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Abstract

Protein structure dynamics are critical for understanding structure-function relationships.
An antibody can recognize its antigen, and can evolve toward the immunogen to
increase binding strength, in a process referred to as affinity maturation. In this study, a
single-chain Fv (scFv) antibody against (4-hydroxy-3-nitrophenyl)acetyl, derived from
affinity matured type, C6, was designed to comprise the variable regions of light and
heavy chains connected by a (GGGGS); linker peptide. This scFv was expressed in
Escherichia coli in the insoluble fraction, solubilized in the presence of urea, and
refolded by stepwise dialysis. The correctly refolded scFv was purified, and its
structural, physical, and functional properties were analyzed using analytical
ultracentrifugation, circular dichroism spectrometry, differential scanning calorimetry,
and surface plasmon resonance biosensor. Thermal stability of C6 scFv increased
greatly upon antigen binding, due to favorable enthalpic contributions. Antigen binding
kinetics were comparable to those of the intact C6 antibody. Structural dynamics were
analyzed using the diffracted X-ray tracking method, showing that fluctuations were
suppressed upon antigen binding. The antigen binding energy determined from the
angular diffusion coefficients was in good agreement with that calculated from the
kinetics analysis, indicating that the fluctuations detected at single-molecule level are

well reflected by antigen binding events.
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Introduction

Antibodies are capable of recognizing various types of antigens by
antigen-combining sites, constructed mainly from amino acid residues in
complementarity determining regions (CDRs). Primary antibodies produced at an early
stage of immunization have low affinity toward the immunized antigen, while those
secreted at a later stage have higher affinity. This observation is referred to as affinity
maturation [1] and has been shown to be induced by somatic hypermutation [2,3].
Structural and functional analyses of antibodies on the pathway of affinity maturation
can elucidate the molecular mechanism of protein recognition. Such analyses can also
inform rational protein design, for example, by suggesting ways to increase the affinity
and specificity of antibodies [4-6]. By analyzing many kinds of monoclonal antibodies
during affinity maturation, their respective antigen recognition mechanisms can be
investigated. The molecular insights obtained by studying in vivo evolution can be
applied for rational design. One of the most important and challenging problems in this
process should be to elucidate the structural dynamics induced upon antigen binding.
Although great numbers of protein structures have been determined at atomic resolution
using X-ray crystallography and NMR, most of these are static models representing
only the most stable structure or the averaged structures. The conformational changes
induced in antibodies upon antigen binding, together with the conformational selection
processes present in the conformational ensembles of antibodies and/or antigens, are
critical for a deeper understanding the structure-function relationship of antibodies
[7-9].

In this study, we produced a single-chain Fv (scFv) antibody against
(4-hydroxy-3-nitrophenyl)acetyl (NP), and analyzed its structural, physical, and
functional properties. The advantages of generating scFv antibodies are as follows. First,
tertiary structure and structural dynamics can be analyzed using NMR, because of the

small size of scFv molecules relative to Fab and intact antibodies, while retaining



antigen binding ability [10,11]. Second, peptides or proteins could be appended to the
N- and/or C-terminus of the scFv, when expressed in Escherichia coli. Third, the
specific site of an scFv can be changed by site-directed mutagenesis, and its effects on
structure and function can be analyzed. In the case of anti-NP antibodies, many
monoclonal antibodies have been produced, and their affinity maturation process has
been analyzed [12-14]. We can investigate the effects on structure and function of
residues appearing in known monoclonal antibodies, but cannot assess the effects of
residues or its combination unchanged in the antibodies. It is difficult to confirm
whether antibodies different from those obtained as monoclonal antibodies are in fact
generated but selected during the maturation process or not being generated. In the case
of anti-NP antibodies, Azuma’s group have shown that there are two key residues, the
33" and 95™ in the heavy chain, for affinity maturation [13,15]. Antibodies with Trp33
and Tyr95 appear at the early stage of immunization, and those with Leu33 and Tyr95
appear at the next stage, resulting in a ~10-fold increase in antigen binding affinity. At
the later stages through another strategy that raises affinity ~100-fold, antibodies
containing Trp33 and Gly95 appear. It will be interesting to understand the role of these
two residues in the structural dynamics of the antibody and in the antigen recognition.
As the first step, we expressed and purified an scFv derived from C6, an affinity
matured antibody possessing Trp33 and Gly95 in the heavy chain. In this study, the
diffracted X-ray tracking (DXT) method was applied to analyze the structural dynamics
of the scFv [16-20]. Using an N-terminal His-tag, the scFv was immobilized on a
Ni-NTA (nitrilotriacetic acid) substrate for the DXT measurement. Using this system,
the scFv molecules can be arranged homogeneously for antigen binding with little steric
hindrance. The DXT experiments could detect the structural dynamics of C6 scFv and

