of k,, (Table 3,

k Swrem] O K 13T
off £ 200 mBA 1.2 D 2 UG

I 200 mi

L-HNFIR

Figure 5. Effect of the ionic strength. (A) Association rate constant (k,,), (B) dissociation rate constant (k.g), and (C) dissociation constant (Kp).
The kinetic parameters of the binding of wild-type 11K2 (or mutein L-N31R) to the antigen MCP-1 were determined in running buffer containing

three different concentrations of NaCl (137, 300, or 500 mM) at 25°C.
doi:10.1371/journal.pone.0087099.g005
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Figure 6. Thermodynamic analysis. (A) Regression analysis of the temperature dependence of the dissociation constant Kp, yields the van't Hoff
enthalpy (AH 9, entropy (-TAS?) and free energy (AG 9. Empty squares and filled circles correspond to wild-type and L-N31R antibodies, respectively.
(B) Thermodynamic parameters corresponding to the binding of wild-type antibody to antigen. (C) Same parameters obtained for L-N31R.

doi:10.1371/journal.pone.0087099.g006

Figure S3). The activation free energy of wild-type antibody is
defined by the unfavorable interactions in the transition state (AHJ:
> 0), reflecting the negative contribution of the dehydration and/
or remodeling of protein-protein interactions during the rate
determining step (4 G* WTassoc = 10.6 keal mol—l, AHIWT,aSSOC =
11.4 keal mol™, —TAS* 7 assoc —0.8 kcal mol™!). The
relative activation free energy of the muteins does not change
significantly ~with  respect to the wild-type antibody
(—0.5<44 GiMUT)aSSOC<O.3). In contrast, the change of enthalpy
of the muteins is more advantageous (less unfavorable) than that of
wild-type antibody (“6.9<AAHIMUzaSSOC<—IO.7 kecal mol ™),
suggesting the formation of additional non-covalent interactions
between the optimized antibody and the antigen during the
transition state (Figure 7A). The values of change of enthalpy in
the transition state are correlated with the values of change of
enthalpy in equilibrium (Figure 7A). The negative values of
enthalpy at equilibrium (44H °ysy7) and at the transition state
(AAH + MUT.assoc) demonstrate that the charged residues introduced
in the optimized antibody improve the enthalpic contribution to
binding. These observations suggest that the charged residues
establish electrostatic interactions with the antigen, as depicted in a
model of the antibody antigen complex (Figure 7B). The novel
interactions are formed early in the complexation reaction, since
they play an important role early in the energetic profile of the
transition state. In the transition state, these non-covalent
interactions are perfectly counterbalanced by unfavorable changes

Table 2. Thermodynamic parameters of scFv 11K2.

of entropy, reflecting the loss of configurational energy at the rate-
limiting step incurred by the approaching proteins (— TAA4S* 471
Tassoe = 1.1 ~ 10.7 kcal mol™ ", calculated at 25°C) (Figure S4).
Although the free energy barrier that the muteins overcome in the
transition state is nearly identical within experimental error to that
determined for wild-type antibody (44G* ~ 0), their energetic
pathway towards the antibody-antigen complex in equilibrium
differs from each other.

Discussion

The affinity of the therapeutic antibody 11K2 for its antigen,
the inflammatory cytokine MCP-1, was enhanced up to ~5 fold
by employing structure-based computational design. Engineered
versions of the antibody were first designed in silico and
subsequently verified by in vitro techniques using a recombinant
scFv construct. The detailed thermodynamic characterization
revealed the physicochemical principles involved and the operat-
ing mechanism.

The selection of suitable candidates of potentially higher affinity
among a library of 1,178 virtual mutations was carried out by
computational energy minimizations, and the most promising
candidates (12 single-mutations) examined experimentaily by SPR.
Five candidates were mutated at the Vg chain, whereas seven
candidates were mutated at the Vy, chain. In five cases the affinity
of the optimized antibody increased with respect to the wild-type
antibody (42% of muteins tested) — a high success rate.

