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Background: The presence of cystines connecting antigen-binding loops in single domain antibodies is puzzling.
Results: Cysteines forming such cystine are substituted, and the performance of functional antibody fragments is determined.
Conclusion: An interloop disulfide bond stabilizes the domain and rigidifies the long third antigen-binding loop, leading to
stronger antigen interaction.
Significance: This beneficial effect explains in vivo antibody maturation favoring antibodies with an interloop disulfide bond.

The antigen-binding fragment of functional heavy chain anti-
bodies (HCAbs) in camelids comprises a single domain, named
the variable domain of heavy chain of HCAbs (VHH). The VHH
harbors remarkable amino acid substitutions in the framework
region-2 to generate an antigen-binding domain that functions
in the absence of a light chain partner. The substitutions provide
a more hydrophilic, hence more soluble, character to the VHH
but decrease the intrinsic stability of the domain.Herewe inves-
tigate the functional role of an additional hallmark of drome-
dary VHHs, i.e. the extra disulfide bond between the first and
third antigen-binding loops. After substituting the cysteines
forming this interloop cystine by all 20 amino acids, we selected
and characterized several VHHs that retain antigen binding
capacity. AlthoughVHHdomains can function in the absence of
an interloop disulfide bond, we demonstrate that its presence
constitutes a net advantage. First, the disulfide bond stabilizes
the domain and counteracts the destabilization by the frame-
work region-2 hallmark amino acids. Second, the disulfide bond
rigidifies the long third antigen-binding loop, leading to a stron-
ger antigen interaction. This dual beneficial effect explains the
in vivo antibody maturation process favoring VHH domains
with an interloop disulfide bond.

Antibodies, which play a crucial role in the adaptive immune
system, aremembers of the immunoglobulin protein superfam-
ily (1). The polypeptide sequences of the heavy chain and the
light chain are compacted in several immunoglobulin domains.

These antibody domains are folded in two �-sheets comprising
either 5 � 4 or 3 � 4 antiparallel �-strands for the variable
or constant immunoglobulin domains, respectively (2) (the
�-strands are namedA throughG for the constant domainwith
variable domains having extra strandsC� andC�). An important
hallmark of the immunoglobulin fold is the conserved disulfide
bond located between cysteines of �-strands B and F at amino
acid positions 23 and 104 (ImMunoGeneTics numbering (3);
see Fig. 1). The importance of this conserved cystine in the
folding and intrinsic stability of the immunoglobulin domain is
well established. Its presence constrains the unfolded protein
and thus reduces mainly the entropy of the unfolded state
(4–8). The ability of an intradomain disulfide bond to increase
the domain stability and subsequently the functionality has
fueled research into rational design of cystines into proteins.
Unfortunately, engineering disulfide bonds into proteins does
not always increase stability because formation of a disulfide
bond in the folded proteinmay displace the surrounding amino
acids toward a less favorable position (5, 9). The lack of consis-
tent rules to select appropriate loci for the introduction of disul-
fide cross-links hampers the rational design of stabilized
proteins.
Until 1993, functional antibodies were always considered

to comprise two identical heavy chains and two identical
light chains. This view changed with the discovery of func-
tional heavy chain antibodies (HCAbs)5 lacking light chains
in Camelidae (i.e. Camelus dromedarius, Camelus bactria-
nus, Lama glama, Lama guanicoe, Lama pacos, and Lama
vicugna) (10). The immunoglobulin domain corresponding
to the first constant domain in the heavy chain of classic
antibodies, i.e. the CH1, is missing in the heavy chain of
HCAbs. Hence, the antigen-binding fragment of a classic
antibody, i.e. the Fab, is reduced to a single variable immu-
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noglobulin domain in the HCAb. This variable domain
referred to as variable domain of heavy chain of HCAbs
(VHH) is adapted to become functional in antigen binding in
the absence of a variable light chain domain (VL). As such,
the VHH contains in its framework region-2 (FR-2), the
region that in the variable domain of a heavy chain (VH) of a
classic antibody interacts intimately with the VL, a number
of hallmark amino acid substitutions that render the isolated
domain more hydrophilic and more soluble than an isolated
VH domain (10) (see Fig. 1). It has been demonstrated
repeatedly that the VHH, cloned and expressed in bacteria, is
a strict monomeric, single domain antigen-binding entity
(11). It was noticed immediately that many VHHs of drom-
edary HCAbs possess an additional disulfide bond between
the complementarity-determining region-1 (CDR1) and
CDR3 loops (12). The Cys in the CDR1 is encoded in the
VHH germ line genes (13), and this points toward a possible
functional role of the interloop disulfide bond as an evolu-
tionary pathway for domain and CDR loop stabilization.
Evidence supporting the stabilizing role of a disulfide bond to

rigidify the CDR loops also came from the variable domains of
platypus (14) and shark antibodies (15, 16), which possess an
analogous interloop cystine. Finally, the selection of an inter-
loop disulfide in a fibronectin type III domain is analogous to
the natural evolution of disulfide bonds found in new antigen
receptors of cartilaginous fish and in camelid heavy chain vari-
able domains (17). Therefore, it appears that the acquisition of
conserved cystine linkages to enhance structural stability is the
result of convergent evolution (16).
The presence of an interloop cystine in dromedary HCAb-

