Biochemistry1998,37, 1301113020

13011

Thermodynamics and Kinetics of the Reaction of a Single-Chain Antibody
Fragment (scFv) with the Leucine Zipper Domain of Transcription Factor GCN4

Susanne Weber-Bornhauser, Jolanda Eggenberger, llian JelesaroV,Bendeed, Christine Berger, and
Hans Rudolf Bosshard*

Biochemisches Institut der Wrarsita Zurich, Winterthurerstrasse 190, CH-8057 iizh, Switzerland
Receied April 17, 1998; Reised Manuscript Receed July 14, 1998

ABSTRACT. Single-chain Fv (scFv) fragments of antibodies have become important analytical and therapeutic
tools in biology and medicine. The reaction of scFv fragments has not been well-characterized with
respect to the energetics and kinetics of antigen binding. This paper describes the thermodynamic and
kinetic behavior of the high-affinity scFv fragment SW1 directed against the dimeric leucine zipper domain
of the yeast transcription factor GCN4. The scFv fragment was selected by the phage display technique
from the immune repertoire of a mouse that had been immunized with the leucine zipper domain of
GCN4. The scFv fragment was produced in high yielé&gtherichia colinclusion bodies and refolded

from the denatured state. Differential scanning calorimetry showed that SW1 was stable up to about 50
°C, but the subsequent thermal denaturation was irreverdilegproximately 68C). The scFv fragment
specifically recognized the dimeric leucine zipper conformation. Two scFv fragments bound to the GCN4
dimer to form the complex (scF¥yGCN4. Because of its repetitive structure, the rod-shaped GCN4
leucine zipper may present two similar epitopes for the scFv fragment. Surprisingly, the binding reaction
was highly cooperative, that is, the species (seFBGCN4 dominated over scFGCN4 even in the

presence of a large excess of the antigen GCNA4.

It is speculated that cooperativity resulted from direct

interaction between the two GCN4-bound scFv fragments. At®@5he average binding enthalpy for a
scFv fragment was favorable-61 kJ mot?), the entropy change was unfavorable, and the change in
heat capacity was1.27 4 0.14 kJ mot! K=1. As a result of enthalpyentropy compensation, the free
binding energy was virtually independent of temperature in the physiological temperature range. Antigen
binding in solution could be described by a single-exponential reaction with an apparent rate constant of

1x1PM1s?
metal oxide sensor chip was 20 times slower.

Antibodies are a diverse yet well-characterized family of
proteins (). Due to their very specific recognition of the
binding partner, antibodies are widely used in biology and
medicine as diagnostic and therapeutic aged)ts fowever,
the relatively large size of a whole antibody molecule can
impede its practical application. For example, whole anti-
bodies show poor tumor penetratioB) (and are slowly
cleared from the blood circulatiord). Furthermore, the
immunogenicity of intact immunoglobulins strongly limits
the therapeutic use of rodent monoclonal antibodies in
humans §).

The finding that the variable domains of an antibody can
be functionally expressed iBscherichia colias an Fab€),

T This work was supported in part by the Swiss National Science
Foundation (Grant No. 3.45556.95)

! Abbreviations: bZIP, basic leucine zipper; cfu, colony forming
units; DSC, differential scanning calorimetry; DTT, dithiothreitol;
EDTA, ethylenediaminetetraacetic acid; ELISA, enzyme-linked im-

munosorbent assay; GCN4, gene control of amino acid synthesis

nonderepressible mutant 4; GdmCI, guanidinium hydrochloride; GSH/
GSSG, reduced and oxidized glutathion; HPLC, high-performance
liquid chromatography; HRP, horseradish peroxidase; IPTG, isopro-
pylthiogalactoside; ITC, isothermal titration calorimetry; PBS, phosphate-
buffered saline; PEG, poly(ethylene glycol); scFv, single-chain ky; V
heavy-chain variable domain; Might-chain variable domain; YT, yeast
tryptone.

Binding followed in a biosensor with the dimeric GCN4 coupled to the surface of the

an Fv (7), or an scF¥ fragment 8, 9) has revolutionized
the field of antibody technology. In an scFv fragment, the
heavy- and light-chain variable domains are covalently
connected through a flexible peptide linker to form the
smallest portion of an immunoglobulin that fully retains the
binding properties of the whole antibodiQj. The antigen-
binding moiety is made easily accessible to genetic engineer-
ing and, in principle, to economical production in bacteria.
Antibody fragments against a broad variety of antigens have
been isolated by the cloning of antibody repertoires into a
combinatorial library followed by selection procedures such
as phage display. Affinity and specificity of scFv fragments
can be improved by selective mutatidri) or by mimicking
affinity maturation (2). scFv fragments have also been
tailored for in vivo applications, for example by fusion of a
tumor-targeted scFv fragment with a toxin and intracellular
expression13, 149.

While a lot of work has been dedicated to the design,
production, and specificity of scFv fragments, little is known
about the thermodynamics and kinetics of the formation of
scFv—antigen complexes. The goal of the present work was
to gain such information for a scFv fragment directed against
the dimeric leucine zipper domain of the basic leucine zipper
(bZIP) transcription factor GCN4 from yeadt, 1§. The
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Table 1: Sequences of GCN4-Derived Peptides Used in this Study

abbreviation R R, X1 Xa major conformation
GCN4 N*-acetyl amide Asp Ser noncovalent coiled coil dimer
GCNd4ss Ne-acetyl-CGGG amide Asp Ser disulfide-linked coiled coil dimer
biotin—GCN4 bioti-GG@ amide Asp Ser noncovalent coiled coil dimer
biotin—GCN4ss biotin—-GGGCGGG amide Asp Ser disulfide-linked coiled coil dimer
GCN4(7P14P) R-acetyl amide Pro Pro random coil monomer
GCN4(7P14Rys Ne-acetyl-CGGG amide Pro Pro disulfide-linked random coil dimer
biotin—GCN4(7P14P) biotir GGG amide Pro Pro random coil monomer
C62GCN4 bre free acid Asp Ser noncovalent coiled coil dither
C62GCN4< bre GSGC Asp Ser disulfide-linked coiled coil dinder

aR;-RMKQLEX ;KVEELLX ;KNYHLENEVARLKKLVGER-R ». ° Biotin is amide-linked to the Mamino group¢ Sixty-two C-terminal residues
of GCN4 containing the DNA-binding basic region (br) preceding the leucine zipper domainyllPESSDPAALKRARNTEAARRSRARKLQR.
4The br domain of C62GCN4 is unordered when not bound to DBIB. (