its change upon the antigen binding at single-molecule level.



Materials and Methods
Expression and purification of scFv

Genes encoding the anti-NP scFv (-VL-(G4S)3 linker-VH-) were amplified by
PCR using the template encoding VL and VH domains with following primers:
VL-BamH]I-sense: 5’-GAAAAGCGGATCCGCCCAGGCTGTTGTGACTC-3,
VL-GS-antisense:
5’-ACCAGAGCCGCCGCCGCCGCTACCACCACCACCCTGGCCTAGGACAGTC-
3, VH-GS-sense:
5’-AGCGGCGGCGGCGGCTCTGGTGGTGGTGGATCACAGGTCCAACTGCAG-3,
VH-EcoRlI-antisense: 5’-AAAAGAATTCTCATCATGAGGAGACTGTGAGAG-3".
The amplified gene fragment was inserted into plasmid pET-32TH slightly modified
from pET-32a(+). The vector was transformed into E. coli BL21 (DE3) codon plus. The
transformed cells were cultured in LB medium at 37°C. When the culture reached an
Agoo Of about 0.6, isopropyl-p-D-thiogalactopyranoside (IPTG) was added to a final
concentration of 0.1 mM. Cells were cultured for a further 12 h at 22°C. The harvested
cells were suspended in 50 mM Tris-HCI (pH 9.0) buffer containing 150 mM NaCl, 1
mM EDTA, 1 mM DTT, and 0.5% Triton X-100, and lysed by sonication. The insoluble
fraction was collected by centrifugation and resuspended in washing buffer, 50 mM
Tris-HCI (pH 9.0) containing 150 mM NaCl, 1 mM EDTA, and 0.5% Triton X-100.
This washing process was performed three times, and then, the sample was washed a
further three times using washing buffer without Triton X-100 to remove the surfactant.
Finally, the pellet was solubilized in solubilization buffer, 50 mM Tris-HCI (pH 9.0)
containing 8 M urea, 150 mM NaCl, 1 mM EDTA, and 10 mM DTT. The solubilized
scFv was refolded by stepwise dialysis. The urea concentration was decreased stepwise
from8 M to 0 M, via 4, 2, 1 M. As additives, 1 mM glutathione (oxidized form) and 0.4
M L-arginine were added at the 1 M urea step. Following dialysis, the solution was

centrifuged to remove minor precipitation. In order to remove the thioredoxin-tag at the



N terminus of scFv, thrombin (Mochida Pharmaceutical Co., Ltd.) was added, and the
solution was incubated overnight at 4°C. Finally, the scFv was purified using an antigen
column, in which NP conjugated to BSA was immobilized on the resin (NHS-activated
sepharose 4; GE Healthcare). Captured scFv on the column was eluted with 10 mM
Gly-HCI (pH 2.7) and neutralized immediately with 2 M Tris-HCI (pH 9.0). The
concentration of scFv was calculated with molar absorption coefficient of 5.64 x 10°
M™ cm™ at 280 nm. The plasmid encoding the N54M mutant scFv was generated by
site-directed mutagenesis, and the protein was expressed and purified in the same

manner.

Antigen preparation

NP-coupled e-aminocaproic acid (NP-Cap), NP-coupled bovine serum albumin
(BSA) at a molar ratio of 8.2:1 (NPg»-BSA), and (4-hydroxy-3,5-dinitrophenyl)acetyl
(NNP) -coupled BSA at a molar ratio of 6.4:1 (NNPs 4-BSA) were prepared as described
previously [21]. The concentrations of NP and NNP were determined using molar
absorption coefficients of 4.23 x 103> M™* cm™ at 430 nm and 7.12 x 10° M™* cm™ at 445

nm, respectively [22].

