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ABSTRACT. Camelids can produce antibodies devoid of light chains and CH1 domains (Hamers-Casterman,
C. etal. (1993Nature 363446-448). Camelid heavy-chain variable domains (VHH) have high affinities

for protein antigens and the structures of two of these complexes have been determined (Desmyter, A. et
al. (1996)Nature Struc. Biol. 3803—811; Decanniere, K. et al. (199S}ructure 7 361—370). However,

the small size of these VHHs and their monomeric nature bring into question their capacity to bind haptens.
Here, we have successfully raised llama antibodies against the hapten azo-dye Reactive Red (RR6) and
determined the crystal structure of the complex between a dimer of this hapten and a VHH fragment. The
surface of interaction between the VHH and the dimeric hapten is large, with an area of ca 3018 A
correlates well with the low-dissociation constant of 22 nM measured for the monomer. The VHH fragment
provides an efficient combining site to the RR6, using its three CDR loops. In particular, CDR1 provides

a strong interaction to the hapten through two histidine residues bound to its copper atoms. VHH fragments
might, therefore, prove to be valuable tools for selecting, removing, or capturing haptens. They are likely
to play a role in biotechnology extending beyond protein recognition alone.

Since the discovery of camelid antibodies devoid of light deep in the hydrophobic cleft at the VVH interface and
chains and CH1 domaingl); their heavy-chain variable thus involves framework residue&Q; 11). It is expected
domains (VHH) have been proposed as valuable potentialthat the combining site of the VHH is unable to generate a
tools for biotechnology 4, 3). The size of these VHH VL —VH-like crevice. Camelid VHHs have been found to
fragments is reduced to a bare minimum (a single immuno- be difficult to raise against haptens (LF, unpublished data).
globulin domain) and their levels of expression and solubility Recently, however, several antibodies have been raised
are significantly higher than those of classical Fab or Fvs against BSA-coupled synthetic haptens in llamas. We report
(2, 3). Several VHHs have been raised against different here the first example of a VHH from llama complexed with
bacterial or protein antigen®{4). Three X-ray structures the copper containing dye, RR6, and demonstrate that
of such VHHs are presently available; two are of camel camelid VHHS can provide cavities to accommodate haptens,
VHHs in complex with lysozyme (LysVHH) (5) and with even in the absence of a VL.

RNAse A (RNAse-VHH) (6), respectively, the other is of

a llama unliganded anti-hCG VHH (hG&/HH) (7). VHHs MATERIAL AND METHODS

from llama or camel have affinity constants for their protein
antigens that are comparable to those of Fab or Bvgl(

8, 9). The VH—antigen interface may display peculiar
features such as in the Ly&HH structure where the very
long CDR3 fills the active site, mimicking a saccharide
ligand 6, 8). In the case of the hC&VHH, the absence of
bound antigen makes it difficult to draw definitive conclu-
sions, although the shape of the interface and the much
shorter CDR3 suggest a more classical combining interface
(7). In the case of antibodies containing both heavy and light
chains, binding of small hydrophobic antigens usually occurs

VHH Preparation and CharacterizatiorA male llama
(Lama glamdwas immunized with a BSA (Sigma, A7888)
coupled RR6 azo-dye (ICI, Procion Rubine MX-B). Young
adult male llamas were injected at days 0, 21, and 35 with
250 mg of the antigens mentioned above in specol (ID-DLO,
Lelystad, The Netherlands). Blood samples of about 150 mL
were taken seven days after the last immunization and
peripheral blood cells were obtained via Ficoll (Pharmacia)
discontinuous gradient centrifugation. From these cells, total
RNA was isolated and synthesis of the first strand c-DNA
was performed (Amersham first strand cDNA kit). DNA
fragments encoding VHH domain were amplified by PCR

t This work was supported by the EU BIOTECH Structural Biology —UsSing specific primers and were ligated intSaccharomyces
pf(;ieCt (BIO4 CT98-048). cerevisiae expression plasmid. After transformation &f

