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ABSTRACT: The three-dimensional structure of a llama single-domain antibody BrucD4-4 was established
by use of solution NMR spectroscopy. BrucD4-4 has Val, Gly, Leu, and Trp residues at positions 37, 44,
45, and 47, which are considered to be a hallmark to distinguish llama VH from VHH fragments at the
germline level. In contrast to the murine and human VHs, BrucD4-4 has sufficient solubility, is monomeric
in solution, and displays high-quality NMR spectra characteristic of well-structured proteins. Amide proton/
deuterium exchange and the15N relaxation data showed that BrucD4-4 has a classic protein structure
with a well-packed core and comparatively mobile surface loops. The three-dimensional architecture of
BrucD4-4 is analogous to that of VHs from murine and human Fvs and camelid VHHs with two pleated
â-sheets formed by four and fiveâ-strands. A canonical and undistortedâ-barrel exposes a number of
hydrophobic residues into the solvent on the surface of the three-dimensional structure. The eight-residue
H3 loop folds over the side chain of Val37 similarly to that in llama VHHs; however, this interaction may
be transient due to the H3 conformational flexibility. Overall, the surface characteristics of BrucD4-4
with respect to hydrophobicity appear to lie between the human VH domain from Fv Pot and the llama
VHH fragment HC-V, which may explain its enhanced solubility allowing NMR structural analysis.

Antibody-derived antigen recognition units are markedly
more advantageous for biotechnological, therapeutic, and
diagnostic applications as compared to monoclonal antibodies
(1-3). The most stable and commonly used antibody frag-
ments are the so-called Fabs, which consist of the light chain
with the variable (VL)1 and the constant (CL) domains plus
the variable (VH) and the first constant (CH1) domains of
the heavy chain (4). The Fab fragment can be reduced to a
VH/VL heterodimer, or Fv, the smallest antibody fragment
still conferring complete antigen-binding capacity (5). The
stability of the noncovalently associated Fv fragments is often
compromised somewhat due to the loss of the CH1 and CL
domains and a disulfide linker (6, 7). The Fvs can be sta-
bilized through the introduction of engineered disulfide bonds
or polypeptide bridges linking VH and VL domains (6, 8,
9). The latter form of the Fv fragments, referred to as the
single-chain antibodies, or scFvs, has found numerous appli-
cations as therapeutic and/or diagnostic agents (10-12).

The antibody Fv fragments can be further decreased in size
by splitting them into the individual VH and VL domains.
The concept of single-domain antibodies (dAbs) was first
introduced by Ward et al. (13), who successfully expressed

and isolated VH fragments from mice with good antigen-
binding affinities. Unfortunately, the VH fragments out of
the context of the full-length antibodies or at least separated
from the VL fragments are often insoluble and prone to
aggregation and display nonspecific binding properties (13-
15). The discovery of camelid heavy-chain antibodies
naturally devoid of light chains opened up a new opportunity
to develop novel dAbs with improved solution properties
(16). The single-domain antibody fragments derived from
this class of antibodies (or VHH fragments) are highly soluble
and stable in solution (17-21). Their small size, stability,
and ability to recognize novel epitopes, such as enzyme
active sites (22), that are not accessible to conventional
antibodies, offer additional prospects in biotechnology ap-
plications (1, 23).

In contrast to VHHs, VH fragments, particularly those
based on the human VH framework, are expected to have
certain advantages in pharmaceutical applications. Therefore,
superior performance of VHH antibody libraries has led to
the idea and practice of camelisation, i.e., replacement of
residues Gly44, Leu45, and Trp47, located on the VL side
of VHs, with Glu44, Arg45, and Gly47/Ile47, partially mi-
micking well-behaved VHH fragments (14), to improve the
solubility and prevent nonspecific binding of human VHs
(14, 24, 25). It has been assumed that the procedure of cam-
elisation increases the solubility of the VH fragments through
increase of the hydrophilicity of the VL interface region or
more subtly by induction of local conformational changes
(26, 27). Overall, however, the camelisation approach
remains somewhat limited, since it often does not eliminate
tendencies toward dimerization and aggregation of normal
VH fragments (14, 28, 29).
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The available information on the three-dimensional orga-
nization of dAb molecules is mostly represented by the X-ray
structures of VHH fragments, free and in complex with
antigens (26, 27, 30-32). The VHH scaffolds were shown
to adopt aâ-barrel fold similar to typical VH domains of
conventional immunoglobulins, but the hypervariable regions
H1 and H2 often deviate from the canonical predicted
structures (33). In addition, H3 loops of VHH fragments
partly fold over the side corresponding to the interacting
surface between the VH and VL domains of conventional
antibodies. On the other hand, much less is known about
the solution structure of single-domain antibodies in general
and the structural properties of isolated VH fragments in
particular. To date, a single NMR solution structure of a
camelised human VH fragment, or VH-P8, has been reported
(34). The molecule displayed in aqueous solution limited
solubility and partial aggregation as shown by rather small
transverse proton relaxation times (∼16 ms), which was
somewhat improved only by the addition of the detergent
CHAPS (14). Another camelised human VH fragment, VH-
P1, displayed better solution behavior, or prolonged trans-
verse proton relaxation times in the absence of detergent,
but was not available for structural characterization due to
its low yield of expression (14). In the presence of the
CHAPS detergent, the solution structure of VH-P8 is essen-
tially similar to that of the noncamelised, VL-associated VH
domains. However, the former VL interface in VH-P8 was
distorted as compared to VL-associated VHs, causing the
disruption of a regularâ-structure at residues 37 and 38.
Therefore, it appears that camelisation, while intended for
improving VH solubility and binding specificity of VH mol-
ecules, might in some cases introduce structural deformations
affecting the stability and performance of camelised VH
libraries (35). In addition to this earlier study, partial NMR
assignments and high-quality [15N, 1H]-HSQC spectra of a
llama VHH (19) and members of a camelised human VH li-
brary (25) have been reported recently. The quality and re-
sonance line widths of the presented [15N, 1H]-HSQC spectra
are characteristic of well-structured proteins of this size.