281-residue GCN4 is composed of a long N-terminal part uM GCN4 dimer. Disulfide-linked peptides were counted
involved in transcriptional regulation, a short basic region as two peptide chains.
that binds to the major groove of the double-stranded DNA  proquction of Anti-GCN4 scF Fragments A Balb

_target .site, and a C—termlinal Ieuci.ne_ zipper. following _.mouse was immunized with biotirGCN4ss coupled to
|mmed!ately after_ the basic _DNA-blndlng region. The avidin (for the preparation of the immunogen complex and
C-terminal~60 residues comprising the DNA binding region e immunization strategy, see @f). mRNA was extracted
and the leucine zipper suffice to recognize the AP-l_ or _CRE from the mouse spleen (QuickPrep mRNA purification kit,
target DNA sequenced {—19). We have used a derivative  pparmacia Biotech) and transcribed into cDNA using pd-
of the 33-residue leucine zipper domain to produce the high- . primers (first strand cDNA synthesis kit, Pharmacia
affinity scFv fragment SW1 by repertoire cloning and phage gjgtech). Amplification of \( and \i; domains, assembly
display. Binding of this scFv fragment was analyzed with .4 5 single-chain format, cloning into the phage display
the leucine zipper domain alone as well as with the \ocior hAK100, and library production were performed as
C-terminal 62 residues (C62GCN4) encompassing the basiCi, yrevious work 25). To rescue scFv displaying phages,
DNA-binding region and leucine zipper domains. 50 mL of 2xYT medium containing 1% glucose and 2§
mL chloramphenicol was inoculated with approximately 10
cells from the glycerol library stock, grown to @fd= 0.5
Antigen Synthesis and Expression of C62GCBynthetic ~ and infected with 1& cfu VCS helper phage (Stratagene).
peptides corresponding to C-terminal fragments of GCN4 After 10 min at 37°C, IPTG was added to a 0.5 mM final
(Table 1) and the disulfide-linked dimeric leucine zippegtz ~ cONcentration and the Culturg was diluted with 150 mL of
(sequence Ac-CGGGEYEALEKKLAALEAKLQALEKK- 2xXYT, 25ug/mL Chloramphenlcol, and 0.5 mM IPTG. .The
LEALEHG-amide) were synthesized on an Applied Biosys- Culture was shaken overnight at 30 for phage production.
tems synthesizer model 430A, using the Rink amide MBHA Two hours after infection, 5Ag/mL kanamycin was added.
resin from Novabiochem or the Rapid Amide resin from Phage particles were purified and 80-fold concentrated by
DuPont, the 9-ﬂu0reny|methy|oxycarbony| %N:moc) pro- two subsequent PEG/NacCl precipitations. For selection of
tection strategy, and carboxyl group activation®ypenzo- GCN4-binding scFv fragments, three rounds of panning were
triazol-1-ylN,N,N',N'-tetramethyluroniumhexafluorophosphate/ performed. In the first round, selection was by panning on
N,N-diisopropylethylamine (HBTU). The three consecutive GCN4ssimmobilized either on immunotubes (Nunc, Max-
terminal glycines were added as Fmoc-(Glgihd cysteine  isorp) or on magnetic beads (Boehringer Mannheim). For
as S-fert-butylthio)cysteine. The Macetyl group and the  the second and third rounds, 10Q of antigen-coated
N-terminal biotin label were introduced as describ@d)(  magnetic beads was used. For panning on immobilized
Cleavage of the peptides from the resin, deprotection, GCN4ss four immunotubes were coated overnight &Gl
purification by gel filtration, and reversed-phase HPLC were with 30 ug/mL biotin—GCN4ss—streptavidin complex in 35
performed as before2(). The Stert-butylthio group was ~ MM NaHCG;, 15 mM NaCG0s, and 0.02% Nab| pH 9.6.
removed with a 100-fold molar excess of DTT in water Tubes were blocked with 5% dried skimmed milk in PBS
overnight at room temperature. The deprotected peptide was(8.3 MM NaHPQ;, 1.47 mM KHPQ;, 137 mM NaCl, 2.7
purified by reversed-phase HPLC and lyophilized. After mM KCI, pH 7.2) far 2 h atroom temperature before 0.5
dissolving the peptide in 100 mM ammonium hydrogencar- mL of phage (approximately 10phage particles) in 3 mL
bonate, the disulfide bridge was formed overnight at room of 2.5% dried skimmed milk in PBS was added to each tube
temperature by air oxidation. The product was again purified and incubated at room temperature for 2 h. Unbound phages
on reversed-phase HPLC. C62GCN4 and C62G§sMére were washed off and bound phages in each tube were eluted
expressed irk. coli (22, 23. The identity of the peptides  with one of the following: (ak. coli XL-1 Blue (Stratagene)
was confirmed by ion spray mass spectrometry. Peptide ODgyo= 0.5, 4 x 3 mL for 5 min each; (b) 0.1 M glycine
concentrations were determined from the absorption at 280HCI pH 2.5; (c) 100 mM triethylamine; or (d) 0.5 mM
nm measured with the peptides dissolvadéi M GdmClI, GCN4ssin PBS. Where appropriate the eluate was neutral-
€280 = 1280 M1 cm! (24). Concentrations refer either to ized. Each eluate was then added to 20 mL of XL-Blue
a single peptide chain or to the GCN4 dimer, as indicated. cells (ODyoo = 0.4—0.6). These sublibraries were plated on
For example, 1uM GCN4 peptide was equivalent to 0.5 2xYT, 25 ug/mL chloramphenicol, and 1% glucose and

MATERIALS AND METHODS
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incubated overnight at 37C. The colonies were scraped
off into 2xYT, combined, and stored in 10% glycerol-e80
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washing with 0.2%PBS, the scFv fragment was eluted with
100 mM glycine-HCI, pH 2.8, and the eluate immediately

°C. Panning on magnetic beads and subsequent infectiomeutralized wih 2 M Tris and dialyzed against PBS. The

of XL-Blue cells was done as describezb). Concentrations
of biotin—GCN4sswere 50 nM in the first and second round
and 10 nM in the third round.

