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ABSTRACT. Camelidagpossess an unusual form of antibodies lacking the light chains. The variable domain
of these heavy chain antibodies Y is not paired, while the ¥ domain of all other antibodies forms a
heterodimer with the variable domain of the light chain \Vheld together by a hydrophobic interface.
Here, we analyzed the biophysical properties of four camelid Wagments (H14, AMD9, RNO5, and
CAO05) and two human consensugd/domains with different CDR3 loops to gain insight into factors
determining stability and aggregation of immunoglobulin domains. We show by denaturant-induced
unfolding equilibria that the free energies of unfolding ofVfragments are characterized BGn-u
values between 21.1 and 35.0 kJ/mol and thus lie in the upper range of valueg faagvhents from
murine and human antibodies. Nevertheless, thefvagments studied here did not reach the high values
between 39.7 and 52.7 kJ/mol of the human consensi@sddmains with which they share the highest
degree of sequence similarity. Temperature-induced unfolding of theffdgments that were studied
proved to be reversible, and the binding affinity after cooling was fully retained. The melting temperatures
were determined to be between 60.1 and 6€.7In contrast, the studied)d domains aggregated during
temperature-induced denaturation at®&3% °C. In summary, the camelidpy fragments are characterized

by a favorable but not unusually high stability. Their hallmark is the ability to reversibly melt without
aggregation, probably mediated by the surface mutations characterizingsthéovhains, which allow

them to regain binding activity after heat renaturation.

Up to 75% of immunoglobulins found in the sera of [numbering according to the new consensus nomenclature
Camelidaelack the light chain while still being functional  of Honegger and Ptkthun 6)] are highly conserved within
(1). These “heavy chain antibodies” are homodimers, with the camel antibodies and are a key feature distinguishing
each chain consisting of an unpaired variable domaijp)V them from a conventional Ydomain 6). Three hypervari-
immediately followed by a hinge region,4€ and G3 able regions can be clearly distinguished in the.V
domain. X-ray structures of camelidq domains showed  sequences. CDR1 and CDR2 loops adopt new structures that
a typical immunoglobulin fold with itg-sandwich scaffold  fa)| outside the canonical structures described for human or
(2—4). Nevertheless, M, domains possess some remarkable ,oyse \4 loops @). Furthermore, CDR1 of M fragments
properties, which clearly distinguish them from the variable may begin closer to the N-terminus in comparison to human
domain (W) of a conventional antibody. Mutations of . ouse CDRs7). The CDR3 loop of Vi fragments is

hyqlrophobic amino acids are found at th_e former_inte_rface, on average longer (17 residues) than the human (12 residues)
which contacts the ¥ domain in conventional antibodies. or mouse (9 residues) CDR3 0o, ©). To stabilize the

These mutations [Val44Phe (or Tyr), Gly51Glu (or GIn), | : :
ong CDR3, the VY domains often contain a second
Leu52Arg (or Cys), and Trp54Gly (or Ser, Leu, or Phe)] intradomain disulfide bond, which connects CDR3 with the

end of CDR1 or with a core residue between CDR1 and
CDR2 @®).

Vuu fragments have been considered to have great
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uni*ZB'rﬁCérsita ~trich potential in various industrial applications.;y domains
5 CNRS. ' represent the smallest antigen-binding unit with a molecular
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size of~15 kDa in comparison to scFv fragments (30 kDa),
1 Abbreviations: CDR, complementary determining regiom1C

constant domain 1 of the heavy chain of a normal antibody; GdnHCI, Fab fragments (60 kDa)’ and whole antibodies (150 kDa)'

guanidine hydrochloride; IMAC, immobilized metal ion affinity chro- ~ 1h€Y can be expressed in bacterial and yeast expr_ession
matography; scFv, single-chain antibody fragment consisting of the systems 10—12). Long CDR3 can generate new antigen

variable domains of the heavy and light chains connected by a peptide hinding modes, such as the one seen in the complex between

linker; Vu, variable domain of the heavy chain of a human antibody;
Vun, variable domain of a camelid heavy chain antibody; Variable
domain of the light chain of a human antibody.

the Wyy fragment Lys3 with lysozyme, where the extended
CDR3 penetrates into the active side of the enzya®. (
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Therefore, a new class of inhibitory proteins based en V

domains could be envisaged. The most remarkable property

of Vyy fragments is, however, their behavior at elevated

temperatures. It has been shown that after exposure for 2 h

to a temperature 0of80 °C the antigen binding properties
of some llama VY fragments are not reduced?). More-
over, two llama V,; fragments elicited against a hydrophobic
azo dye still exhibited activity in a binding assay at 90

(12). These thermal properties make conceivable applications

which were previously thought to be inaccessible.