derived VHHs or platypus VH domains has been proposed to
restrict the conformational flexibility of the long CDR3 loop
in the antigen-free form and therefore to play an important
role in reducing the paratope flexibility (18). Thus, the inter-
loop cystine might affect the affinity by minimizing the
entropic loss during loop fixation upon antigen complex-
ation (19, 20). However, the significance of the interloop
disulfide bond in antigen binding was never formally tested
and is even questioned in some cases by the observation that
multiple intracellularly expressed VHHs with Cys in their
CDR loops are functional in the reducing environment of the
cytoplasm (21–23) where disulfide bonds are supposedly not
formed. To investigate the functional role of the interloop
disulfide bond (i.e. its effect on affinity, stability, and the
reaction pathway of antigen-antibody binding), we random-
ized the Cys residues forming the additional cystine in sev-
eral well characterized VHHs. We chose VHHs with Cys at
different locations within the loops and with different CDR3
lengths. This approach is preferred as the alternative strat-
egy, the introduction of a new disulfide bond in a VHH with-
out an interloop disulfide bond, might cause adverse effects
(the replacement of other stability-enhancing effects, side
chain restructuring, etc.).
Two different selection strategies (phage display and bacte-

rial two hybrid (B2H)) were used to identify the functional anti-
gen-specific variants without an interloop cystine, and the
selected variants were studied in detail. Our results reveal the

importance of the interloop disulfide bond in the stabilization
of the VHH and in the affinity for the antigen.

EXPERIMENTAL PROCEDURES

Generation of Codon-randomized Libraries and Selection of
Antigen-specific Variants—The Cys codons in the CDR1 and
CDR3 of cAbAn33, cAbPSA-N7, cAbLys3, BM_GFP2, and
BM_GFP3 were randomized by PCR with degenerate primers
containing an “NNN” sequence to replace the “TGY.” Libraries
comprising thewhole randomized repertoire were generated in
the vector pHEN4 (24) or pBTL (i.e. a pBT vector from Strat-
agene that wasmodified to accommodate a VHH in itsmultiple
cloning site) for in vitro panning or in vivo B2H selection,
respectively. The final PCR fragments were ligated into the
pHEN4 or pBTL vector after restriction with the enzymes
NcoI/NotI or PstI/EcoRI, respectively. Ligated material was
transformed in freshly prepared Escherichia coli TG1 or BMII
cells (Stratagene) and plated on LB plates with ampicillin or
chloramphenicol for subsequent phage display or bacterial
two-hybrid selections, respectively. The colonies were scraped
from the plates, washed, and stored in LB medium supple-
mented with glycerol (25% final concentration) at �80 °C.

The in vitro selection, i.e. panning, of the cAbAn33, cAbPSA-
N7, and cAbLys3 TGY codon-randomized libraries on the
trypanosome variant surface glycoprotein, human PSA, and
hen egg white lysozyme (HEWL) antigens, respectively, were
conducted under conditions similar to those for the selection of
the parental VHHs (24–26). After panning, individual colonies
were picked, and periplasmic expression of soluble VHH was
carried out according to Saerens et al. (27). The periplasmic
extract was tested in a solid-phase ELISA for antigen recogni-
tion. Maxisorb 96-well plates (Nunc) were coated overnight at
4 °C with antigen at 1 �g/ml in phosphate-buffered saline
(PBS). Residual protein binding sites in the wells were blocked
with 1%milk powder in PBS for 2 h at room temperature. After
adding the VHH to the wells coated with its cognate antigen,
the captured VHHs were detected with a mouse anti-hemag-
glutinin decapeptide tag (Berkeley Antibody Co.) followed by
an anti-mouse conjugate (Sigma). The absorption at 405 nm
was measured 15–30 min after adding the enzyme substrate
p-nitrophenyl phosphate or 2,2�-azino-bis(3-ethylbenzathiazo-
line-6-sulfonic acid) for phosphatase or peroxidase conjugates,
respectively. The VHH genes of the clones scoring positive in
the solid-phase ELISA were sequenced, and different variants
were chosen for further characterization.
B2H selections with BM_GFP2 and BM_GFP3 were per-

formed according to instructions of the supplier of the plasmids
and reporter cells (Stratagene). Plasmids pBT (encoding the
full-length bacteriophage � repressor protein) and pTRG
(encoding the amino-terminal domain of the�-subunit of RNA
polymerase) were purchased from Stratagene. A linker was
introduced into the pBT, resulting in the pBTL vector. The
cDNA of GFP (28), amplified by PCR to contain appropriate
restriction enzyme sites, was cloned into the pTRG vector (29)
between NotI and EcoRI sites. After confirming the proper
sequence of the pTRG-GFP cDNA insert, plasmid DNA was
prepared using a Qiagenminiprep kit. For bacterial two-hybrid
experiments using theTGYcodon-randomized libraries, a total
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of 600 ng of pTRG-GFP was transformed in electrocompetent
E. coli BMII cells (Stratagene) harboring the pBTL-VHH
library, transforming aliquots of 75 ng of DNA into 75 �l of
electrocompetent cells. All transformations were pooled in a
single tube and incubated (1 h) in M9� His dropout minimal
medium and Super Optimal broth with catabolite repression
medium before aliquots were diluted from 10�1 to 10�6 and
plated on various plates to calculate the transformation effi-
ciency. The remaining cells were plated on large plates with
single selective medium and allowed to grow for 24 h at 37 °C.
Colonies were manually transferred to double selective
medium plates and to LB-agar plates containing chloramphen-
icol (25 �g/ml). After 24-h incubation at 37 °C, surviving colo-
nies on these plates were counted. The colonies on LB-agar
plates containing chloramphenicol were used for the amplifica-
tion of the VHH gene by PCR using pBT-Forw and pBT-Rev
primers (Stratagene). After sequencing theVHH gene, different
variants were chosen for further characterization.Variants
for cAbAn33 C37X/C108Y, cAbPSA-N7 C38X/C111Y,
cAbLys3 C38X/C111.6Y, BM_GFP2 C38X/C112.5Y, and
BM_GFP3 C38X/C111.3Y are denoted as cAbAn33 XY,
cAbPSA-N7 XY, cAbLys3 XY, BM_GFP2 XY, and BM_GFP3
XY, respectively, with X and Y denoting the Cys-substituted
amino acid by its single letter code.
Expression and Purification of Antigen-specific VHH