Recently, we isolated from a llama dAb library a set of
anti-idiotypic dAbs to two carbohydrate-specific antibodies,
Yst9.1 and 1B1 (36). Panning the library against Yst9.1 and
1B1 yielded a number of anti-idiotypic dAbs enriched with
the amino acid tetrad Val37, Gly44, Leu45, and Trp47 (Kabat
numbering (37)), or the VGLW tetrad, which is considered
to be a hallmark to distinguish the VH from the VHH
imprinted at the germline level in camelidae (38-41). Three
members of these anti-idiotypic “conventional VH” se-
quences, 1B1E10, BrucE3-1, and BrucB8, along with another
representative from the same library, C44, were analyzed
and confirmed to originate from the conventional llama H2L2

antibodies (36). Surprisingly, a number of anti-idiotypic
dAbs, namely BrucB3, BrucB10, BrucD4-4, BrucC6, and
1B1E10, all with the VGLW tetrad, were produced in high
yields in Escherichia coliand were found to be highly
soluble. One of the anti-Yst9.1 dAbs, BrucD4-4, was chosen
for structural characterization due to its solubility andE. coli
production optimal for isotope labeling and NMR studies.
BrucD4-4 also has a VGLW tetrad and is highly homologous
to the BrucE3-1, BrucB8, C44, and 1B1E10 VH clones.

MATERIALS AND METHODS

Protein Preparation.Bacterial expression and purification
of the dAb fragments were essentially the same as described
by Tanha et al. (25). Single clones were used to inoculate
25 mL of LB medium containing 100µg/mL of ampicillin,
and the culture was shaken overnight at 240 rpm at 37°C.
The grown cells were transferred into 1 L of M9 medium
supplemented with 5µg/mL of vitamin B1, 0.4% casamino
acid, and 100µg/mL of ampicillin. The cell culture was
shaken at room temperature for 30 h at 180 rpm and
subsequently supplemented with 100 mL of 10X induction
medium (Terrific Broth containing no salts) and 100µL of
1 M isopropylthio-â-D-galactoside. After induction, the
culture was shaken for another 60 h, and the periplasmic
fraction was extracted by the osmotic shock method (42).
The presence of dAb fragments in the extract was confirmed
by Western blotting (43). The dAb fragments were affinity-
purified using HiTrap Chelating column (Amersham Phar-
macia Biotech) as described previously (43). The dAb
molecules were eluted in 10 mM HEPES buffer, 500 mM
NaCl, pH 7.0, with a 10-500 mM imidazole gradient and
extensively dialyzed against 10mM HEPES buffer, 150mM
NaCl, 3.4 mM EDTA, pH 7.4.

For NMR experiments, the BrucD4-4 sample was uni-
formly labeled with the15N and 13C isotopes by growing
cells in the15N/13C-labeled rich medium Bio-Express-1000
(Cambridge Isotope Labs). Six milliliters of LB medium were
inoculated with a single colony and shaken at 260 rpm and
37 °C until an OD600 of 5 was reached. The cells were
collected by centrifugation and resuspended in 3 mL of sterile
PBS. Aliquots were transferred to 25 mL of Bio-Express
medium supplied with 100µg/mL of ampicillin in 125 mL
flasks to give an OD600 of 0.06 and incubated at 37°C and
200 rpm for 9-10 h. Single-domain antibody fragments were
purified as described above. For the NMR samples, purified
unlabeled or15N/13C labeled BrucD4-4 in 10mM HEPES
buffer, 150mM NaCl, 3.4 mM EDTA at pH 7.4, were
transferred into 10 mM sodium phosphate buffer, 150 mM
NaCl, 0.2 mM EDTA at pH 6.8, by means of buffer exchange
using an Amicon Centriprep YM-10 concentration cell.
Amide proton/deuterium exchange was followed after dilu-
tion of the NMR sample with an equal volume of the same
sodium phosphate buffer in D2O at room temperature. If not
specified otherwise, the protein concentration was∼0.5 mM.

DSC Measurements.Purified dAb fragments were dialyzed
overnight against 500 volumes of 10mM HEPES buffer,
150mM NaCl, 3.4 mM EDTA, pH 7.4, with one buffer
change. Dialyzed dAb fragments were diluted with the same
buffer to specified protein concentrations. DSC measure-
ments were carried out on VP-DSC (sample volume 0.5197
mL) and MCS-DSC (sample volume 1.4 mL) calorimeters
(MicroCal) at a scan rate of 60°/hour.

