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Evidence is provided that dromedary heavy-chain anti-
bodies,in vivo-matured in the absence of light chains,
are a unique source of inhibitory antibodies. After
immunization of a dromedary with bovine erythrocyte
carbonic anhydrase and porcine pancreatia-amylase,
it was demonstrated that a considerable amount of
heavy-chain antibodies, acting as true competitive
inhibitors, circulate in the bloodstream. In contrast,
the conventional antibodies apparently do not interact
with the enzyme’s active site. Next we illustrated that
peripheral blood lymphocytes are suitable for one-step
cloning of the variable domain fragments in a phage-
display vector. By bio-panning, several antigen-specific
single-domain fragments are readily isolated for both
enzymes. In addition we show that among those isolated
fragments active site binders are well represented.
When produced as recombinant protein inEscherichia
coli, these active site binders appear to be potent
enzyme inhibitors when tested in chromogenic assays.
The low complexity of the antigen-binding site of these
single-domain antibodies composed of only three loops
could be valuable for designing smaller synthetic
inhibitors.
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Introduction

preferred tool to generate specific binders or reporter
molecules against virtually all agents (Paul, 1993). How-
ever, despite the omnipotence of the antibody repertoire,
the number of conventional antibodies (i.e. heterotetramers
of two light chains and two heavy chains) acting as
competitive enzyme inhibitors remains disappointingly
low. A satisfactory explanation for this scarce occurrence
is given by the incompatible surface topography of the
enzyme’s active site and the antigen-binding site of con-
ventional antibodies. From a recent survey of enzyme
structures it appears that the active site is found almost
exclusively in the largest cleft on the protein surface
(Laskowskiet al, 1996). Likewise, the antigen-binding
surface of conventional antibodies forms either a cavity,
a groove or flat surface depending on whether an inter-
action with haptens, oligopeptides or proteins is observed
(Websteret al, 1994). It is striking that convex antigen-
binding surfaces are not found in conventional antibodies.
In this respect, we now demonstrate that functional
heavy-chain antibodies fronCamelidae behave quite
differently in comparison with the conventional four-chain
antibodies. More specifically, the heavy-chain antibodies
acquired the potential to recognize protein cavities and as
such the ability to inhibit enzyme<amelidaeproduce
an important fraction of their functional immunoglobulins
as homodimers of only heavy chains, devoid of light
chains (Hamers-Casterma al, 1993). Specific heavy-
chain antibodies can be raised in a dromedary or llama
with a variety of protein antigens. The N-terminal variable
region of these heavy-chain antibodies (referred to as
VHH) contains a minimum-sized antigen-binding domain
(Sheriff and Constantine, 1996). The structure of a dromed-
ary VHH in complex with lysozyme revealed the unusual
surface topography of the antigen-combining site of this
single-domain antibody fragment (Desmy#dral., 1996)
and the importance of the CDR3 loop for the binding
interaction. The N-terminal part of the 24 amino acid-long
CDR3 loop protrudes from the antigen-binding surface
and penetrates deeply into the active site of lysozyme.
However, this single observation does not allow the claim

Enzyme inhibitors, both low-molecular weight compounds that the on average long CDR3 loop found in dromedary
and proteinaceous molecules, have emerged as importanheavy-chain antibodies (Muyldermaes al, 1994) sys-
pharmaceutical agents. Recent advances in moleculatematically prefers to interact with antigen clefts and
biology and protein characterization, as well as the automatically generates competitive inhibitors.

abundant information gathered from the genome sequen- In this study we report the immunization of a dromedary
cing projects, have led to the identification of a steadily with additional enzymes and demonstrate that a substantial
growing number of new targets and created the need for proportion of the polyclonal heavy-chain antibodies binds
the rapid development of specific inhibitors. Strategies to into the active site of the enzymes. The antigen-specific
develop such inhibitors are often based on the synthesisVHHs, binding with nanomolar affinity are easily cloned
of transition state analogues. In a number of cases molec-from the peripheral lymphocytes. We consider that cloning
ules are identified after the screening of large numbers of and expression inEscherichia coli of recombinant
chemical compounds or natural sources. The generationdromedary VHH antibody fragments is a general and
of antibody-based molecules forms an obvious alternative. powerful strategy to obtain a new type of potent and
It is widely recognized that the immune system is the specific enzyme inhibitor in a short period of time.
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Results

Two enzymes, porcine pancreaticamylase and bovine

Enzyme-inhibiting antibody fragments

described (Pocker and Stone, 1968; Winn-Denal,,
1988).

erythrocyte carbonic anhydrase, were selected to test

the generality of producing enzyme-inhibiting dromedary

heavy-chain antibodies. Both enzymes are readily avail-

able, while inhibitors of small molecular weight and
proteinaceous nature are known for eachr{@&y et al,
1984; Alkazazet al, 1996; Wuebbengt al, 1997); in
addition, simple enzymatic activity assays have been
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subclasses

Injection of a dromedary with 1 mg of both immunogens
every 7 days during a 2-month period resulted in successful
immunization as indicated by ELISA (Figure 1A). A sharp
increase in titre was observed after three to four injections
for both antigens. Compared with the response of porcine
a-amylase, a 1-week delay in response was observed for
bovine carbonic anhydrase; maximal titre was obtained
after 5 weeks and remained constant thereafter for at least
an additional 3 weeks.