. SN.RS’ UPR-9039. . cerevisiag, the culture supernatants of single colonies were
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(up to 100 mg/L of flask culture). The R2 anti-RR6 fragment
was purified from crude yeast culture broth by affinity
chromatography, using a Protein-A Sepharose FF column
(Pharmacia). More details of the VHH production procedure
have been published elsewhet®) Kinetic measurements
were performed using a IAsys Biosensor Instrument (Fisons)
in PBS (10 mM NgHPQy, 1 mM KH,PQ,, 137 mM NaCl,

pH 7.4) with 0.05% (v/v) Tween-20, pH 7.4. RR6 was linked
to amino silane cuvettes. At least 10 dilutions were injected
into the cuvette. The resulting data were analyzed using the
FASTFIT software considering the association phase result-
ing in association and dissociation constants. The values for
the R2 VHH fragments werky, = 1.5 x 10° M™% 571, Ko
=3.3x 10%s%, andKy = 22 nM (12, since these values
have been obtained with a biosensor chip, they might be in
error by a factor up to 10 and should, therefore, be compared
only with values obtained using the same technique).

Crystallization and Data CollectiorRed prismatic crystals
were obtained after one month using the hanging-drop vapor
diffusion method at 20C. Drops consisting of L of a
protein solution with the hapten (hapten 5 mM and VHH 11
mg/mL in 10 mM Tris, pH 7.5) were mixed with 2L of
the wells solution (1.3 M ammonium sulfate, 100 mM
sodium acetate, pH 4.2, and-8% glycerol). Crystals belong
to the space group3;21 with cell dimensiona=b = 46.7
A, c=121.1 A. The diffraction data were collected on BM14
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Table 1: Data Collection, Structure Determination, and Refinement
Summary

data collection

total/unique number of reflections 57 351/8364
% of data with I/s & 1 (overall/last shelf) 96/85
% of data with I/s & 3 (overall/last shelf) 88/62
R-merge (%) (overall/last shetl) 6/25
refinement
number of protein/solvent atoms 1053/54
number of reflections (12:62.5 A) 8157
R-/R-free value (%)(12.62.5 A) 21/28
r.m.s.d. on bonds (A) & angles (deg) 0.016/1.3
r.m.s.d. on impropers and dihedral (deg) 1.03/27
meanB-factor (A2): main-chain atoms 24.6
side-chain atoms/solvent 24.7/31.1

hapten all atoms, patl & 2 21.5/12.3/41

aQverall data: 30.62.5 A; last shell: 2.6:2.5 A.®Part 1 corre-
sponds to the P* N1 groups imbedded in the VHH crevice. Part 2
corresponds to the rest of the molecule and comprises the T, N2 and
P2 groups.

the triazine reactive ring (T). The two hydroxyl (or hydroxy-
late) groups and a nitrogen atom of the azo group provide
the internal ligation of the copper ion. The dissociation
constant between the anti-RR®¥HH and its hapten, deter-
mined using a biosensor, is 22 nM. After obtaining crystals
whose red color indicated the presence of RR6, the structure
was solved by molecular replacement using the-tysiH

at the ESRF (Grenoble, France) where the wavelength wasmodel 6) and has been refined to 2.5 A resolution (Table
chosen in order to optimize the anomalous absorption of the1). The quality of the structure can be assessed from the
copper ion present in the hapten. Data were indexed usingelectron density map (Figure 2b), from the Ramachandran

DENZO (13) and merged/scaled using SCALA4). An
anomalous difference Patterson was calculated to localize
the copper ions and was interpreted by the program SHELXS
(15). Two copper atoms were found to be present for one
VHH fragment.

X-ray Structure SolutiorBoth rotational and translational
searches for RR6VHH were performed with the program
AMoRe (16) using the Lys-VHH as the search modeby
The orientation of the variable domain was given by the first
highest peak in the corresponding rotation functions calcu-
lated with data between 6.0 and 2.8 A. The resulting model
gave arR-factor of 0.41 and a correlation coefficient of 0.59.
All maps were calculated using the CCP4 suite of programs
(14). These maps were inspected by the graphics program
Turbo-Frodo 17). The model was improved by iterative
manual building and refinement using data between 12.0 and
2.5 A; the refinement involved low-resolution bulk solvent
correction, positionalB-factor and phase annealing tech-
nigues (8) as implemented in the program XPLOR version
3.843 (19). The results of the data reduction and of the
refinement are presented in Table 1. The coordinates of the
VHH—RR6 complex have been deposited in the Protein Data
Bank (http://www.rcsb.org/pdb/; accession number 1QDO).