Variants—The genes of the variants that scored positive in
ELISA after panning or B2H were recloned from pHEN4 or
pBTL vector into the expression vector pHEN6 (30) using the
restriction enzymes NcoI or PstI and BstEII, respectively. The
plasmid constructs were transformed into E. coli WK6 (su�)
cells. Expression in the periplasm and purification of recombi-
nant VHH were carried out as described previously (30).
Surface Plasmon Resonance Measurements—The kinetic

parameters of the wild type and variants were determined by
surface plasmon resonance on Biacore 3000 and T100 instru-
ments (GE Healthcare). For cAbPSA-N7 and BM_GFP2/3, dif-
ferent humanPSA andGFP concentrations between 1�Mand 3
nM were added to the purified His6-tagged VHH coated on a
nickel-nitrilotriacetic acid biochip, respectively (25, 31). In case
of cAbAn33 and cAbLys3, the AnTat1.1 variant surface glyco-
protein andHEWLwere covalently bound onto a CM5 chip via
amine coupling (32, 33). Subsequently, different VHH concen-
trations between 2 �M and 3 nM were added onto the coupled
antigen. The kinetic rate constants kon and koff and the equilib-
rium dissociation constant KD were determined with BIA-
evaluation software version 4.1 (GE Healthcare). The kinetic
rate values of every VHH were plotted on a two-dimensional
diagram so that data points located on the same diagonal line
have identical KD values, i.e. a rate plane with isoaffinity diago-
nals (RaPID) plot.
For the transition state thermodynamic analysis of BM_

GFP2 binding kinetics, surface plasmon resonance mea-
surements were performed at four different temperatures, i.e.
15, 20, 25, and 30 °C. In case of cAbLys3, the temperatures were
set at 10, 15, 20, 25, 30, and 35 °C. The kinetic data were evalu-
ated using BIAevaluation 4.1 and T100 evaluation wizards (GE
Healthcare). At each temperature and for each analyte, the ref-
erence-subtracted sensorgram obtained without analyte was

subtracted from those for non-zero analyte concentrations.
The resulting curveswere fitted to the Langmuir 1:1 interaction
model with local RMAX. The affinity constant KD and associa-
tion and dissociation rate constants kon and koff were obtained
and fitted to the linear forms of the van’t Hoff and Eyring equa-
tions to obtain �H0 and �S0 (18).
Chemical and Thermal Stability—The GdmCl-induced and

heat-induced unfolding of different VHHs was determined
according to Dumoulin et al. (19). Fluorescence at a single
wavelength and the center of spectral mass of the intrinsic fluo-
rescence emission spectra were used as chemical unfolding
parameters (34). The intrinsic fluorescence of the protein at 25
�g/ml in 50 mM sodium phosphate, pH 7.0 and variable con-
centration of GdmCl was monitored with the excitation wave-
length at 280 nm, and emission spectra were recorded from 300
to 420 nm. Heat-induced unfolding was measured in a spectro-
polarimeter (Jasco J-715) at a wavelength of 205 nm using a
protein concentration of 0.1–0.2 mg/ml in 50 mM phosphate,
pH 7.0 and a 0.1-cm cell path length. The temperature was
increased from 35 to 95 °C at a rate of 1 °C/min. Data were
acquired with a reading frequency of 1/20 s�1, a 1-s integration
time, and a 2-nm bandwidth. Data analysis of both chemical
and thermal unfolding experiments was performed according
to Saerens et al. (34).
Structural Representation and Modeling—All protein struc-

tural representations were produced with the PyMOL software
of DeLano Scientific. Structure coordinates can either be found
in the Protein Data Bank (codes 1YC7 (32), 1MEL (35), 2I24
(36), and 1SQ2 (37)) or were generated using the ESyPred3D
web server (38) using their respective wild-type Protein Data
Bank files as template. In addition, ab initio modeling for the
wild type andmutants was performed using the Robetta server.

RESULTS

Replacing Amino Acids Forming Interloop Disulfide Bond
within Different VHHs—Three different VHHs (cAbAn33,
cAbLys3, and cAbPSA-N7) were chosen to randomize the Cys
forming the interloop disulfide bond and to retrieve functional
variants by in vitro selection, i.e. phage display. The cAbAn33,
which has specificity for variant surface glycoprotein of
trypanosomes (26, 39), has a short CDR3 of 12 amino acids that
does not cover the FR-2 as is often seen for VHH (32) and
harbors extra Cys residues in CDR1 and CDR3 at positions 37
and 108, respectively (Fig. 1). The cAbPSA-N7, which serves as
capturing agent for human PSA (25) in biosensors, has a CDR3
of 14 amino acids and extra Cys residues in CDR1 and CDR3 at
positions 38 and 111, respectively. The cAbLys3, which inhibits
HEWL activity (40), has a very long CDR3 of 26 amino acid
residues in part folding back over the FR-2 (35) and extra Cys
residues in CDR1 and CDR3 at positions 38 and 111.6, respec-
tively. This set of VHHs covers a broad range of CDR3 loop
lengths, various locations of Cys in CDR1/CDR3 (Fig. 1), differ-
ent loop structures (32, 41), and a variety of thermal and chem-
ical stabilities (31, 34). Randomization of the extra Cys residues
in cAbAn33, cAbPSA-N7, and cAbLys3 was performed by sub-
stituting the TGY codons with NNN. Libraries of VHH with
randomized Cys codons were prepared for each VHH in the
pHEN4 phage display vector with a size of 106 individual trans-
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formants of which more than 75% contained a phasmid with a
correctly sized insert.
In addition, two different VHHs, BM_GFP2 and BM_GFP3,

