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Abstract

To isolate phages displaying a practical and useful antibody with aljgtalue and/or a lovk. value from phage display antibody
libraries, we developed a rational strategy based on a kinetic model. In the model, the recovery of a phage displaying an antibody after
a round of biopanning is expressed as a function of five parameters, the apparent association rate constant of the phage antibody to the
immobilized antigenk],), the apparent dissociation rate constant of the phage antibody from the immobilized akffigethé effective
antigen concentratiornC), the time for the binding process,) and the time for the washing procesg)( An optimum set of operating
parametersQ, t, andt,,) for isolating phages displaying an antibody with a highvalue was designed based on the model. Three rounds of
biopanning were carried out under the designed conditions, against a phage library in which the hypervariable regions of an original antibody
were randomized. All isolated phages displayed an antibody with a highealue and one displayed an antibody with a 30-fold greater
kon value than that of the original antibody. Experimental conditions which improve the efficiency of conventional off-rate selections are also
described.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction true association rate constant and the true dissociation rate
constant, respectively. (In this study, we handle monovalent
Since antibodies recognize their antigens with a high antibodies such as single-chain Fvs or Fabs.) When the re-
specificity and high affinity, antibody—antigen interactions action time is sufficient to achieve a state of equilibrium
have been applied to detection, quantification, and ther- (d(Ab Ag)/dr = 0), Eg. (1) can be rewritten as:
apy. When an antibody reacts with its antigen in solution, 1 k Ab A
. . . . on g
the change in the concentration of the antibody—antigen kKp = — = — = ——————
h . Kb koff AbfreeAgfree
complex is expressed as:

whereKp is the equilibrium association constant akd
d(AbAg freep ~free ilihri i iati i
4 konAD™"Ag"™" — koft Ab Ag 1) the equilibrium dissociation constant which represents the
free antigen concentration at which half of the antibody
where Ab Agis the concentration of the antibody—antigen molecules form the compleXAp™e = Ab Ag.
complex,Ab€ andAg"ee the concentrations of the free an- The usefulness of an antibody (sensitivity of the antibody)
tibody and the free antigen, respectivelly,, and ko5 the has often been evaluated by Kg or Ka value. Even in the
practical applications of antibodies, the kinetic parameters
of antibody,kon andker have not been considered seriously.
However, theKp andKp are static parameters at equilib-
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1.0 bound phages, and finally the amplification of the bound
phages by infecting host cells with the phages.

To isolate phages displaying an antibody with a high affin-
ity against an antigen from phage antibody libraries, “off-rate
selection” has been employ¢8,6]. This method involves
eliminating those phages that display an antibody that dis-
sociates quickly from the immobilized antigen by extending
the washing time. As a result, phages displaying an antibody
with a highKa value through their having a lole value
are enriched. In the off-rate selection, however, the associa-

Binding fraction

%" 12 3 4 5 6 tion rate of the antibodies is not taken into account. Instead,
Binding time (h) we found that the off-rate selection eliminates phages dis-
Fig. 1. Time courses of antibody—antigen reaction. Time courses of the Pl2Ying an antibody with a higkon value (see discussion
binding fraction of the assumed antibodies with e value of 1§ M1 for details).
(solid lines) and 18M (broken line) were simulated based &u. (8) To obtain practical antibodies enabling rapid and sensitive
(C = 107°M, kon = kon, ko = kotr)- The numbers represent tiign assay, it is necessary to isolate phages displaying an anti-

i i 11
values in units of M*s™. body with a high affinity against an antigen by their possess-

ing a highkg, value. It would seem obvious that shortening
the kinetic parameterkg, andkos . It is known that theky, the binding time in biopanning would enrich these phages.
value of natural antibodies ranges fronf*16 1FM~1s1 It was found in this study, however, that not only the bind-
[1,2]. When three assumed antibodies with the sdfpe ing time but also the effective antigen concentration and the
value of 1 M~1, but with differentko, values of 16, 1P washing time affect the enrichment of the phages display-
and 1d M~1s1, react with an antigen at a concentration ing the desirable antibody. The purposes of this study are:
of 10~2 M, these antibodies requires 19, 192 and 1920 min, (1) the establishment of a dynamic model describing the re-
respectively, to reach 90% equilibriurkig. 1, solid lines). covery of a phage antibody in a round of biopanning; (2)
When the reaction time is 30 min, the binding fractions of the design of an appropriate set of experimental conditions
these antibodies are 0.49, 0.15 and 0.018, respectively. Wherior isolating phages displaying antibody with a highn
these antibodies are used to detect the antigen, this differ-value from a phage antibody library; and (3) the isolation of
ence reflects the detection sensitivity. Even in the case of anphages displaying an antibody with a hig, value from
antibody with &K value (18°M—1) that is 10 times greater ~ a customized library in which two hypervariable regions of
than that of these antibodies, if thg, value is 10 M~1s71, an original antibody are randomized.
the binding fraction at 30 min is only 0.1&i@. 1, broken
line). Speed is required for clinical assays, and the neu-
tralizing antibodies should react rapidly with their antigens. 2. Experimental
Furthermore, reducing the reaction time increases the op-
erating rate of the auto-analyzers used for routine labora-2.1. Strains and reagents
tory tests. Therefore, thlk, is more important parameter

thanKa (or Kp) when the reaction time is limited, and an- Escherichia colistrain TG1 was used to express the
tibodies with highky, values are preferable for practical phage antibody as well as for phage res&iecoliHB2151
applications. was used to prepare soluble single-chain Fv. The helper