RESULTS AND DISCUSSION

The VHH-RR6 Crystal StructureThe anti-RR6-VHH
fragment is a 117 residue monomer of 11 kDa with the
classical immunoglobulin fold. It has a high-sequence
homology to the other two VHH fragments whose structures
are presently known (Figure 1). The RR6 hapten is an azo-
dye composed of three groups (Figure 2a): the p-sulfonic-
phenol moiety (P), the di-sulfonic-naphthol moiety (N), and

plot (91.5% of the residues are located in the most favorable
areas 20)), and from theR- and freeR-factors (21% and
28%, respectively). The &€ atoms of thes-barrels of the
RR6—-VHH were superimposed on theoCatoms of the
hCG—VHH (7) and Lys-VHH (5), giving a very low rms
deviation of 0.58 A for both molecules. The nature of the
molecular surfaces of the three VHHSs is also comparable,
each presenting a highly hydrophilic surface on the side of
the VHH normally packed against the VL in a classical Fv
fragment (5-7 and the present result).

The VHH CDR LoopsThe three CDR loops are well-
defined in density (Figure 3). The CDR1 loop, being the
most exposed to solvent, exhibB-factors higher than
average, as often observed in classical antibodies (28.5 A
compared to 24.6 &. The CDR2 and the long CDR3 loops,
however, displayB-values lower than average (17 and 16
A2, respectively, compared to 24.6)ACanonical conforma-
tions have been assigned to five of the six CDR loops of
IgGs (21-23). Comparison of VHH CDR loops with loops
of canonical type showed that camel H1 loops, in+ty41H
and RNAse-VHH, have identical, non previously identified
canonical conformations{-6). They have been attributed
to a new canonical type (type 4, réf. The H1 loop of the
hCG—VHH (7) has no identified canonical type and the H1
loop of the RR6-VHH complex also has a different,
noncanonical, conformation. The sequence of the latter is
three residues longer than those of the VHHs mentioned
above, with the insertion of a His-Gly-His motif (Figure 1).
The further comparison of VHH CDR loops with canonical
types showed that the H2 CDRs of both h€@HH and
Lys—VHH belong to canonical type 2, although type 3 has
been predicted from the sequence of £}&HH. In contrast,
the RNAse-VHH H2 loop was not found to belong to any



Llama VH Domain-Hapten Complex Biochemistry, Vol. 39, No. 6, 200219

110 120 30! abc 140 50! abc 60!
LAMA-RR6 QVQLQESGGGLVQAGGSLRLSCAASGRATSGHGHY GMGWFRQVPGKEREFVAAIRW-~-SGKETWYKDSV

LAMA~hCG QVQLOESGGGLVQAGGSLRLSCAASGRTGST - -~ YDMGWFROAPGKERESVAAINW--DSARTYYASSV
CAMEL-Lys DVQLQASGGGSVQAGGSLRLSCAASGYTIGP - - ~-YCMGWFRQAPGKEREGVAAINM-~-GGGITYYADSV
CAMEL-RNAse QVQLVESGGGLVQAGGSLRLSCAASGYAYTY - -~ I YMGWFRQAPGKEREGVAAMDS -~ -GGGGTLYADSV

701 801 abc 90! 100!abcdefghijklmnop 1110
LAMA-RR6 KGRFTISRDNAKTTVYLOMNSLKPEDTAVYYCAARPVRVDDISLPVGF = ~w ~ww=uw DYWGQGTQVTVSS

LAMA~hCG RGRFTISRDNAKKTVYLOMNSLKPEDTAVYTCGAGEGGTW-=--==-- - e e e e DSWGQGTQVTVSS
CAMEL-Lys KGRFTISQDNARKNTVYLLMNSLEPEDTAIYYCAADSTIYASYYECGHGLSTGGYGYDSWGQGTQVTVSS
CAMEL-RNAse KGRFTISRDKGKNTVYLOMDSLKPEDTATYYCAAGGYELRDRTY-=-wm-eeeeawa- GQWGQGTQVTVSS

Ficure 1: Amino acid sequences of the four VHH fragments of known structure: the anti-RR6{R® (this work), the llama hC&

VHH (7), the camel Lys'VHH (5), and the RNAse VHH (6). The three CDRs (1 to 3) are in bold letters. The numbering is according
to Kabat 81).

