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Abstract

Recombinant antibodies often contain N-terminal mutations arising from the use of degenerate cloning primer sets
and/or the introduction of restriction sites in the framework 1 regions. We studied the effects of such mutations in a
recombinant anti-estradiol Fab fragment derived from the hybridoma cell line 57-2."Er&l$§ of the heavy and light

chain genes were originally modified to introduce the restriction 3tes and Sad, respectively, for cloning purposes.
However, the affinity and specificity of the recombinant Fab were lowered compared to the proteolyticagatent

of the parental hybridoma IgG. Replacing the mutated sites with authentic amino acid coding sequences restored the
binding properties as well as increased the bacterial production levels fivefold and 10-fold at 30°@nde3pectively.

Local changes in the antigen binding site were probed by determining the affinity cori#€gnfsr estradiol and four

related steroids. It was found that the mutated heavy chain amino terminus specifically incredaéefbthiestosterone
whereas the mutated light chain amino terminus decreased tfa all of the steroids to the same extent; the heavy

and light chain effects were additive. Analysis of a newly determined crystal structure of the authentic Fab 57-2 in
complex with estradiol suggests that mutations in the residue 2jinaxid 2 and 4 in the Vdomain were those
responsible for the observed effects. Their general roles as structure-determining residues for the CDR3 loops imply that
similar effects can occur with other recombinant antibodies as well.

Keywords: estradiol; N-terminus; recombinant antibodies; steroid recognition

Estradiol(178-estradiol, &), the principal female sex hormone, is  To study the molecular recognition of estradiol by mouse anti-
an important regulator of the female physiological cycle as well adodies, we have recently cloned the genes of three agnlitébs

a factor in the maintenance of the body tissues such as bone arfilm the hybridoma cell lines 57-2, 8D9, and 118®junen et al.,
muscle. The status of the estrogen-dependent functions is reflectd®97). Mab 57-2 was particularly interesting as it showed high
in the concentration of estradiol in the blood circulation, forming specificity for the D ring of estradiol: cross reactivities with the
the basis for the determination of serum estradiol in clinical lab-clinically relevant analogs estriol and estrone were less than 0.2%
oratories. The development of immunoassays for estradiol is, howtLamminmaki et al., 1997 By contrast, the A ring was poorly
ever, complicated by the fact that the human serum contains eecognized, as exemplified by a 37% cross reactivity with testos-
variety of structurally similar steroid hormones that differ only at terone(TES). In a homology modeling study of 57-2, this high

a few sites around the common steroid nucleus. Moreover, estraross reactivity was associated to the scarcity of contacts with the
diol is present at much lower concentrations than some of the othek ring, as seen by molecular docking of the steroid to the binding
steroids, setting a high demand for the specificity of the antibodysite (Lamminmaki et al., 1997 On the other hand, we were able
used in the immunoassay. Although a few rabbit polyclonal anti-to decrease the TES cross reactivity of 57-2 by a factor of 20 by
bodies have shown reasonably good discrimination for these sterror-prone polymerase chain reducti®®CR) mutagenesis of the
roids, there are no such mouse monoclonal antibodies available @, region followed by phage display selection of improved mu-
date. tants in the presence of a large excess of TE8viranta et al.,
1998. The occurrence of mutational hot spots in both CDRH1 and
CDRH2 as well as a few “accessory” mutations in the framework
regions indicated that theVdomain was actually quite readily

Reprint requests to: Petri Saviranta, Department of Biotechnology, Unigmenable to the modulation of its cross reactivity with TES
versity of Turku, Tykistokatu 6A, Turku FIN-20520, Finland; e-mail: (Saviranta et al., 1998
petri.saviranta@utu.fi. Y . . .
SCurrent address: Innotrac Diagnostics Oy, Tykistokatu 4D, Turku FIN-  The recombinant Fab 57-2 slightly differed from the proteolytic

20520, Finland. (papain-digestedFald fragment of the parental hybridoma 1gG
2547




2548 P. Saviranta et al.

with respect to affinity and specificity: thi, for a labeled & A
derivative was decreased by 40% and the cross reactivity for TE:
was increased twofoldLamminmaki et al., 1997; Pajunen et al.,
1997. In these studies, Fab was expressed with the phagemi
vector pComb3Barbas et al., 1991 which necessitated the cre-
ation of the restriction siteXhd and Sad in the framework 1
regions(FR1) for the insertion of the heavyFd) and the light
chain genes, respectively, to the vector. Even if the amino termin
could not be in direct contact with the hapten, their location closely
behind the CDR3 loops raised the question whether some of th 57-2!pComb3
necessary FR1 mutations could have indirect effects on the steroi 5242 bp
binding. Moreover, considering the fact that several positions in
the \{; domain had already been shown to be prone to mutation:
affecting the TES cross reactivifpaviranta et al., 1998we set
out to clarify the significance of the mutated heavy as well as the
light chain amino termini. In this study, we show that the amino
termini of both chains contribute to the steroid recognition of Fab
57-2 and that authentic binding properties could be re-establishe
on restoring the original FR1 sequences. With the aid of a 2.15 £
crystal structure of the authentic Fab 57-2 in complex with estra-

diol (U. Lamminméki, unpubl. dajawe discuss possible struc- By xeot  BsEn spel Nhel oo hal Mot

tural explanations for the observed N-terminal effects. The propose ‘; |l Vi Icu |i o |/ wTea b
mechanisms are based on the roles of residues 2 and 4 as structu - 4 L =P - =
determining residuesSSDRS9 for the CDR3 loopgMartin & Thorn- PCR PCR PCR PCR
ton, 1996; therefore, similar effects may occur with other 1 l l l
N-terminally modified antibodies as well. A ==