NMR Spectra and Assignments.NMR spectra were
recorded on Bruker Avance 800 and 500 MHz spectrometers
at 303 K. The complete data set included HNCA, HNcoCA,
HBHAcoNH, HNCACB, CBCAcoNH with gradient en-
hancement, an HCCH-TOCSY, 3D15N-edited NOESY-
HSQC, 3D13C-edited NOESY-HSQC, side-chain13C-edited
3D NOESY-HSQC, and a 3D15N/13C-edited NOESY-HSQC
(44). The 3D15N/13C-edited NOESY-HSQC was recorded
with spectral widths of 9980 Hz (F1,1H), 6640 Hz (F2,15N/
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13C), and 9980 Hz (F3,1H) and with 154, 74, and 2048
sampling points along thet1, t2, and t3 time dimensions,
respectively. The NOE mixing time was 120 ms. Side-chain
13C-edited 3D NOESY-HSQC with a mixing time of 200
ms was carried out as a 80× 21× 512 complex data matrix.
The 13C carrier frequency was set to 121.5 ppm, and the
spectral width in the13C dimension was 24 ppm. Cosine-
squared window functions were used along all time dimen-
sions for transformation of the data matrixes into the spectral
domain. Prior to Fourier transformation, linear prediction was
performed to 256 and 148 points for thet1 andt2 dimensions,
respectively. After Fourier transformation, the baseline of
the F3 dimension was corrected by a polynomial function.
Spectra were processed with NMRPipe (45) and converted
to the format used by NMRView (46) for further analysis.

The backbone1H, 15N, and13C chemical shift assignments
were derived from 2-dimensional [15N,1H]- and [13C,1H]-
HSQC spectra, combined with the set of three-dimensional
HNCA, HNcoCA, HNCACB, and CBCAcoNH spectra.
Further assignments of the side-chain resonances were
obtained through the analysis of the HBHAcoNH and
HCCH-TOCSY spectra. The1H assignments of the aromatic
side chains were derived from the side-chain13C-edited 3D
NOESY-HSQC spectrum, combined with a 3D15N/13C-edited
NOESY spectrum and a [13C,1H]-HSQC spectrum of the
aromatic region. During the structure calculation process,
several assignments were added or changed on the basis of
the side-chain13C-edited 3D NOESY-HSQC and 3D15N/13C-
edited NOESY spectra. The complete list of assignments has
been deposited to BMRB (deposition No. BMRB-4969).

Heteronuclear{1H}-15N NOE intensities and15N T1 and
T2 relaxation rates were measured using pulse sequences
from Farrow et al. (47). Decoupling of13CR and13CO during
the evolution time was achieved by a 180° hard pulse and a
600 Hz SEDUCE-1 sequence, respectively. To measure15N
T1, we carried out 14 experiments with relaxation delays of
105, 35, 280, 5, 810, 70, 145, 640, 205, 380, 500, 1010,
1250, and 70 ms in the specified sequence. A 400µs
REBURP 180° selective pulse was used to saturate the NH
proton resonances. To measure15N T2, we carried out 11
experiments with relaxation delays of 14.4, 57.6, 100.8, 43.2,
86.4, 28.8, 129.6, 43.2, 72.0, 158.4, and 144.0 ms. To
measure heteronuclear NOE intensities, a relaxation delay
of 2 s prior to a 3 s ofsaturation of the NH proton resonances
was used, while a relaxation delay of 5 s was used to record
the reference spectrum.

Structure Calculations.Structure calculation was per-
formed in two stages. The first round of calculations was
focused on the generation of global topology via automatic
NOE peak assignment using ARIA (48). In the second round,
manual assignment of NOE peaks with low ambiguity was
performed and used along with 108 dihedral angle and 56
hydrogen bond constraints in the subsequent ARIA runs.

The peak positions in the [15N,1H]- and [13C,1H]-HSQC
spectra enabled hand-driven peak-picking of the combined
15N/13C 3D NOESY and side chain13C-edited 3D NOESY-
HSQC. The resulting peak list was then filtered on the basis
of possibilities and probabilities to obtain an initial list of
NOE peaks with low ambiguity (less than four assignment
possibilities for each overlapped NOE peak). Assignment
probabilities of ambiguous restraints were divided by the total
number of assignment possibilities for that restraint. Probable

intraresidue NOEs were removed from the list, and all kept
NOE peaks were converted to a set of loose distance
restraints with lower and upper bounds of 1.8-5.0 Å. ARIA
(48) runs using the Crystallography and NMR System (CNS)
(49) with these restricted set of distance restraints along with
chemical shift index-based dihedral angle constraints (see
below) resulted in a set of structures defining the global fold
of the protein. These global folds served as an initial
structure-based assignment filter for the complete list of NOE
peaks. A second set of ARIA runs, also using the dihedral
restraints, was then performed to remove assignment errors,
noise, and other artifacts from the complete NOE peak list.
The first iterations had a high ambiguous cutoff to allow
greater conformational variability and to decrease the prob-
ability of misassignments. The ambiguous cutoff was lowered
to increase structure convergence in the later runs when an
improved restraint list became available. The backbone
dihedral angles for the regions determined asâ-sheet were
restrained to (-135 ( 50) for theæ angle and (135( 50)
for the ψ angle in the initial runs. In the final runs, the
internal ARIA routine for setting the distance limits based
on NOE peak intensities was enabled. Also, somewhat more
stringent restraints of (-135( 30) for theæ angle, and (135
( 30) for theψ angle, were applied for some of the residues
involved in the regularâ-sheets identified on the basis of
chemical shift index, manually assigned backbone-backbone
NOE connectivities, pattern of NH proton exchange rates,
and 15N relaxation parameters. A disulfide bond constraint
between residues Cys22 and Cys92 was employed throughout
the calculations. This final computation resulted in the set
of structures presented here. The final list of distant restraints
contained 1471 unambiguous and 944 ambiguous restraints
divided into 618 sequential, 549 medium range (|i - j| )
3), and 1248 long-range contacts. Analysis of the ARIA
results was carried out using the in-house developed ari-
a.overview.pl perl script, which is publicly available and can
be obtained from Wim Vranken (wim@ebi.ac.uk) or from
Feng Ni (Feng.Ni@nrc.ca). The final structures (PDB entry
1IEH) were analyzed and visualized with the Sybyl, InsightII
(Biosym) and Molmol software programs (50).