Analytical ultracentrifugation experiments

Analytical ultracentrifugation sedimentation velocity (AUC-SV) experiments
were performed using a Beckman Optima XL-A analytical ultracentrifuge equipped
with the 4-hole An60 Ti rotor at 20°C using double-sector centerpieces with the quartz
windows. The concentration of scFv was 20 uM (Azgo = 1.2) in PBS and the speed of
rotation was 60,000 rpm. A radial step size of 0.003 cm was used for scanning which
was carried out for 2 min in continuous scan mode and data was collected using

absorbance optics at 285 nm. The distribution of sedimentation coefficient was analyzed



using c(s) method of Program SEDFIT [23]. The position of the meniscus and the cell

bottom were floated during the fitting.

CD experiments

Far UV CD spectra were measured in 40 mM potassium phosphate buffer (pH
7.3) at 20°C on a Jasco J-820 spectropolarimeter. The scFv concentration was 0.02
mg/ml. CD spectra were obtained under the following condition: optical path length of

1 cm, scan rate of 20 nm/min, response time of 1 sec, and bandwidth of 1 nm.

DSC experiments

Thermal stability of scFv was analyzed using Nano-DSC Il calorimeter (TA
instruments). Solution of scFv at 0.4 mg/ml in 40 mM potassium phosphate buffer (pH
7.3) was heated from 20 to 80°C at a scan rate of 1.0°C /min. Collected data were
analyzed on origin software and midpoints of thermal denaturation (Tg), heat capacity
change (AC,) at T4, and calorimetric enthalpy change (AHca) were calculated by fitting
analysis [24]. The van’t Hoff enthalpy change (AH,n) was estimated from following
equation,

C, (Ta)
AHy (Tg) = 4RT4 N (7 (1)

where C, is the molar excess heat capacity, and R is the universal gas constant. The

Gibbs free energy of unfolding as a function of temperature, AGn(T), could be

calculated from the following equation,

AGw(T) = AHea(Te) (1-7) ~ AG,T In = ~AC,(Ty=T)  (2)

SPR experiments
Antigen-antibody interactions were analyzed using SPR biosensor (Biacore

T200, GE Healthcare). Antigens, NPg»-BSA and NNPg4-BSA were immobilized on the



dextran surface of a CM5 sensorchip (GE Healthcare) with amine coupling method.
ScFv was diluted at eleven concentrations (0.781, 1.56, 3.13, 6.25, 12.5, 25.0, 50.0, 100,
200, 400, and 800 nM) in PBS containing 0.005% Tween 20 (running buffer) and the
association of each solution was recorded at rate of 20 pl/min for 3 min. The
dissociation of the complexes was measured by injecting running buffer alone for 3 min,
followed by injecting of 3 M Gdn-HCI containing 1 M acetate for 45 s as regeneration.
The experiments were performed at 25°C and collected data were analyzed using the
BlAevaluation 3.1 software. The sensorgrams were first examined by adjusting for
background changes reflected in the bulk refractive index, using sensorgrams of
interactions between C6 scFv and negative control dextran surface on the chip.
Obtained curves were fitted to a 1:1 binding model using global fitting method to
determine the Kkinetic rate constants, association rate constant (ko) and dissociation rate
constant (ko). The association constant (K,) was calculated from the two rate constants:

Ka = Kon/ Kot

DXT experiments

The target protein was labeled with a gold-nanocrystal which was used as a
motion tracer. The angular displacement of the nanocrystal was analyzed about two
rotational axes, tilting (0) and twisting (y) directions. Polyimide films (50 pum thick,
Kapton, Du Pont-Toray, Tokyo, Japan) were coated with elemental chromium (4 nm)
and gold (10 nm) by vapor deposition, and used as a substrate. The substrate was soaked
overnight at 4°C in 1.6 mM
3,3'-dithiobis[N-(5-amino-5-carboxypentyl)propionamide-N',N'-diacetic acid]
(Dithiobis (C,-NTA), Dojindo Laboratories) dissolved in ethanol. The modified
substrate was washed with ethanol, and then soaked for 4 h at 4°C in 100 mM NiSO,
dissolved in 50 mM MOPS (pH 7.0) to generate Ni**-chelates. His-tagged protein