were chosen to randomize theCys participating in the interloop
disulfide bond and for subsequent in vivo selection, i.e. a B2H
selection, to retrieve functional variants. The BM_GFP2 and
BM_GFP3 were selected previously by a B2H against GFP (42).
Both binders have an additional Cys residue in CDR1 at posi-
tion 38 and another Cys residue in CDR3 at positions 112.5 and
111.3 for BM_GFP2 and BM_GFP3, respectively. Their CDR3
lengths are 23 and 21 residues, respectively (Fig. 1). Random-
ization of the extra Cys residues in BM_GFP2 and BM_GFP3
was performed by replacing the TGY codon with NNN codons.
The Cys-randomized libraries of BM_GFP2 and BM_GFP3 in
pBTL had sizes of 108 and 1.2 � 108 individual transformants
with 75 and 67% correctly sized inserts, respectively.
Selection of Variants by Phage Display and Bacterial Two

Hybrid—The libraries of VHHs (in pHEN4) with the Cys of the
loop randomized were subjected to three rounds of panning on
immobilized antigens, i.e. variant surface glycoprotein, human
PSA, and HEWL for cAbAn33, cAbPSA-N7, and cAbLys3,
respectively. The experimental panning conditions for each
library were similar to those in previous reports (24–26). Clear
enrichment of virions with antigen-specific VHHwas observed
for each library at the third round of panning. For each selec-
tion, 48 colonies were picked randomly and cultured, and each
periplasmic extractwas screened for antigen binding. TheVHH
genes of the clones producing VHHs that scored positive in
solid-phase ELISA were sequenced and recloned into the
pHEN6 expression vector to allow large scale production of its
soluble VHH variant.
The VHH libraries with randomized Cys cloned in the pBTL

vector were subjected to B2H selection. In this screening pro-
cedure, colonies grow only on the plates with selective medium
if an interaction occurs between a VHH variant and the antigen
inside the cell. From each B2H screening, 64 colonies growing

on double selectivemediumwere picked randomly to sequence
their VHH gene insert.
Sequence Variability in Functional Cys Variants—One, six,

and seven different functional variants were isolated for
cAbLys3, cAbPSA-N7, and cAbAn33, respectively. The Cys-37
of cAbAn33was replaced by Ser, Phe,Arg,Asn, and Ile, whereas
the Cys-108 was replaced by Met, Glu, and Phe. In the case of
cAbPSA-N7, the Cys-38 was replaced by Thr, Arg, and Ser,
whereas the Cys-111 was substituted by Gly, His, Glu, Ala, and
Pro. For cAbLys3, only one functional variant could be isolated
with C38S and C111.6P substitutions.
Among all functional cAbAn33 and cAbPSA-N7 variants,

only one common substitution was found in both cases, i.e. the
Arg-Glu variant. In the cAbAn33 variants, Phe and Met amino
acid substitutions are overrepresented, whereas in cAbPSA-
N7, theThr andGly replacements occur repeatedly. In the large
CDR3 loop of cAbPSA-N7 and cAbLys3, Cys to Pro substitu-
tions were observed.
As for the B2H selection, 17 and 42 different variants (of two

groups of 64 colonies sent for sequencing) were identified for the
BM_GFP2 and BM_GFP3, respectively. The Phe-Gly variant of
BM_GFP2 was retrieved four times, whereas the Val-Pro and the
Gly-Ser, His-Pro, Pro-Pro, Ser-Pro, Val-Gly, Val-Pro variants of
BM_GFP3 were observed three and two times, respectively. Two
BM_GFP2 variants had unpaired Cys residues in CDR1 and
CDR3. Furthermore, there was a preference for Phe to substitute
for theCDR1Cys, whereas therewasmore freedom to replace the
CDR3 Cys residue in BM_GFP2. In contrast, there was a prefer-
ence for charged and, to a lesser extent, hydrophobic amino acids
to substitute for the Cys in the CDR1 and CDR3 of BM_GFP3. In
addition, Cys to Pro substitutions were favored in the CDR3 of
BM_GFP3, and this was also apparent in cAbPSA-N7 and
cAbLys3 mutants. From the available variants of BM_GFP2 and
BM_GFP3, four and seven different variants were chosen for fur-
ther characterization, respectively.

FIGURE 1. Alignment of VHH amino acid sequences to universal VHH scaffold cAbBCII10 (31). The FRs, antigen-binding loops, CDRs, and amino acid
numbering are according to IMGT. The hallmark amino acids in FR-2 that differentiate a VHH from VH are represented in bold and on a gray background. These
VHH hallmark amino acids ((F/Y)ER(A/R/G)) are in VH highly conserved, hydrophobic (VGLW), and interact with the VL partner domain. The cysteines forming
the VHH-characteristic interloop disulfide bond are highlighted in white lettering on a black background.