Phage ELISA. Single colonies were grown in 2L of
2XYT, 25 ug/mL chloramphenicol to an Qg of 0.4—0.7
at 37°C. Then, 1 mL of 2xYT, 2%g/mL chloramphenicol,
1.5 mM IPTG, and 18 cfu VCS helper phage was added,
and the cultures were incubated overnight af@0 Phage
from 1.6 mL of culture supernatant was purified and
concentrated 8-fold by PEE&NaCl precipitation. One-
hundred microliters of each phage colony was diluted 1:1
with 5% dried skimmed milk in PBS and added to the wells
of a microtiter plate (Nunclon MicroWell, Nunc) coated with
10ug/mL biotin—GCN4ss—streptavidin conjugate and blocked
with 5% dried skimmed milk in PBS. After 1.5 h of shaking
at room temperature, 50L of HRP—anti-M13-conjugate
(Pharmacia, diluted 1:2000 in 2.5% dried skimmed milk in
PBS) was added and incubated foh atroom temperature.
For detection, 10Q:L of soluble BM blue HRP substrate
(Boehringer Mannheim) was used. To confirm the specific-

identity of the antibody fragment was checked by ion spray
mass spectrometry: 27 464.6 (calculated), 27 464.9 (found).
The protein concentration was determined by absorption
measurement under denaturing conditions usipg =

49 170 M cmt (24). The protein was stored at 4 120

°C.

Competition ELISA.For this assay scFv fragment SW1
was expressed with a C-terminal histidine tag §Hia the
pTFT74 vector and purified as described above. A Nunclon
MicroWell plate was coated with 10g/mL streptavidin-
biotin—GCN4ssconjugate. After washing with PBS.02%
Tween, the plate was blocked with 5% dried skimmed milk
in PBS. Competitor antigens to be tested for cross-reactivity
were diluted serially in a separate PetraPlastic plate in 2%
dried skimmed milk in PBS. To each dilution, a solution of
scFv fragment SW1 was added to a final concentration of
9.6 x 108 M and the mixture incubated for 1 h. The scFv
solution preincubated with the competitor antigen was then
added to the GCN4-coated, blocked, and washed Nunclon
plate. After incubation fol h atroom temperature, bound

ity of the signal, the phage solution was preincubated for 10 scFv fragment was detected by anti-His-tag monoclonal

min with 8 uM GCN4ss before it was added to the antigen-
coated ELISA wells. Binding clones were sequenced by

antibody 3D5 29) and an anti-mouse IgG peroxidase
conjugate (Pharmacia) using soluble BM blue HRP substrate.

cycle sequencing (Sequi Therm Long Read Cycle Sequencing Gel Chromatography.The SMART system from Phar-

Kit LC, Epicenter Technologies) with fluorescent primers
and analyzed on a LI-COR DNA sequencer (MWG Biotech).
Expression of Anti-GCN4 seFFragment SW1 Clone
SW1, which exhibited particularly strong anti-GCN4 activity,
was chosen for protein expressionin coli. The corre-

macia Biotech was used. Typically, 50 of a protein
solution in PBS was loaded onto a Superdex 75 column. The
protein was eluted at 25C with PBS, the flow rate was 60
uL/min, and the eluate was monitored at 280 nm.
Fluorescence Titration.A Spex Fluorolog spectrofluo-

sponding DNA was subcloned into the T7-expression vector rimeter was used. The temperature was held constant at 11,

pTFT74 @7) and transformed int&. coli BL21DE3. scFv

18, 25, or 3¢°C, and the spectra were taken in 0.5-nm steps

fragment SW1 was expressed and refolded essentially aswith an integration time of 1 s. Typically, 180 nM scFv

described 28). An overnight culture in 2xYT, 10@&g/mL
ampicillin was diluted 1:40 it 1 L of 2xYT, 100 ug/mL
ampicillin and grown at 37C. After 4 h, expression was
induced with 1 mM IPTG and the culture shaken for another
4 h. Cells were harvested by centrifugation, redissolved in
35 mL of 10 mM Tris-HCI, 2 mM MgCkL, pH 8, and
disrupted by sonification. Two micrograms of DNAse, 10
mL of Triton X-100, and EDTA (final concentration of 10

fragment in 3 mL of PBS was placed in the cuvette and
titrated with 5uM C62GCN4s dimer added in 510uL
aliquots. After each addition the solution was stirred for 5
min before the emission spectrum from 300 to 400 nm
(excitation 280 nm) was measured. The buffer spectrum was
subtracted, and the fluorescence was integrated from 324 to
347 nm and normalized to calculate the fractional degree of
saturationY = AF/AFnya. Titration curves were fitted by

mM) were added, and the inclusion bodies were harvestedthe following:

by centrifugation. The inclusion bodies were washed with
0.1 M Tris—HCI, 0.5 M GdmCI, 10 mM EDTA, pH 8, and
then with 100 mM Tris-HCI, 1% Triton X-100, 10 mM
EDTA, pH 8. The inclusion body pellet was solubilized in
25 mL of solubilization buffer (200 mM TrisHCI, 6 M
GdmCl, 10 mM EDTA, 20 mM DTT, pH 8). After a short
centrifugation at 200Q§) the supernatant was dialyzed
against solubilization buffer without DTT, then diluted 100-
fold into refolding buffer (0.5 mMe-aminoN-caproic acid,
0.5 mM benzamidiniumHCI, 1 mM oxidized glutathione,
0.2 mM reduced glutathione, 0.8 M arginine, 0.2 M Fris
HCI, 2 mM EDTA, pH 9) and incubated 2448 h at 4°C.
The pH of the refolding solution was adjusted to 7.5 with
concentrated HCI before biotfGCN4ss coupled to im-

Y={Dy+ Py + 1/K — [(Dy + P, + 1/K)* —
4D,P. "3 12D, (1)

whereDy is the concentration of the scFv fragment d@hd
that of the GCN4 peptide chains, that is, the concentration
of dimeric GCN4 wasPy/2. Dy and K were the fitting
parameters.

