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Abstract

Protein folding, natural conformational changes, or interaction between partners involved in recognition
phenomena brings about differences in the solvent-accessible surface area (SASA) of the polypeptide
chain. This primary event can be monitored by the differential chemical reactivity of functional groups
along the protein sequence. Diazirine (DZN), a photoreactive gas similar in size to water, generates
methylene carbene (:CH2). The extreme chemical reactivity of this species allows the almost instantaneous
and indiscriminate modification of its immediate molecular cage. 3H-DZN was successfully used in our
laboratory for studying protein structure and folding. Here we address for the first time the usefulness of
this probe to examine the area of interaction in protein–protein complexes. For this purpose we chose the
complex formedbetween hen eggwhite lysozyme (HEWL)and themonoclonal antibody IgG1D1.3. :CH2

labeling of freeHEWLor complexedwith IgG1D1.3 yields 2.76 and 2.32mmolCH2 permole protein at 1
mMDZN concentration, respectively. This reduction (15%) becomes consistent with the expected decre-
ment in the SASA of HEWL occurring upon complexation derived from crystallographic data (11%), in
agreement with the known unspecific surface labeling reaction of :CH2. Further comparative analysis at
the level of tryptic peptides led to the identification of the sites involved in the interaction. Remarkably,
those peptides implicated in the contact area show the highest differential labeling: H15GLDNYR21,
G117TDVQAWIR125, and G22YSLGNWVCAAK33. Thus, protein footprinting with DZN emerges as a
feasible methodology useful for mapping contact regions of protein domains involved inmacromolecular
assemblies.

Keywords: diazirine; methylene carbene; protein interfaces; protein complexes; solvent-accessible
surface area; protein footprinting; epitope mapping; hen egg white lysozyme

Understanding protein–protein interactions remains an
unsolved problem underlying the fabric of life (Kennedy
and Norman 2005). The ability of proteins to form spe-

cific, stable complexes with other proteins is crucial to all
biological functions, as it becomes increasingly evident
in the light of results from proteomic studies that are
revealing key molecular interactions (Pandey and Mann
2000; Vidal 2005). In this realm, to fully grasp the mole-
cular basis of protein–protein recognition, one needs to
characterize in detail the contact surfaces. To this end,
both experimental and theoretical efforts are currently
underway (Ofran and Rost 2003; Janin 2005; Mendez
et al. 2005).

In all instances, the binding event elicits a reduction in
the solvent-accessible surface area (SASA) associated
to each component occurring upon complex formation.
The area of the interface (B), defined as the sum of the
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SASA of the two free partners of a complex less that of
the complex, is a convenient measure of the extent of the
interaction. A main group of complexes exhibits a stan-
dard size interface (on average 16006 400 Å2) that suf-
fices to provide the interaction with specificity and
stability. In general, the building of these complexes
brings about only minor conformational changes, such
as displacements of surface loops or short stretches of
the polypeptide chain and rotation of side chains of
surface amino acid residues. Many antigen–antibody in-
teractions fit into this category (Lo Conte et al. 1999).

Several biophysical and biochemical techniques con-
verge to shed light on the study of protein interfaces. Typi-
cally, X-ray crystallography and NMR are the source of
rich structural information. In addition, the use of cross-
linking reagents, and in particular photoaffinity labeling
methods, has been useful for elucidating chemical features
and geometrical constraints of the interacting surfaces.
Here, the choice of reagent requires previous knowledge
on the kind of amino acid residues putatively involved
in the interaction (Bayley 1983; Lundblad 2005). On the
other hand, results are most often limited to defined
areas around the location of the modified side chains. By
contrast, a separate group of chemical techniques points to
the use of reagents with the ability to modify a protein
surface regardless of its chemical nature. Footprinting
reagents belong to this class, providing information on
topological features of the system. In this regard, apart
from its wide applicability to protein folding, proton-deu-
teron (H/D) exchange has also been used with profit to
address the identification and characterization of inter-
faces (Williams et al. 1996, 1997; Mandell et al. 1998). In
spite of its large dynamic range, H/D exchange data are
intrinsically limited to amide protons belonging to the
backbone chain, therefore becoming strongly dependent
on secondary structure integrity. Besides, one main draw-
back arises from the labile nature of the label, a factor that
greatly restricts further analytical processing of the sample.
Other footprinting techniques include the use of hydroxy
radical reactions (1) to identify protein binding sites in
nucleic acids (Tullius et al. 1987), (2) to assess conforma-
tional aspects of the native state and folding intermediates
(Ermacora et al. 1992, 1994), (3) to label peptides and
amino acids (Goshe and Anderson 1999; Goshe et al.
2000), and (4) to investigate a peptide binding site (Wong
et al. 2005). Here, although products are generally stable,
most often radical triggered reactions give rise to ill-char-
acterized products that complicate the ensuing analytical
procedures.