Lt &
Results and discussion SOEﬂiR (A+B) SDE-PCR (C+D)
The significance of authentic amino termini in recombinant anti- AB cD
bodies has been addressed in several recent st(Bashar & ! ! E
Pastan, 1995; McCartney et al., 1995; Short et al., 1995; Kipriy- Nt S(IJeI e
anov et al., 1997; de Haard et al., 1998, 1999; Langedijk et al. ! ! SOE-PCR (CD+E)
1998. Although it is now generally accepted that some N-terminal H !
mutations can deteriorate the folding gnd stability of recombi- : : I CDE 1
nant Fab or ScFv fragments, there is not much information on hov H H : :
they affect the antigen binding properties. In this study, we analyzt | Nottispel i NSl hinetrxpe ragment 0
in detail the effects of N-terminal mutations on the fine specificity i ranenIma o i I kel
and affinity of a hapten-binding Fab fragment. Our results imply I | ! 1

II g3p’ [ [ C /ﬁ\

that the amino termini in recombinant antibodies deserve mort /.\] ¥u_ | ch1
attention as potential fine modulators of the antigen recognitior Nofl BotEl  BsfEll Spel
process.

SpelliNhel
digestion + vector !

§
g
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Initially, the genes coding for the Fab fragment of the anti-estradiol Notl BstEll B@'.EH Sac! mﬂ;m,

antibody 57-2 were subcloned into the phage display vector pComb3

(Barbas et al., 1991between the restriction sité¢éhd-Spé (Fd Fig. 1. DNA constructionsA: The vector 57-2pComb3, containing the

. . . . . . . Fd (V4 + Cy; domaing and light chain genes of the anti-estradiol
chain andSad-Xbd (light chain (Fig. 1A). The S cloning sites antibody 57-2. The Fd chain is fused to the C-terminal g&no198—

(Xhd andSad) were introduced in the framework(ER1) coding  ser406 of the minor coat proteirigene 3 proteinof the bacteriophage
regions of each chain via the PCR primers used for the amplifitM13 via a (Gly),Ser linker.B: Linear view of the Fab expression cas-
cation of the genes from first strand cDNRajunen et al., 1997  sette, extending from the firstac promoter to the secondlot site.
According to the earlier literature, the introduction of a few change<S: e N-terminally authentic construgstill a g3p fusion. D: Soluble

- . . . = Fab expression construct was obtained by cutting the plasmid Syith
to the beginning of the FR1 was considered to be of minor signif-,nq Nhe, followed by religation of the compatible cohesive ends. The

icance(Huse et al., 1989; Orlandi et al., 1989; Sastry et al., 1989 Fd gene translation now ends in two in-frame stop codOPEGTAA)

In the case of Fab 57-2, four of the first six residues of the Fd chainmmediately following theSpé/Nhd ligation site. Explanation of labels:

were mutated, while the light chain was both truncatesidues 1 :acPO, lac proEoter-operator; pelB ss, S'Q”i‘)'l Seﬂ?“ence frfO’E thﬁ pectate
. . yase gene ofErwinia carotovora Vy, variable domain of the heavy

and 2 and_mu_tateerSIdues 3 a”‘?')"‘as Shov‘_m in the S?QUG”C? chain; Gy, first constant domain of the heavy chain;, Wariable do-

alignment in Figure 2. The N-terminal truncation of the light chain main of the light chain; ¢ constant domain of the light chain; g3p

was not necessary for creating tBad restriction site to the 5end C-terminal part of the gene 3 protein coding sequence.
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Fig. 2. Alignment of the native and mutated variable regions. The native amino acid sequences are shown in full on the upper lines,
while the mutated residues are shown on the lower lines. Identity with the native sequence is indicated by a dash. Positkima of the
andSad restriction sites are underlined. The arrows point to the CDR3 antigen contact residues that are discussed in the text. Residue
numbering and CDR locatiorigdicated by bolglfollow Kabat’s definitions(Kabat et al., 19911 Hy, andLya, native heavy and light
chains;Hxng andLsag, N-terminally mutated heavy and light chains.