Isothermal Titration Calorimetry.ITC experiments were
performed using an OMEGA titration calorimeter (Microcal
Inc., Northampton, MA) 80). Measurements were done as
described in detail befor81). Thoroughly degassed scFv
solution (5-10 uM) was placed in the cell. The injection

mobilized streptavidin (Pierce ImmunoPure) was added and syringe was filled with 136:200u4M antigen solution. The

the antigen-scFv complex was allowed to form overnight at
4 °C. The solution was filtered and the affinity material
with the bound scFv fragment poured into a column. After

same batch of buffer was used for the antigen and the scFv
fragment to minimize artifacts due to minor differences in
buffer composition. The rotation speed of the syringe was
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300 rpm. After equilibration to baseline stability, the titration and the transverse magnetic components of the in-coupled
experiment consisted of 15 injections, each @fl8volume laser beam34). The chips thus modified served to bind
and 10-s duration, with an interval between injections of 300 biotin—GCN4ss Biotin—GCN4ss (120 nM) was pumped
s. The titration data were corrected for the small heat over the chip for 1 min after which time the coupling density
changes observed for injections after saturation and analyzedf avidin-bound biotir-GCN4sswas 1.2 ng/mrh The chips
with the software provided with the instrumer30f. The were then used to measure the rates of binding and
total heat of bindingAH, was obtained by nonlinear least- dissociation of the scFv fragment SW1, which was pumped
squares fitting of the data to a 1:1 or 2:1 binding model, as over the surface of the chip at a series of different
implemented in the data analysis software of the instrument. concentrations. Data analysis was performed using nonlinear
Differential Scanning Calorimetry.Experiments were least-squares fitting routines programmed in Origin (Micro-
performed with the VP microcalorimeter (MicroCal Inc., cal).
Northampton) at a scan rate of 1 deg niin Technical
details and performance of the instrument have been RESULTS
described recently3@). Protein samples were thoroughly Production and Expression of the sclFragment SW1.
dialyzed and degassed prior to the measurement. The proteirA mouse was immunized with the disulfide-linked peptide
concentration was 20M in PBS or in 10 mM sodium acetate  biotin—GCN4ss(Table 1) coupled to avidin as a carri€oy.
buffer, pH 5.5. In biotin—GCNd4ss the biotin group was separated from the
Stopped-Flow MeasurementsBinding kinetics were  disulfide bridge by a triglycine spacer to facilitate the access
measured on a SF-61 stopped-flow spectrofluorimeter (High of the biotin group to the binding cavity of avidin. Another
Tech Scientific Ltd., Salisbury, U.K.) as describesB) triglycine spacer separated the disulfide bridge from the
Equal volumes of scFv fragment and antigen solutions were leucine zipper. A cDNA library was constructed using
mixed, and the emission of the intrinsic tryptophan fluores- mRNA isolated from spleen cells of the immunized mouse.
cence was measured (excitation 295 nm, emission above 320/ and M. domains of the immunoglobulins present in this

nm). The temperature was held at’l. The final antigen library were selectively amplified by PCR and assembled
concentration was at least 8 times above the scFv fragmentinto the scFv format in the orientation, Minker-Vy (25).
concentration, which was 0/8M. The peptide linker between the C-terminus af &hd the
Biosensor MeasurementsThe grating coupler sensor N-terminus of \{; had the sequence (Giyer). scFv
BIOS-1 from Artificial Sensing Instruments, Aah, Swit- molecules with a 20-residue linker are predominantly mon-
zerland, was used to determine the binding kinetics betweenomeric while shorter linkers tend to produce dimeric and
the scFv fragment SW1 in solution and bioti®@CN4ss oligomeric scFv fragment86). The scFv library was cloned
coupled to the biosensor surface through avidin. The light into the phage display vector pAK10®%5), and scFv
source was a HeNe laser of 632.8 ngd)( SiO,—TiO, or displaying phages were produced. The panning procedure

Ta,0s sensor chips (ASI 1400 or ASI 3200, obtained from was done such that in the first round the diversity of binders
Artificial Sensing Instruments, Zich) were used as sub- selected was as broad as possible. This was achieved by
strates for ligand immobilization. A silicon cuvette (L0- different modes of eluting the phage from plastic-bound
volume) connected via Teflon tubings to a peristaltic pump antigen and, in parallel, by selection on antigen-coated
provided the flow-through cell. The flow rate was set at 10 magnetic beads. In panning rounds two and three, only the
uL/min for immobilization chemistry and at 7@L/min for magnetic beads in solution were used, after which 50% of
kinetic measurements. Sensor chips were cleaned by sonithe clones tested showed binding to the antigen in the phage
fication in ethanot-water (1:2) for 5 min, rinsed with ethanol, ELISA. Their interaction with biotir GCN4ss could be

and dried under a stream of nitrogen. The cleaned chipscompletely inhibited by 8x 10°® M soluble GCN4s,
were rendered hydrophilic in an oxygen plasma (Technics demonstrating the desired specificity.

Plasma, Florence, KY) for 20 s at a load coil power of 200  Clone SW1 was selected for protein expressioR.igoli.

W and an oxygen pressure of 0.8 Torr. The hydrophilic SW1 was cloned in the pTFT74 vector under the control of
sensor chips were immediately transferred to the silanizationa T7 promotor, and the scFv fragment was produced as
solution composed of 10% (aminopropyl)triethoxysilane cytoplasmic inclusion bodies iB. coli following induction
(Fluka) in water, pH 6, adjusted with acetic acid, and heated with IPTG. Inclusion bodies were isolated, partially purified,
to 80°C for 2 h under reflux. After being rinsed copiously and solubilized under denaturing and reducing conditions.
with water and immersed in PBS, the silanized chips were After dialysis against denaturing buffer without DTT, the
ready for chemical modification with NeutrAvidin (Pierce). scFv fragment was refolded by 1:100 dilution into refolding
To this end, the freshly silanized sensor chips were mountedbuffer containing the redox-shuffling system GSH/GSSG.
in the flow-through cell of the instrument and flushed with Pure scFv fragment was produced in a single step by affinity-
PBS to establish a stable baseline. Covalent immobilization purification on immobilized GCN« (Figure 1). The yield

of NeutrAvidin was accomplished by activation of the chip was approximately three milligrams of functional scFv
with 5 mM of the bivalent cross-linker bis(sulfosuccini- fragment per liter of culture and per @f@ The calculated
midyl)suberate (Pierce) in 10 mM acetate buffer, pH 5.0, molecular mass of 27.5 kDa was confirmed by mass
for 10 min followed by reaction with NeutrAvidin (100g/ spectrometry. The nucleotide sequences have been deposited
mL in acetate buffer, pH 5.0) for 40 min. Thereafter, the in the EMBL Nucleotide Sequence Database under the
chip was rinsed with 10 mM HCI to clear nonreacted accession numbers Y16621 (\thain) and Y16622 (V
material. Following this protocol a dense layer of NeutrA- chain).

vidin at a surface coverage of 5.1 ng/fwas obtained. The Antigen Specificity. The specificity was tested in a
surface density was calculated from the transverse electriccompetition ELISA. Binding of the scFv fragment to
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Ficure 1: SDS-polyacrylamide gel electrophoresis of expression .
products. Proteins from bacterial inclusion bodies were run on a Elution volume (ml)

reducing 12.5% gel and stained with Coomassie-blue: lanes 1 andg,; re 3: Gel chromatoaranhy of scEv fragment SW1 alone and
2, 35 and 350 pmol of affinity-purified scFv fragment; lane 3, whole 04 to GCN4 dimer. lgrot%ir){ (50) was cghromatographed on
inclusion bodies; lane 4, total bacterial protein after induction; M, 2 ~ojumn of Superdex G75 at 2& in PBS. Thick line: 5.5M
molecular mass markers. each of scFv and GCN4 peptide. Thin lines: M scFv and 55
uM or 182 uM GCN4 peptide corresponding to, respectively, a

10 - %LD 5-fold and 16.5-fold excess of GCN4 dimer over scFv. Dotted
W © O line: 5.5uM scFv. Open triangle: Elution position of dimeric

Y ° GCN4 (8.8 kDa). Filled triangle: Elution position of BSA (67 kDa),
08 1 carbonic anhydrase (29 kDa), and cytochromg12.5 kDa),
respectively. Arrow: Expected elution position of a complex with
L]
a
\

06 8 one scFv per GCN4 dimer.