What are the reasons for these favorable thermal proper-

ties? We were interested in distinguishing whether these
molecules are unusually thermally stable and do not melt or
whether instead they exhibit reversible melting behavior.
Furthermore, we compared thepy molecules among
themselves and with humany® domains, their closest
relative in conventional antibodies. We therefore analyzed
the biophysical properties of four camelidyy fragments
with known X-ray structures. We included in this study the
llama Vuy fragment H14 elicited against the-chain of
human chorionic gonadotropin hormone (hC@)gnd three
camel My, fragments [RNO5 which binds to RNase 2&)(
CAQO5 elicited against carbonic anhydras®, @nd AMD9
which binds to amylasel@)]. We determined the free energy
of unfolding (AGy-u) of all fragments from denaturant-
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induced unfolding and refolding equilibria, analyzed the FIGURE 1: Analytical gel filtration of (A) camel V. fragments

temperature-induced denaturation properties, and determine
melting temperaturesTf). In addition, we measured these
data for two human germline consensus3\Womains with
different CDR3 loops. We then compared the X-ray struc-
tures of H14, AMD9, RNO5, and CA02¢{-4) with structures
determined for W43 domains to provide an explanation for
the observed thermodynamic properties.

As from initial studies extraordinary thermodynamic
properties and expression behavior of camelid antibody
domains had been proposed, we investigated their thermo
dynamic properties in more detail. If there had been unusual
structural properties, they could possibly be engineered into
human \{; domains as well. While our analysis indeed points
to favorable properties, none of the four fragments that were
investigated had unusually high expression yieldsEst
cherichia colior reached the equilibrium stabilities of the
human \(;3 consensus domains, which can in principle be
even further stabilized by interaction with stable d6mains
in an scFv or Fab fragment. We show that the most unique
property of camelid My domains is their ability to melt
reversibly, which not only facilitates their study but also
opens the door for applications where transient heating may
occur.

RESULTS

Expression and Protein Purificatiohe Vyy fragments
H14, AMD9, RNO5, and CA052, 12, 14) and the human
germline consensus3 domains 15) with two different
CDR3 loops were expressed in soluble form in the periplasm
of E. colifused to a C-terminal hexahistidine tag. The long
CDR3 (used in ¥3-L) had been obtained from a metabolic

(%_

each 2uM) H14 (---), AMD9 (— — —), RNO5 (), and CA05

) and (B) human W3 fragments \3-S () and W3-L

— —) in 50 mM sodium phosphate (pH 7.0) and 100 mM NacCl
and W3-S (++) in 1 M GdnHCI, 50 mM sodium phosphate (pH
7.0), and 100 mM NacCl applied on a Superdex-75 column. Arrows
indicate elution volumes of the molecular mass standards carbonic
anhydrase (29 kDa) and cytochromél12.4 kDa).

cell extracts by IMAC followed by preparative gel filtration
chromatography in the case of thg Mragments, or IMAC
followed by cation exchange chromatography in the case of
the W43 fragments. A yield of 1.2 mg/L of bacterial culture
could be obtained for CA05, while the yield wast mg/L

for AMD9 and RNO5. The highest yield was found for H14
with 7.4 mg/L of bacterial culture, which is the least stable
domain (see below). However, the higher yield could be due
to the use of a different expression vectair)(and/or the
coexpression of Skp, which had been found to enhance the
functional expression yield of scFv fragments in the peri-
plasm ofE. coli (18). The human W3 domain with the long
CDR3 loop (termed M3-L, 17 residues) gave a yield of 1.8
mg of soluble protein and the one with the short CDR3 loop
(termed \(;3-S, 9 residues) a yield of 0.2 mg of soluble
protein fran 1 L of bacterial culture.

Analytical gel filtration experiments with protein concen-
trations of 2uM showed that AMD9, RN0O5, CAO05, and
Vu3-L elute in 50 mM sodium phosphate (pH 7.0) and 100
mM NaCl with an apparent molecular mass-e14 kDa,
which corresponds to the size of a monomer (Figure 1A,B).
Under these conditions,\3-S elutes in a broad peak at an
apparent molecular mass much smaller than 12.4 kDa, but
in the presencefal M GdnHClI, it elutes at the expected
volume (Figure 1B), indicating that under native buffer

selection (J. Burmester et al., unpublished results) and wasconditions this fragment interacts with the column material.

found to lead to soluble domains, while the short loop3V
S) is derived from the well-expressed antibody 405, (L6).
The proteins were purified from the soluble fraction of the

Vy3-S also has a tendency to aggregate upon prolonged
standing at 4°C, while the camelid fragments and,¥:L
stay in solution. This behavior of \3-S may be due to the
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stickiness of the hydrophobic interface, which is normally
covered by V in human antibodies. In M3-L, this interface
may be partially covered by long CDR3 in the absence of
the Vi domain.