Four IgG subclasses can be purified from the dromedary
serum by differential absorption on Protein A and Protein
G. The IgG1 subclass contains the conventional hetero-
tetrameric antibodies composed of two light and two
heavy chains, whereas 1gG2a, 1gG2b and IgG3 are the
homodimeric heavy-chain antibodies, devoid of light
chains (Hamers-Castermanal,, 1993). Two experiments
proved that all dromedary IgG subclasses recognized the
antigens. In the first experiment we purified the individual
IgG subclasses (IgG1, 1gG2a, IgG2b and IgG3) from the
sera and tested them individually in a solid-phase ELISA
(Figure 1B and C). From the binding curves it was clear
that antibodies with specificity fam-amylase or carbonic
anhydrase were present in all the IgG subclasses. The
prevalence of specific heavy-chain antibodies was con-
firmed following a separate approach in which total serum
was incubated with the native enzymes immobilized on
Sepharose. The captured proteins were thereafter analysed
on reducing and non-reducing SDS—PAGE (Figure 1D).
In the serum collected at days 28 and 54, in addition to
the conventional IgG1 antibodies bf, 160 000 Da, huge
amounts of heavy-chain antibodies wilh, of ~95 000
Da were retained on the beads with immobilized
amylase (Figure 1D, lanes 2 and 3). As shown in lanes 4
and 5 of Figure 1D, the same samples contain a mixture
of two bands i, 45 000 and 42 000 Da) under reducing
conditions. These are the monomeric heavy chains of
the dromedary 1gG2 and IgG3, respectively (Hamers-
Castermaret al, 1993). The controls in which equivalent
amounts of pre-immune serum (day 0) were used, revealed
that only minor amounts of proteins were adsorbed onto

Fig. 1. Analysis of antigen-specific antibodies\)(Presence of
antigen-specific antibodies in total serum as a function of time.
Antigens were immobilized in microtitre plates and incubated with
total serum (at 8000-fold dilution) from different blood samples (days
0,7,14,21,28,35,42,54)-Amylase- @) and carbonic anhydraseA]
specific immunoglobulins were subsequently detected with a rabbit
anti-dromedary 1gG antiserum and anti-rabbit IgG-alkaline phosphatase
conjugate. Optical densities were measured after 10 BirCY ELISA
experiment with individual immunoglobulin subclasses isolated from
serum collected at day 54. Bound IgCHl)( IgG2a @A), IgG2b (V)

and IgG3 @) to solid-phase coated-amylase (B) and carbonic
anhydrase (C) was detected as described ab®)eAigalysis of
amylase-binding compounds in serum collected at days 0, 28 and 54.
Serum samples (200l) were incubated with immobilized-amylase

(50 ul wet gel). After washing, beads were resuspended indlQtbn-
reducing (lanes 1-3) or reducing (lanes 4 and 5) sample buffer and
10 ul aliquots were loaded on 10% SDS-PAGE. Lane 1, day O; lanes
2 and 4, day 28; lanes 3 and 5, day 54. SDS—PAGE was stained with
Coomassie Blue.
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the beads (Figure 1D, lane 1). Similar results were obtained
with carbonic anhydrase (data not shown).

>

Presence of inhibitory antibodies in the heavy- 091

chain subclasses

Two experiments were performed to demonstrate that
a substantial proportion of the polyclonal heavy-chain
antibodies interact specifically with the active site of the
enzymes. In a first set of experiments the individual
isolated subclasses were tested in a competitive ELISA.
It was demonstrated that an important fraction of the
antibodies of 19G2a, 1gG2b and 1gG3 subclasses were
prevented from binding to-amylase in the presence of
acarbose, a pseudohexasaccharide competitive inhibitor
(Figure 2A). Apparently, ~50% of the heavy-chain anti-
bodies are displaced upon addition of acarbose, which is
known to bind into the active site ai-amylase (Gilles

et al, 1996). In contrast, no significant difference in signal
is observed with the conventional antibody IgG1 subclass.
A similar observation was made for carbonic anhydrase
with dorzolamide as competitive inhibitor. Here, the drop
in signal is most pronounced in the IgG3 subclass
(Figure 2B).