Phage display technolodg-5] is one of the most pow- phage, M13KO7, was purchased from Amersham Phar-
erful tools for isolating the specific ligands for a given tar- macia Biotech. Bovine pancreatic ribonuclease A (RNase
get. This technology involves the display of an antibody or A), purchased from Sigma-Aldrich (code R-5500), was
a peptide on the surface of a filamentous phage by fusingdialyzed against distilled water prior to use. Polystyrene
the gene of the antibody or peptide to one of the coat pro- paramagnetic microparticles (2.6% suspension, diameter
tein genes of the phage. Highly diverse antibody libraries 1-2,.m) were obtained from Polysciences Inc. Fluores-
have been constructed by inserting antibody genes into onecein succinimidyl ester was purchased from Panvera Co.
of the coat protein genes, and many antibodies have beenTo block the polystyrene beads, Block Ace (Yukijirushi,
isolated from the libraries. The screening of phage libraries, Tokyo), a blocking protein solution made from milk and
referred to as “biopanning”, is based on a specific interac- designed for immunoblotting, was used.
tion between a given target and an antibody displayed on
the phage. Biopanning consists of five steps: the immobi- 2.2. Construction of the customized phage library
lization of a target molecule on a solid support, the reaction
of a library solution with the immobilized target (binding Anti-RNase A single chain Fv gen@] was subcloned
process), the washing of the solid phase to remove unboundnto pCANTAB5SE (Amersham Pharmacia Biotech) at the
phages (washing process), the elution and recovery of theSfi and Notl sites (pbCANE/3A21). Since it is known that



Y. Katakura et al./Journal of Molecular Catalysis B: Enzymatic 28 (2004) 191-200 193

the H3 region of antibodies plays an important role in equation:

antigen recognition, and we found that the H1 region of )

the anti-RNase A antibody forms a salt bridge with RNase MPUluriied R X INPUlnpurified

A but an amino acid replacement in the L3 region causes outputitieq B OUPUtnpurified

no effect on the antigen recognitids], two random se-

quences were introduced into the H1 and H3 regions of 3 5. preparation of the fluorescence labeled antibody

the gene to construct a customized library. Apall site

and a stop codon were introduced into the gene at the 5 g original phage antibody was constructed from mono-
flanking region of the H1 region by using a standard in ¢jona| antibody 3A21 (IgG) recognizing RNas€20]. The
vitro mutagenesis technique with oligonucleotiddCT- 4G from the supernatant of the hybridoma cell was purified
CACGTGCACTGTCACTGGCIAATCAATCACCAGTGA by RNase A Sepharose 4B] and dialyzed against PBS.
TTATGCC (the Apa.l site and the stop codon are un-  The monoclonal antibody (k 10-5M) was reacted with
derlined, the H1 region is italicized, mismatched bases fjgrescein succinimidyl ester 610-5 M) for 2 h at 37°C,
are indicated by bold characters). ARpall-EcaT14l after which the reaction was quenched by the addition of
fragment, which contains degenerated sequences in theyycine solution to give a final concentration of 0.1 M. The
H1 and H3 regions, was amplified from the result- |5peled antibody was purified using a Sephadex G25 column
ing phagemid by using a standard PCR technique with gqyjliprated with PBS. The concentration of the labeled an-
5 - TCACGTGCACTGTCACTGGCTAGXXX)7TGGAA- tibody (B) was calculated based on the absorbencies at 280
CTGGATCCGCCAATTTCCAG and 5GACCAGAGTC- and 492 nm, using the following equation:
CCTTGGCCCCAGTAAGOXXX )sCCCTCTTGCACAA-

TAATATGTGG acting as primers (th&pal.l and Ecor 14| Azgo— 0.26 x Agg2

sites are underlined), where XXX is NNK or RNS (N B= €
A+C+G+T,K=G+T,R=A+G,S=G+C,

(XXX)7 and (XXX)s correspond to the entire regions of whereg is the molar absorbance of the monoclonal antibody;,
H1 and H3, respectively). The NNK fragment and the thevalue ofwhichwas determinedtoh8210°M~tcm™*
RNS fragment were each ligated with the large fragment based on the amino acid composition and molecular weight
of pCANE/3A21 digested withApaLl and EcoT14l and ~ deduced from the DNA sequence.

then introduced intoE. coli TG1 by means of electro-

poration. The resultant NNK library was estimated to 2.6. Determination of the effective antigen

contain 5x 107 individual clones, while the RNS li- concentration

brary was estimated to contain>210’ individual clones.