Equilibrium Transition Experiment3he thermodynamic
stability of the \{44 and i3 fragments was determined by
GdnHCI equilibrium denaturation experiments. Unfolding
and refolding of the My domains as a function of denaturant
concentration were monitored by the change in the fluores-
cence intensity at the wavelength with the biggest difference
between folded and unfolded spectra (Figure 2A with AMD9
as an example for M; domains). While the fluorescence
intensity of H14, AMD9, and RNO5 decreases during the 0.7 o
unfolding transition, the intensity of CAO5 increases (data 3501 : ; ; ;
not shown). This different behavior of CA05 might be
explained by the additional disulfide bridge between Cys128 349 ]
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and Cys40, which possibly quenches the fluorescence €
intensity of Trp116 in the native but not in the denatured £ 3481
state. Unfolding of W¥3-L and W;3-S was followed by the E
shift in the fluorescence emission maximum at increasing g 347
denaturant concentrations, because the change in fluorescence g
intensity between the native and denatured state was only c 464
small (Figure 2B with VH3-L as an example forp¥ 2
. A . - & 345]
domains). The equilibrium denaturation of all domains is £ ]
[0}

cooperative and reversible (Figure 2), which is an indication 344
of two-state behavior. Figure 2C shows an overlay of the
equilibrium denaturation and renaturation curves of H14,
AMD9, RNO5, CA05, 3-L, and \W3-S, normalized to
show the fraction of unfolded protein.,8-L and W3-S
exhibit the highest change in free energy upon unfolding
(AGn-u) with values of 52.7 and 39.7 kJ/mol, respectively.
CAO05 displays the highes\Gy-y of the camelid Vg
domains with a value of 35.0 kJ/mol, followed by RNO5
with a AGy-y of 31.7 kd/mol (Table 1). H14 and AMD9
are less stable and havesy—y values of 21.9 and 21.1 kJ/
mol, respectively. The range ofh values is between 14.1
and 17.4 kJ mol* M~* and is thus in the range expected for
proteins of this size (1415 kDa) (19). This indicates that
all Vyy and W3 fragments that were examined have the
cooperativity expected for a two-state transition.
Temperature-Induced Denaturatioho follow the revers-
ible temperature-induced unfolding, theMragments were
heated and cooled at a constant rate of°@Hnin, and the [GdnHCI] (M)
fluorescence intensity at 344 nm was recorded as a functionFicure 2: GdnHCI denaturation of (A) AMD9 and (B) N3-L.
of temperature. Figure 3A shows the relative fluorescence Unfolding @) and refolding [0) transitions were measured by

intensity during temperature-induced de- and renaturation for following the change in fluorescence intensity at 345 nm (AMDS,
panel A) or the shift in emission spectra maxima8, panel B)

AMD9 as an example for the ) fragments. After the 545 function of denaturant concentration at an excitation wavelength
fragments had been cooled, more than 80% of the fluores-of 280 nm. In panel A, the highest fluorescence intensity of the

cence signal was recovered for all thgsViragments that  curve was set to 1 to obtain the relative fluorescence intensity. (C)
were studied. The incomplete recovery of the fluorescence (O.V)e%‘\%’ DOS]; %%“gﬁgg?;‘téfgg’&j?“s rgr‘sat&;aggg &léVES(AO)f H14
signal may be d_ue to some |rrever_S|bIe denaturation but alSOCur‘ves in panél C are normalized to‘thg fraction of unfolded protein.
to some chemical changes at high temperatures such as
oxidation of sulfur species or deamidation for Asn and GIn 3B. CAO05 shows the highest, (66.7°C), followed by RNO5
at elevated temperature20j, which would alter the fluo- and AMD9 with values of 64.2 and 64°C, respectively.
rescence intensity of the native protein. For all\\frag- H14 displays the lowesfT,, (60.1 °C, Table 1). The
ments, a single transition of denaturation was observed,thermodynamic parameters were estimated by a fit with the
which is consistent with two-state behavior. Again, the combined eqs 1 and 2. However, there is a large error in
fluorescence intensity at the unfolding transition decreasesthis method, as it involves seven parameters. Therefore, we
in the cases of H14, AMD9, and RNO5 and increases in the are not reportingAH,, and AC, values. NeverthelesaC,
case of CAO5. values can be estimated from the dependence on the change
An overlay of the temperature-induced denaturation curvesin the accessible surface area upon unfoldih§).(Using
of the Vyy fragments that were studied is shown in Figure this fixed AC, in the fit, AH,, values were obtained ranging