In the second approach we tested the enzyme-inhibiting
capacity of the heavy-chain antibodies. To avoid immuno-
precipitation, we first prepared pure VHHSs starting from
IgG3 heavy-chain antibodies. 1gG3 was chosen as it
constitutes the most abundant heavy-chain subclass in
dromedaries and llamas (Hamers-Casteretaal., 1993).
These VHHSs are readily obtained by the limited proteolytic
digestion of IgG3 with endo-Glu V8 protease. This enzyme
apparently cleaves in the short hinge region between the
VHH and the CH2 domain (R.Hamers, in preparation).
Undigested 1gG3 and the Fc-part were retained on a
Protein A column. The flow-through, containing the VHHS, C
was dialysed and subsequently tested in enzymatic assays. 100
No inhibition could be demonstrated for carbonic
anhydrase due to the insensitivity of the colorimetric assay
(p-nitrophenylacetate hydrolysis). On the other hand, the
cleavage reaction of 2-chloro 4-nitrophenyl maltotriose
by porcine a-amylase is a much more sensitive assay.
Here, preincubation of the enzyme with the purified
polyclonal VHH fraction resulted in a substantial drop of
the initial cleavage rate (Figure 2C). A VHH pool prepared
from 1gG3 of a non-immunized dromedary did not interfere
with the enzyme activity. Thus, the observed inhibition is
not due to trace amounts of co-purified contaminants or 0
residual protease.

In summary, the first experiment revealed the presence VHH-1gG3 (ug/ml)
of heavy-chain antibodies interacting with the active site
of the enzymes, while the second experiment showed Fia. 2. Competitive ELISA with small molecular weight inhibitors an
FhaF the VH_HS of the 19gG3 subclass contained enZy,me' engzymg?nhi%eittict)neoh—a?nylaste l?y gromgggglilH:?ratgmer?t? s and
inhibiting binders. Taken together, these observations (a, B) ELISA signals obtained after binding of IgG1, IgG2a, IgG2b
strongly suggest that at least part of the VHHs of the and IgG3, isolated from serum collected at day 54, and at two

IgG3 population are competitive enzyme inhibitors. different protein concentrations (0.6 and @&ml), to amylaseX)
and carbonic anhydras8)in the absence (filled bars) or presence
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. . e s . (open bars) of inhibitor. Detection of bound IgG was determined as
Isolation of individual VHH binders described in the legend of Figure T)(Inhibition of a-amylase by

The VHHs of 10 peripheral blood lymphocytes were VHH fragments isolated from serum (collected at day 54). VHH
cloned in the pHEN4 vector after RT-PCR amplification fragments were prepared by limited proteolysis of the 1gG3
(Ghahroudi et al 1997) A VHH Iibrary of 5x10° fraction. Varying amounts of this pool of antibody fragments
M N " (range 0-30Qug/ml) were preincubated f® h with a-amylase at a
individual Plones was obtained and pan_ned for the Presence;yncentration of 1.%g/ml in a final volume of 5Qul. The residual

of carbonic anhydrase om-amylase binders. After the  enzymatic activity (increase Qgymin) was measured after addition

third round of panning, individual colonies were randomly of 950 ul 0.2 mM 2-chloro-4-nitrophenyl maltotrioside.
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H H < ---- Frameworkl ----- > < H1/CDR1> < Framework2 :
selected and the VHHSs produced in their phage-attached L. 1 coianivOPGEELRLECAAS GETFNIFVMS WVROAPGKGLEWVS

form or as soluble protein in AG1 E.colistrain. DVQLOASGGGSVOAGGSLRLSCAAS GYTIGPYCMG WFRQAPGKEREGVA

H H H H QVOLVESGGGSVQAGGSLRLSCAYS GAAFRSSRMA WFRQAPGKECEWVS

For Carbo,nlc anhydrase’ the d_etecuon 01,: the blnde_rs In QOVOLVESGGGSVQAGGSLRLSCAAS GVNHCINVMS WYRQVPGKGREFVS
an ELISA with the anti-M13 or with the anti-decapeptide QVOLVESGGGSVOAGGSLRLSCAAS GYTFSSYPMG WYRQAPGKECELVS
monoclonal antibody revealed that 23 out of the 24 clones ~ QVOLVESGGGSVOAGGSLRLSCAAS GYTYSSCTMT WYRQAPGKEREFVS
e . . .. DVQLVESGGGTVPAGGSLRLSCAAS GNSLCTYDMS WYRRAPGKGRDFVS

were positive. The binding characteristics of these clones,  ovoLVESGGESVOAGGSLSLSCAAS TYTDT---VG WFRQAPGKEREGVA

prOdUCGd as SO|Ub|e perip|a5mic protein T|G]_ Ce”S, QVOLVESGGGSVQTGGSLRLSCAAS GYTYTRRCMA WFRQAPGKEREGVA
. . . e QVOLVESGGGSVQAGGSLRLSCAAS GYTVSTYCMG WFRQAPGKEREGVA
were examined in further detail in a competitive ELISA. OVOLVESGGGLVOAGGSLRLSCVTS GITFGSHCMT WFRQAPGKEREGVA

In this assay the immobilized enzyme was preincubated  DVOLVESGGGSVOAGGSLRLSCAAS GYTASTYCMA WFRQAPGKEREGVA
with the inhibitor, dorzolamide, before adding the soluble ! n 22 37 4
VHH. From the optical reading, it appeared that VHH & === CDR2 —== > < ==--——- Framework3 ---------

i i i i ihi - GVFGSGGNTDYADAVKG RF‘TITRDNSKNTLYLQNH\]SLRAEDTAIYYCAi(
blndlng to .Carbonlc anhydrase.was. Inhlplteq by the preS AINMGGGITYYADSVKG RFTISQODNAKNTVYLLMNSLEPEDTAIYYCAA
ence of this low-molecular weight inhibitor in 14 of the T1G-TDASTNYPDSVKG RETISRDNAKNTVYLOMSSLKPEDTAVYYCEK
24 clones tested. SIA-NDGTTRYAGDVKG RFTISQDNAKNTVYLEMNSLKPEDTAMYYCLR