solution was loaded on the Ni**-treated substrate for 7 h at 4°C. Gold-nanocrystals were



obtained by vacuum evaporation on a NaCl or KCI (100) surface [25] and dissolved
with detergent, n-decyl-B-D-maltoside (Dojindo Laboratories), in 50 mM MOPS (pH
7.0). The gold-nanocrystal solution was applied to the protein immobilized on the
substrate, and incubated for 7 h at 4°C. This was followed by washing and filling the
upper space of substrate in the experimental chamber (~7 ul) with the HBS buffer
solution of 10 mM HEPES (pH 7.3) and 140 mM NaCl in the absence or presence of
0.3 mM NP-Cap. DXT measurements were performed using synchrotron radiation at
SPring-8 (Japan), on high-flux beamline BL40XU. Photon flux at the sample position is
estimated to be ~10" photon/sec/mm? in an energy range from 14.0 - 16.5 keV. The
incident X-ray beam was about 50 um in diameter. Diffraction images were collected
with an X-ray image intensifier (Hamamatsu Photonics, V5445P) and a CMOS camera
(SA1.1, Photron, Japan). To trace diffracted spots, Particle Track and Analysis: PTA
(Copyright (2010) Yoshiyuki Arai) was used and trajectories were analyzed using

custom software written for IGOR Pro (Wavemetrics, Lake Oswego, OR).



Results

An scFv of anti-NP monoclonal antibody, C6, was designed for this study. VL
and VH regions were connected by a linker region comprising three repeats of the
peptide, GGGGS (Fig. 1). The protein was expressed in the insoluble fraction, and
solubilized using 8 M urea. The refolding was carried out by stepwise dilution of urea,
as described in the “Materials and Methods” section. Most of the scFv could be
solubilized (95%) in the presence of 8 M urea, and only a little precipitation was
observed during all the refolding steps. SDS-PAGE analyses for each purification step
are shown in Fig. 2A, and the purity and yields are summarized in Table 1. Various
refolding conditions were evaluated to increase the total amounts of correctly refolded
scFv. The efficiency seems to be better when the sample concentration during dialysis is
kept below 100 uM. The final step of purification using an antigen column indicates
that ~1.5% of the solubilized protein is correctly refolded, possessing antigen binding
ability. To analyze the oligomeric state of scFv, analytical ultracentrifugation
experiments were carried out (Fig. 2B). The main peak (24.9 kDa, Fig. 2C)
corresponded to the expected molecular mass (theoretical value, 27.1 kDa), indicating
that the purified C6 scFv exists in a monomeric state (~96.6%).

The secondary structure of C6 scFv in the absence or presence of antigen was
analyzed using CD spectroscopy (Fig. 3A). The results indicate that C6 scFv is folded
and has a typical p-sheet rich structure. The far-UV CD spectrum remained unchanged
upon antigen-binding. Thermodynamics of unfolding were analyzed using DSC (Figs.
3B and 3C). Thermal stability increased by ~18°C upon the antigen binding (Table 2).
Despite irreversible thermal unfolding, a two-state model was applied to fit the data, and
thermodynamic parameters were determined (Table 2). The ratio of AHc/AH,y was
approximately 1, indicating that C6 scFv transits to the unfolded state in cooperative

manner.
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The antigen binding ability of C6 scFv was analyzed using SPR biosensor (Fig.
4). In addition to the binding to immobilized NP-BSA, that to immobilized NNP-BSA
was also analyzed, and the binding kinetics were determined (Table 3). The binding
ability of C6 scFv is comparable to that of intact C6 reported previously [22].
Heterocliticity was observed since binding affinity to NNP was higher relative to NP.
Taken together with the results of structural and physical analyses using CD and DSC,
the antigen binding analyses indicate that C6 scFv is likely refolded correctly and has a
functional structure.