@)

fraction unfolded
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Table 1: Summary of Biophysical Characterization qf;Wragments

no. of denaturant-induced denaturation temperature denaturation
disulfide CDR3 midpoint AGn-u m Tm maintained
name species bonds length [GdnHCI] (M) (kJ/mol) (kI Mt mol?) (°C) activity (%)
Vhn H14 llama 1 7 1.54 21.9 14.4 60.1 737
AMD9 camel 1 13 1.51 21.1 141 64.1 28
RNO5 camel 1 11 2.21 31.7 14.4 64.2 25
CAO05 camel 2 18 2.35 35.0 15.0 66.7 987
Vi3 L human 1 17 3.00 52.7 17.4 65.2 nd®
S human 1 10 3.20 39.7 14.6 63.4 nd*

aOnset of aggregatior.After heating to 80°C and cooling to room temperatureNot determined.

from 400 to 550 kJ/mol andAG(298 K) values were
estimated, which are-30% higher than those determined
from the denaturant-induced equilibrium transition experi-
ments, but this is still within the combined error range of
both methods (data not shown).

The binding activity maintained after temperature treat-
ment of the Vy fragments at a concentration of Qi
was tested using ELISAs (Table 1). Under the conditions
that were examined, H14 retained 73% of its binding activity
in comparison to the untreated sample, while AMD9, RNO5,
and CAO5 retained 9298% of their activity.

and murine domains]. These regions also have an influence
on the packing of the upper part of the hydrophobic core.
Panels C and D of Figure 5 show a detailed view of upper
core residues 2, 25, 29, 31, 41, 89, and 108. Superpositions
are shown of the My structures of CAO5 and AMD9, which
are the most and least stable camel fragments, respectively,
and the \,3 domain of a human Fab fragment [PDB entry
1DEE @3)], which is most identical in sequence to the core
residues of the consensug3/domain.

All structures were checked for cavities in an effort to
identify packing differences that could lead to fewer van der

In contrast to the reversible behavior of thg:Mragments Waals interactions and, therefore, reduced thermodynamic
during temperature-induced denaturationy3M. and -S stability. A van der Waals contact surface was generated for
precipitated at higher temperatures. Therefore, the proteina water radius of 1.4 A with the program MOLMOR®).
samples were heated at a constant rate ofG/min from When cavities were found, the surrounding residues were
20 to 80°C, and light scattering was recorded as a function checked for whether they would contribute hydrophobic
of temperature. Temperature-induced protein aggregationsurface area to the cavity, since a water molecule would be
results in an increase in scattered light intensity at 500 nm energetically unfavorable at such a position. These cavities
at a particular temperature followed by a steep increasefound in the upper part of M, but not in the human \3
(Figure 3C). The onset of thermal aggregation is at 65.2 andstructures indicate poor packing and may be one of the
63.4°C for Vi13-L and W43-S, respectively (see Experimental contributing factors for the lower thermodynamic stability
Procedures). For thepy, fragments, no increase in scattered of the Viyu domains in comparison to the8 consensus
light intensity was observed. domain. In contrast, the architecture of the framework

Analysis of the Sequence Alignment and X-ray Structure. residues in the lower part of thej\/ fragments superimposes
A sequence alignment (Figure 4) between camg} ¥nd well with the V43 domains. The sequence alignment shows
human \(;3 fragments shows a high level of homology. The that lower core residues 19, 74, 78, 93, and 104 are identical
hydrophobic core residues with side chain solvent acces-in camel \yy and human W3 domains, and indeed, they
sibility of <10% (marked withx in Figure 4) are especially  structurally superimpose (Figure 5B).
highly conserved. Only at position 31 (Phe in the human In addition, there are two minor differences between the
sequence and Tyr, Gly, or Val in the camelid sequence) andcamel and human domains. First, in thgaMragments, the
position 44 (Val in the human sequence and Phe in the “interface region to V" is altered because of exchanges of
camelid sequence) are there group specific differences. Theconserved residues [Val44 to Tyr or Phe, Gly51 and Leu52
conformation of the core residues at the base of the domaingo Glu51 and Arg52, respectively, and Trp54 to G8)](
is strongly dependent on the amino acid at positions 10 andgiving this region a different chemical nature. Second, the

78 (21). These positions are the same in thg;\and V;3
fragments (Glyl0 and Phe78), which indicates similar
packing and thus contribution to the overall stability. In
contrast, the CDRs of the 4 fragments, which also affect

outer loop of the Yy domains shows a greater structural
variability than that of 43 domains.