H . RIF-SDGSANYAGSVKG RFTISRDNAKNTAYLOMDSLKPEDTAVYYCAA
For a-amylase, 20 individual clones randomly selected VID-GDGRISYADSVKG RFTISRDNAGNLVYL;MNSLKPEDTAMYYCKA
after three rounds of panning with biotinylateeamylase, GID-NDGTTTYVDSVKG REFTISQGNAKNTAYLOMDSLKPDDTAMYYCKP

; : ; ; ; AIYRRTGYTYSADSVKG RETLSQDNNKNTVYLOMNSLKPEDTGIYYCAT
were tested in solid-phase ELISA either in their phage- |1y 1paarroyapsaka RETISODRAKNTVYLOMNSLKPEDTAMYYCAG
attached form or as soluble protein. The ELISA indicated = T1L--GGSTYYGDSVKG RETISQDNAKNTVYLOMNSLKPEDTAIYYCAG

17 positive clones out of 20 tested. In order to identify e e AN TV LOMNSLKPEDTA T Yy CRA

putative active site binders a direct enzyme inhibition 92
assay was used. In this assay an equal volume of a 10- CDRGo Erameworks
fold diluted periplasmic fraction was preincubated with HRVSYVLT— oo e oo GFDS WGQGTLVIVSS  POT VH
the enzyme for 30 min. Upon adding the chromogenic  DSTIYASYYECGHGLSTGGYGYDS WGOGTQVTVSS — cAbLys3
b h d | t t t d t . d LPTS----F-T------ Ceem— GGQGTOQVTVSS cAbAMO4
su Strate’ the res_l ua enz_yma IC activi y Was e ermine EPLSGGRRYGSC-------— GLNY WGQGTQVTVSS cAbAMD7
spectrophotometrically. This allowed us to identify seven  GPGSGKLVVAGRTCY----- GPNY WGQGTOVTVSS CA])AMOZO
H ihi SPYSG---SRCPI------- PTNF WGQGTOVTVSS cAbAMB
out of 20 clones asi-amylase inhibitors. SLRYOL—PGO- - PIYP WCOGTOVTVSS  GABAMDLO
GNSVRLASWE---------- GYFY WGQGTQVTVSS cAbAMD9
DGGRLD--PYCSIKAY----AYRY WGQGTQVTVSS cAbCA04
Sequence alignment STVAST--GWCSRLRPY---DYHY RGQGTOVTVSS — cAbCAOS
; ; e g Ne------ - GOG s bCA06
Sequence analysis of the 23 clones with specificity for 777" T LR PNKY R WOGOTOVTVSS  CABCALO
carbonic anhydrase revealed that four different VHH 103 110

fragments Were- selected, t-he -ded-uced amino acid Fig. 3. Amino acid sequence of enzyme binders. Amino acid sequence
seque_nces of which a_re (_:O_mp'IEd In F'gure 3. The_ Clon(_as alignment ofa-amylase (cAb-AMxx), carbonic anhydrase (cAb-
encoding the enzyme-inhibiting camel single-domain anti- caxx), lysozyme (cAb-Lys3) binders along with human POT VH.
body (cAb) fragments cAb-CA04, cAb-CA06 and the Numbering and CDRs are according to Kabatl. (1991). Gaps ‘-’
non-inhibiting cAb-CAO05, cAb-CA10 occurred 12, four, Wwere inserted in order to have maximal sequence overlap.

four and three times respectively among the 23 selected

clones.

For thea-amylase binders, the sequence results revealedextended repertoire present within the dromedary heavy-
that only two different inhibitory clones were present. Cchain antibodies. _
These were referred to as cAb-AMD7 and cAb-AMD9 The average length of the CDR3 of these new binders
and occurred four and three times, respectively. Among iS 15.1 amino acids. With the notable exception of cAb-
the non-inhibitory VHH fragments, four different clones AMDS, all the binders contain an additional pair of
were present. cysteines (one in the CDR3 and one in either the CDRL1

The amino acid sequences of the four different carbonic OF at position 45). _ .
anhydrase binders (two enzyme inhibitors and two non- e could not yet allocate the D germline minigenes.
inhibitors) and the sia-amylase binders (two inhibitors ~ N&ither did sequence comparison of the dromedary VHH
and four non-inhibitors) are aligned along with the human inhibitors with naturally occurring proteinaceous carbonic
POT VH (Fanet al, 1992) and the dromedary cAb-Lys3 anhydrase inhibitors or tendamistat reveal any homology.
(Figure 3). The cAb-Lys3 is an inhibitor for hen egg- Nor could we detect any specific feature (sequence, CDR
white lysozyme which was identified from a previous €ngth, position of Cys in CDRS3) to discriminate the
immunization experiment (Desmyteet al, 1996;  inhibitors from the non-inhibitors.