In this work we introduce the photoreagent diazirine
(DZN) in a novel application as a footprinting reagent
useful for investigating protein interfaces. DZN is a
three-member ring heterocycle (CH2N2), a gas at room
temperature and standard pressure, that serves as the

source of methylene carbene (:CH2). The extreme che-
mical reactivity of this species allows the almost in-
stantaneous and indiscriminate modification of its
immediate molecular cage, inserting into any X–H
bond (Turro et al. 1987). Unlike the radical reactions
described above, here no fragmentation of the polypep-
tide chain is expected. Due to its small size, DZN might
exert solvent mimicry, therefore accessing to a surface
similar to that probed by water. Both the virtual absence
of chemical specificity of the reactive species and the
minimal size of the precursor molecule would allow
this technique to provide an experimental approach to
the surface theoretically defined as SASA. Unlike H/D
exchange, labeling with DZN would target side chains as
well as backbone exposure. Significantly, the modifica-
tion with methylene carbene involves the formation of
strong covalent bonds, giving rise to stable products that
broaden the range of subsequent analytical procedures
(Richards et al. 2000; Craig et al. 2002).

In previous works of our laboratory the tritiated form
of DZN (3H-DZN) allowed us to accurately measure the
global extent of modification of the polypeptide chain as
well as to identify the locale of labeling. 3H-DZN has
been successfully employed to study structure and fold-
ing of two model proteins: bovine a-lactalbumin (Craig
et al. 2002) and Bacillus licheniformis b-lactamase (Ureta
et al. 2001). Therein, we demonstrated that the expected
increase in SASA occurring upon protein denaturation
correlates well with the extent of methylene carbene
modification. Other researchers took advantage of DZN
labeling to identify an alternative conformation of rep-
lication protein A (Nuss and Alter 2004).

As our model system we chose the complex formed
between hen egg white lysozyme (HEWL) and MAb
IgG1 D1.3. HEWL is a 14.3-kDa monomeric protein
with a sturdy conformation that has been defined in
great detail. Most importantly, high-resolution structures
complexes of this protein with Fab D1.3 and Fv D1.3
fragments are also available (Amit et al. 1986; Fischmann
et al. 1991; Bhat et al. 1994). Apart from their intrinsic
interest, antigen–antibody complexes represent a valuable
model for the study of protein interactions (MacCallum
et al. 1996) because (1) the size of the interface typically
falls in the standard category (B< 1290 Å2, measured in
the HEWL–Fab D1.3 complex) (Fischmann et al. 1991),
and (2) negligible conformational changes are expected
upon complex formation (the measured RMSD between
free and complexed HEWL is 0.64 Å) (Amit et al. 1986;
for review, see Braden and Poljak 1995). The proce-
dure herein described aims at establishing a novel meth-
odology useful for the identification of contact surfaces
between proteins, based on a general photochemical
modification of the polypeptide chain with methylene
carbene.
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Results and Discussion