Dual Effect of Interloop Cystine

JANUARY 13, 2012 • VOLUME 287 • NUMBER 3 JOURNAL OF BIOLOGICAL CHEMISTRY 1973



Expression and Purification of Parental and Functional Cys
Variants—The selected variants were recloned from pHEN4 or
pBTL into pHEN6 and expressed as soluble proteins in the
periplasmofE. coliWK6.All variants of cAbAn33 and cAbLys3
were expressed at levels similar to the parental clones. Surpris-
ingly, the cAbPSA-N7 variants revealed at least a 20-fold
increase in expression compared with the original clone, point-
ing to possible difficulties of E. coli to express and fold the
cAbPSA-N7 with an interloop disulfide bond. The expression
yield of the B2H-selected variants was similar to the original
BM_GFP2 andBM_GFP3 except for BM_GFP2EL forwhich an
increased yield was obtained. All variants folded in monomeric
entities as their size exclusion chromatograph on Superdex 75
showed a single symmetrical peak eluting at the same volume of
the parental-type VHH. It therefore seems that all these Cys
substitutions are well tolerated in these VHHs.
Effects of Cys Substitutions on VHH Structure—To under-

stand the impact of the structural changes upon deletion of the
interloop disulfide bond, the three-dimensional structure of the
mutants of cAbAn33 and cAbLys3 (for which the crystal struc-
ture is known) was modeled using the ESyPred3D server (38)
and the Robetta server (see “Experimental Procedures”). In our
experience, the ESyPred3D algorithm is more reliable com-
pared with Phyre in predicting the correct three-dimensional
structure of a VHH, and the models corresponded perfectly
well to the models calculated by the Robetta server (data not
shown). Modeling was performed for the cAbAn33 FE and RE
mutants and for the cAbLys3 SP mutant (Fig. 2). Overall, the
structural difference between the parental VHH and its Cys-
substituted models is minimal. Remarkably, in the cAbAn33
variants, the side chains of the residues replacing the Cys (Phe,
Arg, and Glu) stick outward, although the C�–C� bonds of all
mutants overlap with that of Cys (Fig. 2A). Evidently, the sulf-
hydryl groups of CDR1 and CDR3Cys in cAbAn33 are directed
toward each other to form the disulfide bond. Flipping out of
the Phe, Arg, or Glu side chains occurs without rearranging the
orientation of the adjacent (surrounding) amino acids. How-
ever, more distantly located amino acid side chains of Lys-84,
Arg-112, and Arg-115 also changed their orientation in the Cys
mutants (Fig. 2A).

For the cAbLys3 SP mutant, minor changes in the side chain
orientation of adjacent residues Gln-3, Lys-84, and Glu-111.5
are noted. Because the ProteinData Bank file contains the coor-
dinates of both the VHH and the HEWL antigen, we can infer
directly the possible effect of the mutagenesis on antigen bind-
ing. Examination of the complex indicates that the side-chain
reorganization of Glu-111.5 alters directly the interaction sur-
face between antigen and VHH (Fig. 2B).
Effects of Cys Substitutions on Antigen Binding—The kon, koff,

and KD parameters were measured by surface plasmon reso-
nance for every variant and are represented in aRaPIDplot (Fig.
3). Compared with the original cAbAn33 with an equilibrium
dissociation constant of 58 nM for its antigen, the variants show
a 2–20-fold increase inKD value. The cAbAn33 SF and RE vari-
ants are the best binders, whereas the cAbAn33 IM variant is
the worst in antigen binding (Table 1). Upon inspection of the
whole set of variants of cAbAn33, a modest increase in kon
values (2–8-fold) is observed except in the case of the cAbAn33

FE variant (�27-fold decrease) (Fig. 3). In addition, the variants
reveal an increase in koff value by a factor of 6–20 except the
cAbAn33 FE variant, which has a 4-fold decrease in koff. Thus,
the presence of the interloop disulfide bond of cAbAn33 has, on
average, a beneficial effect on the koff, compensating for the
slightly lower kon value.
In the case of the cAbPSA-N7 interaction with human PSA,

the KD value is 20–115-fold better than that of the selected
mutants (Table 2). This significant drop in affinity for the
cAbPSA-N7 variants originates from a 5-fold decrease in kon
value and an additional increase of the koff value by a factor
between 3 and 28 (Fig. 3). Thus, the presence of the interloop
disulfide bond between CDR1 and CDR3 in cAbPSA-N7 seems
to influence both the kon and koff values in the direction of
enhanced binding.
For the only lysozyme-binding cAbLys3 SP mutant, an

increase in KD value is observed from 16 to 152 nM (Table 3).
This 10-fold drop in affinity is attributed to a 3-fold increase in
koff and a 3-fold decrease in kon values (Fig. 3).

FIGURE 2. Structural model of cAbAbn33 and cAbLys3. A, thin line stick
representation of the amino acid residues near the paratope of cAbAn33
(Protein Data Bank code 1YC7) (orange) superposed with two of the selected
variants (cAbAn33 RE, green; cAbAn33 FE, purple). The interloop disulfide
bond and the Cys-substituting residues are shown in thicker line stick repre-
sentation colored by element, keeping the colors of the other amino acids of
the VHH for the carbon atoms. The amino acids in the vicinity of cystine or its
substitutions that differ in orientation are labeled and indicated by their sur-
face contours. B, line presentation of cAbLys3 paratope (Protein Data Bank
code 1MEL; orange) superposed on the cAbLys3 SP variant (green). The amino
acids in the vicinity of cystine (Cys-38 and Cys-111.6) or its Ser-Pro substitu-
tions that differ in orientation are labeled Q3, K84, and E111.5) and indicated
by their surface contours. The interaction with the HEWL antigen (blue chicken
wire representation) is also shown. Three-dimensional models of the WT and
Cys mutant VHHs were generated using the ESyPred3D web server (38). Insets
show the intact molecule and the eye view angle of the main picture.
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In sharp contrast, the interloop disulfide bond does not give
any improvement in antigen binding for BM_GFP2 (Fig. 3). The
variants of BM_GFP2 reveal kinetic antigen binding parame-