Ghahroudiet al,, 1997). It is clear that all isolated single-

domain binders are derived from heavy-chain antibodies: VHH purification and affinity measurements

they are VHHs and not VHs. Indeed, the substitution of The four carbonic anhydrase and famamylase binders
Leull, Val37, Gly44, Leud5 and Trp47 by Serll, Phe or (cAb-AMB7, cAb-AMB10, cAb-AMD7 and cAb-AMDS9)
Tyr37, Glu44, Arg45 (two clones with Cys45) and mostly were selected for detailed characterization. These single-
Gly47 supports this statement (Muyldermaatsl., 1994). domain binders were expressed in the periplasra.obli

It is anticipated that these VHHs are generated by a WK6as a fusion protein with a C-terminal (Hig)urifica-
recombination mechanism from a VHH germline gene tiontag. The proteins were purified 195% homogeneity,
(Nguyenet al,, 1998). The divergence of the CDR1 and as judged by SDS-PAGE, by two successive chromato-
CDR2 region indicates that all binders are derived from graphic steps. All purified proteins remained soluble and
different VHH germline genes. This underlines the were present only in their monomeric form. For all VHH
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Table I. Kinetic rate constants and equilibrium dissociation constant of
a-amylase- (AM) and carbonic anhydrase- (CA) specific antibody
fragments as determined with |Asys Biosensor

Antibody Kon (10° M5 kot (57D Kp (nM)
fragment

AM-B7 149+ 0.19 0.0348+ 0.0027 232+ 47
AM-B10 0.48+ 0.03 0.0011+ 0.0001 24+ 4
AM-D7 1.62 = 0.10 0.0024+ 0.0003 15+ 3
AM-D9 2.36 = 0.38 0.0008+ 0.0002 35+ 14
CA-04 1.32+ 0.13 0.0039+ 0.0008 29+ 9
CA-05 0.64+ 0.05 0.0050+ 0.0004 72+ 11
CA-06 0.72+ 0.02 0.0014+ 0.0002 20+ 3
CA-10 0.25*+ 0.01 0.0011+ 0.0001 42+ 6

fragments, 1-3 mg pure protein was obtainedrfra 3 |
shakeflask culture.

Real-time binding was monitored with an IAsys
Biosensor instrument. As tha-amylase lost all of its
enzymatic activity upon immobilization to the cuvette, we
carried out all binding experiments by immobilizing the
purified antibody fragments to the dextran layer. The
equilibrium dissociation constarK for the individual
binders was derived from the ratio of the kinetic rate
constants (Table I). As shown, the on-rates range from
2.5x10% up to 2.36<10° M~s!, whereas dissociation
rates as low as 0.0008'dor cAb-AM-D9 were obtained.
Combined, this resulted in equilibrium dissociation con-
stants of between 3.5 and 70 nM for all the binders with
the exception of cAb-AMD?7.

Enzyme inhibition

All carbonic anhydrase-specific VHH fragments were
tested for their inhibitory potency in an esterolytic assay.
Dorzolamide was developed as an inhibitor for human
carbonic anhydrase. We have evidence that the bovine
carbonic anhydrase is also inhibited by dorzolamide when
tested under identical conditions g£= 3 pM). From
our observation that this drug prevented the binding of
two VHH fragments (cAb-CA04 and cAb-CAQ6) in an
ELISA assay, we anticipated that both VHH fragments
would inhibit the enzymatic activity of carbonic anhydrase.
As shown in Figure 4A, cAb-CA04 and cAb-CA06
clearly inhibit the esterolytic activity of bovine erythrocyte
carbonic anhydrase. The lower g for cAb-CA06
(1.5 uM) versus cAb-CA04 (uM) is in agreement with

its higher affinity as determined by IAsys. No inhibition
of p-nitrophenylacetate hydrolysis was observed for cAb-
CAO05 or cAb-CA10, even when tested at concentrations
as high as 1QuM.

The crude periplasmic proteins from two out of four
selectedr-amylase-specific clones inhibited the enzymatic
activity of the porcine pancreatic-amylase. This observa-
tion was confirmed with the purified proteins (Figure 4B).
Both cAb-AMD9 and cAb-AMD?7 appeared to be potent
inhibitors (IG, of 10 and 25 nM, respectively). The order
of potency is in agreement with th&, values determined
by IAsys biosensor measurements. In contrast, neither
CAb-AMB7 nor cAb-AMB10, when tested at micromolar
concentration, had any effect on the catalytic efficiency
of the enzyme. This proves that the observed inhibition
was due to the VHH and not as a result of a co-purified
contaminant. For comparison, thesiGor the a-amylase

3516

100

804

604

40+

% residual activity

204

VHH (UM)

100

% residual activity

(| - A—— .

0 50 100

150

Fig. 4. Inhibition of enzyme by recombinant antibody fragments.