RESULTS

Thermal Unfolding and Transition Temperature (Tm) for
Anti-Idiotypic dAbs.Five anti-idiotypic dAb molecules,
BrucD4-4, 1B1E10, BrucB3, BrucC6, and BrucC7.2, were
chosen to assess their thermal stability (Table 1). The
1B1E10, BrucD4-4, BrucB3, and BrucC6 molecules contain
Val, Gly, Leu, and Trp at positions 37, 44, 45, and 47,
respectively. In BrucC7.2, residues Val37 and Trp47 are
replaced with Phe37 and Tyr47. These five dAbs also vary
somewhat in the length of the CDR3 loops, containing 8-10
amino acid residues.

The five protein samples were tested at three different
concentrations, high (ranging from 0.31 to 0.47 mg/mL),
medium (approximately 0.11 mg/mL), and low (approxi-
mately 38µg/mL) using differential scanning calorimetry
(DSC). At high concentrations, all protein samples except
BrucC7.2 were found to aggregate and precipitate upon
thermal unfolding, as judged by a sharp drop in the post-
transition baseline. At a concentration of approximately 38
µg/mL, the post-transition baseline of all samples was
normal, suggesting that protein aggregation was negligible,
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and it was possible to establish the temperature (Tm) values
of unfolding transition (Table 1). The thermal unfolding for
these proteins could be considered as reversible at concentra-
tions of 38µg/mL. At the protein concentration of 0.108
mg/mL, only BrucB3 displayed a sharp drop in the post-
transition baseline typical of aggregation upon unfolding.

The transition temperatures of dAb molecules correlate
with the protein concentrations allowing reversible unfolding.
BrucC7.2 has the highest unfolding transition temperature,
and the unfolding was reversible up to the concentration of
0.47 mg/mL. BrucB3 displays the lowest transition temper-
ature, and marked aggregation was observed at the concen-
tration of 0.108 mg/mL. BrucC6, 1B1E10, and BrucD4-4
molecules demonstrated an intermediate tendency toward
aggregation upon thermal unfolding. The thermal transition
curve of BrucC7.2 at 0.118 mg/mL was subjected to further
analysis and was found to fit to a single two-state unfolding
mechanism (data not shown).

Hydrodynamic Radius of BrucD4-4. We measured the
molecular dimensions of the BrucD4-4 molecule in solution
to characterize the folding and possible aggregation states
of the molecule. We used pulse field gradient (PFG) NMR
techniques (51) to establish the effective hydrodynamic
dimension of the BrucD4-4 dAb (52). A series of one-
dimensional proton spectra were recorded by the PG-SLED
pulse sequence, and the observed hydrodynamic radius was
calculated as described by Wilkins et al. (52). Values of the
hydrodynamic radius were calculated in reference to the
acetate anion, which was included in the protein sample. The
effective hydrodynamic radius of 2.3 Å for acetate was
determined from that of hen lysozyme at different concentra-
tions (51, 52).

The hydrodynamic radius for BrucD4-4 was slightly
dependent on the sample concentration and was determined
to be 22.9, 20.2, and 19.2 Å at protein concentrations of
0.90, 0.45, and 0.1 mM, respectively, and with identical
concentrations for all other solution components. These
values for the hydrodynamic radii are close to the empirically
expected value of 19.7 Å for a native protein of the size of
BrucD4-4 (52). The slight concentration dependence of the
observed hydrodynamic radius indicates that BrucD4-4 is
primarily monomeric in solution with only some residual
aggregation at concentrations equal to or above∼0.5 mM.

NMR Spectra and Assignments.At approximately 0.3-
0.4 mM, llama single domain antibodies 1B1E10, BrucB3,
BrucD4-4, and BrucC7.2 exhibit similar 1D proton NMR
spectra with comparable line widths in 10 mM sodium
phosphate buffer, pH 6.8, 150 mM NaCl, 0.2 mM EDTA,
at 303 K, suggesting little protein aggregation in these
conditions (data not shown). Nearly complete assignments
for all the 1H, 15N, and13C chemical shifts (except for the
backbone carbonyl atoms) were obtained from the set of
three-dimensional NMR spectra recorded for two samples
of 15N/13C-labeled BrucD4-4, first at a concentration of∼0.7
mM and the second at∼0.5 mM (see Materials and Methods)
(Figure 1). The high quality of the NMR spectra also allowed
the identification of most resonances belonging to residues
in CDR and other loops, with the exception of the HN/N
atoms for Gly26, Thr28, Asn73, Asn76, and Gly97. In

Table 1: Sequence Comparison and Thermal Transition Temperatures (Tm) of Some Anti-Idiotypic dAbsa

a CDR residues are in bold, and H-loop residues are underlined (37, 63). The hallmark residues at positions 37, 44, 45, and 47 are shaded. The
sequence numbering is from Kabat et al. (37). The numbering in the parentheses follows the sequential order of BrucD4-4 used for the purpose of
NMR spectral analyses (see Figures 1, 2, and 5).