Conserved charged residues are distributed over the
domains (marked witht in Figure 4). Some of them are

the core in the upper part, display larger differences in length involved in conserved buried salt bridges between the

and amino acid composition in comparison to huma3 Vv
domains 7).

charged groups of Arg45 and Glu53, Arg45 and Aspl100,
and Arg77 and Aspl00. This charge cluster has a similar

Figure 5A shows a superposition of the structures of the conformation in the human consensug3Womain{ Figure
Vun fragments that have been studied [PDB entries 1IHCV 6A shows the KOL Fab fragment [PDB entry 2FB25]],

(4), 1BZQ (2), 1F2X (3), and 1KXQ (structure of AMD?9,
C. Cambillau et al., unpublished results)] in yellow and
structures with human M domains [PDB entries 1AQK
(22), 1DEE @3), 1IGM (24), and 2FB4 25)] in blue. The
CDR regions show large differences with respect to thd V
domains, leading to additional structures for CDR H1 and
H2 loops different from the canonical structures of human

which has the highest level of sequence identity with respect
to charged residues to the consensuy8 omair} and camel
Vun domains (Figure 6B with CAO05 as an example fonV
domains), indicating that both charge clusters should con-
tribute similarly to the overall stability of the domains.
However, there are two major differences between camelid
Vun and human Y3 domains in terms of charged residues:
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that in camels the conserved Arg108 residue is exchanged
to an uncharged residue unable to build a salt bridge to
Aspl37 B) (Figure 6B). This change may be another factor

1]

0.94 contributing to the decreased stability of thgavdomains
that have been investigated in comparison to the consensus
0.8 Vi3 domain.
Role of CDR3.A prominent feature of camel M
0.7 fragments is the length of the CDRS3 loop. The length of 17

sequenced camely CDR3 regions ranges from 10 to 24
residues with an average of 17.5 residu@s Human \{;

0.6 domains have an average CDR3 length of 11.6 residdes (
Long CDR3 of camel V4 domains can facilitate the
penetration of this CDR into active site clefts and cavities
in antigens, as seen in the cAhys3—lysozyme complex
(13). They may also cover the hydrophobic interface to V
as seen in the crystal structure ofyVfragments RNO5,
CAO05, R2, and Lys33, 4, 13, 30), thereby also rendering
the domain more soluble. In some/fragments, especially
those with long CDR3 loops, there is an additional disulfide
bridge connecting CDR3 with the end of CDR1 or with a
core residue between CDR1 and CDR2. Interestingly, the
presence of this additional disulfide bridge does not correlate
with the thermodynamic stability, as seen in CA05 and
RNO5, which both differ only slightly in theiAGy-y values,

but only CAO05 has the additional disulfide bridge. Clearly,
this comparison is not straightforward, since the 19-amino
acid long CDR3 of CA05 may need further stabilization in
the form of an additional disulfide bridge to be as stable as
RNO5 with an only 12-amino acid long CDR3. The human
consensus ¥3 domains V;3-L and -S differ only in their

relative fluorescence intensity >

vy

fraction unfolded

N
[3,]
-
(o)
©

%‘ CDR3 loop, which varies in length and amino acid composi-
3 R tion. This difference results in a 10-fold increase in the yield
£15-10%] o o of soluble protein in the periplasm and a 10 kJ/mol increase
§ 5 S in AGy-vu, for the domain with long CDR3 compared to the
S 4. 108l g2 one with short CDR3. Probably, this long CDRS3 covers part
3 50 of the hydrophobic interface to VY thus taking on part of

S S the stabilizing role of YV as seen in My structures, and

- H therefore increases solubility, stability, and yield.

DISCUSSION
52 5 60 64 68 72 Our analysis of the biophysical properties of camghV
temperature (°C) fragments has shown that these domains fold and unfold

FiGurRe 3: (A) Temperature-induced denaturation of AMD9. reversibly in denaturant- and temperature-induced denatur-
Unfolding @) and refolding [0) transitions were measured by ation experiments, and give results consistent with a two-
following the change in fluorescence intensity at 344 nm as a state process. The M fragments studied here show free
function of temperature. The fluorescence intensity at the lowest energies of unfolding\Gy_y between 20.7 and 35.0 kJ/mol,

temperature of the unfolding curve was set to 1 to obtain the relative | hich lie in th fth d for V
fluorescence intensity. (B) Overlay of temperature-induced unfold- ValU€S which lie in the upper range of those reported igr
ing transitions of H14M), AMD9 (CI), RNO5 @), and CA05 ). domains from human or murine antibodi&d{33). How-

Curves are normalized to the fraction of unfolded protein. (C) ever, they are smaller than the high values of 52.7 and 39.7
Thermal aggregation of\8-S (), Vi3-L (O), and AMD9 (x) as kJ/mol found for the human consensug3vL and i3-S

an example for iy domains monitored by light scattering at 500 . : : : :
nm as a function of the measured temperature in the cuvette. domains, respecuvely., W'th. which they share the highest
degree of sequence similarity.