Rationale of the photochemical approach

Key to this approach is the argument that if surface reg-
ions could be labeled and the products analyzed at the
level of small peptides or amino acid residues, then the
differential pattern of label incorporation (i.e., by react-
ing the partners in their free vs. complexed forms) would
permit the identification of the interaction site. Defined
conformational changes occurring upon complex forma-
tion and/or the involvement of particularly flexible
regions in the interaction surface could bring additional
complexity to this picture. In each case, one should be
forewarned of these points to be able to unambiguously
interpret results. In this regard, initially we focused our
efforts on a noncovalent complex comprising partners
bearing a separate entity, i.e., constituents that are stable
and fold independently. In this scenario, this is the first
instance when a reagent with these features is used with
the purpose of exploring interacting surfaces between
proteins.

Methylene carbene labeling reveals the occlusion
of area in a protein–protein complex

We chose the complex formed between HEWL and the
MAb D1.3 as the working model (see Fig. 5a). All ex-
periments were carried out in parallel with samples
corresponding to the free and the complexed form of
HEWL. The latter was prepared by mixing IgG1 D1.3,
purified from mice ascites, and HEWL in a 2:1 molar
ratio. Under our experimental conditions, we ensured
that all HEWL became bound to the MAb and that
3H-DZN concentration was matched between samples.
After the photolysis and cleanup procedures, the com-
plex was dissociated and its components were separated
by size-exclusion chromatography. For the sake of com-
parison, the free HEWL sample was treated in the same
fashion (see Materials and Methods).

In this work we focused our attention on epitope
mapping, i.e., analyzing the regions in the HEWL part-
ner in the complex, because of its more ready feasibility
from an experimental standpoint due to its smaller size.
Thus, HEWL isolated from each labeled sample was
further processed.

The known stability of the reaction products of
methylene carbene with the polypeptide chain (see intro-
duction) opens the possibility of employing various ana-
lytical separation procedures without risk of losing the
radioactive label. To ensure the thorough removal of
radiolabeled by-products eventually remaining in the
samples, an RP-HPLC separation step on a C4 column
was routinely employed as the final stage of the clean-up

procedure. To evaluate the specific radioactivity asso-
ciated to each protein sample, both the absorbance at
280 nm and the 3H radioactivity on eluted fractions were
monitored along the run (Fig. 1). Indeed, radioactivity
appears exclusively associated to the protein peak and
incorporation of the label occurs in a strictly light-de-
pendent fashion (nonirradiated samples incorporate an
insignificant label) (data not shown). Analysis of peak
shape reveals a slight broadening and an increase in the
retention time of the radioactive peak with respect to the
mass peak, with these effects arising as the consequence
of the rather more hydrophobic nature of the product
and the intrinsic chemical heterogeneity caused by the
methylation reaction. On the other hand, no evidence
for protein fragmentation exists, since no radioactivity
elutes anywhere else along the run.

Finally, the extent of modification, calculated from
the specific radioactivity on pooled fractions of the pro-
tein peak, was expressed as mmoles of methylene per
mole of protein at a given DZN concentration (1 mM).
This last normalization allows one to make accurate
comparisons among samples arising from different
experiments. This is possible due to the demonstrated

Figure 1. Separation of HEWL labeled with methylene carbene by RP-

HPLC. Photolabeled HEWL eluted after size-exclusion chromatogra-

phy (see Materials and Methods, “Photolabeling of free HEWL and

HEWL complexed With IgG1 D1.3”) was sampled onto an analytical

C4 column. Panels a and b correspond to HEWL labeled in its free or

complexed form, respectively. Elution was monitored by UV absorp-

tion at 280 nm (solid line) and by measurement of the radioactivity

associated to each collected fraction (gray bars). The inset table (b)

shows the radioactivity incorporated to each HEWL sample expressed

as mmol CH2/mol protein at 1 mM DZN.
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linear dependence of the extent of modification with
DZN concentration (see Fig. 5 in Craig et al. 2002).
The table inserted into Figure 1 shows the values for
the extent of modification corresponding to each sample.
Complexed HEWL incorporates 15% less label than the
free form. This experimental value correlates well with
the occluded area in the complex estimated from crystal-
lographic data: The SASA of HEWL (6529 Å2, cal-
culated with a probe radius of 1.4 Å for the water
molecule) is reduced by 749 Å2 upon complex formation,
yielding a decrease of ,11%. Furthermore, the agreement
between these results is consistent with the nonspecific
reaction of methylene carbene with the polypeptide chain.