The resulting libraries were mixed and then used for this  The antigen on the beads effective for antibody binding

study. was quantified by the fluorescent labeled antibody prepared
as described earlier. The antigen-coated beads were incu-
2.3. Preparation of the phage solutions bated in the labeled antibody solution ¥210-6 M) for 2 h

at 30°C. Since theKp of the labeled antibody for the anti-

Phage solutions of isolated clones and the library gen was estimated to bex210-8 M, 99% of the effective
were prepared using the methods described in the in-antigen was calculated to bind to the labeled antibody when
structions for the recombinant phage antibody system the effect of steric hindrance of the labeled antibody was as-
(Amersham Pharmacia Biotech), except that phage prop-sumed to be negligible. The beads were washed five times
agation was performed at 3C and those phages pre- with PBST and then re-suspended in PBST at@0The
cipitated by polyethylene glycol were dissolved in PBS beads in an aliquot of the suspension were collected and the
(0.2g of KHPOy, 2.9g of NaHPO;-12H,O, 8.0g of labeled antibody bound to the beads were eluted by 0.2M
NaCl, and 0.1g of KCI in 11 of deionized water, pH 7.2 glycine—HCI (pH 2.7). The supernatant was neutralized and

at 30°C). diluted with PBS. The amount of the bound antibody was
calculated based on the fluorescence intensity &C3h
2.4. Determination of the display ratio PBS. During the washing, however, the labeled antibody dis-

sociates from the antigen immobilized on the beads. To re-
The original phage antibody (3A21) was affinity puri- vise the dissociation, the residual suspension was incubated
fied to eliminate phages displaying no antibody molecule at 30°C. Every 10 min, the washing buffer was exchanged
as described previouslf9]. The purified and unpurified and the amount of the bound antibody was measured in
phage solutions were each reacted with the antigen-coatedhe same manner as described earlier. The logarithm of the
beads for 1h at room temperature. After washing the amount of the bound antibody was plotted against the wash-
beads three times with PBS, the bound phages wereing time (incubation time in the washing buffer) and the
eluted in 0.1 M triethylamine and then titrated. The dis- amount of the bound antibody at time zero was then extrap-
play ratio ) was calculated by using the following olated.
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2.7. Beads ELISA A O = k,=6x10%
The time courses for the association of the phage mixture B %—Q = K',,=3x10%

from the output in the third round of biopanning to the anti-

gen were compared with that of the original antibody. The c O S k,=6x10%

solution of the original phage antibody or the phage mix-

ture was added to the beads coated with RNase A and the D %‘O SC—— ) K, =1x102

suspension was rotated gently at°8) At different time / \ \

intervals, an aliquot of the suspension was withdrawn and 14 kDa 28kDa 15000 kDa

the beads were quickly washed with PBS three times. The Fio. 2. Associati . tants. (&) Th i . ant of

. . . . Fig. 2. Association rate constants. e association rate constant o
H_RP ConJUQated ant-M13 anthOdy (Amergham Pharmacia the antibody in soluble form to the antigen in solution (determined by
Biotech) was added to the beads_ and then mcubat_ed atroomngy |sa [21)). (B) The apparent association rate constant of the antibody
temperature for 1h. After washing the beads with PBST in soluble form to the antigen immobilized on the solid phase (determined
three times, 10Q.1 of BM blue (Roche Applied Science) was by the Biacore[9]). (C) The association rate constant of the phage
added. After incubation for 20 min at room temperature, the 2ntibody to the antigen in solution (determined by ELI$21]). (D)

. . The apparent association rate constant of the phage antibody to the
reaction was stopped by _addl,ng 'SDOf 1M H2SO. The antigen immobilized on the solid phase (determined in the present study).
beads were removed by filtration and the absorbance of therne numbers represent the, values in units of M1s1 (at 30°C

solution at 450 nm was measured. in PBS).

3. Results tween the gene 8 product and the antigen (or the solid sup-
port), even if the interaction is weak, the overall interaction

3.1. The kinetic model between the entire molecule of the phage antibody and the

solid phase cannot be ignored because of its avidity effect.

To construct a kinetic model of antibody—antigen interac- Consequently, the apparent dissociation rate of the phage
tion in biopanning, we considered the following three points. 2ntibody from the immobilized antigen might be lower than
First, when an antigen is immobilized on a solid support the dissociation rate in the event of the antibody reacting

only part of the antigen molecules that are immobilized on With the antigen in solution. . .
the solid phase are effective for phage binding because ac- Considering the three points discussed earlier, when a
cess to part of the epitope is hindered by the solid phase,Phage antibody reacts with an immobilized antigen, the
the antigen molecules themselves, or blocking protfdhs change in the concentration of the phage antibody—antigen
In addition, in the case of the antigen being biotinylated COMPIex is expressed as:
and immobilized on streptavidin beads, part of the antigen gx L treefree 11
molecules might be biotinylated at the epitope, and in the —~ = konP" €7 — ko X 3
case of the antigen being immobilized on a dish or a bead
by passive adsorption, part of the antigen molecules on thewhereX is the concentration of the phage antibody—antigen
solid phase are denaturf@j11,12] Thus, the concentration ~ complex,P™€ the concentration of the free phage antibody,
of the antigen used in the model must be that which is effec- C® the concentration of the free antigen that is effective
tive for antibody binding but not the total concentration of for the phage antibody bindingg, the apparent associa-
antigen. Second, the association rate of antibody moleculetion rate constant of the phage antibody to the immobilized
to antigen molecule depends mainly on the diffusion rate antigen, andc; the apparent dissociation rate constant of
of each moleculg¢13,14] When an antibody displayed on the phage antibody from the immobilized antigen. Given the
the surface of a phage, a huge filamentous molecule, reactsnass balance of the phage antibody and the effective anti-
with its antigen that is immobilized on a solid support, the gen, the following equations can be devised:
apparent association rate of the reaction should be much
lower than that when the antibody and/or the antigen ex-
ist in solution Fig. 2). Thus, the association rate constant
used in the kinetic model must be that shownFig. 2D
(seeSections 3.3 and 4r details). Third, the dissociation
rate of phage antibodies from the solid phase is affected not
only by the dissociation rate constant of the antibody from
the.antigen but also by non-specif_ic interactions bet.ween theThus,Cffee can be approximated t6. Therefore,Eq. (3)
entire molecule of the phage antibody and the solid phase. . )