Ficure 2: Structure of the RR6 hapten in complex with the llama VHH (a) The chemical formula of the RR6 molecule. The sulfate groups
have been numbered S$3. P stands for p-sulfonyl-phenol, N for naphthyl moiety, and T for triazine. The red arrow indicates the insertion
site of another BN fragment (as indicated by the bracket) on a second reactive position of the triazine ring. (b) The RR6 molecule and
its electron density map contoured at 1 sigma threshold. No atom is visible at the third position of the triazine ring in the electron density
map. (c) Stereoview of the RR6 molecule in complex with the VHH fragment. The top half of the VHH fragment is displayed in secondary
structure representation with tjfestrands in blue, the loops in yellow, and the CDRs 1, 2, 3 in red, green, and blue, respectively. The RR6

molecule is in ball-and-stick representation, with the copper ions as red spheres complexed with the side-chain of histidines 31a (right) and
31c (left).

Ficure 3: Stereoview of the electron density map (2f& contoured at 1s) of the VHH CDR3 between Pro96 and Asp102.

identified canonical type6). In the present structure, the was the case for the Lys/HH fragment, with a very long

conformation of loop H2 belongs to canonical type 3. H3 loop of 24 residues held together by an internal disulfide
Camelid VHH sequences indicate that H3 loops are bridge 6). In contrast, the RNAseVHH (6) CDR3 is only

generally longer than murine or human loo@s3, 4). This 12 residues long and the hG&HH H3 loop is reduced to
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Ficure 4: The combining site of the anti-RR&/HH and the RR6 inside, viewed from the top. (a) Water-accessible surface of the VHH
displaying the cavities, with the bound RR6 molecule (red) in ball-and-stick representation, with the copper ions as silvery blue spheres.
The green color identifies the protruding surfaces, and the gray color identifies the reentring surfaces (GRASP repre32ntatien,
localization of the three CDRs has been indicated by H1, H2, and H3. (b) Stereoview of the P1 and N1 groups ¢iNheflps of

the RR6 molecule in complex with the 3 CDRs of the anti-RR&1H fragment. The CDRs 43 are red, green, and blue, respectively.

a mere eight residues long stretdf. (The two latter CDR3 during immunization this group was coupled to BSA and,
are, therefore, within the length range observed in H3 loops therefore, not freely accessible. The surface complementarity
of normal VH domains (Figure 1¥J. The anti-RR6-VHH between the VHH and the hapten is excellent, as indicated
CDR3, with 14 residues, is comparable in length to that of by the large interaction surface area of the CDRs with the
the RNAse-VHH (6). It might, therefore, be expected to RR6: CDRL1 residues 31&883 have an interaction surface
play a substantial role in the interaction with the hapten. This of 127 A2, the majority of which (104 A arises from the
is not the case, however (see below). RR6 copper atoms interacting with the two histidines. CDR2
The Azo-dye RR6 HapteTihe electron density maps and  interacts with residues 553 to an amount of 99 A Among
the copper ion anomalous signal indicated the presence ofthe three CDRs, the long CDR3 provides the smallest
two copper ions per VHH fragment. This was confirmed by interacting surface area, 6% Avith residues 9598 (Figures
the structure solution and refinement. This unexpected 2¢ and 4b), in striking contrast with the structure of kys
stoichiometry was attributed to a chemical modification of VHH and other results with classical antibodies. Most of
the RR6 hapten, resulting in the fusion of a secontt R the CDR3 loop is turned outward from tifiebarrel (Figure
motif at a second reactive position of the triazine ring (Figure 2c). Overall, the RR6 hapten covers 293 & the VHHs
2, a and b). Mass spectroscopy, performed with the original accessible surface. The first half of the RR6 dimer, corre-
RR6 hapten, indicates that the RR6 monomer (the nondu-sponding to the authentic RR6 molecule{PN + T), has
plicated form) is by far £ 95%) the predominant form, the = 60% of its surface buried in the VHH. Its P1 group and two
rest being represented by copper-depleted fragments and theulfate groups (S1 and S2) are embedded between the three
dimer. Considering that the molar ratio RR@HH in the CDRs, and His3la (from CDR1) is linked to the copper
crystallization conditions is only 5, the amount of RR6 dimer belonging to the N1 moiety. A second histidine (His 31c)
initially available for complexation with the VHH is very  from the CDRL1 is linked to the other copper and is the only
low. Therefore, duplication should have occurred during the contact of the second half of the RR6 dimer with the VHH.
crystal growth. Another strong argument for the duplication This result further confirms the monomer as being the
during crystallization is the fact that the RR6 hapten has to authentic hapten. Thedf of these histidines complete the
be coupled to BSA in order to be immunogenic. This ligation of the copper ions in a distorted square-planar
coupling is performed using the reactive triazine ring. The conformation (Figures 2c and 4). The interaction of the both
almost complete lack of reactivity of the third position of histidine residues with the copper ion belonging to the first
the triazine ring once the two first positions have been part of the RR6 has been modeled. A simple side-chain
substituted (the case of the RR6 dimer) prevents any couplingrotation is sufficient to bring the & atom in a favorable
of a putative preexisting RR6 dimer to BSA. Therefore, the position and complete the square-planar coordination in an
RR6 dimer cannot be the “authentic” hapten used for axial fashion. This type Il copper coordination has been
immunization. Accordingly, the dissociation constant, which observed in several copper proteins such as superoxide
is measured on the monomer, is probably slightly lower dismutase, oxygenases, nitrite reductase, and various oxidases
compared to that of the dimeric RR6 hapten. (see http:// bmbsgill.leeds.ac.uk/bmbknd/promise/html).
The Combining Sit&lwo cavities are present at the surface  The Binding Forces lmlved in Interaction.Two main
of the VHH combining site, one of which is occupied by driving forces have been found to account for antigen
the tip of the hapten, and the other is empty (Figure 4a). binding: the hydrophobic effect (liberation of water mol-
The hapten molecule has 41% of its surface buried in the ecules from apolar protein surfaces upon complex formation)
VHH, the rest of it, in particular, the triazine ring and the and enthalpic forces2d). The contribution of each of the
second part of the dimer, are exposed to the solvent. A high-two forces to complex formation differ greatly in antibodies,
solvent exposure of the triazine group was expected, because@ven directed to the same targét5)y, In general, the
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Table 2: List of the Main Contacts Between the RR6-Dye Dimer
and the VHH