Methylene carbene labeling allows the identification
of the sites of interaction

A further effort of our work focused on the identifica-
tion of the area of interaction between HEWL and the
MAb, the criterion being to seek where differences in
carbene incorporation occur along the sequence. For
this purpose, we pursued a comparative analysis on
samples of HEWL labeled in its free or complexed
form by fragmentation of the protein with trypsin.
Group separation of the resulting peptides was achieved
by size-exclusion chromatography on a Superdex Pep-
tide HR 10/30. The radioactivity associated to each
fraction was accurately quantitated along the run (Fig.
2a,b). All radioactivity was found to be associated to any
given peptide fraction, an observation consistent with
a general photolabeling reaction with carbene, which
minimally increases the molecular weight of the product.
In addition, a general trend exists to have more labels
incorporated as the molecular mass of the peptide
increases, a result in agreement with the known lack of
specificity of the photolabeling reaction. Nevertheless,
although qualitatively similar, the labeling patterns of
each sample showed small but clear quantitative differ-
ences. To express this differential labeling event in a
straightforward fashion we chose to plot the relative
differential labeling for each peptide peak: an experimen-
tal parameter that represents the numerical difference
between the label incorporation for free and complexed
HEWL (Table 1), expressed relative to the value for the
complexed form (Fig. 2c; for details, see also Materials
and Methods). By comparison of this parameter along
the run, peak C emerges as that showing the largest
value. In addition, the peptide material eluting in each
peak was subsequently analyzed by RP-HPLC (C18)
(Fig. 3). All main peaks in each chromatogram were
unambiguously identified by amino acid analysis and
the data tabulated (Table 1). Remarkably, those pep-
tides comprising amino acid residues involved in the
area of interaction with the MAb happened to elute in

peak C. The locations of these peptides in the known
three-dimensional structure of native HEWL are high-
lighted in Figure 5b. On the other hand, clearly those
regions of HEWL compromised in the epitope (mapped
by peptides C) show reduced local mobility upon com-
plex formation, as revealed by the comparison of nor-
malized B factors derived from the known structures of
complexed and free HEWL (data not shown). Indeed,
those amino acid residues change from a surface loca-
tion to a compact and hydrophobic milieu embedded at
the interface. Taken together, results from this analysis
and from our labeling data would support a transition to
a rigid, “core-like” nature upon complexation. In fact,
from independent studies on conformational equilibria
of other globular proteins, we know that close packing
of the core is the main impediment preventing methylene
carbene labeling (Craig et al. 2002; Ureta 2003; Craig
2004). As revealed by the crystallographic structure of
the complex, the epitope is discontinuous and centered
around residues 20 and 120 (Fischmann et al. 1991).
More precisely, the amino acid residues constituting