: can be rewritten as:
One phage particle has more than 2000 molecules of genedX
8 product[4] and the density of the antigen is very high _ / / /
on the solid phase. If there is a non-specific interaction be- dr ~(konC + kogr) X + konPC ©

p=rpree L x (4)
c=ceq x (5)
whereP is the total concentration of the phage antibody and

C the total concentration of the effective antigen. Sifids
much higher tha® in biopanning X is negligible inEq. (5)



Y. Katakura et al./Journal of Molecular Catalysis B: Enzymatic 28 (2004) 191-200 195

The concentration of the complex at tiris given by inte- antigen € = 5 x 10/ M) at 30°C for 2h (, = 72005s).

gratingEq. (6)(whenz =0, X = 0): The beads were washed with PBS every 2min during the
konCP{1 — exp[—(konC + ko )t]) first 10 min and then every 10 min. The bound phage was
X= W C 1K (7 titrated every 10min, after which each binding fraction
on off

(bound phage/input phage) was calculated. Ehe value
Therefore, the binding fraction of the phage antibody (ratio and the binding fraction of the original phage antibody at
of the bound phage to the total phage) after the binding s, = 0's were determined to be2104s 1 and 18 x 101

process is given as: by regressing the time course of the binding fraction to

Xp  kbnCll — expl—(kpnC + ki )]} Eq. (10) Since the binding fraction of the original phage

=—= - ; (8) antibody atr, = Os is the same as that at the end of the
P konC + kog

binding processtf = 7200s), and a€ andky are given,

wherety, is the time for the blndlng process. In the WaShing the ké)n value was calculated as bem@(lloz M—1g1 (at
process, the complex begins to dissociate because the washgo°C in PBS) based okq. (8)

ing buffer contains no phage antibod§€ = 0 in Eq. (3).

Therefore: 3.4. Design of an appropriate set of experimental

dx conditions for on-rate selection

o = Ko X 9)

The concentration of the complex after the washing process 10 iSolate phages displaying an antibody with a high

is given by integratingeq. (9) value from the customized library, an appropnate set pf the
, operating parameters,, ty, andC was determined by sim-

X = Xpexp(—kogs tw) (10) ulations based on the kinetic model.

wherety, is the time for the washing process (wheg: 0, o S

X = Xp). Therefore, the final binding fraction of the phage 3-4-1. Determination of the binding time Xt _

antibody after the washing process is given as: A customized phage antibody library constructed by in-
troducing random amino acid sequences into the hypervari-

exXp(—K. ) able regions of the original phage antibody should contain
off W phages displaying an antibody with a rangekgf and kos
(11) values for its antigen. We assume a desirable antibody with
the samek_;; value as the original antibody but withig,
When the apparent rate constarit§,(@ndk) and the ef-  yajue that is 30 times higher than the original antibody.
fective antigen concentratiol€) are given, one can calcu-  \When thek;,, andk values for the original phage antibody
late the binding fraction of the phage antibody at the binding gre given andC, t, andt, are set, the final binding frac-

{ _ konC{1 — exp[—(konC + ko )tb]}
P konC + ki

Fi =

time (tp) and the washing timet() based orEq. (11) tions of the original and the desirable phage antibod¥gg (
andFqes respectively) can be calculated basedzap (11)

3.2. Preparation of the antigen-coated beads and To isolate phages displaying an antibody with a higkgr

estimation of the effective antigen concentration value than that of the original antibody, the enrichment of

the desirable phage antibody to the original phage antibody
The polystyrene paramagnetic beads (2.6 mg) Wwereihat is defined as:

washed three times with 0.1 M sodium carbonate buffer (pH Faes

9.6) and were then incubated in 0.1ml of 4/ RNase A~ E = —— (12)

in the same buffer at 4C overnight with gentle rotation. o9

The beads were washed three times with PBS and then in-should be as high as possibleig. 3 shows the effects of
cubated in PBSM (PBS containing 2% Block Ace) at'80 the binding time on the enrichment for different effective
for 3 h with gentle rotation. Under these conditions, most of antigen concentrations. The enrichment decreases with the
those antigen molecules in the reversibly adsorbed form arebinding time, with the decrease being rapid when there is
removed from the solid phase such that the loss of the phagea high concentration of effective antigen. Considering the
antibody—antigen complex by desorption from the solid time required for the experimental operations of the binding
phase during binding and washing becomes neglidi®je process, the binding time was determined to be 1 min.
When the resultant beads are suspended in 1 ml, the effec-