(A) The bovine erythrocyte carbonic anhydrase was preincubated for
30 min at a fixed concentration of 218V with varying amounts of
cAb-CA04 (@) or cAb-CAO6 (A) in 60 pl PBS. The residual
enzymatic activity (increase Qgymin) was measured after addition

of p-nitrophenylacetate B) The a-amylase was preincubated for

30 min at a fixed concentration (18/ml) of enzyme with varying
amounts of cAb-AMDO09 M) or cAM-DO07 (¥) in 150 mM NacCl,

2 mM CacC}, 50 mM Tris pH 7.4. The residual enzymatic activity
(increase Olygmin) was measured after addition of 900.2 mM
substrate and plotted relative to the velocity measured in the absence
of antibody.

with the non-antibody inhibitor acarbose was found to be
in the order of 5uM when measured under similar
conditions.

Discussion

In conventional antibodies the antigen-binding site is
formed by combining the variable regions of light and
heavy chains. Residues present in all six hypervariable
regions (three in each domain) may be actively involved
in the molecular interaction with the antigen (Padlan,
1994, 1996). They create a sufficiently large surface area
which is essentially flat for protein antigens (Webster
et al, 1994; Padlan, 1996) (see Figure 5 for an example of
a mouse anti-lysozyme binder). Large protruding flexible
loops are not encountered frequently at the antigen-binding
surface (Wuet al, 1993; Padlan, 1996). These would be
immobilized upon antigen interaction and would have a
negative influence on the binding energy.

The catalytic amino acids are mostly buried inside a
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of choosing the optimal amino acid sequence to derive
small molecular recognition units (Sheriff and
Constantine, 1996).

The generality of a protruding CDR3 loop in camelid
heavy-chain antibodies might be questioned upon exam-
ination of the structure of a llama VHH fragment (Spinelli
et al, 1996). This antibody fragment has a moderate
affinity (Kp = 300 nM) for the a-subunit of human
chorionic gonadotrophin hormone. Here, the first hyper-
variable loop protrudes due to the presence of amino acid
substitutions at key positions for the loop configuration.
Hence, the CDR1 loops of VHHs might adopt many as
yet unknown exposed conformations (Muyldermanal.,
1994, Spinelliet al, 1996). The CDRS3 of this llama VHH
is only six amino acids long. A recent comparison of
dromedary and llama VHH amino acid sequences indicates
that such a short CDR3 loop is rather uncommon as most
VHHs have CDR3 loops of, on average, 15-16 amino
acids (Vuet al, 1997).

All these observations directed us to the working
hypothesis that the long CDR3 loops (or the exposed
CDR1) protrude from the remaining antigen-binding sur-
face in camelid VHHs and that these antibody regions
should bind preferentially in clefts or cavities present on
the antigen surface. As the active site of a vast majority
of enzymes is located in the major cleft (Laskowski
et al, 1996), obtaining several inhibitory antibodies from
camelid heavy-chain antibodies should indirectly support
the above hypothesis.

Immunizing a dromedary with small quantities of
enzymes generates heavy-chain antibodies that react with
the enzymatic active site. The solid-phase ELISA showed
that addition of a competitive enzyme inhibitor displaced a
measurable quantity of heavy-chain antibodies. In contrast,
binding of the conventional IgG1 subclass was not affec-
cleft on the enzyme’s surface (LaskowsHi al, 1996). ted. This corroborated the notion that the antigen-binding
This part of the molecule is regarded to be of low loops of conventional antibodies are largely unable to
immunogenicity (Novotny, 1991; Sheriff and Constantine, penetrate the cleft of the enzymatic active site. In addition,
1996), which is easy to conceive in view of the failure by using purified VHHs from the heavy-chain 1gG3
of conventional antibodies to generate convex antigen- subclass, we could demonstrate unambiguously that these
binding sites. Occasionally, conventional antibodies are polyclonal VHHs contain sufficient competitive enzyme
able to inhibit the enzymatic activity (Bibi and Laskov, inhibitors to obtain a concentration-dependent inhibition
1990); however, these are more the exception than the rule.of a-amylase.

In contrast, we infer that the situation might be quite  Progress in molecular biology has generated straightfor-
different for camelid heavy-chain antibodies. The crystallo- ward tools for isolation and characterizion of antibody
graphic structure of a recombinant dromedary heavy-chain fragments (Winteret al, 1994). The identification of
antibody fragment in complex with lysozyme illustrates individual binders from the cloned antigen-binding reper-
how the N-terminal part of the long CDR3-loop protrudes toire is greatly simplified when starting from the peripheral
from the remaining antigen-binding site (Figure 5; blood lymphocytes of an immunized dromedary. The
Desmyteret al, 1996). These amino acids are primarily VHHs of the heavy-chain antibodies of these animals