ters that are very similar to the parental type. Likewise, all
selected variants of BM_GFP3 exhibit a similar KD value
(except the BM_GFP3 ER mutant); however, significant varia-
tions in either the kon (e.g. larger kon value for BM_GFP3 VP)
and/or koff value (e.g. BM_GFP3 LG) are noted relative to the
original clone.
Effects onTransition State Thermodynamics of Binding—The

temperature dependence of the antigen binding kinetics was
monitored for cAbLys3, BM_GFP2, and their variants. The
cAbLys3 interaction with HEWL has a gradually increasing
association rate (larger kon) and a faster dissociation rate (larger
koff) with increasing temperatures from 10 to 35 °C. As a result,
the cAbLys3 binds slightly better as temperature increases,
whereas the equilibrium dissociation constant of the cAbLys3
SP variant indicates a slightly reduced affinity at higher temper-
atures (Fig. 4A). The free energy profiles reveal similar activa-
tion free energies for both variants (Fig. 4B). However, there is a
larger enthalpic penalty for the transition state formation of the
cAbLys3 complex with HEWL compared with that of the
cAbLys3 SP variant (Fig. 4C). This unfavorable enthalpic bar-
rier is compensated by a favorable entropic contribution for the
transition state formation with cAbLys3, whereas the entropic
contribution in antigen binding is decreased in the cAbLys3 SP
mutant (Fig. 4D).
In a similar temperature dependence study of the BM_GFP2

interaction with GFP, it was shown that the kinetic binding
parameters of each variant follow closely the parameters of the
parental VHH. That is, a faster kon rate and faster koff rate are
noticed with increasing temperature. Likewise, the free energy
profiles overlap nicely (Fig. 5A). However, the enthalpy and
entropy contributions show diversion between the parental
Cys-Cys and its variants (Fig. 5, B and C). Each less favorable
enthalpic barrier is counteracted by more favorable entropic
contribution and vice versa, resulting in equivalent free energy
profiles.
Effects on Thermal and Chemical Stability of VHH Variants—

The thermal stability, which was assessed by the melting tem-
perature (Tm) value, for original VHHs and their variants was
followed by circular dichroismmeasurements. Compared with
the original cAbAn33, each of the variants has a significantly
lower thermal stability (Fig. 6A). The Tm values range from 57
to 62 °C for the cAbAn33 RE and IM variants, respectively, with
a mean �Tm between variants and the original cAbAn33 of
11 °C (Table 1). In the case of cAbPSA-N7, the thermal stability
of the variants is decreased in a manner similar to that of the
cAbAn33 variants (supplemental Fig. S1A). Excluding the
cAbPSA-N7 TP variant that has only a 4 °C lowerTm, themean
�Tmbetween variants andparental cAbPSA-N7 is 8.2 °C (Table
2). The cAbLys3 SP variant has a �Tm of 10 °C compared with
the original clone (Table 3 and supplemental Fig. S1B). These
values were expected because the stability contribution of a
native disulfide bond is 10 °C on average (5). Therefore, the
interloop disulfide bond seems to contribute significantly to the
stability of these VHHs. For the variants of the BM_GFP2 and
BM_GFP3, the melting temperatures are on average 10.8 and
7.2 °C lower, respectively, than the values for the parental VHH
(Tables 4 and 5 and supplemental Fig. S1, C and D).

FIGURE 3. RaPID plot for parental and variants of cAbAn33 (f),
cAbPSA-N7 (●), cAbLys3 (Œ), BM_GFP2 (�), and BM_GFP3 (�). The single
letter code for the interloop disulfide bonded Cys or its amino acid substitu-
tions are given for each VHH.

TABLE 1
Melting temperature (Tm in °C), free energy of chemical unfolding
(�G0 in kJ mol�1), m-value (kJ mol�1

M
�1), chemical denaturation mid-

point (Cm in M), and equilibrium dissociation constant (KD in nM) of
different variants of cAbAn33

cAbAn33 Tm �G0 m-value Cm KD

°C kJ mol�1 kJ mol�1 M�1 M nM
Cys-Cys 71 34.2 � 2.5 16.9 � 2.1 2.10 � 0.10 58
Ser-Met 61 24.2 � 1.3 17.3 � 1.3 1.40 � 0.10 132
Ser-Phe 60 20.0 � 2.0 14.5 � 1.3 1.38 � 0.10 117
Phe-Met 61 25.2 � 1.5 16.5 � 1.2 1.54 � 0.10 391
Phe-Glu 59 19.8 � 1.2 16.5 � 0.8 1.20 � 0.11 370
Ile-Met 62 24.7 � 1.9 16.1 � 1.2 1.53 � 0.10 1160
Arg-Glu 57 14.6 � 1.8 14.5 � 1.3 1.00 � 0.13 124
Asn-Met 60 15.3 � 1.3 11.9 � 1.0 1.28 � 0.10 176

TABLE 2
Melting temperature (Tm in °C), free energy of chemical unfolding
(�G0 in kJ mol�1), m-value (kJ mol�1

M
�1), chemical denaturation mid-

point (Cm in M), and equilibrium dissociation constant (KD in nM) of
different variants of cAbPSA-N7
ND, not determined.

cAbPSA-N7 Tm �G0 m-value Cm KD

°C kJ mol�1 kJ mol�1 M�1 M nM
Cys-Cys 61 15.6 � 1.0 11.4 � 0.8 1.40 � 0.05 0.2
Thr-His 53 ND ND ND 6.3
Thr-Ala 53 21.4 � 1.5 16.8 � 4.0 1.27 � 0.10 8.4
Thr-Pro 57 19.4 � 1.1 15.0 � 2.9 1.29 � 0.10 3.2
Thr-Gly 53 18.9 � 0.7 16.2 � 1.9 1.17 � 0.10 6.8
Arg-Glu 51 19.9 � 1.3 16.5 � 2.9 1.20 � 0.10 22.9
Ser-Gly 53 17.7 � 1.2 17.0 � 3.7 1.04 � 0.10 11.0