tive antigen concentration was estimated to be B>~/ M. 3.4.2. Determination of the washing timg )t
In the washing process, the degree of dissociation of
3.3. Estimation of the apparent rate constants of the bound phages from the solid support depends on the incu-
original phage antibody bation time of the solid support in the washing buffer even
though its efficacy in removing unbound phages depends
The affinity-purified original phage antibody 510° cfu) on the number of washing operations (removal and addition

was incubated in a suspension of beads coated with theof the washing buffer). In conventional off-rate selection,
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30 107
C=5x108M 30
101
20
m _ 102 20
w W
10 103
10
107 \
O0 10 20 30 40 50 60 L SO ST I
Binding time (min) 10719 100 108 107 10® 10°
Fig. 3. Effect of binding time on enrichment. The enrichments of the Cc (M)

phage displaying the desirable antibody (g value is 30 times higher

than that of the original phage antibody) was simulated baseqoif8) Fig. 5. Effects of effective antigen concentration on enrichment and final

binding fraction of phage displaying desirable antibody. The shaded area
representst > 3 x 1073, 1 = 1 min, fy, = 10 min, k; = 2 x 1074s7%,
phages displaying an antibody with a lég value are en-  ken =1x 10Ms7% (thin lines), kg, = 1 1M~ s+ (bold lines),
riched by the extension of the washing time because phagegon =1* 16°M~1s" (broken lines).

displaying an antibody with a highdgs value dissociate

more from the solid support during the washing process. times in 10 min (It is possible to recover the magnetic beads
Putting this another way, however, it can be said that extend-within 1 min by laying the sample tube on a magnet).

ing the washing time eliminates phages with high val-

ues.Fig. 5shows the effects of the washing time on the final 3.4.3. Determination of the effective antigen

binding fractions of phages displaying an antibody with the concentration (C)

sameKp value but with a differenk,,, value. The final bind- Since it is known that not all the phages display an anti-
ing fraction of the phages displaying an antibody with a high body in the phage antibody librarifib], the number of each
kon value decreases with the washing time. The decrease iphage clone involved in an antibody library is expressed as:
also observed when the binding time is lorigg( 4, bro- R

ken lines). This means that off-rate selection (when both the No = 15 (13)
binding and the washing time are long) eliminates phages

displaying antibodies with a higko, value. These results ~ Wherel is the input phage numbéRthe ratio of a phage dis-
indicate that the washing time should be as short as possi-Playing an antibody molecule to the phage encoding the an-
ble for the on-rate selection. However, non-specific phagestibody gene, and the diversity of the library. The purpose
should be removed as far as possible by the washing opera®of biopanning is the isolation of phage clone(s) with desir-
tion. To reconcile the short washing time with the removal able properties. In other words, at least one phage molecule
of non-specific phages, we changed the washing buffer five must be recovered for each clone. Thus, the unequal equa-

tion:
100 ¢ NoFt > 1 (14)
ok e fomn must be satisfied. The diversity of the present library was
10 min determined to be % 10/, and the display ratio of the orig-
102 30 min inal phage antibody was determined to be 0.025. Since we
Ty input 102 phages in the biopanning experiment, the quan-
103 60 min tity of each clone was calculated to bex410?, assuming
" 120 min the display ratio of the phage library to be the same as that
104 of the original phage antibody. In our case, therefore, the
¥ 120 min final binding fraction must be greater thanx310-2 (the
10'5i04‘ - 1‘05 ‘ ””i‘oe - ””‘107 shaded area iRig. 5 and should preferably be greater than

102 to enable the reproducible recovery of the desirable

phage clones. As shown Fig. 5, the final binding fraction

Fig. 4. Effects of washing time on final binding fraction of phage an- iNCreases with an increase in the effective antigen concen-

tibodies with differentkon values. The final binding fractions of phages tration, but the enrichment decreases considerably at an ef-

displaying an antibody with & value of 18 M~ were simulated based  fgctive antigen concentration of more than$®1. When

on Eq. (11) The ky, values of each phage were assumed to be 1/600 of the antigen-coated beads were Suspended in the Iibrary so-

the kon value of each antibody in soluble form. Solid lines:= 1 min; . . . .
lution at a concentration of 2.6 mg/ml, the effective antigen

broken lineszy, = 15h.C = 5x 107 M. Numbers represent the washing ) - 7 ’
time. concentration was estimated to b&x30~" M as described

Kon (M-1s7)
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1.2

Enriched antibodies

Binding (relative value)

T TR T T T T T NG T T T T T

10—6 1 HHIH‘ 1 HHHd 1 \HHH‘ Ll
100 101 102 108 10%
Binding time (min)

Reaction time (h)

Fig. 6. Comparison of reaction rates. The mixture of the enriched antibod-

ies were amplified directly from the output of the third round. The time Fig. 7. Time course of binding fraction of assumed phage antibodies during
courses of the relative binding fraction of the mixture and the original binding. The numbers represent thig, values.kj, = 1 x 1®?M~1s™1,
phage antibody to the antigen immobilized on the beads were compared.C = 5 x 10~’ M (solid lines),C = 1 x 10~? M (broken lines).