Fig. 5. Crystallographic model of mouse D1.3 and dromedary
cAb-Lys3 antibodies with lysozyme. Ribbon representation of crystal
structures of lysozyme (blue) in complex with the mouse D1.3 VH-VL
fragments (grey, left of lysozyme) and the dromedary single-domain
cAb-Lys3 (grey, below lysozyme). The CDR1, CDR2 and CDR3 of
D1.3 VH and VL, shown in red, orange and yellow, respectively form
the flat antigen-binding surface characteristic for most protein binders.
The lower complexity of the cAb-Lys3 compared with the mouse D1.3
is evident, as well as the large protruding CDR3 loop which penetrates
into the active site of lysozyme. The catalytic residue Asp35 of
lysozyme is shown in ball-and-stick representation for reference. The
pdb file 1VFB of D1.3 (Bhatt al, 1994) and pdb file 1IMEL of
CAb-Lys3 (Desmyteet al, 1996) in complex with lysozyme were

used to generate this figure. The lysozyme of both complexes were
superimposed on each other. Both antibodies bind to their original
epitope as determined by crystallography.

involved in antigen recognition and form an internal image
of the lysozyme active site cavity. Biochemical analysis
further demonstrated that the antibody fragment inhibits

belong to one single family (Muyldermaret al, 1994)
and consequently only one set of PCR primers is required
to amplify the entire repertoire (Ghahroueli al, 1997).

the enzymatic activity of lysozyme in a competitive Note that no scrambling of VL and VH pairs occurs and
manner (T.Transue, in preparation). This came as nothat VL cloning is not required. Hence, small libraries of
surprise as seven consecutive amino acids of the CDR3~10 individual colonies are adequate for most purposes.
loop form a structural mimic of the natural carbohydrate  From the cloned VHH repertoire we isolated four and
substrate of the enzyme. Therefore, the exposed CDR3six different binders to carbonic anhydrase andmylase,
loop of dromedary VHHs might be a good candidate to respectively, that originated from different heavy-chain
serve as a lead compound for new drugs (Sheriff and antibodies. For both target enzymes the two inhibitors use
Constantine, 1996). The lower complexity of the antigen- totally different CDR sequences. This proves that different
binding site in dromedary VHHSs, being composed of only germline VHH genes were used in the recombination
three loops versus six loops in Fvs, reduces the problemevent to produce the parental antibody. It also implies that
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the dromedary finds different solutions to interact with structural templates for designing molecular weight lead
the same epitope. In addition, no evident sequence homo-compounds based on their CDRs. However, antibodies or
logy was found with tendamistat or known proteinaceous antibody fragments are in general much more specific for
carbonic anhydrase inhibitors {iesy et al, 1984; their target compared with small organic inhibitors which
Wuebbengt al, 1997). Therefore, we believe thatimmun- frequently fail to discriminate between the target enzyme
ization of a dromedary and subsequent characterization ofor cell surface marker and related enzymes or homologous
individual binders is one of the alternatives to generate cell surface molecules.
specific enzyme inhibitors. We consider our dromedary  Finally, we would like to point out the possible advant-
single-domain binders ade novegenerated or ‘man-  ages of the dromedary VHHSs for intracellular immuniza-
made’ enzyme inhibitors. It is worth mentioning that these tions or intrabodies (Biocca and Cattaneo, 1995). The
single-domain binders were obtained in a time span of VHH form the minimal-sized intact antigen-binding site
only a few months. and their single-domain nature avoids the introduction of

The binders interact with their target with affinities of essential linkers used in scFv constructs which might lead
up to a few nM. The absence of better binders might be to aggregation or susceptibility to proteolysis (Whitlow
inherent in the single-domain nature of the binders or due et al, 1993; Alfthanet al., 1995) followed by dissociation
to the method of panning. Approximately 40% of the of the VH-VL domains. Moreover, it can be argued that
selected clones scored as inhibitors—a number which the feasibility of intracellular immunization will in many
agrees nicely with our expectations based on the competit-instances be dependent on the enzyme-neutralizing capa-
ive ELISA result with heavy-chain antibodies and which city of the binders. We have proved here that, in this
argues for unbiased cloning and panning. More import- respect, the dromedary VHHSs are also likely to be superior
antly, the high yield of binders with enzyme-inhibiting to conventional scFvs.
potential supports the statement that dromedary heavy-
chain antibodies bind preferentially to clefts or cavities. Material d thod
The fact that cAb-AMD9 has a short CDR3 loop lacking aterials and methods
a cystine bond indicates that other inhibition mechanisms promedary immunization
might be present among the dromedary VHHs besides One adult male dromedarfémelus dromedarijsvas injected at days
those using a large protruding loop as found in cab-Lys3. g'n;' (11;21 szel'(é% iSé‘i?if‘giarr‘ﬁa?“a‘g’gh irgggovgﬂir;?’égogéz ‘Egrgonic
We. also isolated and characterized several non_mhlbltory 3.2.)1/.1 Type IA; Slgma) Sgrum was gollectedpprior to eagh injection to
antibody fragments. The CDR3 loop of these binders fojiow the immune response against the immunogens. At days 31
was comparable in length. Whether these non-inhibitory and 57, anticoagulated blood was collected for lymphocyte isolation.
antibody fragments interact with other clefts present on Peripheral blood lymphocytes were prepared with Unisep (WAK Chemie,
the protein surface is not clear at present. Germany). Cells were counted and pelleted aliquots BlL®@ cells

. . stored at —80°C until further use.