of the gene, but was actually a consequence of sequence mithe folding andor stability between the N-terminal variants, the
alignment in designing the PCR primer. Nevertheless, this truncaproduction levels were monitored at two growth temperat(3&s
tion serves to increase the knowledge on the significance of thand 30°C) after induction. The degree of periplasmic leakage was
N-terminal residues in antibodies. used as a measure of the physiological condition of the cells and
The amino termini were restored to their authentic forms bywas assessed by determining the Fab concentrations both from
splicing by overlap extension PQBOE-PCR (Ho et al., 1989as sonicated cellsrepresenting the periplasmic fractjcand from the
outlined in Figure 1. The 'Sprimers used for the amplification of growth medium. Results from these experiments are collected in
the heavy chaiffragment B and the light chaiffragment B were Figure 3.
designed according to the native N-terminal sequences of the heavy At the moment of induction, virtually no Fab was present, in-
and the light chains of Mab 57-2, as previously determined bydicating that théac promoter was adequately repressed during the
protein sequencin@Pajunen et al., 1997The SOE-PCR products pre-induction period; thus, all the clones had equal starting con-
were then cloned back to the phage display vetfag. 1C), after  ditions for the production period. The kinetics of production was
which the gene 3 protein fragme(@3p’) was removed to yield the very similar for all the clones: At 3TC, the Fab levels reached
soluble Fab expressing constr&tig. 1D). This wholly authentic  their maxima and stabilized in 4 h, while at 3D, the levels
construct was termetya/Lna. The constructsHyay/Lsag and increased further udtb h postinduction to settle thereafter. The
Hxna/Lnat Were created by correcting only the heavy chain or theN-terminal mutations, although not affecting the production kinet-
light chain, respectively. Finally, the constriitthg /Lsag Was made  ics, clearly decreased the maximal production levels. AC3the
directly from the original plasmid by removing the g3pagment  all-authentic Fab reached a level of 3ui4/mL, whereas the vari-
as described above. ants having one mutated and one native ch@i./Lsag and
Hxha/Lnay) Were produced at 58 and 26% of that, respectively, and
the Fab with both chains mutatéHyyq /Lsa¢) Was produced only
at 10% of the native Fab level. At 3@, all Fab forms were
The effects of the amino termini on the production levels andproduced at higher level(4.6- to 3.1-fold morgthan at 37C. The
kinetics were studied by measuring functiofiiad., antigen bind- same ranking order was maintained, but the doubly mutated Fab
ing) Fab concentrations in shake flask cultures over a period obenefited more than the others from the lower temperature such
18 h after the isopropyB-p-thiogalactopyranosiddPTG) induc-  that it finally reached a level of 1.4g/mL, about one-fifth of that
tion. To study if there were temperature-dependent differences inf the all-native Fal§5.3 ug/mL). All the produced Fab fragments

Fab production levels
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Fig. 3. Fab production kinetics and localization. Functional Fab concentrations were measured at 0—18 h post-iflugtion

cultivation temperatures of 3€ (open symbolsand 37C (filled symbolg. Total functional Fab concentratiofisircles, connected
with solid lineg are plotted on the right-handaxis, while the periplasmic fractiorisquares, connected with dashed linee plotted

on the lefty-axis.

were relatively stable even at 32, as the levels attained at 4 h Hapten binding properties

showed no decline through until 18 h. Thus the differences in the

measured production levels were apparently not caused by diffeleach recombinant Fab and the proteolytic Fédagment were

ent turnover rates of the fully folded and assembled Fab fragmentgrofiled for their hapten recognition characteristics with a set of
Leakage of the outer membrane, as monitored by the decrease five steroids consisting of analogs differing from estradiol either in

the fraction of Fab retained in the periplasm, occurred similarly forthe D-ring(Estriol, Estrongor in the A-ring (Estradiol-3-sulfate,

all the different N-terminal varianig=ig. 3). It started more rapidly ~ Testosteroneas well as estradiol itselfFig. 4). As a first step,

at 37°C than at 30C, appearing in concert with the cessation of affinity constants were determined for the labeled tracer 4=

the Fab production. In all cases, the periplasmic fraction finallyCET-N1 Eu] with a hot saturation assdyig. 5A). Affinities for

(18 h postinductiopsettled at~10% of the total Fab. These results each of the steroids were then determined with a competition assay

agree with earlier reports in that differences in the productionin which the labeled tracefixed concentrationcompeted with the

levels between mutant Fab fragments do not necessarily correlatelabeled steroidvaried concentrationso as to get a decrease in

with the extent of periplasmic leakag&nappik & Plickthun, the bound tracer concentration as a function of the increasing

1995; Forsberg et al., 1997 unlabeled steroid concentratigfig. 5B). The binding data were
The overall kinetics of Fab production as well as the fractionalanalyzed by nonlinear fitting using a model consisting of one

localization were remarkably similar for all the N-terminal vari- binding site and two competitive ligands. The calculated affinity

ants, implying that the differences in the production levels wereconstants(K,) are shown in Table 1. As thK, values for the

caused neither by variations in the toxicity of the protein productsdifferent steroids vary by more than three orders of magnitude, the

nor by differences in the periplasmic leakage behavior. It appeardifferences between the Fab fragments can be better perceived by

as if the mutated chains simply failed to form as much functionalexpressing the affinity constants as percentages of the correspond-

Fab fragments as the authentic ones. No attempt was made to stuthg values of the proteolytic Fakas shown in Figure 6. From the

the fate of the unproductive translation products. column profiles in Figure 6, it can be seen at a glance that the
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otherwise one mutated amino terminus would exert its effect on a
different part of the steroid, depending on the presence or absence
of mutations in the other amino terminus. Therefore, the changes
in the antibody—hapten interaction most likely arise from local
conformational changes in the antibody side while the steroid re-
mains relatively stationary.