Figure 2. Separation by size-exclusion chromatography of tryptic pep-

tides derived from HEWL labeled with methylene carbene. After the

clean-up step described above (see Fig. 1), HEWL samples were

reduced, carbamidomethylated, and digested with TPCK-trypsin (see

Materials and Methods). The resulting soluble peptide mixtures corre-

sponding to HEWL labeled in its free (a) or complexed form (b) were

subjected to size-exclusion chromatography on a Superdex Peptide HR

10/30 column. Elution was monitored by the UV absorption at 280

(thin line) and 215 nm (thick line), and by measurement of the radio-

activity (gray bars). In c, the horizontal bars represent the relative

differential labeling of each peak (named A–D). This parameter is

defined as the numerical difference between the label incorporation

for free and complexed HEWL expressed relative to the value for the

complexed form. The elution profile (absorbance at 215 nm) of pep-

tides is plotted alongside.
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the contact region are the following: D18, N19, G22,
S24, N27, G117, T118, D119, V120, Q121, I124, and
R125. Residue Q121 is essential for binding because it
inserts into a hydrophobic pocket comprised by Y32 and
W92 in VL, and Y101 in VH. In addition, the side chain
of Q121 is hydrogen-bonded to F91 in VL, and it inter-
acts via van der Waals contact with several residues
lining the walls of this pocket. Overall, the combination
site is relatively flat and decorated with low bulges and
shallow wells surrounded by aromatic side chains.
Although all CDRs become involved in this interaction,
CDR 3 in VH makes the most extensive contact with the

antigen. These structural features converge to determine
a relatively high binding affinity (2.7 · 108 M–1) (Bhat et
al. 1994). Our expectation is that methylene carbene
labeling will be applicable to complexes spanning a
wide range of affinities (presumably, dissociation con-
stants as low as micromolar or even less), taking into
account that the high protein concentration herein used
will ensure negligible amounts of free forms in the equi-
librium mixture.

The overlap between the epitope region and the differ-
entially labeled peptides is shown along the sequence of
HEWL in lines “contacts” and “3H-DZN” (Fig. 4). In the
latter, the position of peptide A is also highlighted. This
site shows the second largest difference in methylene
carbene labeling (see Fig. 2c). A possible explanation
for this result required from us to perform a detailed
analysis of cavities present in HEWL. Several high-reso-
lution structures of HEWL in its free form (Protein Data
Bank [PDB] codes 1HEW, 1HEL, 1H6M, 1LZT, 2LZT,
4LYM, 5LYM, and 1LCM) were processed with the
MSP software (Connolly 1993). Particular attention
was paid to ascertain the entity of the cavities found
to validate that these indeed exist regardless of crys-
tal form. The two cavities conspicuously found in all
structures analyzed are shown in Figure 5c, and those
amino acid residues lining their walls are shown in Fig-
ure 4 (line cavities). A parallel calculation was performed
on the complexed form of lysozyme (PDB code 1VFB),
where the same cavities were found. Here we chose the
FvD1.3–HEWL complex, because it is available at high
resolution (1.8 Å) (Bhat et al. 1994), but identical results
were obtained with the Fab D1.3–HEWL complex
(Fischmann et al. 1991). Indeed, although the backbone
atoms of amino acids belonging to peptide A are the
main contributors to the environment around the largest
cavity (dubbed cavity 2), no significant difference was

Table 1. Identification of tryptic peptides derived from HEWL labeled with methylene carbene

Methylene incorporation
(mmol CH2/mol peptide at 1 mM DZN)

Peak Sequence Free HEWL HEWL from complex

A N74LCNIPCSALLSSDITASVNCAK96 5.47 4.04

B1 F34ESNFNTQATNR45 4.10 3.55
B2 I98VSDGNGMNAWVAWR112

C1 H15GLDNYR21

C2 G117TDVQAWIR125 1.85 1.27

C3 G22YSLGNWVCAAK33

D W62WCNDGR68 1.32 1.23

After isolation by size-exclusion chromatography followed by RP-HPLC (see Figs. 2, 3), peptides were
unambiguously identified by their amino acid composition. Methylene incorporation for each peak was
estimated as described in Materials and Methods. Amino acid residues that are in direct contact with the
MAb D1.3 (see Figs. 4, 5) are indicated in bold.