The structural fluctuation of C6 scFv in the absence or presence of antigen was
analyzed using DXT measurements. C6 scFv was immobilized on the Ni?*-chelated
substrate via its N terminal His-tag. Gold-nanocrystals were labeled on the surface of
scFv as a motion tracer. In order to label gold-nanocrystal at the specific site, N54M
mutant of C6 scFv was used, because of tight interaction between gold and sulfate. The
residue at VH54 locates in the CDR-H2 loop, making it possible to detect the effect of
antigen binding on the structural dynamics. The crystal structure of germline-type of C6,
N1G9, in complex with NP indicates that 54™ residue of heavy chain is exposed to the
solvent with little effects on antigen binding [26]. The CD and SPR experiments showed
that the N54M mutation has little effects on the secondary structure and antigen binding
ability (data not shown). The motions of N54M C6 scFv in the absence or presence of
NP were analyzed in two rotational directions, representing tilting (6) and twisting ().
More than 300 trajectories were tracked in each condition, and these traced data were
used to get mean square angular displacement (MSD) curves (Fig. 5). In MSD analysis,
the slopes of the curves for scFv were decreased upon the addition of NP either in 6 or
direction. The angular diffusion coefficients (D) calculated from the slope of the MSD
curves are summarized in Table 4. The results indicate that the large-scale motions of

scFv are suppressed upon the antigen binding.
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Discussion

Based on previous reports [27,28], we carried out stepwise dialysis under
different conditions to increase the refolding efficiency of our scFv. The purification
step using an antigen column indicated that ~1.5% of the solubilized scFv could be
refolded, while retaining antigen binding ability. The rest of the molecules were likely
misfolded, and thus could not bind to the antigen. Although most of the scFv could be
solubilized during the stepwise dialysis, even in the final 0 M urea step, the correctly
refolded scFv was limited, which can be detected by using antigen column. The
SDS-PAGE analysis performed under non-reducing conditions showed several bands
corresponding not only to monomer but also to oligomers (data not shown), suggesting
that incorrect disulfide bonding patterns are one of the reasons for misfolding. The
antigen binding kinetic parameters of C6 scFv purified in this study are comparable to
those of intact C6 antibody reported previously [21]. In the case of intact antibody,
because of its two combining sites, avidity arising from multivalent binding is observed
for the antigen immobilized sensor chip. In contrast, only monovalent binding is
observed in the case of scFv, as expected. Anti-NP antibodies are known to bind to
hapten analogs such as NNP with higher affinity than to the autologous hapten, which is
referred to as heterocliticity [22]. This phenomenon was also observed for C6 scFv
(Table 3), supporting the notion that C6 has a functional structure. The complex with
NNP is more stable than that with NP, because of the additional van der Waals contacts
with the nitro group of NNP [22]. This would result in a slower dissociation rate (Table
2). Taken together with the structural analyses using CD and ultracentrifugation (Figs.
2C and 3A), the results demonstrate that C6 scFv likely folds correctly and that it
possesses antigen binding ability comparable to that of the Fv region from intact C6
antibody.

Thermal stability of C6 scFv was increased upon antigen binding (Table 2). To

analyze the thermodynamic origin of the stability difference, the thermodynamic
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parameters at 48.5°C, the denaturation temperature in the absence of NP, were
calculated using the AC,, value [29]. The results indicate that the increased stability upon
antigen binding is mainly due to enthalpic contribution (Table 5). Intermolecular
interactions between C6 scFv and NP would increase the enthalpy change. Upon antigen
binding, the scFv structure itself is expected to become more rigid [14]. The rigid
structure in the native state would contribute to the favorable enthalpy change
associated with unfolding, partially compensated by the unfavorable entropy change.
The other favorable contributions such as hydration would result in the entropy change
for C6 scFv with NP same as that without NP (Table 5).

The DXT experiments could detect the structural dynamics of proteins at the
single-molecule level. The coverage of scFv molecules on the gold surface could be
analogized by the previous study on quartz crystal microbalance (QCM) using the same
chemical reagents for immobilized His-tagged protein on the gold surface [30]. The
QCM study showed that the coverage of His-tagged proteins on the gold substrate was
1.9 pmol/cm?, corresponding to 1.1 molecules per 10 nm squares. Considering the
diameter of gold-nanocrystal used for DXT study (several tens of nm) and its labeling
efficiency for scFv, most of our DXT study would provide single molecule level
information. As shown in Fig. 5, the slopes of the MSD curves were distinctly different
between antigen free and bound forms in each direction. In the previous experiments
using anti-NP Fab fragments, Fab molecules were immobilized on the substrate via
amine-coupling [17]. Since anti-NP Fab fragments have ~20 Lys residues on their
surface, the orientations of Fabs were heterogeneous. In this study, C6 scFv was
immobilized via an N-terminal His-tag. Therefore, the scFv molecules could be
immobilized uniformly, and bind to antigens in a fashion similar to those in solution. In
this study, we chose the residue at VH54 (Met) to label with gold nanocrystals, because
it is exposed to solvent and is located at CDR2, whose movements would be greatly