3la HIS N2 Cul 2.20

3lc HIS Ne2 Ccu2 2.32

52 ARG Nyl 082 3.15 H-bond

52a TRP N 092 3.24 H-bond
53 SER N 092 2.93 H-bond
53 SER (€7 089 2.84 H-bond

53 SER O 092 2.94 H-bond

55 LYS NZ 087 2.75 H-bond
55 LYS NZ 091 2.97 H-bond
95 ARG @ 083 3.46

96 PRO O C61 3.35

97 VAL C C62 3.44

98 ARG Co C62 3.50

98 ARG (e% C64 3.48

98 ARG Ne 090 2.90 H-bond

99 VAL N 082 3.14 H-bond

34W WAT ow 083 2.81 H-bond

aCutoff Is 3.7 A, but only one atom has been kept per residue (except
for H-bonds). The RR6 Numbering is indicated below (the most buried
part of the RR6 hapten is on the right side).

specificity of antibodies is dependent on the nature of the
binding surface and on the formation of chargharge

interactions and hydrogen bonds, an example being steroid

hormonesZ6—28). There are, however, examples of specific
binding arising solely from shape complementarity in the
absence of any electrostatic interacti@9)(

In the VHH—RR6 complex, hydrophobic forces are

present but hydrogen bonds and charge interactions dominate

(Table 2). The naphthyl moiety is in stacking contact with

Trp52A and the charged S1 group interacts through a dense

network of hydrogen bonds with the side chains of Arg52,
and with main-chain atoms, NH52a and NH99. Water
molecule 34w closes the bottom of the site, interacting with
the hapten S1 on one side and with Arg95INand lle51
CO group on the other. The P1 ring is in van der Waals
contact with most atoms of the combining site. Besides this
first moiety, the sulfate S2, located on the naphthol group
N1, is hydrogen bonded to Arg98e\to Ser53 @, and NH
atoms. Apart from the coppehistidine binding, no other

contacts occur between the VHH and the hapten beyond S2

(Table 2, Figure 4).

CONCLUDING REMARKS

The RR6 dimer is a very large hapten, which possesses 2.

an unusual combination of chemical moieties: several

Biochemistry, Vol. 39, No. 6, 200@.221

aromatic rings, two copper ions, and numerous charged
groups. The anti-RR6VHH was found to provide a good
combining site to the RR6 hapten using its three CDRs.
Despite the absence of a VL, this site forms a deep cleft,
which involves only residues from the CDRs and none from
the framework. Both hydrophobic and electrostatic effects
are likely to be important for establishing the binding. Finally,
ability of a camelid VHH to bind to a copper ion also
suggests the valuable possibility of using these fragments
as redox proteins, which would disclose new lines of
approach in abzyme resear@0).
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