04

. inhibited binding to GCN4sto the same extent as C62GCN4

alone. That is, the competition curves for C62GCN4 in the
0.2}

Absorbance 405 nm

.- . presence and in the absenqe qf th_e 20-base-pair oligonucle-
otide overlapped completely indicating that the scFv fragment
O T T e e ot ag? did not interfere with DNA binding to the transcription factor
(not shown).
) o To test whether SW1 was specific for the coiled coil
FIGURE 2: Antigen specificity of the scFv fragment SW1 deter- cqonformation, the random coil derivatives GCN4(7P14P) and

mined by competition ELISA. The scFv fragment was preincubated . .
with increasing amounts of competitor antigen before reaction with GCN4(7P14Rys were tested. These peptides contain two

GCN4ss coated to the ELISA plate through biotistreptavidin. helix-breaking proline substitutions that induce a random coil
Bound scFv fragment was detected with anti-His-tag antibody structure 20). No reaction was seen with the proline-
antigens: ‘GCNd. (W), C62GONA #), Co26CNAs (@), GONA. . containing derivatives (Figure 2).
an : , , , - ;
(7P14P) (1), GCNA(7P14R% (0). and unrelated disulfideinked , AAddregation State of sk scFv fragments tend to form
leucine zipper LZs (). dimers and ohgomers depending on their sequence and on
the length of the linker between \and V4 (35, 38, 39. In
GCN4ss bound to the ELISA plate through biotirstrepta-  gel chromatography, the scFv fragment moved as a single
vidin was challenged by preincubation of the scFv fragment symmetrical peak of apparent molecular mass 24 kDa, below
with different peptides. The results are shown in Figure 2. the calculated mad®f 29.5 kDa (dotted line in Figure 3).
Only peptides that contained the sequence of the leucineThe reason for the lower than expected apparent mass is
zipper domain of GCN4 and that were predominantly in the unknown. A very small peak with apparent mass 48 kDa
dimeric coiled coil conformation (Table 1) competed with was seen in some chromatograms indicating a trace of
binding to plate-bound GCN4 (filled symbols in Figure dimeric scFv fragment. However, free scFv fragment was
2). The longer peptides C62GCN4 and C62G&&which essentially monomeric under the conditions of the gel
contain the basic DNA-binding region preceding the leucine chromatography experiment (Figure 3).
zipper domain, were equivalent competitors. The unrelated Binding Stoichiometry from Gel Chromatographyl.o
dimeric leucine zipper Lgs (21) whose sequence differs  determine the stoichiometry of the scFantigen complex,
significantly from that of GCN4s was not recognized by  the gel chromatography experiments shown in Figure 3 were
SW1. performed. A sample composed of B scFv fragment
Dimeric C62GCN4 binds the palindromic AP-1 or CRE SW1 and 5.5uM peptide chain (equivalent to 2 scFv
site through the basic region peptide. In the crystal, the basicfragments/GCN4 dimer) eluted as a single peak with an
region contacts the major groove of the DNA and the leucine apparent mass of 64 kDa. No free GCN4 was detected. The
zipper domain is perpendicular to the axis of the DN8& ( mass of 64 kDa corresponded to the complex (seFv)
37). Therefore, the scFv fragment SW1 should not interfere GCN4, that is, to two scFv fragments bound per one GCN4
with DNA binding if its epitope is on the leucine zipper. A dimer. There had to be two epitopes for the scFv fragment
complex composed of C62GCN4 and the 20-base-pair
oligonucleotide TTCCATGACTCAT CCAGTT (AP-1 site 2The scFv with a His tag was used in this experiment, hence the
in bold) (22) was prepared. This protetDNA complex mass of 29.5 kDa.

Concentration of competitor antigen (M)
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| Table 2: Thermodynamic Parameters for the Binding of scFv
1.0 L IR BT - Fragment SW4
T T K(x109pc AGP AHd TAS
.% 0.8 1 (K) MY (kJ mol) (kJ mol?) (kJ mol?)
E 06 - 284 1.5+ 0.6 —445+13 —-448+0.7 -—-0.3+£20
a 291 17412 —459+31 -—483+08 —24+39
[ 298 0.7+ 0.4 —448+24 -60.8+£0.9 -16.0+3.3
g 04 299  1.3+03 —463+07 nd nd
g ; 303 3.3+ 2.0 —49.2+28 -65.6+1.1 -16.4+3.9
w02 _8‘_0 75 _710 a Average values per one scFv fragment bound to dimeric GCN4.
log [free peptide] b From fluorescence titration, fit according to eqcFitting error, eq
00 | ‘ ‘ ‘ ‘ ‘ 1. 9From ITC.® TAS= AH — AG. "Binding to the C62GCN4DNA
0 1 2 3 4 5 complex.