Structural roles of the mutated N-terminal residues

The amino termini of the ¥ and \{ domains in antibodies have
similar topologies in which the side chains of the succeeding res-
idues point alternately to the solvent or to the interior of the pro-
tein. The odd-numbered residues are solvent exposed, which makes
it unlikely that their mutations affect the conformation of the pro-
tein. By contrast, the side chains of the even-numbered residues

are packed in the hydrophobic interior, and their mutations can
potentially change the interactions and positions of the neighbor-

Estradiol (E2) Estriol Estrone
OH OH
0 S0y
Testosterone E2-3-SO4
(TES)
B OH OH
HO HO

|
R N O
“\g oM

E2-4-CET-N'[Eu] E2-6-CMO-N'[Eu]

R: _HO_\N' N N
<coo- Eoo- CGO—??OO-

Fig. 4. Structures of the steroids and their derivatives used in this study.
A: Estradiol and four related steroids,,estradiol; &, estriol; E, estrone;
TES, testosterone; E3-SQ, estradiol-3-sulfate. The lettering of the ste-
roid rings as well as the numbers of the relevant ring carbons are shown for
E,. The extra methyl group in TES is indicated by its carbon atom number
19.B: Europium-labeled estradiol derivatives. On conjugating4&-CET
(estradiol-4-carboxyethylthioetheand BE—6—CMO (estradiol-6-carboxy-
methyloxime with the europium chelate oN!-(p-aminobenzoyk
diethylenetriamineN*, N2, N3, N>-tetraacetic acid, a stable amide is bond
formed between the carboxyl group of the steroid derivative angahe
amino group of the europium chelate. The'fHu]” suffix comes from the
abbreviated name of the europium chelate.

authentic recombinant Fab fragment behaves nearly identically
with the proteolytic Fab, while the N-terminally modified variants
show different characteristics, depending on whether the light chain,
heavy chain, or both are modified. Th8&d” modification in the
light chain decreases the affinities for all the steroids more or less
unselectively, while the Xhd” modification in the heavy chain
generally just slightly increases the affiniti€l—27% increase in
Ka) except for TES, for which the affinity constant increases by
138%. The specific increase in the binding affinity for only one of
the steroids implies that theé<hd” amino terminus has a relatively
localized structural effect on the steroid recognition, as will be
discussed in the next section.

Combination of the N-terminal modifications in both chains
(cloneHyxnq /Lsag) results in a kind of binding profile that would
be expected for independent mutations, as demonstrated by com-
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paring it with a hypothetical profile calculated for a combination Fig. 5. Hapten binding assays. Typical binding curves, showing the time-

mutant with the assumption of full additivityFig. 6). The inde-
pendence of the heavy and light chain N-terminal mutations sug:

resolved fluorescenc€TRF) signal of bound tracer at varying steroid
concentrations. Individual data points from replicate measurements are
shown to demonstrate the reproducibility of the assays. The plots are for

gests that the observed changes in steroid binding do not involvgye authentic recombinant Fah: Hot saturation assaB: Competition
large movement, or shift in the orientation, of the hapten, becausassay.
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Table 1. Affinity constants of the Fab variants for different steroids

Ka (M~1) + SD?
E, TES E,—3-SQ Ej E;
Fab variant (X 1079) (X 1078) (X 1077) (X 1079) (X 1079)
Faly 57-2 4.62+ 0.05 1.22+ 0.04 2.40+ 0.03 8.25+ 0.11 3.87+ 0.35
Hyat/Lnat 5.18+ 0.11 1.40+ 0.04 2.47+ 0.03 8.38+ 0.11 4.07+ 0.33
Hnat/Lsad 1.52+ 0.02 0.52+ 0.01 0.76%+ 0.02 2.94+ 0.04 1.19+ 0.12
Hxha /Lnat 5.67+ 0.08 2.92+ 0.07 2.76x+ 0.03 9.44+ 0.20 4,92+ 0.50
Hxha/Lsad 2.09+ 0.04 1.40+ 0.04 1.11+ 0.02 4.25+ 0.05 1.85+ 0.18

3K, = SD were calculated from the correspondidgvalues obtained with the Radlig program.
bProteolytic(papain-digestedFab fragment of Mab 57-2.
“Heavy/light chain combination.

Met-L4 in V_ (Fig. 2). The roles of these residues are discussed inHynq/Lna ClONe. In the complex of Fand Fab 57-2, thg face of
more detail below, with the aid of a newly determined 2.15 A estradiol has contacts mainly with Trp-H95 of CDRH3. Assuming
crystal structure of the authentic Fab 57-2 in complex with estrathat TES is bound in the same orientation as there must be a
diol (U. Lamminmaki, unpubl. daja slight shift in the position of either Trp-H9tespecially the B
atom of i) or the steroid in order avoid clash with the “extra”
methyl group(C19 of TES. Movement of the hapten outward is
lle-H2 — Val unlikely because the O17 of the steroid is fixed at the bottom of the