Figure 3. RP-HPLC analysis of tryptic peptides present in each frac-

tion separated after size-exclusion chromatography. Pooled fractions

corresponding to each peak separated after chromatography on a

Superdex Peptide HR 10/30 column (A, B, C, or D; see Fig. 2c) were

sampled onto a C18 column (a–d, respectively). Elution was monitored

by UV absorption at 215 nm (solid line). Major peaks belonging to

each pooled fraction were numbered sequentially. The aqueous aceto-

nitrile gradient is shown as a dashed line (see Materials and Methods).
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found between the volumes calculated for this cavity in
free or complexed HEWL (64 and 60 Å3, respectively).
But what is the connection between cavities and sites for
methylene carbene labeling? In our laboratory it has
been demonstrated that methylene carbene also labels
inner surfaces (those constituting the boundaries of cav-
ities), where DZN would dwell for a longer residence
time and a different cage of reaction would be expected
(Craig et al. 2002; Ureta 2003; Craig 2004). Independent

evidence from others using NMR spectroscopy (Otting
et al. 1997) or X-ray diffraction (Prange et al. 1998;
Quillin et al. 2000) supports the location of gases with
similar features to DZN (xenon, argon, methane, etc.),
i.e., size and moderate hydrophobic character, within
cavities and crevices present in globular proteins. In
particular, Otting et al. (1997) described the binding to
HEWL of cyclopropane, a molecule isosteric to DZN. In
this context, one should bear in mind that—apart from
providing a unique measurement of the external surface
accessible to the aqueous solvent—to some extent
methylene carbene labeling will also point to sites topo-
logically involved in defining those cavities. In addition,
other researchers have shown that inert gases can be
lodged inside cavities even in instances where their pre-
dicted volume is smaller that the size of the gas (Quillin
et al. 2000). This fitting requires subtle rearrangements
allowed by the intrinsic flexibility of the polypeptide
chain. In order to explain the finding regarding peptide
A, our argument holds that due to rigidification brought
about by the binding of the antibody to HEWL, differ-
ential methylene carbene labeling favoring the more
flexible free form would be expected. This dynamic
does not necessarily become evident from the picture
emerging from the crystallographic data. Flexibility
appears to be well correlated with enhanced methylene
carbene labeling as it has been demonstrated in extremis
by the heavy labeling observed for the molten globule
states of both a-lactalbumin and b-lactamase (Ureta
2003; Craig 2004). On the other hand, Williams et al.
(1996) measured the H/D exchange rate of the amidic
protons in HEWL free and complexed with this same
antibody (line H/D exchange in Fig. 4). This analysis
provides interesting insights on the structural dynamics
of the protein. Overall, complex formation causes a
decrease in the exchange rate of several protons distributed

Figure 4. Linear diagram of HEWL. Numbers on the ruler represent

positions along the amino acid sequence of HEWL. Horizontal bars

indicate known secondary structure elements based on crystallographic

data. Black boxes along the line contacts point to amino acid residues

that are in direct contact with theMAbD1.3, as revealed by the structure

of the complex (Fischmann et al. 1991). The line 3H-DZN shows peptides

C1, C2, and C3 (black boxes), for which the largest relative differential

labeling was measured, and peptide A (gray box), exhibiting the second

largest value of this parameter (see Fig. 2c). The line cavities displays the

positions of amino acid residues that constitute the boundaries of cavities

1 (white boxes) and 2 (gray boxes). These entities were conspicuously

found in all high-resolution structures analyzed. The line H/D exchange

represents graphically the experimentally measured protection factors

(defined as t complexed HEWL/t free HEWL for each amino acid

residue, t being the lifetime of exchange of the amide proton) (see

Williams et al. 1996). Boxes in shades of gray illustrate the values of

this parameter according to its magnitude: black (>3), dark gray

(between 2 and 3) and light gray (between 1 and 2).

Figure 5. (a) Crystallographic structure (PDB code 1VFB) of the complex formed between HEWL (white) and FvD1.3 (cyan).