Concentration of peptide chain x 107 (M)

Ficure 4: Fluorescence titration of the scFv fragment SW1 with 0
antigen. scFv fragment (0.18V) was titrated with C62GCNg I
at 11°C and the fractional saturatiofi= AF/AFma plotted against I
the total concentration of peptide chains (disulfide-linked C62G{sN4

is considered as 2 peptide chains). The solid line is a best fit
according to eq 1 foK = 1.5 x 10° M~* and [scFv]= 0.2 uM. -
The crossover point of the dotted lines indicates a stoichiometry -20
of one scFv fragment per peptide chain. Inset: Hill plot of titration L
data according to IddY/(1 — Y)} = logKui + ny log[free peptide

T

chain], where [free peptide chair] [peptide]o: — Y[SCFV}o. The .
solid line is a best fit fony = 1.94 and lot = 2 x 105 Data g |
points forY <0.2 and>0.9 have been omitted because of very 3 40
2 -40 |- i

high scatter.

on the dimeric leucine zipper. As a test for a 2:1 stoichi-
ometry, the chromatography was repeated with the GCN4
dimer in 5- and 16.5-fold excess over the scFv fragment, 60 |
respectively. Under these conditions, sef¥CN4 should

Time (min
dominate over (scFy)-GCN4 if the two binding sites on - "
GCN4 are independent. However, no peak was seen at the — : ‘ :
expected elution volume of 1.16 mL (arrow in Figure®3). 0.0 0.5 1.0 1.5 2.0 2.5
Though the peaks became broader when GCN4 was in mol peptide chain / mot scFv

e'xces.s, t'heir. elution position was only slightly shifted FO the Ficure 5: Isothermal titration calorimetry of scFv fragment SW1
right indicating but a small amount of scFGCN4 in with C62GCN4 at 25°C. The solid line is a best fit foAH =
equilibrium with (scFv)—GCN4. Thus, even in the presence —60.8 kJ mat? and a stoichiometry off = 1.96 scFv fragments/

to a cooperative binding event. heat released on addition of excess C62GCN4 to the saturated

complex. This extra heat is corrected for in the main figure.
Fluorescence Titration Binding to the antigen quenched

the intrinsic Trp fluorescence of the scFv fragment. Figure constant for each scFv fragment could be obtained from
4 shows a representative titration of 048 scFv fragment a fit according to eq 1 of the fluorescence titration shown in
with C62GCN4s at 25°C. Disulfide-linked antigen was  the main plot of Figure 4.K was equal to (1.5t 1.0) x
used in this experiment to prevent dissociation of GCN4 into 10® M1, which is approximately/K,;, in agreement with
monomers. The curve was fitted with the help of eq 1 to high cooperativity.
obtain [scFv}= 0.24M, in good agreement with the nominal Fluorescence titrations were also performed with the

scFv concentration of 0.18M utilized in the experiment.  cg2GCN4-DNA complex. The same results were obtained

This confirmed a stoichiometry of one scFv fragment per jn the presence and in the absence of the AP-1 DNA target
peptide chain (crossover of dotted lines in Figure 4 is at 0.2 (Tap|e 2).

uM peptide concentration). The inset of Figure 4 shows the

: . . Isothermal Titration Calorimetry.These experiments were
Hill plot of the fluorescence data. The Hill coefficient (slope) v P

L L performed to determine the thermodynamic parameters of
wasny = 1.94 0.23, confirming very strong cooperatmty binding and to corroborate the stoichiometry by yet another
between the two scFv molecules bound to the GCN4 dimer. independent method. Figure 5 shows a representative
The equilibrium constant estimated from the Hill plot was experiment in which 6.%M scFv fragment was titrated with
(8 £ 2) x 10" M~2 If there is only (scFw-GCN4 C62GCN4. The data were fit to a 1:1 and a 2:1 binding
(maximum cooperativity)Kyi corresponds to the ternary  model, that is for 1 or 2 scFv fragments bound per GCN4
binding constant of the complex. An apparent binding dimer. Good fits were obtained only with the model
corresponding to two scFv bound per dimeric GCNAH
3 . ” . was negative and decreased in the range3°C. Higher
complex of the Uirerated sciy fragment JHE wih & 30-166idue pepide temperatures could not be tested since C62GCNA begins to
(C. Berger, unpublished). unfold above 30C (22). The change oAH with temper-
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FiGurRe 6: Thermal unfolding of the scFv fragment SW1 determined FIGURE 7: Binding kinetics measured by fluorescence stopped flow.
by differential scanning calorimetry. The change of the partial molar The main plot corresponds to eq 2 in the text, which is valid for a
heat capacity with temperature of 2M scFv fragmentin 10 mM  pseudo-first-order reaction with [peptiggel> [scFv]. The negative
sodium acetate, pH 5.5, is shown. The transition peak (solid line) value of the ordinate intercept is due to the scatter of the
has a maximum at 68C but is irreversible on rescanning (dotted ~ experimental data. The true valuelgf is, of course, positive but
line). Open circles and filled squares represent results from prescangnuch below 1 (see text). Inset: Trace for the reaction ofuld/b
between 5 and 56C of the same sample. Heatingedt K min 2. scFv fragment with 4M C62GCN4 as a representative example.
The solid line is a best fit foky,s = 3.5 s

ature was linear with a slope &Cp = —1.27 + 0.14 kJ ) ) ]

mol~1K~1. Because of binding cooperativity, the parameters Ilne?r fugztuz? of temperature with a slope of (¥53) x
from ITC are apparent values for each of the two GCN4- 107 J K= g™

bound scFv fragments. The apparent free-energy change was Kinetics of Antigen Binding.The change of the intrinsic

calculated asAG = —RTInK, where K is the apparent  Trp fluorescence of the scFv fragment was used to follow
equilibrium constant from fluorescence titration (eq 1). The the kinetics of antigen binding by stopped flow. Figure 7
thermodynamic parameters are listed in Table 2. summarizes the results for C62GCN4 measured atC.1

To show that the measured was equivalent to the actual The binding reaction was conducted under pseudo-first-order
binding enthalpy and was not affected by a change of the conditions with the ar)tig(_en in-830-fold excess over the
protonation state of the scFv fragment or the antigen, the SCFV fragment. The kinetic traces were well-described by a
titration was performed in PBS and also in 50 mM Tris  Single-exponential equation with the apparent rate constants
HCI, pH 7.2, with the ionic strength and ion composition Kebs(Figure 7, inset). The plot d¢rsagainst the total antigen
adjusted to that of PBSAH was the same in both buffers ~concentration was linear in accord with a pseudo-first-order
within error, demonstrating that the formation of the seFv ~ reaction for whichkqs is related to the total concentration
GCN4 complex was not accompanied by the uptake or Of the antigen peptide according to
release of protons, which would have led to different apparent ]

AH values because the two buffers differed in their heat of Kobs = KonlPeptide]y + Ky (2)
ionization by 42 kJ mol* (40). Furthermore, association/

dissociation of C62GCN4 could have affected the measured The slope of the line in Figure 7 yieldg, = (0.96 +
heat change. However, as shown befdtg),(the fraction 0.02) x 10° M~! 5%, Because the species (SCEvSCN4

of monomeric C62GCN4 was negligibly small under the a5 highly populated even under the pseudo-first-order
conditions of the ITC experiment since the total peptide conditions of the stopped-flow experimekd, is an apparent
concentration was always well above the dissociation rate constant for the binding of a scFv to the GCN4 dimer.
constant estimated at 10-107° M (41, 42. Although the concentration of sScRGCN4 was negligible,