(1) the already mentioned exchanges in thg domains at A comparison of the X-ray structures of theseV
the interface region at positions 51 and 52 from Gly and fragments to structures containing thg3/domain showed
Leu to charged residues, which makes the molecule morethat both \(;; and W43 fragments have similar conformations
soluble, and (2) the conserved salt bridge between Arg108of the charge cluster and the lower hydrophobic core
and Aspl137 in Y, domains at the ends of the CDR3 loop residues, which should thus contribute to the stability in a
(Figure 6A) that constrains the conformation of this CDR similar way (Figures 5B and 6). The main difference found
and may thus be crucial for antigen binding specificRy, ( between the My and W43 domains is the packing of the
28). Its removal from a  domain decreases the melting upper core, resulting from different CDR1 and CDR2
temperatureZ9). Sequence analysis ofiM domains shows  conformations, implying that this altered packing is involved
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R | [ coR |

Amino Acid Type

Phe, Tyr, Trp
s, Low, Val, Pro, Ala, Mot Cys
Gty

Ser, Th, Asn, Gin

His

Arg.Lys

Asp, Gl

Ficure 4: Sequence alignment of the,¥ fragments 2, 12, 14) that were studied, the human consensu8-V and -S domainsi), and

the VH3 domains of an anti-protein A Fab fragment [PDB entry 1DEB](and KOL Fab fragment [PDB entry 2FB2%)] which are

reference structures for discussing hydrophobic core packing (Figure 5) and stabilization through salt bridges (Figure 6). The amino acids
are color-coded according to residue type: orange for aromatic residues (Tyr, Phe, and Trp), yellow for hydrophobic residues (Leu, lle,
Val, Met, Cys, Pro, and Ala), green for uncharged hydrophilic residues (Ser, Thr, GIn, Asn, and Gly), red for acidic residues (Asp and Glu),
and blue for basic residues (Arg, Lys, and His). The symbdhdicates hydrophobic residues with side chain solvent accessibility of
<10%, and the symbot indicates conserved charged residues. Both numbering schemes according to Kabd@etatl Honegger and
Pluckthun 6) are shown. The latter scheme is used throughout the text.

in the somewhat lower thermodynamic stability of the was also shown for the Y, fragment H14. The conserved
camelid iy fragments in comparison to the consensu8V  mutations in the interface region to Va hallmark of iy
(Figure 5C,D). domains 8), are making them more solubl@5) and are

Why might Vi fragments sacrifice effective packing in probably c_ausing these_differencges. In contrast, mouse and
the upper part? A human IgG antibody has six CDRs to bind human antibody W domains are built for a MV association
to an antigen (three each frony\and (). A camel heavy with a hydrophobic interface. If these molecules are thermally
chain antibody has only three CDRs to bind to an antigen. denatured, they aggregate and do not reversibly refold.
To bind to a great variety of different antigens, thgqv ~ However, in the W/V, assembly, both domains can also
domain has to adapt, at least in the upper part, to a greatfurther stabilize each other3§, 37), and therefore, the
variety of shapes at the possible expense of thermodynamicStability of the ;3 domain can be increased even further in
stability. Furthermore, the gain in stability upon binding to @n scFv or Fab format. Interestingly, the “camelizedi3v
its antigen should be larger for a4\ fragment, because its domain with the interface mutations (Gly51Glu, Leu52Arg,

loose upper core is further stabilized in a complex with the @nd Trp54Gly) but without the additional disulfide bridge