The conservative hydrophobic change of lle to Val reduces th&inding site by a hydrogen bond network between GIn-H35, Tyr-
residue volume from 124 %to 105 . This either creates a cavity L36, and His-L89. However, the CDRH3 loop, containing two
or changes the local packing, as the neighboring residues migtfonsecutive glycine residues, is probably flexible enough to allow
readjust their conformations to fill the cavity. One of the neigh- the binding of TES, albeit with a lowered affinity. The accommo-
boring residues, Tyr-H102, being the last residue of CDRH3, liesdation capability of the wild-type antibody might be further facil-
between lle-H2 and the rest of the lotig. 7A,B). The sequence itated by the loss of one methyl group in the hydrophobic core
of CDRH3(WGGNSAY) contains a pair of glycines, which gives underlying the CDRH3 loop as a result of the lle-H2 Val mu-

it flexibility and may allow it bend in the direction of the new tation; thus, the created cavity would compensate for the strain
cavity, along with Tyr-H102. This scheme could provide an expla-caused by the extra methyl group of TES. In a sense, the suggested

nation for the specific increase in the affinity for TES with the scheme is analogous to a situation in which a protein has to ac-
commodate a mutation introducing a bulky residue in its core. In

a recent study with T4 lysozyme, it was found that experimental

“small-to-large” mutations within the core of the enzyme were
2509 tolerated better at positions where there was a pre-existing cavity
M near the mutated residiueiu et al., 2000.

E 200% E:Zs | Although the residue H2 has been recognized as belonging to
2 o504 the “Vernier zone” underlying the CDR loof$oote & Winter,
%’ mE3 1992, there is little direct evidence on its significance in any
;g 150% -  — mer [ particular antibody. Yet, Ping et &l1993 found that one to three
5 | N-terminal residues could be deleted from the heavy chain of the
2 Lo0% anti-digoxin antibody 40—150 with very mild effects on the antigen
_g binding affinity. Deletion of the first residue only did not affect the
= affinity at all, while the deletions of either two or three residues
2 50% 4 both decreased the affinity to about 55% of the wild-type. The
N "H‘. I ’7 l results of Ping et al(1993 thus corroborate the view that the
0% residue H2 can modulate the hapten binding properties while
Hi  Hua Huor  Hgo  “Additive” the solvent-exposed residues H1 and H3 are less significant.
Lyt Lsact Ly Lsaci
Heavy/Light chain combination GIn-H6 — Glu

Fig. 6. Relative changes in steroid affinities. Each column represents thd N€ interactions of the buried but polar sixth residue have been
ratio of theK, of the recombinant Fab fragment to that of the proteolytic discussed in detail by Langedijk et #.998. By comparing 58

Fald. The steroids are indicated by the colgray shadgof the columnas  antibody crystal structures, they divided thg dlomains into two
shown in the legend. The label “Additive” refers to a hypothetical, fully stryctural subclasses based on whether the residue at position H6

additive combination mutant, whose relative steroid affinities were calcu- . .
lated by multiplying together the corresponding values of the individual @S & Gin or a Glu. The hydrogen bond requirements of the side-

light and heavy chain N-terminal mutant cloré4ay/Lsas andHxna/Lyas chain polar atoms were satisfied in both cases, but the resulting
respectively. H-bond networks were slightly different. Glu at H6 was more
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Fig. 7. Spatial relationships between estradiol, CDR3 loops and the amino termini of authentic Fak\:5Teh view of the Fv
fragment in complex with estradiol; \domain on the left, Y domain on the right. The protein backbone is specially colored at light
chain N-terminal residues 1<greer), CDRL3(red), CDRH3(purple, and heavy chain N-terminal residues 1tbie). B: Side view

of estradiol, CDRH3, and residues H1-HB. Side view of estradiol, CDRL3, and residues L1-L4. In each panel, the left stereo pair
is divergent while the right pair is convergent.

restrictive of the main-chain conformation between H6 and H10and seems to tolerate the GIn-H& Glu substitution comparably
and, consequently, called for a preferred set of residues there. Theell, as the Fab production level is still about one-fourth that of the
authors thus provided a structural explanation for the previousuthentic FaliFig. 2). Antigen binding affinity of theHyng/Lnat
observations that the presence of Glu in a “Gln-type” sequencenutant of Fab 57-2 remains essentially unchanged, except for the
context results in reduced levels of correctly folded proteiqy., increased affinity for TES. The latter, highly specific effect has,
McCartney et al., 1995; Kipriyanov et al., 199The requirement  however, a plausible explanation in the context of the lle-H2