It is tempting to correlate the presence of enzyme-
inhibiting heavy-chain antibodies in dromedaries with the separation of the IgG subclasses
reported low incidence or low susceptibility to viral and Serum was diluted 2-fold in phosphate-buffered saline (PBS) and IgG
bacterial ‘Artiodacty|’ pathogens (Wernery and Kaaden, subclasses were obtained by successive affinity chromatography on 1 ml

; ; ; HiTrap Protein G and Protein A columns (Pharmacia). IgG3 and 1gG1
?-Ogr?nSa)ll pl-:g(\;\;ever, at this stage the correlation requires were eluted from the Protein G column at pH 3.5 and 2.7, respectively.

. . ) ., The flow-through was loaded on the Protein A column to recover two
Davies and Riechmann (1995) generated a ‘synthetic’ more fractions of heavy-chain antibodies. IgG2a and IgG2b were

single-domain antibody library. For this purpose, a human recovered at pH 4.5 and 3.5, respectively. The IgG protein concentrations
VH scaffold was first ‘camelized’ to mimic the dromedary Were determined spectrophotometrically, assuming;gjof 13.5 at 278
VHH framework sequence. This construct was sub- "M for all subclasses.
sequently topped with randomized codons at the CDR3 capturing enzyme-specific antibodies
position. Interestingly, Martiret al. (1997) extracted a  The carbonic anhydrase amdamylase, dissolved in 0.1 M NaHGO
hepatitis C virus protease inhibitor from this library. It pH 8.3, were coupled to CNBr-activated Sepharose (Pharmacia) at room
indicates that a large ‘synthetic’ or a ‘vai dromedary temperature at a density of 3 mg protein/ml resin. Beads were washed
. . . . . . several times with PBS before adding an equal volume of serum from

\,/HH library might substitute a d¢d|cated (lmmumzed) days 0, 28 or 54 (2001). After washing five times with 80Q PBS to
I|brary. HOWGVET,_ the fact th_at the isolated prO_temS_ had a remove unabsorbed proteins, the pelleted beads were resuspended in a
relatively low affinity and dimerized upon antigen inter-  solution containing essentially 1% SDS, boiled, and applied to a SDS-
action questions their potential and the single-domain Polyacrylamide gel to analyse the captured proteins.
nature of these binders. Moreover, other work of

. , . . Preparation of monomeric VHH by limited proteolytic
Riechmann’s ‘group (Davies and Riechmann, 1996) digestion
stressed th'e importance of all three CDR |00|O_S. Con- 1gG3 isolated from the serum of day 54 was dialysed against 0.1 M
sequently, it cannot be excluded that a synthetic VHH NH4HCOs, pH 8.0, before th&taphylococcus aureus Bidogluprotein-

library of randomized CDR3 might only yield enzyme ase (Boehringer) was added at a 1/50 (w/w) ratio. After incubation for
ki . : 2 h and dialysis against PBS, monomeric polyclonal VHH was recovered
inhibitors for a limited number of antigens. in the flow-through of the HiTrap Protein A column. The VHH

If binding to cavities is an acquired property of concentration was determined spectrophotometrically as above.
Camelidaeheavy-chain antibodies, this may have import-

ant implications for the wider use of these antibody Solid-phase binding ELISA '
fragments (anti-idiotypes, receptor-ligand, cell surface The carbonic anhydrase amdamylase, at a concentration ofp@/ml

" : ; : in PBS were coated overnight at 4°C on Maxisorb 96-well plates (Nunc).
molecules). In addition to their superior properties such Plates were blocked with 1% (w/v) casein in PBS @ h at room

as _simple isolation, high 50|U_b”ity and stability, these temperature. After incubation with either the diluted total serum or
antibody fragments can provide a valuable source of purified IgG subclasses, bound dromedary 1gG was detected with a
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rabbit anti-dromedary IgG antiserum. This antiserum recognized all Tris pH 7.4 was preincubated with either crude periplasmic fraction or

dromedary 1gG subclasses equally well, when coated on the polystyrene purified VHH-fragment for 30 min in 5Qul. The substrate solution

support. A goat anti-rabbit alkaline-phosphatase conjugate (Sigma) was (950 ul of 0.2 mM 2-chloro-4-nitrophenyl maltotrioside in 150 mM

used as secondary reagent. NaCl, 2 mM CaC}, 50 mM Tris pH 7.4) was added and the increase in
Virion binding was revealed using the HRP-anti M13 conjugate optical density at 405 nm was monitored. Residual activity was calculated

(Pharmacia). Mouse anti-haemagglutinin decapeptide tag (clone 16B12; relative to the enzymatic activity measured in the absence of any VHH.

BAbCO, CA, USA) or anti-HIS tag (Dianova) were used as primary

reagents in combination with an anti-mouse lgG-alkaline phosphatase

conjugate (Sigma) for the detection Bfcoli-produced VHH proteins. Acknowledgements
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