TABLE 3
Melting temperature (Tm in °C), free energy of chemical unfolding
(�G0 in kJ mol�1), m-value (kJ mol�1

M
�1), chemical denaturation mid-

point (Cm in M), and equilibrium dissociation constant (KD in nM) of
different variants of cAbLys3

cAbLys3 Tm �G0 m-value Cm KD

°C kJ mol�1 kJ mol�1 M�1 M nM
Cys-Cys 69 27.1 � 3.0 12.9 � 1.3 2.04 � 0.10 16
Ser-Pro 59 21.8 � 1.6 11.5 � 1.7 1.89 � 0.05 152
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In addition to the thermal stability, the GdmCl-induced
unfolding of the phage display-selected variants was followed
by their intrinsic fluorescence. The free energies of unfolding
and the midpoint of chemical denaturation for the cAbAn33
variants (Fig. 6B) dropped on average 13.7 kJ/mol and 0.77 M,
respectively (Table 1). The cAbAn33 RE variant, possibly form-

FIGURE 4. Thermodynamic characterization of interaction between
cAbLys3 CC (f) or cAbLys3 SP (ˆ) and HEWL. A, RaPID plot of the VHH-HEWL
interaction at six different temperatures between 10 and 35 °C (temperature
indicated adjacent to each data point in the plot). B–D, the reaction pathway
of cAbLys3 CC or cAbLys3 SP interaction with HEWL. The changes in �G0, �H0,
and �T�S (B, C, and D, respectively) along the reaction coordinate are given
for the initial unassociated state (A�B), the transition state (A�B), and the
antibody-antigen complex (AB).

FIGURE 5. Thermodynamic characterization of interaction between
BM_GFP2 (CC (f), FG (●), IA (Œ), EL (�), or VS (�)) and GFP along reaction
pathway. The changes in �G0, �H0, and �T�S (A, B, and C, respectively) along
the reaction coordinate are given for the initial unassociated state (A�B), the
transition state (A�B), and the antibody-antigen complex (AB).
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ing a hydrogen bondwith the surrounding residues (Fig. 2), was
the least stable cAbAn33 mutant with Tm, Cm, and �G0 values
of 57 °C, 1.00 M, and 14.6 kJ/mol, respectively. Regarding the
chemical unfolding of cAbPSA-N7 variants, a large change in
the m-value was measured for the variants compared with the

parental protein (supplemental Fig. S1E). This might be attrib-
uted to a large change in accessible surface area upon unfolding
(43), and it results in an overall decrease in Cm value by 0.21 M

but an increase of free energy of unfolding of 3.9 kJ/mol (Table
2). The chemical stability for the cAbPSA-N7 TH variant could
not bemeasured as the protein precipitated during the concen-
tration step in the purification protocol. The cAbLys3 SP vari-
ant followed the trend of the cAbAn33 variants (supplemental
Fig. S1F) with the free energy of unfolding and the midpoint of
chemical denaturation dropping by 5.3 kJ/mol and 0.15 M,
respectively (Table 3).

DISCUSSION

The role and importance of the distinctive FR-2 hallmark
amino acids ofVHHs arewell established. The exact function of
a less pronounced hallmark, i.e. the interloop disulfide bond in
dromedary VHHs, has yet to be clarified. It was observed that
dromedary-derived VHHs (and shark V-NAR (New Antigen
Receptor) type II (15, 16)) frequently have an interloop disulfide
bond connecting CDR1 and CDR3 (certainly those with a lon-
ger CDR3). In contrast, such disulfide tethers are rare or even
absent in dromedary-derived VHs (from classic antibodies).
Because the same D and J germ line gene elements are used

for both the VHH-D-J and VH-D-J rearrangements (12), the
presence or absence of aCys amino acid in theCDR3ofVHHor
VH, respectively, is possibly caused by a differential selection.
The introduction of a singleCys in theCDR3during theVH-D-J
rearrangement will probably lead to a counterselection of the
B-cell expressing such a VH domain as there are no extra Cys
residues encoded in the camelid VH germ line genes. For
VHHs, however, the vast majority of the dromedaryVHH germ
line genes already encode a Cys in their CDR1 (13, 44). There-
fore, the insertion of an extra Cys at the CDR3will be favored as
it allows the formation of an interloop disulfide bond. The Cys
codonwithin the CDR3might be encoded by the selected read-
ing frame of the particularD gene that was used in theVHH-D-J
recombination (45); it could be generated at the VHH-D orD-J
junction (46), somatically introduced by random N nucleotide
addition, or introduced subsequently by somatic hypermuta-
tion (47). The knock-in of a Cys in the CDR3 (certainly for
VHHs with a longer CDR3) occurs much more frequently than
a knock-out of the Cys in the CDR1. This suggests that the
presence of an interloop cystine provides a selective advantage
for the VHHdomain.We propose that two driving forces are at
the origin of the evolution and selection of VHHswith an inter-
loop disulfide bond: (i) the reduction of the loss in entropy upon
binding to the antigen and (ii) the overall stability of the folded
VHH domain.

FIGURE 6. Fraction of unfolded cAbAn33 as function of temperature (A) or
GdmCl concentration (B). Properly folded VHH at 35 °C or in a physiological
buffer is unfolded by gradually increasing the temperature or the GdmCl
concentration, respectively. The unfolding is followed spectrophotometri-
cally, and the data are treated according to Saerens et al. (34). The open sym-
bols in A and B (E and �) are for the native cAbAn33 CC, and the filled symbols
are for its variants (SM, ˆ; RE, Œ; FM, �; FE, �; SF, ‡; IM, ˆ; NM, f).