Protein 4H° (keal mol™")  44H° (kcal mol™")  -745° (kcal mol™")  -TA4S° (kcal mol™")  4G°(kcal mol™")  44G* (kcal mol™")
wr s Lo s 0 -123 0 o

L-N31R ~256 -183 123 173 -133 -1.0

L- 553D EEE 8 N 560 127 04

L-S53E -15.1 o 78 24 7.4 -127 04

LTS6D =117 44 -1 39 So-128 05"

L-T56E -14.5 72 19 69 k -126 -03

Values of —-TAS® and AG° are given at 25°C.
doi:10.1371/journal.pone.0087099.t002
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Table 3. Activation energy of association of scFv 11K2 to MCP-1.

Protein A (kcal mol™")  A4H (keal mol™")  -T4S” (kcal mol™")  ~7445 (kcal mol™"')  4G% (kcal mol™")  44G” (kcal mol™)
wro 4 e 08 0 o aee i

LN3IR 34 80 63 76 ' 02 -0.4

Lsss0 - 4p gy 0 e 72000 0 age g

L-SS3E 4.5 - -6.9 ' - 6A4‘ 7.2 ' 109 03

LTS6D 380 g 63 7. 10.1 . 05

L-T56E 07 -10.7 h 9.9 107 106 0

Values of ~-TAS* and AG¥ are given at 25°C.
doi:10.1371/journal.pone.0087099.t003

Importantly, only mutations made in the Vi, chain led to higher
affinity (five favorable muteins from a total of seven muteins
examined, i.e. 71% success rate). Such domain bias contrasts with
other computationally-based optimizations, in which favorable
muteins are evenly distributed among Vi and Vy, chains (reviewed
in Kuroda et al, 2012) [13]. The deleterious effect of mutations at
Vg for the binding of antigen reflects the excellent optimization of
this region in the wild type antibody, both in terms of interaction
surface (511 A2 for Vi; but only 257 A% for V1) and the presence
of a hot-spot residue (Figure 4) [18,30]. In other words, any
modification of the Vi chain by site-directed mutagenesis disturbs
the carefully orchestrated interaction surface with the antigen and
consequently reduces the binding affinity.

The single-mutations selected from the virtual screening
incorporate, in 92% of the cases, a charged residue. This
observation emphasizes the importance of the electrostatic forces
in the computational optimization. In two previous studies the
optimized antibodies incorporated multiple mutations in their
primary sequences [31,32]. For example, the improvement of the
binding affinity of an anti-epidermal growth factor receptor (10-

fold) required a triple mutation [31], whereas the optimization of
the antibody Y0101 for the antigen VEGT (9-fold) is achieved by
incorporating a total of six mutations [32]. Similarly, other
examples of antibody engineering not employing eclectrostatic
optimization also required multiple mutations as described in two
separate studies (between three and fourteen mutations) [33,34].
In contrast, our best design achieves a considerable increase of
affinity for a matured antibody (5-fold) but requiring only a single-
mutation, an approach less likely to alter the three-dimensional
structure of the antibody. We have not examined two or more
simultaneous mutations of 11K2, an approach that could yield an
optimized antibody displaying even higher affinity than that of the
single-muteins generated herein.

The enhanced affinity of the optimized 11K2 antibodies is
correlated with slower dissociation rate constants (kog) rather than
faster association rate constants (ko). On the contrary, the
destabilizing mutations accelerate the dissociation step, indicating
that K,z is a valid parameter to predict the effect of the mutation
on the affinity of this particular antibody-antigen complex. A
previous report suggested that the dissociation step is a first order