FIGURE 1: [15N,1H]-HSQC spectrum of15N/13C-labeled BrucD4-
4. 15N/13C-labeled BrucD4-4 was prepared in 10 mM sodium
phosphate buffer, 150 mM NaCl, 0.2 mM EDTA, and 10% D2O at
pH 6.8. Protein concentration was approximately 0.5 mM. The
NMR spectrum was recorded on a Bruker Avance 800 MHz
spectrometer at 303 K. The assignments of the backbone HSQC
peaks are indicated by the residue numbers following the sequence
of BrucD4-4 (Table 1).
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addition, it was not possible to assign the resonances of the
Gln114 and His129-His131 residues because of heavy
resonance overlaps.

Hydrogen-Deuterium Exchange.We determined most of
the slowly exchanging amide protons through dilution of the
BrucD4-4 sample with buffered D2O at pH 6.8, 298 K. The
D2O dilution method is a milder and safer alternative to the
D2O redissolution of a lyophilized protein sample since the
risk of solubilization artifacts or protein aggregation is
minimized. Immediately after dilution, the course of hydro-
gen-deuterium exchange was followed by recording a series
of [15N,1H]-HSQC spectra. We found that amide protons of
the residues Val12, Leu18, Val20-Cys22, Ala35-Gln39,
Glu46, Ser49-Ile51, Ala60, Phe67, Thr68, Ser70, Tyr79,
Gln81, Lys83, Asp87, Ala88-Tyr91, Ala93, Thr107, and
Val109-Val111 exchange with the D2O solvent slowly. The
list of slowly exchanging protons is not limited to the
indicated residues, but spectral overlaps prevented identifying
a few other solvent-protected amide protons. The identified
slowly exchanging protons correspond well to the ones
forming hydrogen bonds expected for theâ-structure typical
of the VH domain architecture (53). The clearly resolved
HSQC peaks of the amino acid residues located at the
C-terminal tail and loops connectingâ-strands were ex-
changed even before the first NMR spectrum could be
recorded.

15N NMR Relaxation Measurements of BrucD4-4.To
assess the motional properties of the BrucD4-4 backbone,
we recorded a set of15N relaxation data including T1 and T2

relaxation rates and heteronuclear{1H}-15N NOE intensities
(Figure 2). Since in the15N- and 13C-labeled sample the
relaxation properties of the amide15N nuclei are affected by
their interaction with the adjacent CR and CO, we did not
perform a detailed analysis of the obtained data, and extracted
only general trends for dynamic behaviors of the protein.
Specifically, {1H}-15N NOE intensities of the expected
â-strand residues fluctuate around the value of∼0.8 typical
of a well-folded protein (54). Weaker heteronuclear NOEs
(0.4-0.7) are exhibited by the loops connecting theâ-strands,
including the H-loops, suggesting an elevated degree of
mobility and a poorer degree of structure definition in these
regions. The C-terminal tail (residues Gln114-His131)
displays even lower NOE intensities, reaching negative
values for residues Ser121 and His128. In addition, the T2

values for the tail residues are larger than 200 ms (not
shown), suggesting very high mobility of these residues.

Three-Dimensional Structure of BrucD4-4.The recombi-
nant BrucD4-4 molecule includes the sequence of the
corresponding llama VH domain (residues Asp1-Ser113),
plus a tail region including the c-myc and the His5 tags, or
residues Gln114-His131 (Figure 3). Initially, the expected
â-strand regions Val2-Ser7, Gly9-Val12, Leu18-Ser25,
Ala35-Val37, Ser49-Asn52, Ser56-Tyr59, Phe67-Asp72,
Thr77-Met82, Tyr91-Tyr95, and Thr107-Val111 were
identified on the basis of chemical shift index (55) of the
CR, Câ, and HR chemical shifts and a NOE-based contact
map. These secondary structures correspond well to the
â-sheet regions for the coreâ-barrel motif of a VH domain,
i.e., residues 3-7, 11-13, 18-25, 33-40, 49-52, 56-60,
66-73, 76-82a, 88-95, 101-104, and 107-112 (53). After
the first round of ARIA calculations (see Materials and
Methods), backbone-backbone NH-NH, NH-CRH, and

CRH-CRH NOE connectivities were inspected, edited, and
verified using the original NMR spectra. The pattern of
backbone-backbone NOE connectivities also provided
further evidence for the formation ofâ-sheet secondary
structures between strands Gln5-Ser7 and Ser21-Ala24,
Ser17-Ala24 and Thr77-Ser82b, Thr77-Asn82a and
Phe67-Asp72, Gly10-Val12 and Val109-Ser112, Thr107-
Val111 and Thr87-Tyr90, Met34-Gln39 and Ala88-
Tyr95, Met34-Ala40 and Leu45-Asn52, and Thr50-Asn52
and Thr57-Tyr58. This structure pattern is in agreement with
the expected organization ofâ-strands for a VH domain and

FIGURE 2: Backbone15N NMR relaxation parameters for BrucD4-
4. (a) T1 relaxation times, (b) T2 relaxation times, and (c) steady-
state{1H}-15N NOEs. Bars representâ-barrel amino acid residues
3-7, 10-12, 16-25, 32-40, 45-52, 56-60, 66-73, 76-82b,
87-96, and 101-112 (34). Other experimental conditions are the
same as those in Figure 1.
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also with the experimentally determined network of slowly
exchanging amide protons.