C =5x 107" M; phage concentratios: 10 cfu/ml.

| (Ka) and the association rate constakynj of each phage
antibody to the antigen in solution. As shownTiable 1, all
the isolated phage antibodies had higkgrvalues because
they possessed highley,, values than the original phage an-
tibody.

earlier. Since this concentration provided both a high leve
of enrichment and sufficient recovery of each phage clone,
we used the coated beads as is for the on-rate selection

3.5. Results of on-rate selection

Three rounds of biopanning were performed for the cus-
tomized library under the conditions determined rationally
as described earliery(= 1min, ,, = 10min andC =
5x 10~7 M). The reaction rate with the antigen of the phage
mixture amplified from the output of the third round was
compared with that of the original phage antibody by the
beads ELISA method described in the methods section. As
shown inFig. 6, the phage mixture amplified from the out-
put of the third round reacted with the antigen faster than the ,
original phage antibody. Although the antigen concentration SOtherm[16]. That same year, Kretzschmar etal. introduced
and the phage quantity were identical in this experiment, the @ simple relat|o_nsh|p betwegn the binding fraction and the
quantity of antibody could differ because the display ratio total concentration of the antigen based on mass balance un-

of each phage could differ. Therefore, we isolated 10 phage d€r @ state of equilibriurfl 7]. Based on these two studies,
clones and estimated the equilibrium association constant-evitan established a stochastic model and calculated the

relative output of a clone assuming an affinity distribution
in a library [18]. In our previous pap€i9], we proposed a

4. Discussion
4.1. The present kinetic model

Mandecki et al. established the first model for a biopan-
ning process in 1995, describing the relationship between
the binding fraction of a phage antibody and the total con-
centration of its antigen based on the Langmuir adsorption

Table 1 _ o kinetic model that considered the effective antigen concen-

Kinetic parameters of isolated antibodies tration and desorption of antigen from the solid phase. In

Clone  Ka kot kon Fold our previous model, we assumed equilibrium in the bind-
(x1PMY)  (x103sY)  (xIPM-1sh ing process and we used an apparent dissociation constant,

1 6.4+ 1.0 l4x12 9.0+ 3.3 15 calculated based on the apparent association and dissocia-

2 22+£03 17410 38+ 17 6 tion rate constants of the antibody in soluble form for the

3 40+ 0.5 3.3+ 0.6 13.24 0.9 22 . . - i :

4 14+ 01 294 0.4 394 0.2 7 antigen immobilized on a Biacore sensor chip. However, the

5 32+03 1.2+ 03 3.8+ 05 6 apparent association rate constant of the phage antibody to

6 23+03 0.7+ 0.1 1.6+ 0.1 3 the immobilized antigen was found to be 300 times lower

7 26+0.2 0.8+ 0.3 21+ 05 4 than that of the antibody in soluble form to the immobilized

g ggi 8:2 E‘S‘i (1“23 1‘3:‘& ;:i ;g antigenl(:igl. 2). As shown inFig. 7, when thekg, val5ue ils

10 57103 634 1.1 16.84 13 o8 10 M~1s1 aphage antibody with & value of 10> s~

Original  0.24+ 0.07 2.5+ 0.9 0.60+ 0.06 1 requires 10 h in the case 6f=5x 10~ M and 63 h in the

_ 9 0 o .
Ka and kon Were determined by ELISA at 3@ in PBS andke was case ofC = 1x 107 M to reach 90% equmbrlum, whereas

calculated based oBq. (2) Error represent the 95% confidence limit of @ Phage an“b(_)d)_/ with &, value of 10°s™* requires
each regression. less than 40 min in both case. Therefore, we can conclude
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that equilibrium is not achieved in most cases of biopan- was one order of magnitude lower than tkhg value of
ning. Here, we propose a fully dynamic model for the entire the original phage antibody from the antigen in solution.
biopanning process using the apparent kinetic constants ofThis difference could be caused by electrostatic interaction
the phage antibody for the immobilized antigetj( and between the antigen that is immobilized on the solid support
k) and the effective antigen concentratid®).(When one at a high density and the major coat protein, g8p, of the
determines experimentally (or assumes) the apparent ratgphage. This may be because the antigen, RNase A, is a basic
constants of a phage antibody and g&t®ne can simulate  protein (isoelectric point= 9.6) [20] and the N-terminus
the time course of the binding fraction of the phage antibody region of g8p that is exposed on the surface of the phage
based on the model. To simplify this model, however, the contains three acidic amino acid resid(ik

dissociation of the antigen (or the antibody—antigen com-

plex) from the solid phase is not considered because of the4.3. The effects of the error of titg, on the quality of the
reasons described further, even though it was incorporateddesigned experimental conditions

into our previous model. In biopanning, the antigen is im-

mobilized on the solid phase by passive adsorption or by us-  Although the association rate constants should first be de-
ing a biotin—streptavidin system. In the former case, desorp- termined under various concentrations of their antigens, we

tion is negligible when the blocking time is sufficidd{. In estimated the apparent association rate constant of the origi-
the latter case, since the dissociation rate constant of biotinnal phage antibody to the immobilized antigen under a con-
from streptavidin is extremely low (2x 10-6s71) [19], the centration of the antigen. In addition, although we assume

dissociation of the biotinylated antigen from streptavidin is that all molecules of the affinity-purified phage display the
negligible when streptavidin is immobilized covalently on a antibody molecule, it is difficult to confirm that all the anti-

solid phase. body molecules displayed on the phage have the same affin-
ity with the original antibody. Considering the probability

4.2. Apparent association rate constants of the phage that the estimated apparent association rate constant might

antibody to the immobilized antigen contain a significant error, we examined the effects of the

error on the quality of the designed experimental conditions.