A L-N31R L-S53D L-S53E L-T56D L-TS6E
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Figure 7. Analysis of the binding enthalpy. (A) Favorable changes of binding enthalpy with respect to wild-type antibody at the transition state
(empty bar, AAH*) and at equilibrium (filled bar, AAH9. (B) Suggested model of the new interactions formed at the antibody/antigen contact surface
upon mutation. Residues depicted in yellow and dark green correspond to 11K2 and MCP-1, respectively. The conformation of the side-chain of the
mutated residues was modeled from the Dunbrak library of rotamers [44] as implemented in the program Chimera [45] (the most probably rotamer
was always selected, except in L-Arg31, where the second most probable rotamer was chosen). Because Lys35 of MCP-1 is not interacting with a
neighboring residue in the crystal structure, the conformation of this residue was also modeled as above. The dotted lines and distances represent
putative interactions between the mutated residues and the antigen.

doi:10.1371/journal.pone.0087099.g007
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reaction whose rate is dictated by the strength of short range
interactions between the proteins (van der Waals forces, hydrogen
bond, hydrophobic effect, and salt bridges) [35]. Our results
convincingly demonstrate that introducing a charged residue in
11K2 increase the affinity for the antigen and slows down k.

The examination of the thermodynamic parameters (Table 2)
indicates that the optimization of the affinity of the antibody-
antigen complex is the result of beneficial contributions of
enthalpic nature originating in the transition state (A4H*<0). Tt
is important to understand the underlying mechanism in terms of
the reaction coordinate diagram or “interaction pathway” (Figure
8) [36-39]. First, antigen and antibody collide with each other
forming the so-called encounter complex (psec scale) leading to a
weakly interacting complex in which the hydration of the protein
surface is not altered significantly (not shown) [36,40]._EN-
REF_35 The encounter complex progress towards the transition
state, although with low efficiency [41]. In the transition state, the
antigen-antibody partners lose their hydration layers at the
interaction surfaces, and a reconfiguration of intra- and inter-
molecular forces takes place. Our results indicate that the
beneficial effect of the mutations to the enthalpy in the transition
state (AAH*<0) is also preserved in the equilibrium complex
(44 H°<0). In other words, the electrostatic interactions generated
in the optimized muteins are actively contributing to binding early
in the reaction coordinate, perhaps as early as in the encounter
complex, which is a state particularly sensitive to long-range
coulombic forces [36]. The new and favorable non-covalent
nteractions of the optimized muteins are not entirely translated
into higher affinity of a similar energetic magnitude, since the
entropy/enthalpy compensation effect reduces the influence of the
enthalpy advantage in the free energy [42,43]. Our data indicates
that ultimately the enthalpy advantage prevails over the entropic
disadvantage in the final antigen-antibody complex albeit with low
efficiency since only 5% of the favorable enthalpy is converted in
useful free energy (Figure S4).

PLOS ONE | www.plosone.org

In summary, we illustrate the benefits of using computational
methods to design an optimized antibody with higher binding
affinity for its cognate antigen. In particular, the incorporation of
charged residues improve the affinity by a combination of
favorable enthalpic contributions early in the transition state (or
even earlier in the encounter complex), and slower dissociation
rates (Koz). We hope our study will encourage further investiga-
tions into the fundamental physicochemical basis of protein-
protein interactions.

Supporting Information

Figure S1 Representative examples of energy distribu-
tion histograms corresponding to the interaction be-
tween 11K2 and MCP-1. The figure shows the histograms of
the wild type (black dotted), the favorable mutein L-N31R (solid,
red), and a neutral mutein L-T52S (solid, blue). Muteins displaying
favorable histograms with respect to wild-type antibody (i.e. shifted
towards the left in the figure above) were selected for additional
analysis.

(TIF)

Figure S2 SDS-PAGE of insoluble fraction of 11K2 scFv.
(TIF)

Figure S3 Decomposition of energy terms along the
reaction pathway. The data are given in Table 3 of the
manuscript. In each plot, the three energetic levels correspond to
the free antibody and antigen, the transition state, and the
antibody/antigen complex.

(TI)

Figure S4 Entropy/enthalpy compensation plot. (A)
Values at equilibrium. (B) Values at the transition state.

(TIF)

Table S1 DNA and primary sequence of MCP-1 and
scFv-11K2.

(PDF)
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