affected by antigen binding. MSD analysis showed that the movements of scFv
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molecules in both 6 and y directions appeared suppressed upon addition of NP (Fig. 5).
The functional and specific motions for y angle were observed in some cases [18,19].
The DXT experiments using C6 Fab also produced the decreased slopes in MSD curves
upon the antigen binding, especially in 6 direction. The angular motion can be
converted to translational length (d) by assuming a center axis for rotation using the
equation, d = re, where r is the radius of rotation and « is the angle rotation in radians.
The MSD values from Fabs ranged from about 1 to 3 A% at a few hundred msec [17]. In
the present study using C6 scFv, the value was within 10 mrad at a few hundred psec.
When this value is converted into A units at msec scale (assuming the r value of scFv
is 50 A), the MSD from scFv is ~2 A2, comparable to the Fab results.

As described previously [17], antigen binding energy could be calculated from
the D values, using the following equation,

AG = -RT In K, = a In(Dy/Dy) + 3
where Dt and Dy, are the values for antigen free and bound states, respectively. Using the
values of « (14.6 kJ/mol) and £ (—30.1 kJ/mol) determined previously [17], AG values
are estimated to —41.5 and —43.5 kJ/mol for 6 and y angles, respectively. These values
are in good agreement with that determined in the present SPR experiments, —46.9
kJ/mol (Table 3), suggesting that the fluctuations detected at the single-molecule level
are well reflected from the antigen binding event in solution.

Using refolded scFv, it is possible to analyze how the structural dynamics
change upon antigen binding. It will be interesting to compare the results of our DXT
experiments with those from other biophysical methods such as NMR and calorimetry,
which provide structural “ensemble” information. Additionally, in comparison with
other scFv molecules derived from anti-NP antibodies on the pathway of affinity
maturation, we can determine the correlation of structural dynamics with evolution, and
apply the molecular basis for rational protein design [31,32]. We anticipate that

systematic analysis of the structural dynamics of antibodies during affinity maturation

14



will greatly contribute to our understanding of structure-function relationships in
proteins. Ongoing efforts in our group are attempting to generate other scFv molecules,
derived from the anti-NP antibodies obtained at the different stage of affinity maturation,

and analyze their differences from C6 scFv in structural and physical properties.
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Figure Legends

Fig. 1.

Fig. 2.

Design of C6 scFv. Fv domains of anti-NP antibody N1G9 (PDB code, 1INGP)
are shown schematically as an scFv. C terminus of VL (gray) and N terminus of
VH (black) domains were connected with a (G4S)3 linker (broken line).

SDS-PAGE and ultracentrifugation analyses. (A) 15% SDS-PAGE gel showing
fractions from each purification step; lane 1: after sonication, 2: soluble fraction;
supernatant of sonicated suspension, 3: solubilization of insoluble fraction, 4:
collected fraction after stepwise dialysis, 5: after thrombin digestion to remove
fused tag at N terminus, 6: eluate of antigen column using 10 mM Gly-HCI (pH
2.7), 7: protein molecular weight marker. (B) Sedimentation pattern and best fit
result obtained from the c(s) analysis of a solution of C6 scFv. Residuals
between observed data and best-fit result are also indicated. (C) Distribution of

C6 scFv.

Fig. 3. Secondary structure and thermal stability analyses. (A) Far-UV CD spectra of C6

scFv in the absence (solid line) or presence (broken line) of NP-Cap. In DSC
analysis of C6 scFv, heat capacity curves (solid lines) were monitored without
antigen (B) and in the complex with NP at a molar ratio of 1:10 (C). Baselines

(dotted lines) were determined by fitting analysis.