A striking difference between the camelyand human stability than the wild-type human)3 domain, demonstrat-
ing that the interface mutations increase solubility but

consensus ¥3 domains was seen upon exposure to high decrease stability29)

temperatures. Unfolding occurs at about the same temper- The alt i I. i f solubilizing the.\ int
ature. However, in contrast to the irreversible temperature- € alternative solution or solubriizing thedomain to
induced unfolding of the 3 domains, the My domains form Vi with longer loops gives camels an alternative
that were studied did not aggregate during temperature.Optlon for binding to an antigen. As the antlgen—bmdl_ng
denaturation, but could reversibly fold back to the native mterfape is smaller, t}ght bmdmg may be more challenging
conformation upon cooling the sample. After temperature to ?‘Ch'e"e on a routm_e _ba3|s. Qn the othe_r hand, all (_)ther
treatment, the binding activity of all studied.yfragments antibody forn_1ats containing multiple interacting Ig do_malns,
was fully retained as shown by ELISA experiments. This is some of which are even more s'FabIe t_hanH\domams, .
consistent with the result of Perez et @4), who reported cannot be hea_ted abqve the meltln.g point, as denaturation
that the llama iy fragment H14 has a melting temperature Ieads.to an |rreverS|bI§ agg(ega_tlon, while C‘.”‘me‘HV

of ~60 °C and folds reversibly back to its native conforma- domains refold upon co_ohng. Itis .th's property Wh'.Ch makes
tion. Our results are further complemented by a study camel \{4y domains unique and interesting for biotechno-

comparing properties of llama M fragments (including logical applications.

H14) and mouse m_onoclonal antibodies at elevated temper£y bERIMENTAL PROCEDURES

atures 12). Incubation of these M, fragments fo 2 h at

temperatures greater than 80 had no significant effect on Expression VectorsThe expression vectors for the,y
the binding capability of most of the llamagy fragments fragments AMD9, RNO5, and CA05 (PH6AMDOYHis,
after cooling the sample, while mouse monoclonal antibodies PH6RNO5HiIs, and PHECAO5His, respectively) were kindly
were irreversibly inactivated. Our data strongly suggest that provided by S. Muyldermans (24). The Vi fragment H14
this is not because the llama;y domains do not denature, was PCR amplified from the vector pUR4520-H14, which
but rather because they reversibly refold upon cooling, which was kindly provided by L. G. Frenkerl®), and expressed
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FiGurRe 6: (A) V3 domain of the KOL Fab fragment (PDB entry
2FB4) and (B) CAO5 (PDB entry 1F2X) as an example fqiV
fragments with residues colored by atom type which form putative
salt bridges (orange). Images were generated using the program
MOLMOL (26). Numbering scheme according to Honegger and
Pluckthun 6).

camel V,,,
human V3

restriction site. The resulting human,¥ domains are called
Vu3-S and \43-L with S for “short CDR3” (10 residues)
and L for “long CDR3” (17 residues).

Protein Expression and Purificatioferiplasmic expres-
sion was performed as described previou8§)(Each His
tag-containing protein was purified by immobilized metal
ion affinity chromatography (IMAC) under native conditions
FiIGURE 5: (A) Superposition of structures ofiM fragments (PDB on a nitrilotriacetic acid column (Qiagen), which had been
entries 1HCV, 1BZQ, 1F2X, and 1KXQ) in red (CDRs in orange) charged with N&*. In the case of the M, fragments, the

and structures with human @ domains (PDB entries 1AQK, ) .
1DEE, 11GM, and 2FB4) in blue (CDRs in cyan). (B) Detailed eluate was loaded on a Superdex-75 column (Pharmacia) and

view of the lower core. Superposition of CA05 (PDB entry 1F2x) Preparative gel filtration chromatography was performed in
in yellow and the ;3 domain of an anti-protein A Fab fragment 50 mM sodium phosphate (pH 7.0) and 100 mM NacCl. In
E(P:DB (;?rlljt;yDll?E_lE)din_b|Ue-thEe conserved Tgp43 is Sh_CtJ_W” ir:c %ﬁgg- the case of the \3 domains, the eluate was directly loaded
an etailed view of the upper core. Superposition o ; ; ;

(PDB entry 1F2X) (C) and of AMD9 (PDB entry 1KXQ) (D) in onto a HQ anion excha_nge column |n_50 mM Tris (pH 7.0)
yellow with the Vi3 domain of an anti-protein A Fab fragment and 100 mM NaCl. Elution from the anion exchange column
(PDB entry 1DEE) in red. The conserved Trp43 is shown in green. was achieved wit a 0 to 800 mMNaCl gradient. Pooled

The van der Waals contact surface was generated for a probe radiugractions of all fragments were dialyzed against 50 mM

of 1.4 A with the program MOLMOL 26). Cavities within the sodium phosphate (pH 7.0) and 100 mM NaCl
upper core of the W, fragments are shown in black. Images were ' '

generated using the program MOLMORE). Numbering scheme Analytical Gel Filtration ChromatographySamples of
according to Honegger and Rkthun ). purified Vs and Viy3 domains were analyzed on a Superdex-