of either GIn or Glu at H6 has also been connected with theLeu mutation, as discussed above. The role of the GIn-H&lu
proposed family specificity of a hypothetical folding nucleus of the substitution in Fab 57-2 as well as in other recombinant antibodies
Vy domain(de Haard et al., 1998Consequently, a “wrong” res- may be connected more with the overall ability to adopt the correct
idue at position H6 would have varying effects on folding effi- fold than with the fine-tuning of specific antigen—antibody inter-
ciency depending on the family, or the Kabat's subclé@sabat  actions. A kind of all-or-nothing behavior with respect to antigen
et al., 199}, of the \{; domain. For Y, subclasses IIA and IIB, the binding was also found with two subclass IIA, anti-h@@nti-
single GIn-H6— Glu substitution has been reported to lower the bodies, in which the GIn-H6> Glu substitution resulted in a total
soluble antibody production to less than 10% of the wild-typeloss of antigen binding activityde Haard et al., 1998while for
(Kipriyanov et al., 1997; de Haard et al., 1998he \{; of Fab  a subclass 1IB, anti-human CD3 antibody, the affinity remained
57-2 falls into the Kabat’s subclass “MISQKabat et al., 1991  unchangedKipriyanov et al., 199Y.
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A(Asp-L1, lle-L2) and Met-L4-> Leu as structure-determining residues for the CDR3 hypervariable loops
(Martin & Thornton, 1996, there is not much information on how
mutations at these positions affect the antigen binding properties.
As a large number of recombinant antibodies have been cloned
than that of the authentic ori€ig. 3). Moreover, the produced Fab with degenergte famlly-specmg primers, _there are potentl_ally
. . . : any N-terminally mutated antibodies available for comparison
fragments were stable during the 18 h induction period even ap. . .
o . . : with the parent monoclonal antibody. However, in many cases the
37°C, implying that the light chain adopts a reasonably compacﬁ 2
5 4 . ! . “lack of accurate enough determination methods may have lead to
structure in spite of the N-terminal truncation. The other mutation__ . . . -
a failure to detect subtle changes in the antigen recognition prop-

present in thels,g N-terminus, a conservative Met-L4> Leu . S . - e
TR . . . erties. In applications where high affinity and specificity are needed
substitution, is not likely to have any dramatic effect on the light A . : )
(e.g., steroid immunoassayshe possible N-terminal mutational

chain foldln_g efﬁcnen(_:y or Stab'.“.ty; actually, th|s_mutat|on has effects should not be ignored; rather, these effects could even be
been described to slightly stabilize an aggregation-prone scFv

immunotoxin(Benhar & Pastan, 19950nly a more radical sub- utilized for the fine tuning of the binding characteristics.

stitution of Met-L4 by a Ser has been recently reported to decrease Based on the structure of the authentic Fab 57-2 complexed with
y y rep estradiol, we suggest that mutations in FR1 residues 2 and 4 cause

?Cet\ivﬁ)trodvl\]/ﬁt(lecr)]nirl]t:r\gedluisedwti" tsvso tgnzﬁ?(lz'zh Stzgvafr;gg?nneﬁdmgthe altered steroid binding properties by interacting with confor-
Y, g mational key residues in the CDR3 loofByr-H102 in CDRH3

Haard et al., 1999 and His-L89 in CDRL3 through which the steroid contact resi-

The N-terminal truncation removes Asp-L1 and lle-L2, of which . . .

) - S .~ dues are affected. In more general terms, the side chains of resi-

the former is solvent exposed and the latter is buried in a similar . .

) : ) . .~ dues 2 and 4 are oriented toward the hydrophobic core between the

fashion as lle-H2 in the heavy chain. Deleting lle-L2 from the light . . - -

. . . inner and the outer beta sheets of the immunoglobulin variable

chain leaves behind a cavity much larger than that formed by the, . : : .

. . L . .. domain, and changes in their volume dodshape can slightly

size-decreasing lle-H2> Val mutation in the heavy chain, and it . .

) . . push or pull the CDR3 either toward or away from the antigen.

should be expected that also in the light chain some sort of "L apten-specific antibodies typically contain a concave binding site

packing of the neighboring residues occurs to fill the empty space. P P typically g

From the crystal structure of the authentic Fab fragment, it can bgr cleft, and their antigen recognition is largely based on shape

e o 1 eSun S e 1 i3 o DT & S, 199 WakCoh o o,
CDRL3 (Fig. 7A,C). The CDRL3 of Fab 57-2 can be assigned to ' Y. they g

e canonclcasy 34, o which L6 s a ke resicuartn % (OIS 9% S Terere mutens 7R rees
& Thornton, 1996. The removal of lle-L2 adjacent to the key Y P g

residue His-L90 can thus potentially lead to a conformational shiftthan on protein-binding ones, in which the antigen b'r.ldmg site Is
. . . .generally more planar and covers a much larger évéidsson &
in the CDRL3 loop such that some of its hapten-contacting resic - nfield. 1994: MacCallum et al 1996
dues(His-L89, Phe-L91, and Trp-L96; Fig. 7Gre affected. His- ’ ’ v

L90 is also in close proximity to Met-L4, so also the Met-L4

Leu mutation can have an effect on the CDRL3 conformation. Th%aterials and methods

crystal structure of Fab 57-2, therefore, is in agreement with the

general notion that the residues L2 and L4 have roles as structure )

determining residue¢SDRS for CDRL3 (Martin & Thornton, ~ Strains and plasmids

1996. The question of which of the three contact residues inThe strairEscherichia colXL1-Blue (recAl, endA1 gyrA94 thi-1,
CDRL3 could mediate the N-terminal effects into changes inhstl?supE44re|A1, lac, [F’ proAB, lacl9ZAM15, Tn10 (Tet")],
the hapten binding properties may be approached by examiningtratagene, La Jolla, Californiavas used as host for cloning as
the binding profile of theHyay/Lsag mutant(Fig. 6; Table ). The  well as for recombinant Fab expression. The plasmid FCmb3,
affinity constants were decreased in a fairly uniform fasi@#d-  containing the Fdy1) and kappa chain genes of the anti-estradiol
to 3.2-fold) for all of the steroids, suggesting that the site of the antibody 57-2(Pajunen et al., 1997was used as the basic con-

altered contact between the antibody and the hapten was one #ruct to which the different N-terminal changes were made.
which the steroids were alike. With this in mind, the residue Phe-