A set of 60 structures of BrucD4-4 was calculated (Table
2). Figure 4 shows the cluster of 10 best structures
superposed using the backbone atoms of the residues forming
the â-barrel. The local pairwise RMSD values and the
angular order parameters for those structures (Figure 5)
indicate that the global three-dimensional folding is well
defined by the NMR data. The less well-defined regions are
within the H loops (Gly26-Ser31, Pro52a-Gly55, Tyr95-
Asp101), in other loop or turn regions (Gln39-Leu45,

Ala60-Asp61, Asp72-Asn76), and for the C-terminal
residues (Ser112-His131). The high structural variability of
the tail region is especially obvious from the comparison of
the average pairwise RMSD values for BrucD4-4 with the
tail (Asp1-His131) and without it (residues Asp1-Ser113)
(Table 3). There is also a general lack of medium-range NOE
contacts and secondary structures (based on chemical shift
values) for this tail (residues Gln114-His131) region. In
addition, no long-range NOE contacts were found between
the tail and the globular part of the protein. The tail region
of BrucD4-4 can therefore be considered as being confor-
mationally flexible in solution, with no apparent interaction
with the VH part of the molecule, and will be excluded from
the following analysis of the solution structure.

The general architecture of the BrucD4-4 molecule is
typical of the VH domains with two pleatedâ-sheets formed
by four and fiveâ-strands. The structural variability in the
H-loop regions for BrucD4-4 makes it impossible to assign
them according to the structure classification of the canonical
loops in crystallized VH and VHH domains (33). This result
for a solution structure of the VH fragment is easy to
understand since the15N relaxation data and hydrogen/
deuterium exchange data (see the above sections) all indicate
the presence of the extensive conformational motions in the
BrucD4-4 loop regions. Consistently, the lack of distance

FIGURE 3: Comparison of the BrucD4-4 sequence with representa-
tive sequences (indicated underneath) from a llama VHH domain
(first row, HC-V), a camelised VH domain (second row, VH-P8
human), and a VH domain from an Fv fragment (third row, Fv Pot
human). Bold residues are insertions, and dashes are deletions. The
hypervariable loops H1, H2, and H3 (37, 63) are boxed. VH residues
interacting with the putative VL are encompassed in ovals (gray
shading indicates the hallmark residues Val37, Gly44, Leu45, and
Trp47) (57). C-myc and His-tag residues are shown in italics.
â-Strand residues (as defined by Procheck) are indicated by arrows
while poorly defined residues (local backbone RMSD> 0.3 Å) by
a zigzag line.

FIGURE 4: Cluster of the 10 lowest energy BrucD4-4 structures superimposed using the backbone atoms ofâ-barrel residues. Theâ-barrel
residues are defined as in Figure 2. The beginning (Asp1) and end (Ser113) residues of the dAb fragment are indicated by letters N and C,
respectively. The flexible C-terminal tail (residues Gln114-His131, Figure 3) is not displayed.

Table 2: Overview of the CNS/ARIA Structure Calculation
Parameters of the 10 Best Structures (Figure 4) for the BrucD4-4

mean energy terms
total CNS energy (kcal/mol) 251( 23
VdW energy (kcal/mol) 110( 8
distance constraints energy (kcal/mol) 62( 13

rms deviations from ideal geometry
bond lengths (Å) 0.002( 0.001
bond angles (deg) 0.335( 0.016
improper angle (deg) 0.239( 0.022

distance constraints
average rms deviation for NOE
restraint violations (Å)

0.030( 0.005

total number of violations> 0.1 Å 1
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restraints for the H loops in BrucD4-4 is likely a result of
inherent conformational flexibility. It is possible that these
flexible H loops can only adopt well-defined conformations

upon binding to target molecules, a subject that will require
more detailed studies of the dynamic properties of VH and
VHH domains and structures of dAb-antigen complexes.

In Table 4, the BrucD4-4 structure is compared with the
previously determined structures of other VHH and VH
domains. We used for the comparison two llama VHH
proteins, free HC-V (26) (PDB entry 1HCV) and VHH-R2
in complex with a hapten (31) (PDB entry 1QD0). In
addition, we compared the structure of BrucD4-4 with a
camelised human VH domain VH-P8 (34) (PDB entry
1VHP), and VH domains from intact Fv fragments, the
human Fv Pot (53) (PDB entry 1IGM), Fv4155 (56) (PDB
entry 1BFV), and Fv B1-8 from a mouse (Simon et al., PDB
entry 1A6U). The BrucD4-4 structure strongly resembles
those of the human Fv Pot and Fv4155, closely followed by
the llama’s VHHs HC-V and VHH-R2. Although the structure
of the H loops is not sufficiently well-defined to refer them
to the canonical structures found in crystallized VH and VHH
domains (33), it is possible to say on the basis of RMSD
values that the H1 loop of BrucD4-4 is very similar to the
corresponding loops of the HC-V llama VHH and the VH
domains from intact Fv, while the H2 loop matches the ones
found in the VHH domain HC-V and the VH domain from
Fv B1-8. The H3 loops differ in length and can only be
compared in some cases: the H3 loop from the VHH domain
HC-V is again very similar. Interestingly, the BrucD4-4
structure appears to differ most from the solution structure
of the camelised human VH domain VH-P8 determined by
use of NMR spectroscopy (34).