- . 75 column equilibrated with 50 mM sodium phosphate (pH
from a derivative of the vector pAK40Q7). The expression 7.0) and 100qu NaCl on a SMART Systenr,’] (Pf?armaéiﬁ;)

fr?sslitlti of H14, Wg'Ch (;]ons?st%f_ a p;aIB signal .S?qléenCZ'The domains were injected at a concentration @M2in a
€ gene, anc a nhexanistidine tag, was Introduced, ,,me of 50 uL, and the flow rate was 5Q:L/min.

between theXbad and Hindlll restriction sites, and thekp .
: o . Lysozyme (14 kDa) and carbonic anhydrase (29 kDa) were
cassette I8) was introduced at thilotl restriction site. used as molecular standards.

The human germline consensug3d/domain was PCR T ) )
amplified from a vector containing the @-(Gly,Sery-V «3 Equilibrium Denaturation ExperlmentEJuorescence spec-
scFv master gene of the human combinatorial antibody tra were recorded at 23C with a PTI Alpha Scan
library (HUCAL) from Morphosys 15), which carried CDR- spectrofluorimeter (Photon Technologies, Inc.). Slit widths
H3 and CDR-L3 of the hu4D5-8 antibod{®). In addition, of 2 nm were used for excitation and emission. Protein/
the CDR3 region between thsdHll and Sty restriction GdnHCI mixtures (2 mL) containing a final protein concen-
sites was then exchanged to encode a CDR-H3 (YNHEAD- tration of 0.5uM and denaturant concentrations ranging from
MLIRNWLYSDV) found by metabolic selection (J. Burm-  0to 5 M GdnHCIl were prepared from freshly purified protein
ester et al., unpublished results) to yield solubjedémains. ~ and a GdnHCI stock solution [8 M, in 50 mM sodium
The final expression plasmids were derivatives of the vector phosphate (pH 7.0) and 100 mM NaCl]. Each final concen-
pAK400 (17), in which the expression cassette of the two tration of GdnHCI was determined from its refractive index.
human germline consensus¥domains, which consists of ~ After overnight incubation at 10°C, the fluorescence
a phoAsignal sequence, the short FLAG tag (DYKD), the emission spectra of the samples were recorded from 320 to
V3 domain, and a hexabhistidine tag, had been introduced370 nm with an excitation wavelength of 280 nm. With
between theXbd and Hindlll restriction sites, and where increasing denaturant concentrations, the maxima of the
the skp cassette ¥8) had been introduced at thEot recorded emission spectra shifted fron342 to 348 nm.
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Protein stabilities were calculated from the plot of fluores- 3.2.1.1, type IA; Sigma), bovine pancreatic RNase A (EC
cence intensity at 335 (RNO05), 337 (H14), and 345 nm 3.1.27.5; Sigma), and bovine erythrocyte carbonic anhydrase
(AMD9 and CAO05) or the shift of the emission spectrum (EC 4.2.1.1; Sigma) at a concentration o§/mL in 50
maximum (VH3-S and -L) versus GdnHCI concentration as mM sodium phosphate and 100 mM NaCl (pH 7.0) were
described previously3(). applied overnight at 4C to coat Maxisorb 96-well plates
Temperature-Induced Denaturation (Resible).The iy (Nunc). Plates were blocked in 2.0% sucrose, 0.1% bovine
fragments were analyzed for their reversible thermal dena- serum albumin (EC 232.936.2; Sigma), and 0.9% NacCl for
turation properties with a PTI Alpha Scan spectrofluorimeter. 2 h at room temperature. After incubation with either the
Excitation and emission wavelengths were 280 and 344 nm,untreated or heat-treated and subsequently renatuggd V
respectively. The Wy domains were measured in 50 mM fragments, bound fragments were detected using the tetra-
sodium phosphate (pH 7.0) and 100 mM NacCl at a final His antibody (Qiagen) followed by an anti-mouse antibody
protein concentration of 0/4M. After being filtered through conjugated with alkaline phosphatase (Sigma). The percent-
0.2um Millipore filters, the samples were heatedd 3 mL age of binding activity maintained after temperature dena-
polymethyl methacrylate (PMMA) cuvette (Kartell) in a turation was calculated using triplicates at four different
volume of 1.7 mL. The temperature was increased from 52 concentrations (10, 1072, 103, and 10* uM) of temper-
to 72 °C at a rate of 0.5°C/min. The reversibility of ature-treated and untreated,Vfragments.
temperature-induced denaturation was checked by cooling
the sample to 52C with a temperature gradient of 026/ ACKNOWLEDGMENT
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