L91 seems the most likely mediator of the N-terminal effects, as it
forms extensive contacts with the B, C, and D rings on the alphd&NA constructions

side of the steroidFig. 7C), covering a region that is invariant . . .
among the set of steroids used in this study. On the other hand, th-lt-ahe nucleotide changes needed to restore the authentic amino ter

observed drops in the binding affinities might involve different mini for Vi, and \{ were carried out by SOE-PCR, i.eplising by

mechanisms with different steroids, in which case the apparen?v.erlalp 7e(tens.|o.n PCR(Ho.et al, 1989’ using ollgonuclgotlde
; o o . primers containing the desired mutations. All PCR reactions were
uniformity is only coincidental. Therefore, the contributienof

His-L89 and Trp-L96 cannot be excluded, even if these residue%lerformed Wlth. vent Polymeragélew England Biolabs, Beverly,

. . : . - assachusettsn the standard buffer as suggested by the manu-

interact with the steroid D ring positions 16 and 17, wheyeakd - S

E. differ from E facturer. Individual DNA fragments were amplified by PCR from
s 2 the plasmid template 57/@Comb3, separated by agarose gel elec-

trophoresis and purified with the QIAquick gel extraction(Kliagen

GmbH, Hilden, Germany after which they were combined by

SOE-PCR. The DNA products were purified with the QIAquick

Although the framework residues 2 and 4 ip ®d \{ have been PCR purification kit(Qiagen, digested with the appropriate re-

recognized as “Vernier zone” residugoote & Winter, 1992 or striction enzymes, then gel-purified and finally ligated with the

The deletion of two residues from the light chain N-terminus is
apparently not fatal for the correct folding of Fab 57-2, as the
production level of théHyay/Lsag clone was only 30—40% lower

Conclusion
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gel-purified vector fragmenfdigested with the corresponding re- 1989, as described by Mikola et a{1993. E,—4—CET-N1Eu]
striction enzymes After electroporation to XL1-Blue cells, the was synthesized similarly from estradiol-4-carboxyethylthioether
resulting clones were checked for the correct inserts by test dige$E,—~4—CET) and N?-(p-aminobenzoykdiethylenetriamine-
tions of the plasmid minipreps. The constructs were finally con-N*, N2, N3, N3-tetraacetic acid as described by Meltola et 5999.
firmed by nucleotide sequencing over the gene-manipulated areas.

Determination of Fab concentrations

Fab production and sample preparation Fab concentrations were determined with labeled antigen immu-

Fresh colonies oE. coli XL1-Blue cells containing the desired noassays as described previougBaviranta et al., 1998except
plasmids were inoculated in 5 mL of SB mediuB80 g/L Tryp- that 5 nM E—6—-CMO-N1Eu] was used as the tracer. At 5 nM
tone, 20 gL Yeast extract, 10 g MOPS, pH 7.0 supplemented concentration, this tight-binding.fanalog saturates all the studied
with glucose(0.2%), ampicillin (100 wg/mL), and tetracycline mutants to a degree of 96—98%; thus, the determination of func-
(10 wg/mL), and grown at 300 rpm, 3T until the O0Qypp 0f ~0.5 tional antibody concentration was not significantly affected by
was reached. Main culturgs0 mL of the same medium except differences in the affinity constants. Purified recombinant Fab 57-2
that glucose concentration was 0.06%ere inoculated with ap- was used as standard.

propriate volumes of pre-cultures to adjust the initial gXo

0.01. The cultures were shaken at°’87/300 rpm until the Olgyg - . L

of either 0.8 or 1.0 was reached. Fab expression was induced b'li\/ﬁm'ty and cross-reactivity determinations
the addition of IPTG to a final concentration of 1@, and the  Antigen binding properties of the Fab fragments were studied with
cultivation was continued at either 32/300 rpm or 30C/240 microtitration plate-based competitive immunoassays USiRglE