One of the most pronounced differences between the three-
dimensional structures of the VH-P8 and VH domains in
VH-VL pairs is the significant distortion of the former VL
side in VH-P8 at the residues Val37 and Arg38 (34).
Specifically for the corresponding region in BrucD4-4,
unambiguously assigned NOE connectivities were identified
prior to full structural analysis between the Hδ protons of

Table 3: Detailed Structure Comparisons between the 10 Best Structures (Figure 4) Calculated for the BrucD4-4

all residues VH (1-113) VH, no H loops VH, only â-barrel

procheck analysis
most favored 64.0% 68.8% 71.2% 79.4%
additional allowed 27.7% 24.3% 22.8% 15.2%
generously allowed 5.4% 4.4% 4.4% 3.3%
disallowed 3.0% 2.5% 1.6% 2.0%

RMSD (Å)
all atoms 7.1( 2.1 1.53( 0.15 1.42( 0.15 1.21( 0.10
backbone 6.3( 2.1 1.06( 0.14 0.90( 0.17 0.67( 0.09

Table 4: Structural Comparison of the 10 Best BrucD4-4 Structures (Figure 4) to Previously Determined Structures of VHH Domains and VH
Fragmentsa

dAb 2-112 onlyâ-barrel no H loops H1 loop H2 loop H3 loop

BrucD4-4 1.02( 0.14 0.67( 0.09 0.90( 0.17 0.76( 0.21 0.78( 0.33 0.78( 0.19
llama VHH

HC-V 2.22( 0.11 1.72( 0.08 1.55( 0.10 1.30( 0.11 0.85( 0.28 1.40( 0.14
VHH-R2 nav 1.94( 0.07 1.66( 0.13 nav 1.67( 0.16 nav

camelised VH
VH-P8 3.47( 0.09 2.64( 0.06 2.76( 0.09 1.66( 0.21 1.84( 0.17 2.15( 0.15

VH from Fv
Fv Pot nav 1.69( 0.07 1.42( 0.10 1.36( 0.11 1.43( 0.18 nav
Fv 4155 nav 1.64( 0.06 1.51( 0.05 1.27( 0.12 nav nav
Fv B1-8 nav 1.96( 0.06 1.87( 0.07 1.28( 0.14 0.95( 0.29 nav

a Average pairwise RMSD values for BrucD4-4 are included for comparison. All RMSD values are backbone comparisons, and values are in Å.
“nav” indicates that comparisons are not available because of differing number of residues.

FIGURE 5: Structural parameters of the 10 best BrucD4-4 structures.
(A) Local average pairwise RMSD for backbone (9) and heavy
atoms (0) based on tripeptide fragments with the residue in question
as the central amino acid. (B) Angular order parameters for
BrucD4-4 as reported by MOLMOL foræ (9) andψ (0) angles
(50). (C) Average solvent exposure of BrucD4-4 residues as
reported by MOLMOL, with solvent radius 1.4 and precision 3.
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Arg38 and the Hγ protons of Val48, between the Hâ,δ protons
of Arg38 and the Hη proton of Tyr90, and between the Hâ,δ

protons of Arg38 and the Hâ protons of Ala88. These contacts
suggested that the side chain of Arg38 is buried in the interior
of BrucD4-4, similar to that in the VH domain from Fv Pot
(53). Upon formation of the VH-like fold in the first rounds
of calculations, a number of ambiguous assignments were
resolved by the ARIA structure-based iterative approach,
revealing additional numerous contacts between the side
chain of Arg38 and the side chains of residues Val48, Ala88,
and Tyr90, thus confirming the interior location of Arg38.
Consistently, we observed slowly exchanging amide hydro-
gen for Glu46, which was assigned to the hydrogen bond
between residues Glu46 and Arg38 in a typicalâ-structure.
On the putative VH-VL interface, the side chains of residues
Val37, Leu45, and Trp47 in BrucD4-4 form a hydrophobic
cluster, enlarged by Leu100 and Trp103 (Figure 6). The
presence of the cluster is directly evidenced by the NOE
contacts between the Hâ,γ protons of Val37 and the Hγ,δ

protons of Leu45, between the Hγ protons of Val37 and the
Hâ,ε1 protons of Trp47, between the Hδ protons of Leu45
and the Hε1 proton of Trp103, between the Hδ protons of
Leu100 and the Hâ protons of Trp103, and between the Hδ

protons of Leu100 and the Hâ,ε1 protons of Trp47. The
positions of the side chains are rather well defined and very
similar to those of the corresponding residues in Fv Pot,
Fv4155, and HC-V.

DISCUSSION

In this work, we present the solution structure of a llama
dAb BrucD4-4, a soluble member of a llama dAb library
subpopulation with amino acid sequences typical of con-
ventional llama antibody VH domains. Four members of this
subpopulation, BrucE3-1, BrucB8, C44, and 1B1E10, were

directly identified by using CDR3-specific oligonucleotide
probes as originating from the conventional H2L2 antibodies
(36). Some of the expressed dAbs from this subpopulation,
including BrucD4-4 and 1B1E10, displayed NMR spectra
with resonance line widths characteristic of well-folded
proteins with no marked aggregation. The direct identification
of the origin of the BrucD4-4 sequence was not possible
due to the nonspecific interaction of the CDR3-specific
oligonucleotide probe withE. coli DNA (unpublished
observations). However, BrucD4-4 has four amino acids,
Val37, Gly44, Leu45, and Trp47, that are considered to be
a hallmark distinguishing the camelid VH from the VHH
imprinted at the germline level (38-41), and BrueD4-4 is
highly homologous to llama VH fragments BrucE3-1,
BrucB8, C44, and 1B1E10 (36). Nevertheless, it is an
important task to establish the solution structure of a soluble
VGLW-containing llama dAb and compare it with those of
other VH domains and dAb fragments.