Thermal Stability of the saFFragment. Figure 6 shows  the 1:1 complex had to be formed on the way to (seFv)
aDSC trace. The protein SW1 was stable in the ranrge®  GCN4 since direct formation of (scR¥YGCN4 in a ternary
°C. The reversibility of the temperature scan was excellent, reaction was statistically unlikely. However, because of the
and we did not observe any change in the partial molar heathigh cooperativity the 1:1 intermediate was not seen and the
capacity in four repeated scans in this temperature interval. overall reaction appeared monophéskey was too small to
This testifies for good thermal stability and for the mono- be estimated from the intercept of the plot as the reaction
disperse nature of the scFv fragment SW1 in the physiologi- was virtually irreversible. With an appareiitof 1.5 x 108
cal temperature range. The apparent thermal unfoldingM~1 from fluorescence titration at 11C (Table 2), the
transition was sharp with a midpoint at 68. However,
unfolding was irreversible due to aggregation and/or chemical —, Posit - _ _
modification at hlgher temperatures. Thermal scans were ositive cooperativity can be expressed as two consecutive I’k(lEaCtIOFIS
identical in PBS (pH 7.2) and sodium acetate (pH 5.5), except of which the second is faster than the first: 2scFvGCN4 —

o . . e Kk
that the post-transitional aggregation was significantly more gcry:GeNa+ scFv— (scFv):GCNA4. If the back reactions are slow

prom_inent in PBS _than in sodium acetate. The partial compared to the on reactions, as was the dageneasured by stopped-
specific heat capacity of the folded scFv fragment was a flow can be approximated bix[GCN4] (57).
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Ficure 8: Binding kinetics measured in a grating coupler biosensor.
An overlay sensorgram for the reaction of scFv fragment SW1 with
biotin—GCN4ssimmobilized on the sensor surface via NeutrAvidin
is shown. The traces correspond to (top to bottom) 2.2, 1.1, 0.8,
0.55, 0.4, 0.275, 0.2, 0.138, 0.1, and 0.0#8 scFv fragment SW1
pumped over the sensor surface in the time intervatBA
Dissociation was started at B by a switch back to pure buffer. The
surface was regenerated by a short pulse of 10 mM HCI followed
by buffer (interval C-D). The unrelated scFv 4D5 (500 nM, dashed
line) served as a control for nonspecific binding, which was
negligible.

apparenikos was 6.0x 1072 s7%, equivalent to a half-time
of dissociation of 2 min.

The stopped-flow experiments were repeated in the pres-

Weber-Bornhauser et al.
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FIGURE 9: Representative kinetic trace observed in the biosensor
(0.4 uM scFv). The solid line corresponds to a single-exponential
binding reaction and a single-exponential dissociation reaction,
respectively. The deviation of the experimental data in the associa-
tion phase is nonrandom, a sign that the binding reaction at the
solid/liquid interfaces is not adequately described by a two-state
reaction. Inset: Plot ok.ps against the total concentration of the
scFv fragment in the buffer flow. Slope and intercept of this plot
yield kon = (4.7 £ 0.3) x 10* M1 standky ~ 2 x 1073 s,

8). The avidin-bound biotin GCN4ss resisted the acidic
regeneration conditions since the kinetic traces were repro-
ducible even after 20 regeneration cycles. Binding was
specific as no signal (apart from a bulk refractive index
effect) was observed when the scFv fragment SW1 was

ence of saturating concentrations of the 20-base-pair nucle-preincubated with a 10-fold excess of GGlydbefore

otide with the AP-1 target sequen@®). Binding rates were
independent of DNA (not shown).

Biosensor StudiesA grating coupler sensor was used to
measure binding of the scFv fragment SW1 to surface-
immobilized biotin-GCN4ss The instrument is based on

addition to the sensor surface (not shown). Moreover, no
signal was seen with a 500 nM solution of the unrelated scFv
fragment 4D5 (bottom trace in Figure 5).

The binding traces were fit by a single-exponential
reaction. Such a fit seemed reasonable in view of the results

integrated optics and measures the phase shift of a light wavefrom the stopped-flow experiments with the reactants free
coupled into a waveguide embossed on the sensor surfacein solution. The values df,ps calculated from the binding
The shift is caused by the absorption of an analyte, here thetraces were plotted against the total concentration of the scFv
scFv fragment, to a ligand coupled to the waveguide, here fragment in the solution pumped over the surface of the

the antigen biotir GCN4ss  (See ref34 for a description

of the instrument and ref3 for a recent review of optical
biosensors). A covalently immobilized monolayer of Neu-
trAvidin on a plane Si@-TiO, surface 84) served to couple
the biotinylated antigen and prevented nonspecific binding
to the metal oxide surface. The surface density of bietin
GCN4sswas 1.3x 10~ mol/mn?. This high ligand density
gave a good signal-to-noise ratio at low concentrations of
scFv fragment. However, the high ligand density could have

sensor chip to obtaik,,. The plot is shown in the inset of
Figure 9. Linearity was only approximate, and the data
points were nonrandomly distributed. This is also reflected
in the main part of Figure 9 where the residuals of the
experimental data points exhibit a nonrandom distribution
around the best fit to a single exponential. Thus, a two-
state equilibrium did not adequately describe the association
reaction between the surface-bound antigen and the scFv
fragment in solution. Assuming a two-state equilibrium as

led to mass transport limitation; this means that the observeda first approximation, the plot in the inset of Figure 9 gives

binding rate could have been governed by the rate of
diffusion of the scFv fragment from the bulk liquid to the
sensor surfaced4d). To rule out this possibility, the flow
was set at 7@L/min where the signal change was indepen-

dent of the flow rate and, therefore, reflected the associationanalysis gave consistent result;,

reaction proper.
A kinetic experiment consisted of three phases. The
association phase (A to B in Figure 8) was initiated by

Kon=(4.7+0.3) x 10 Mt s tandkys ~ 2 x 103 sL
Another way to extracky,s from the data in Figure 8 is to
plot the first derivative of the signal with timeNddt, against

the signalN to obtain a line with the slopk,,s (45). This
(6.4 £+ 0.3) x 10
Mt st andkys ~ 10°°% s Thus, binding of the scFv
fragment to the surface-bound GCN4 dimer was 20 times
slower than in the reaction free in solution. The rate

~
~

pumping a solution of the scFv fragment over the sensor difference may have been even larger because the biosensor

surface previously equilibrated with buffer. Ten different
concentrations of scFv, from 69 nM to 2:®1, were reacted
with the biotin-GCN4ss on the sensor chip. Dissociation
(B to C in Figure 8) was started by a switch back to pure

experiment was conducted at 26 and the stopped-flow
experiment at 12C.