Since antibody—antigen interactions are usually diffusion- We assumed two cases in which the actiglvalue is 10
limited interactiong[13,14] the association rate of the re-  times lower and higher than the estimatéq value. In both
actions depends mainly on the diffusion rate of the smaller cases, as shown ifig. 5, the designed experimental condi-
molecule of the partner. When an antibody is displayed on tions ¢, = 1 min, 7, = 10 min andC = 5 x 10~ M) were
the phage, the diffusion rate of the phage antibody should found to give both a sufficiently high enrichment and an ac-
be much lower than that of the antibody in soluble form ceptable recovery of the desirable antibody. In conclusion,
because the phage is a huge filamentous molecule with abiopanning under the designed experimental conditions en-
molecular mass of over 1@a [4]. In those cases in which  riches the desirable phages even if the estimafgdralue
an antibody reacts with its antigen in solution, the associa- contains a significant error.
tion rate of a phage antibody does not differ so much from
that of the same antibody in soluble form because the anti-4.4. Properties of the isolated phage antibodies
gen diffuses freely (here we assume a soluble globular pro-
tein with a typical size as the antigen). In our case, the true  After three rounds of on-rate selection, 10 independent
association rate constant of the original antibody (as a solu-phage clones were isolated and e and theko, of each
ble single chain Fv form, 28 kDa) to the antigen (RNase A, phage antibody to the antigen in solution were determined
14 kDa[20]) in solution and that of the original phage anti- according to the methods devised by Stev§3] and
body were both estimated to bex610*M~1s~1 (Fig. 2A Zhuang et al[21], respectively. The deriveda and ko,
and G respectively]21]. In contrast, in those cases in which are the true association constant and the true association
an antibody reacts with its antigen immobilized on a solid rate constant, respectively, because the antibody and the
support, the association rate depends on the diffusion rateantigen react in solution (neither of them is immobilized
of the antibody. In our case, the apparent association rateon solid support) in these methods. As showrTable 1
constant of the original phage antibody to the immobilized the Ka values of the isolated phage antibodies were 6-37
antigen Fig. 2D) was estimated to bexd10?M~1s™1. This  times (average 13 times) higher than that of the original
value was 300 times lower than that of the antibody in sol- phage antibody. Thi,, values of the isolated phage anti-
uble form to the immobilized antigerrig. 2B). Similar re- bodies were 3-30 times (average 14 times) higher than that
sults were reported in the case of biotinylated DNA binding of the original phage antibody. Since tkgs values of the
to streptavidin immobilized on a particle. Huang et al. ob- isolated phage antibodies were almost the same as those
served that the apparent association rate constant of 5000 bpf the original phage antibody, the isolated phage antibod-
DNA is about 20 times lower than that of 100 bp DNZ2]. ies have higheKp values by possessing highley,, values

The k[ value of the original phage antibody from the than the original antibodies. The phage antibody with the
immobilized antigen was estimated to be20~4 s~1, which highestky,, value among the isolated phage antibodies has a
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kon value of (1.76 &+ 0.24) x 10° M—1s~1 which is 29-fold a diversity of 18, Ng is calculated to be only £0(in the
higher than that of the original phage antibody. Since it case ofR = 0.1) or less. To ensure the reproducible recov-
is known that theky, value of natural antibodies ranges ery of positive clones, the final binding fraction should be
from 10* to 1P M~1s71[1,2], it can be concluded that we above 101 in this case. Thus, as shownfiyg. 7, C should
succeeded in isolating one of the phage antibodies with thebe high &10-%M) andt, should be long (overnight). Al-
highestky, value from the phage library. It was reported though, in the present study, we immobilized the antigen by
that electrostatic interaction between antibody and antigen passive adsorption, it was reported that the immobilization
accelerates the associatif®4]. However, some isolated of antigen by a biotin—streptavidin system is much better
antibodies have no acidic amino acid residue in the ran- than that attained by passive adsorption to gain the effec-
domized region while a few isolated antibodies have one or tive antigen concentratid®]. In the second and subsequent
two acidic amino acid residue (RNase A is a basic protein). rounds of biopanning, one can set the appropriate set of the
To explain the causes of increase in the association rateexperimental conditions becaulNg is expected to be much
constant, therefore, increase in the degree of accessibility ofhigher than that in the first round.