The amino acid residues of HEWL that are in direct contact with the MAb are colored in red. (b) Structure of free HEWL (PDB

code 5LYM). Peptides A–D (see Table 1) are colored in blue, green, red, and yellow, respectively; the remainder of the protein is

shown in white. (c) Structure of free HEWL (PDB code 5LYM). Amino acid residues in contact with the antibody are colored in

red (epitope), peptide A is colored in blue, and cavities are illustrated as blobs colored in blue (cavity 1, 23 Å3) or green (cavity 2,

64 Å3). For the sake of comparison, a DZN molecule is shown as a CPK model (43 Å3).
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in many sites along the sequence, suggesting that, as a
consequence of the binding event, propagation to dis-
tant locations (long distance effects) can also be ex-
pected. In other words, protection from exchange occurs
not only at the epitope region but also at sites far removed
from that area. To explain this effect, the investigators
invoked a decrease in local conformational flexibility as a
consequence of complex formation. Interestingly, an evi-
dent correlation between protection factor and methylene
carbene labeling occurs at the epitope region (the highest
values of the protection factor map to peptides C). On the
other hand, hydrogen exchange might be less sensitive to
probe inner surface regions for which intrinsically low
values of exchange will be expected. In this regard, by its
very nature, differential methylene carbene labeling of
DZN-filled cavitieswould lead to an “amplification” effect
thatmight reveal slight changes inmobility in a hydropho-
bic milieu. It is noteworthy that peptide A maps a fracture
zone in HEWL located in between the two subdomains,
one predominantly a and the other b, making up the
opposite walls of the active site. This location might result
particularly sensitive to receive a propagation of a subtle
movement occurring at a distant spot (see Fig. 5c).

Conclusions

In this work we address the applicability of methylene
carbene labeling to examine the area of interaction in pro-
tein–protein complexes. For this purpose HEWL was
photolabeled with DZN, either in its free form or com-
plexed with a monoclonal antibody. The recognition phe-
nomenon brings about a decrease in the SASA of the
polypeptide chain, which reveals itself as a reduction in the
extent of modification. This behavior is consistent with an
unspecific surface labeling reaction. Most significantly, a
comparative analysis of labeled HEWL samples led to the
identification of the sites along the polypeptide sequence
involved in the interaction (epitope regions). In addition,
the technique proved to be sensitive enough to expose
remote sites where variations in local flexibility might
occur as a consequence of protein complex formation.

Overall, this work underscores the main usefulness of
methylene carbene labeling to discern changes in the extent
of exposure of the polypeptide chain. In a more general
context, methylene carbene labeling arises as a worthy
counterpart to hydrogen-exchange experiments. Unlike
the latter, which depends primarily on backbone hydro-
gen-bonding, methylene carbene labeling would represent
a valuable tool to map mainly side-chain solvent exposure,
providing insights on the nature of the surfaces implicated.

Current efforts underway in our laboratory include
the detection and the quantification of methylated prod-
ucts by ES and MALDI mass spectrometry, thus allow-
ing us to avoid the use of a radiolabeled reagent and to

reduce the amount of required protein sample (Gómez
and Delfino 2005).

Materials and methods

3H-formaldehyde (5 mCi, 10 Ci/mmol) was purchased from
American Radiolabeled Chemicals, Inc.; formaldehyde (37%
[w/v]) was from E. Merck; formamide, urea, and HEWL were
from Sigma Chemical Co. HEWL was used without further
purification, and urea was recrystallized from ethanol before
use. TPCK trypsin was from Worthington. Acetonitrile from
E. Merck and trifluoroacetic acid (TFA) from Riedel de Haën
were of HPLC grade. All other reagents and chemicals used
were of analytical grade.
HEWL concentration was determined by its UV absorption at

280 nm on a Jasco 7850 spectrophotometer using an extinction
coefficient of E1%=26 (Fasman 1989). Quantification of MAb
D1.3 was also achieved by measuring its UV absorption at 280
nm, with an extinction coefficient of E1% =15. HEWL and
its tryptic peptideswere separated on ÄKTApurifier (Amersham
PharmaciaBiotech) andRaininDynamaxFPLC/HPLCsystems.