rpm for 18 h. At 0, 2, 4, 6, and 18 h postinduction, samples of 1 mLCET-N1[Eu] as the labeled tracer. All incubations were carried out
were taken from the cultures, chilled on ice for 5 min, and centri-at 25°C/900 rpm in the Labsystems iEMS shak@&mabsystems,
fuged at 6,000< g/+4°C for 5 min. The supernatants were trans- Espoo, Finlang the microtitration strips were sealed with adhe-
ferred to new tubes, after which the supernatants and the ceflive tape during the incubations. The following basic procedure
pellets were frozen at-20°C. To prepare the samples for Fab was used in all assays: Fab sampi{80 uL of a 10 ng/mL
determination, the supernatants were thawn and used as sudfijution in Assay bufferwere added to the wells of the anti-mouse
whereas the cell pellets were sonicated in 1 mL of ice-cold AssaygG antibody-coated microtitration strips, incubated for 2 h, and
buffer (see belowusing the Brown Labsonic U homogenizer fitted washed four times. Steroittacer solution(200 L) was added,
with the probe “T.” Each sample was sonicated for 60 s, with athe strips were incubated for 2 h, and washed four times, after
duty cycle of 1.0 and power level of 100 using a cooled metalwhich Enhancement solutid200uL) was added, and the shaking
block to control the sample temperature. The sonicated samplesas continued for 30 min to develop the fluorescent complexes.
were centrifugated at 10,000 g/+4°C for 10 min, after which  The fluorescence signals were then measured with time-resolved
the supernatants were transferred to new tubes and used for the Féilborometry using standard settings for europium. The constitution
determination. of the steroidtracer solution was varied in the different assays as
follows: (1) the hot saturation experiment was performed with
tracer concentrations of 0.1, 0.2, 0.5, 1, 2, and 5 nM with two
replicates; background controls were done for each tracer concen-
All immunochemical measurements were performed with time-tration by omitting the Fab, i.e., by using the plain Assay buffer in
resolved immunofluorometric assays in microtitration wells usingthe first incubation(2) The competition assays were done with
the DELFIA label technologyPerkin-Elmer Wallac, Turku, Fin- mixtures of tracer and unlabeled sterga&lther &, TES, BE-3—
land). The labeled estradiol tracers were prepared by covalen8O,, Ej, or E;). A fixed tracer concentratiof2 nM) was used
coupling with a nonfluorescent europium cheldsz=e below. while the concentration of the unlabelécbmpeting steroid vas
After all incubations and final washes, the bound tracer concenvaried (E,: 0.307, 0.768, 1.92, 4.8, 12, and 30 nM; TES: 1.54,
trations were measured by adding the specially formulated En3.84, 9.6, 24, 60, and 150 nM>E3-SQ;: 7.68, 19.2, 48, 120, 300,
hancement solution in which the europium ions were dissociate@nd 750 nM; &: 0.179, 0.448, 1.12, 2.8, 7, and 17.8M; E:

from the original, nonfluorescent chelates to the solution phas®.512, 1.28, 3.2, 8, 20, and %fM). The measured signal€P9
where new, highly fluoresceptl-diketone complexes were formed were converted to molar concentrations of bound tracer, after which
(Hemmila et al., 198y These complexes were then measured bythe affinity constants were calculated with the RADLIG program
time-resolved fluorometry. The following DELFIA assay reagentsof the KELL packageversion 5.0.2, Biosoft, Cambridge, United
and equipment were usegabbit anti-mouse 1gG coated micro- Kingdom).

titration strips, Assay buffer, Washing solution, Enhancement so-

lution and Delfia Research Fluoromet@nodel 1234.

Immunoassay reagents and equipment

Molecular graphics

The coordinates of the 2.15 A crystal structure of Fab 57-2 in
complex with estradiolU. Lamminmé&ki, unpubl. dajavere saved
The labeled antigen trace(&,—6—CMO-NJEu] and E—4—-CET-  in Protein Data Bank format, and the protein structure was in-
N1[Eu], Fig. 4B were gifts from H. Mikola, Perkin-Elmer spected with the programs Protein Explorer and Noncovalent Bond
Wallac, Turku, Finland. E-6—CMO-N1Eu] was prepared from Finder (Copyright Eric Martz, University of Massachusetts, Am-
6-oxoestradiol 6O-carboxymethyloxime (abbreviated E-6— herst, MassachuseltsThese programs were downloaded from
CMO), and the europium chelate of N p-aminobenzoy+ http;//www.umass.edtmicrobio/chime/, and they were used from
diethylenetriamineN®, N?, N3, N3-tetraacetic acidMukkala et al.,  within the Netscape Communicator version 4.51 with the Chime

Europium-labeled estradiol derivatives
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plugin installed(MDL Chemsacape Chime version 2.0.3, Copy- Knappik A, Plickthun A. 1995. Engineered turns of a recombinant antibody
right MDL Information Systems, Inc., San Leandro, California; _ IMProve its in vivo folding.Protein Eng 881-89.

d loaded httd dli | | hi i Lamminmaki U, Villoutreix BO, Jauria P, Saviranta P, Vihinen M, Nilsson L,
ownloaded from http/www.mdli.com). Molecular graphics il- Teleman O, Lovgren T. 1997. Structural analysis of an anti-estradiol anti-

lustrations were produced with the program Weblab Viewer Pro  body. Mol Immunol 341215-1226.
version 3.2(Copyright Molecular Simulations Inc., San Diego, Langedijk AC, Honegger A, Maat J, Planta RJ, van Schaik RC, Pluckthun A.
California) 1993.‘ The nature of a_nnbody heavy (_:hal_n reS|_due H6 strpngly influences the
' stability of a VH domain lacking the disulfide bridg&Mol Biol 28395-110.
Liu R, Baase WA, Matthews BW. 2000. The introduction of strain and its effects
on the structure and stability of T4 lysozymeMol Biol 295127-145.
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