the antigen to the binding site of the antibody and/or other

factors should be also considered. Although the specificity 4.6. Comparison between on-rate and off-rate selection

of the isolated antibodies to the antigen should be further

examined, the present results demonstrate that the designed SinceKa = kon/koft at the equilibrium, we can say that
experimental condition were appropriate for the on-rate Off-rate selection reduces the denominator and on-rate se-

selection. Duenas et al. reported a selection of phage anti-ection increases the numerator. For nine kinds of assumed

bodies based on kinetic constants from a model library con- phages, each of which displays an antibody wita-avalue
sisting of six different phage antibodigz5]. They showed ~ of 10%, 10° or 1 M~ts™* and with akof value of 1073,
experimentally that a short incubation (less than 30 min) of 10~%or 107>s™, the final binding fractions after one round
the model library solution with an antigen enriches a phage Of a typical “off-rate selection” and our “on-rate selection”
antibody with a high association rate constant. In their SAP were comparedHig. 8). As expected, the final binding frac-
selection system, however, since the phage antibodies reactions of the phages displaying an antibody wkgh value of
with a fusion protein of the antigen and g3p in solution, the 10°M~!s~1were high in the case of on-rate selection, while
apparent association rate constants should be much highethose with & value of 10°s~* were high in the case of
than those in the case that phage antibodies react with arpff-rate selection. If the phage displaying the antibody with
antigen immobilized on a solid Support. In addition, they the highest af‘finity constant of a'.b(WhICh associates fastest
did not show the absolute concentration of the antigen usedand dissociates slowest) among the nine antibodies is con-
for the selection. Therefore, their experimental conditions tained in a universal library, it would be isolated both by the
would not be applicable to conventional selection systems on-rate and off-rate selection. However, it is known that the

in which an antigen is immobilized on a solid support. frequency of an antibody against an antigen in an antibody
library decreases with an increase in the affinity. Lancet et

4.5. Applicability of the on-rate selection to universal al. estimated the frequencies of antibodies Withvalues of

phage antibody libraries 10% 10 and 18* M~ are 107, 10% and 1012, respec-

tively, based on their mod§29]. Assuming that this affinity

In the present study, we applied on-rate selection to the distribution can be applied to the universal library with a di-
customized library constructed for an antigen, RNase A, versity of 10, one could expect the library to contain#)
and succeeded in isolating the phages displaying a practi-10° and 16 kinds of antibodies witiKa values of 161,
cal and desirable antibody. The on-rate selection should be10'® and 1§ M~1, respectively. Therefore, most of phage
also applicable to the universal libraries constructed for var- antibodies involved in the output of a round of biopanning
ious antigens. If, as has been proposed, a library 81@ of the library are expected to ha¥ values of 16M~1
had sufficient shape space to recognize all the antigens, ondgor less). Among these phage antibodies (the shaded bars in
would expect 18-10* different binding clones per antigen  Fig. 8), the on-rate selection enriches the phage displaying
from a universal library with a diversity of 20[26,27] the antibody with thekon value of 18 M~1s~1 while the
There would be phages displaying an antibody with a high off-rate selection eliminates this antibody. When one wishes
kon Value among the clones. Therefore, it should be possibleto obtain antibodies for an application for which the reaction
to isolate phages displaying the practical and useful anti- time is limited, one should employ on-rate selection.
body from universal phage antibody libraries like the Grif- In contrast, when one wishes to obtain antibodies for an
fiths library [28]. The same set of experimental conditions application that requires an extensive washing operation,
with the present study should be applicable for biopanning off-rate selection should be employed to avoid a loss of
of universal libraries. In the first round of biopanning for antibodies during the washing operation. It is notable that the
universal libraries, however, it must be noted that the num- efficiency of the off-rate selection is improved by extending
bers of each phage displaying an antibody are small. Eventhe time for the binding process. As shownFkig. 7, the
when one inputs 18 cfu of a phage antibody library with  ratio of the binding fraction of a phage displaying antibody
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Fig. 8. Comparison of on-rate and off-rate selection. Left, on-rate seleajiea I min, r, = 10 min); right, off-rate selectionyf = 15h, 7y, = 1h). The
shaded bars represent the final binding fractions of the phages displaying an antibodyKitatue of 16 M~1. C = 5 x 10~7 M. The k,,, values of
each phage were assumed to be 1/600 ofkfaevalue of each antibody in soluble form. Thg, values of each phage were assumed to be the same

as thekosr value of each antibody in soluble form.

with a highkes value to that with a lovkes value is higher
when the time for the binding process is longer. The ratio is
also higher when the effective antigen concentration is lower
while the binding fraction of the phage displaying antibody
with a high ke value decreases. Therefore, the effective
antigen concentration should be high in the first round of
biopanning becausly is low but it should be low in the
further round of biopanning iNg F; > 1 is satisfied. Simply,
the Ng value can be calculated by dividing the input of the
present round by the output of the previous round.

4.7. Importance of kinetics in chip technology

As shown inFig. 1, an increase in the concentration of

the antibody—antigen complex depends onkfevalue of

the antibody. When an antibody with a loky, value is
immobilized on a chip, the reaction rate is low, resulting in
a low sensitivity for a fixed reaction time, even when the
antibody has a sufficiently higkiy value. On the other hand,
the sensitivity is high in the case of those antibodies with a
high kon value. In addition, the amount of antigen trapped
on an antibody with a lovky, value is affected directly by
the error in the reaction time, which could cause a problem
in reproducibility. In contrast, the amount of the antigen
trapped on an antibody with a hidb,, value is less affected
by the error in the reaction time (for example, compare the
slopes of the antibodiesat= 1 h inFig. 1). In conclusion, in
most applications of antibodies, including chip technology,
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