NMR analysis showed that BrucD4-4 is essentially mon-
omeric in solution and has practically the same three-
dimensional fold as VH domains from Fv fragments and
camelid VHHs with two pleatedâ-sheets formed by four and
five â-strands. The formation of classic and stable core of a
â-barrel-structure along with flexible loops is supported by
the results of structure calculations, amide hydrogen-
deuterium exchange experiments, and15N NMR relaxation
data. The H loops do not appear to form uniquely defined
structures in solution and therefore cannot be attributed to
any canonical forms. NMR resonance broadening caused by
conformational exchange processes on a microsecond-
millisecond time scale in the H loops was reported previously
for a llama VHH fragment (19) and designed camelised
human VH fragments (25). The eight-residue H3 loop folds
over the side chain of Val37 similarly to that in VHHs;
however, this interaction might be transient due to the H3
conformational mobility.

BrucD4-4 exposes on its surface a number of hydrophobic
residues typical of VH domains from conventional H2L2

antibodies with intimately associated VH/VL domains. In
VH-VL pairs, the framework VH residues Val37, Gly44,
Leu45, Trp47, Tyr58, Tyr91, and Trp103 create a large
hydrophobic surface for interacting with the VL domain (57).
Exposure of these residues into the solvent normally leads
to aggregation and stickiness of the isolated mouse and
human VH molecules (13, 14). Aggregation of the isolated
VH molecules in turn reduces the solubility and the proton
transverse relaxation times to the values making NMR
structural analysis impossible (14, 25). In the camelised
human VH molecule VH-P8, some of these residues were
replaced by more hydrophilic amino acids (14), which
somewhat improved the solubility of VH-P8, and the
determination of the three-dimensional structure by NMR
was made possible in the presence of the detergent CHAPS
(34). However, the VH-P8 molecule displayed backbone
deformations at the former VL interface with the side chain
of Val37 buried in the interior of VH-P8 and the side chain
of Arg38 exerted into the solvent. This deformation caused
a kink in the polypeptide chain and the breakage of a
hydrogen bond between the NH of residue 46 and the
carbonyl group of residue 38 (34). Contrary to VH-P8,

FIGURE 6: View of the side chains of residues Val37, Gly44, Leu45,
Trp47, Leu100, and Trp103 forming a hydrophobic cluster in the
10 best BrucD4-4 structures. The structures are superimposed using
the backbone atoms of theâ-barrel amino acid residues as defined
in Figure 2.
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BrucD4-4 did not display any signs of such structure
deformation.

An interesting aspect of this work is related to the
BrucD4-4 solubility allowing NMR structural analysis,
although BrucD4-4 has a number of residues typical of
conventional VH fragments. A plot of the surface corre-
sponding to the VL interface in the VH domain from Fv
Pot, BrucD4-4, and the llama VHH fragment HC-V (Figure
7) shows that the BrucD4-4 surface can be situated between
the other two with respect to hydrophobicity. This observa-
tion may explain an enhanced solubility of BrucD4-4
sufficient for the solution structure determination.

The foldability and reasonable stability of anti-idiotypic
llama VH fragments indicate that despite the absence of the
VL and CH1 partners, they still contain a sufficient number
of stabilizing interactions to avoid misfolding and/or ag-
gregation. Interestingly, recent modeling and experimental
studies demonstrated that a limited subset of structural
contacts scattered over the protein sequence may have a
greater effect on the conformational stability and foldability
of proteins than others (58-62). Mirny and Shakhnovich
proposed to look at universally conserved positions in protein
folds as the evolutionary signals for protein stability and
foldability (61). Some of these general principles on protein
stability have already found practical applications in the
engineering of antibody single-chain Fv fragments (2).
Similar strategies have been suggested for the design of
libraries of water-soluble VH fragments (36). Five amino
acids at positions 6, 74, 83, 84, and 108 (residues Ala6,
Ala74, Lys83, Ser84, and Gln108 for BrucD4-4) were
identified as having conservative substitutions between the
set of water-soluble llama VHs and human VH3 family of
sequences and are proposed to represent foldability/stability
determinants for water-soluble llama VH fragments (36).
Indeed, a library of human VH fragments incorporating the
corresponding amino acid substitutions has been constructed
and shown to have significantly improved solution properties
(unpublished results).

The set of dAb molecules reported here also represents a
good system for studying the correlations between confor-
mational motions, thermal stability, and solution behavior
of members of engineered protein libraries. Single-domain
antibodies 1B1E10, BrucB3, BrucC6, BrucD4-4, and BrucC7.2
are similar in their primary and, presumably, tertiary

structures and have sufficient solubility for rigorous NMR
relaxation studies. They span a significant range of unfolding
transition temperatures of 57-72 °C and display markedly
different tendency toward aggregation upon denaturation.
NMR relaxation studies, which are underway in our labora-
tory, will define the locations of the conformational motions
in dAb molecules and may assist in engineering new stable
VH-based protein libraries.
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