Fig. 4. Antigen binding analysis. NPg,-BSA (A) and NNPg 4-BSA (B) were immobilized

on a CM5 sensorchip and the scFv (0.781, 1.56, 3.13, 6.25, 12.5, 25.0, 50.0, 100,
200, 400, and 800 nM) was flowed over the chip surface at rate of 20 pl/min for

3 min, followed by 3 min dissociation.

Fig. 5. MSD curves for 6 and y directions. C6 scFv was immobilized on the

Ni?*-chelated substrate and Laue spots were monitored from gold-nanocrystals
attached to the scFv molecules. The motions of C6 were traced, both in free form

(open circle) and in complex with antigen (closed circle).
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Table 1. Purification of C6 scFv.

total proteins (mg)  C6 scFv (mg) purity (%) yield (%)
culture (500 mL) 545 80 = 14.6 100
soluble fraction 425 0 - 0
solubilization 147 76 2 52 95
antigen column 1.2 1.2 >90 1.5

These values were estimated from the bands on SDS-PAGE gel using ImageJ, open
source image processing program.
The values correspond to the mass of C6 scFv without N-terminal thioredoxin-tag.

21



Table 2 Thermodynamic parameters for denaturation of C6 scFv in the absence or
presence of NP analyzed using DSC.

Ta A Heal AHyu AHea/AHyu ACp

) (kJ/mol) (kJ/mol) (kJ/mol K)
C6 scFv 48.5 +£0.03 370 £1 355 1.04 7.46+0.73
C6 scFv + NP 66.7 +0.03 5117 474 1.07 6.95 + 1.66

The S.D. derived from fitting is given.
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Table 3 Kinetic parameters of interactions of C6 scFv to hapten-BSA conjugates.

kon (X 106 M1 S'l) a Ko (X 103 S'l) a Ka (X 108 Ml) b
NP-BSA 1.28 £ 0.20 7.81+0.62 1.64
NNP-BSA 1.32 +£0.24 1.99 £ 0.23 6.63

The S.E. derived from three measurements is given.

® The ko, and kogr are the average of three experiments for protein concentrations from
0.78 to 800 nM.

b The K, are calculated from the two rate constants: K, = Kon/ Kof.
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Table 4 Angular diffusion coefficient of C6 scFv in the 6 and y directions.

Angular Diffusion coefficient: D (rad%/sec)

C6 antigen free (0) 2.04 (£ 0.03) x 105
C6 + NP (0) 9.34 (+0.07) x 1076
C6 antigen free (y) 8.65 (x0.12) x 106
C6 + NP (y) 3.46 (+ 0.09) x 106

The values were obtained from the slope (Angular diffusion coefficient: D) of the MSD
curves (Fig. 5). D values were calculated with following equation: MSD = 4Dt + A,
where MSD is the mean square displacement, t is time interval and A is the intercept of
the fitting line. The S.D. derived from fitting is given.
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Table 5 Thermodynamic parameters for denaturation of C6 scFv at the denaturation
temperature in the absence of NP (48.5°C).

Ta» AG AH TAS®
) (kJ/mol) (kJ/mol) (kJ/mol)
C6 scFv 48.5 0 370 370
C6 scFv + NP 66.7 24 394 370

® The T4 values were taken from Table 2.
®TAS values were calculated from the equation, AG(T) = AH(T) — TAS(T).
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Fig. 2
(A) 1 23 45 67

97.2 kDa
66.4
44.3
29.0

20.1

14.3

(B)

14 1 )
% 1.0 4,

o 7 o

s 0.8 -

8

= 0.6 1

[+

2 0.4 4

] T4
2 02 L LA
< A
- 0.0 -
= 0.07

S 0.00 -penge

s —0.07 4

-

62 63 64 65 66 67 68 69 7.0
radius (cm)

(©)

normalized c(s)

0 T T T T T T
0 2 4 6 8 10 12 14

sedimentation coefficient (S)

27



Fig. 3
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Fig. 4

Response (RU)

(B)
300
D —
& 200
Q - \\
z = ——
o 1004 —_——
o .
3
~ 04
T 1 1 T T T T
100 200 300 400 0 100 200 300 400
Time (s) Time (s)

29



Fig. 5
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