Direct determination ok from the dissociation phase
(B—C in Figure 8) gavek, = (8 £ 2) x 103s1. The fit

buffer. Finally, the sensor chip was regenerated by a shortof the dissociation phase to a single exponential decay

pulse of 10 mM HCI followed by buffer (C to D in Figure

reaction was good, yet dissociation did not reach the baseline
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level even after very long flushing with buffer. A substantial of hydrophobic surface was buried upon binding. The value
fraction of the scFv fragment remained bound to the sensoris in the range of the results obtained with monoclonal
surface and was removed only on regeneration with dilute antibodies and their antigen2Q, 47. The change with

HCI. temperature of the partial specific heat capacity measured
in DSC was larger than for most well-packed protein domains
DISCUSSION undergoing a cooperative two-state transitiot8,( 49.

However, little is known on the thermodynamic stability of

scFv fragments and no other data on partial specific heat

capacity changes over an extended temperature range are
nown to us. Interdomain vibrational modes are expected

Production and Antigen Specificity of scFragment SW1.
The single-chain fragment was obtained from a mouse
immune library by phage display selection using antigen-
coa_ted magnetic bez_ids._This had the advantage that a define be significant for a two-domain protein like a ScFv
antigen concentration in the n_anomolar range could be fragment B0) and could increase the slope of the observed
employed to search for strong binders. Algo,coli could C,/T trace
be directly infected with the washed magnetic beads carrying '
the antigen-scFv—phage complex. In this way elution of
antigen-bound phages for re-infection, a procedure in which
tight binders can be lost, was circumvented. The 20-residue
spacer linking VY with Vy produced predominantly mono-
meric scFv with hardly a trace of dimer visible when
micromolar concentrations of scFv were chromatographed
on a Sephadex column. Since the mouse from which the
immune library was obtained had been immunized with the
disulfide-linked GCN4 dimer, one expected the scFv to be
directed against the coiled coil conformation. This was
confirmed with several monomeric and dimeric derivatives simplest caseko, calculated according to eq 2 is half the

of GC_N4_ In competition Immuno assays. ) binding rate constant for the first scFv fragmént.
Stoichiometry of the saF-GCN4 Complex. Since the Dissociation could only be observed in the biosensor

scFv fragment was monomeric and specific for the coiled experiment and was very slow and incomplete. This
coil dimer, the stoichiometry of two scFv fragments per pehavior was observed in other antigemtibody systems
dimeric coiled coil was unexpected. How can a small (34 52 The reasons are unclear. One possibility is that
molecule like the leucine zipper domain of GCN4 present repinding of the scFv fragment slowed the rate of dissociation
two epitopes for two |dent|cal scFv fragments? In the leucine g4 may have prevented complete dissociation during the
zipper, two parallel chains form a rope about 4.5 nm long gpservation interval. However, inclusion of excess free
and 1.5 nm in diameter. Because the sequence of the leucingscn4gs in the dissociation buffer did not increase the rate
zipper is repetitive, the same or very similar epitopes may of gissociation and did not produce baseline regeneration
be formed twice. Incidentally, two epitopes for a monoclonal (ot shown). Hence, rebinding hardly affected the dissocia-
antibody were found on another leucine zipp2®)( tion rate. Another possibility was that some scFv fragments
The high cooperativity of the two binding sites is puzzling. were “sterically trapped” in the surface matrix of the sensor
In the case of classical cooperativity between two binding chip and were not freely accessible to buffer.
sites, binding of the first scFv changes the conformation of  Significantly slower association to the surface-bound
the second site whereby its affinity increases. We believe antigen in the biosensor experiment could have different
this to be very unlikely in view of the rigid structure of the  reasons. Steric effects at the solid/liquid interface may lead
leucine zipper dimer. This kind of positive cooperativity to a heterogeneous antigen population. Also, the cooperat-
between preexisting binding sites would seem to require ajvity could have been less strong on the surface-bound GCN4
larger and conformationally more adaptable structure. We dimer, again for reasons of steric accessibility. Less than
therefore propose a model in which the two GCN4-bound perfect fits to a simple one-step binding reaction have been
scFv fragments interact with each other. scFv fragments areppserved previously in BlAcore and other biosensor mea-
known to dimerize and oligomeriz&%, 38, 39. Although  surements with whole antibodie44, 53, 54 and also with

free scFv SW1 in the micromolar concentration range was scFv fragments 52, 59 and were interpreted by mass
monomeric, two scFv molecules suitably oriented on GCN4 transport and surface heterogeneity effects.

could interact with each other and thereby stabilize the In conclusion, this work exemp"fies a very fast reaction

ternary complex (scFy)GCN4. In other words, we of a scFv fragment with the leucine zipper motif. The
hypothesize that the observed high cooperativity does notreaction was enthalpy-driven and opposed by a negative
originate from cooperative antigentibody interaction but  entropy change. Two scFv fragments bound to a single rod-
from accidental interaction of two adjacent scFv fragments shaped leucine zipper, and binding was highly cooperative.
bound to GCN4. This is tentatively explained by fortuitous interaction of two
Energetics of sckBinding. The thermodynamic param-  scFv fragments on the antigen. We are not aware of another
eters do not pertain to individual binding sites but average example of cooperative antibody binding to a single protein
over the two GCN4-bound scFv fragments. Enthalpy-driven molecule and are now attempting to solve the structure of
association seen here seems common to antigatibody (scFv)—GCN4. The discrepancies between the kinetics
association46, 47. The mean heat capacity change was measured by stopped-flow and by biosensor call for a
moderate and negative, indicating that a considerable amountautious interpretation of absolute kinetic parameters obtained

Kinetics of sck Binding. The association reaction was
very fast and could be described by a simple one-step
mechanism. The on rate constant ofx110° M~ s 1 is
only about 100 times less than the diffusion limit estimated
at 1¢ M~! s* for the reaction of a monoclonal antibody
with a small protein §1). Binding of two scFv fragments
should, in principle, lead to two kinetic phases unless the
two binding sites are independent. However, the two phases
could not be resolved because the time resolution of the
stopped-flow instrument was insufficient and also because
the amount of scFvGCN4 formed was small. In the
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in solution and in a biosensor at a solid/liquid interface.
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