TABLE 4
Melting temperature (Tm in °C) and equilibrium dissociation constant
(KD in nM) of different variants of BM_GFP2

BM_GFP2 Tm KD

°C nM
Cys-Cys 78 1.7
Phe-Gly 67 1.2
Glu-Leu 63 1.0
Ile-Ala 69 1.7
Val-Ser 70 1.9

TABLE 5
Melting temperature (Tm in °C) and equilibrium dissociation constant
(KD in nM) of different variants of BM_GFP3

BM_GFP3 Tm KD

°C nM
Cys-Cys 78 158
Lys-Pro 71 379
Val-Pro 69 305
Lys-Arg 74 527
Glu-Arg 69 2436
Leu-Gly 70 139
Val-Gly 72 475
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Effects of Cystine on Parameters of Antigen Binding—For
most VHHs we tested, those mutants without an interloop
disulfide bond have higher KD values for binding to their cog-
nate antigen than the wild-type VHHs with interloop cystines.
Hence, during in vivo affinity maturation, the B-cell receptor
with an interloop disulfide bond in its VHHwill have a selective
advantage over the variant lacking such a cystine. However, the
difference in affinity is marginal for some Cys mutants. The
BM_GFP2 variants, retrieved through B2H selection, have even
a KD value (1–2 nM) identical to that of the parental VHH.
Likewise, the BM_GFP3 LG and VP and the cAbAn33 SF and
RE haveKD values that are less than a factor 2 different from the
cystine-containing VHH. The difference in HEWL affinity
between cAbLys3 and the single cAbLys3 SP variant that was
retrieved is 10-fold. Therefore, a major difference in affinity
between the wild type and its variants without the interloop cys-
tine ismeasured for cAbPSA-N7 (difference in affinity by at least a
factor of 16 ormore), but thesemutants are better expressed com-
pared with the parental VHH. So it may be that these variants are
retrieved during phage display selection because of a facilitated
expression rather than for their antigen affinity.
Surprisingly, multiple amino acid pairs are able to substitute

for the interloop Cys and still generate an antigen-binding
VHH. However, the number of antigen-specific VHH variants
isolated after phage display is inversely proportional to their
CDR3 length; i.e. a VHHwith a shorter CDR3 yields more vari-
ants. This is exactly what is observed for the antigen-specific
binders that are retrieved from immune dromedary VHH
libraries as well: the VHHs with a longer CDR3 have a higher
probability to contain an interloop disulfide bond.
The inverse correlation between CDR3 length and probabil-

ity of occurrence of an interloop cystine is in line with the
hypothesis that a longer CDR3 loop will have a larger confor-
mational flexibility in the antigen-free form than shorter CDR3
loops. Therefore, the VHHswith a longer CDR3 loopwill suffer
more from the entropic loss upon binding to the antigen, and
the presence of an interloop cystine will become more benefi-
cial. Thus, removal of the interloop cystine bond in the VHHs
with a longer CDR3 will result in a significant change in affinity
or even a complete loss of binding caused by the adverse effect
of the loss of entropy on the overall Gibbs free energy change of
binding to the antigen.
The transition state thermodynamics of the binding kinetics

corroborate this hypothesis. The antigen binding of wild-type
VHHs with an interloop disulfide bond has a high enthalpic
barrier that is counteracted by a favorable entropic contribu-
tion. The same observation was made for multiple affinity-ma-
tured antibody-antigen binding pairs (48). In addition, the dra-
matic change in thermodynamics of antigen binding upon
elimination of the interloop cystine in the VHH illustrates the
major role of this cystine by fixing the longer CDR3 loop into an
optimal conformation and in reducing the entropic loss during
antigen binding.
Stabilizing Effect of Interloop Cystine as Selective Feature of

VHH—The second possible benefit from the presence of an
interloop disulfide bond originates from its contribution to the
intrinsic stability of theVHHdomain. In a first study on the role
of an interloop disulfide bond (49), an extra cystine was intro-

duced into a human VH domain between residues 33 (CDR1)
and 100b (CDR3) (Kabat numbering (50)). Thismutation led to
a slight increase inmelting temperature (�Tm 	 3 °C). Remark-
ably, the additional randomization of amino acids surrounding
the Cys-100b yielded antibody fragments with markedly
increased melting temperatures (�Tm 
 10 °C). It seems that
the introduction of two Cys residues forming an interloop
disulfide bond is insufficient to profoundly stabilize a human
VH domain. Additional amino acid mutagenesis is required to
observe a marked increase in thermal stability of the VH anti-
body fragment.
In this study, we performed the opposite experiment and

evaluated the stability of the domain after eliminating the inter-
loop cystine. Although the chemical destabilization of theVHH
domain by the cystine removal is obscured (at least for cAbLys3
and cAbPSA-N7) due to the changing m-value, which corre-
lates to the differential accessible surface area upon unfolding
(43), it is clear that the thermal stability of our VHHs decreases
significantly (average �Tm of 9.2 °C). Therefore, it is obvious
that the interloop disulfide bond contributes significantly to the
intrinsic stability of the VHH. For VHH domains of low intrin-
sic stability, the absence of the interloop cystine might become
detrimental to function as an autonomous VHH within an
HCAb. Because the presence of the FR-2 hallmark amino acids
in a VHH result in a net domain destabilization that cannot be
compensated by the association of a stable VL partner, the evo-
lution toward the presence of a stabilizing interloop disulfide
bond constitutes an elegant solution.
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