Obtention and purification of monoclonal
antibody IgG1 D1.3

The MAb D1.3 was produced from ascites in Balb/c mice as pre-
viously described (Harper et al. 1987). Briefly, hybridoma cells
(2· 106) producing IgG1 D1.3 (gift fromDr. Roberto Poljak, Cen-
ter for Advanced Research in Biotechnology, Maryland) were
expanded in vivo by injecting intraperitoneally into mice (Balb/c)
that had been primed,14 d earlierwith 0.5mLpristane (2-, 6-, 10-,
14-tetramethyl pentadecane; Sigma).Theascitic fluidwasharvested
10–15 d later, and aliquots were frozen at –20�C in the presence of
NaN3 (0.01% [w/v]) and stored until needed. Ascitic fluid was
precipitated by adding (NH4)2SO4 (50% [w/v]) in an ice bath.
After the precipitate was formed, the preparation was centrifuged
during 30min at 14,000 rpm. Then, the precipitate was dissolved in
one-fifth of the initial volume and dialyzed overnight against phos-
phates buffer saline (PBS). IgG1 D1.3 was purified through a
Sepharose 4B affinity column (Amersham Pharmacia Biotech)
derivatized with HEWL. The eluate was further purified by ion-
exchange through a Mono Q column (Amersham Pharmacia Bio-
tech). Pure IgG1 D1.3 was concentrated to 10 mg/mL by using a
Centricon Y-M30 centrifugation/filtration device (Millipore).

Synthesis of 3H-DZN

3H-DZN was synthesized in our laboratory by following the
method described by Craig et al. (2002). 3H-DZN concentration
in aqueous solution was estimated both by measuring (1) the
absorbance of the dissolved gas at 320 nm using an extinction
coefficient of e320=180M–1 cm–1 (Craig et al. 2002), and (2) the
concentration of radioactivity of the solution after complete
photolysis of 3H-DZN to 3H-methanol had taken place.

Photolabeling of free HEWL and HEWL
complexed with IgG1 D1.3

The freeHEWL sample (0.1mM) consists of commercially avail-
able HEWL dissolved at pH 7.4 in PBS. The complexed form of
HEWLwas prepared bymixingHEWLand IgG1D1.3 in PBS at
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a 2:1molar ratio at least 30min before reaction with 3H-DZN. In
practice, a slight excess of MAb (,10%) was used to ensure the
complete binding of the antigen. The buffer used was degassed in
advance and kept under an inert atmosphere of nitrogen.

3H-DZN (1–3 mM, 1 mCi/mmol) was dissolved by bubbling
the gas into each sample placed in quartz cuvettes (4 mL
volume) of 1-cm path length capped with Teflon stoppers. The
concentration of the gas was equated by using a double-tipped
needle to interconnect the gas phase of each vessel. Photolysis
was carried out by using a UV light source (Philips HPA 1000
Halogen/Hg lamp) placed at 12 cm from the samples. Light was
filtered below 300 nm with a long pass filter (Oriel 59,044) to
prevent photolytic damage to protein chromophores. The cu-
vettes were immersed in a water bath thermostatted at 20�C, so
that even at the high luminic flux used, no heating occurs.
Typically, UV irradiation was extended for 45–60 min, a time
that corresponds to approximately four to six half-lives of the
reagent in our photolysis setup (t1/2=10.3 min).
Afterphotolysis, solidureawasadded toboth samples (8Mfinal

concentration), and the solutions were then dialyzed against
Na2CO3 (0.07 mM at pH 7.5–8.0) and freeze-dried. After these
cleanup procedures, labeled protein samples were separated by
size-exclusion chromatography (FPLC) on a Superdex-75 column
(Amersham Pharmacia Biotech). We ensured the dissociation of
the complex by dissolving this sample in diethylamine buffer (50
mMatpH12), addedwithNaCl (1M)and running the columnat a
0.50 mL/min flow rate with the same buffer. For the sake of
comparison, the free HEWL sample was treated in the same fash-
ion. Elution of proteins was monitored by UV absorption at 280
nm. HEWL was collected between 28 and 35 min after sampling
and immediately neutralized by mixing with Tris-HCl buffer (1 M
atpH7.0). Sampleswereonce againdialyzedagainstNa2CO3 (0.07
mM at pH 7.5–8.0) and freeze-dried.
Finally, the isolated HEWL samples labeled in each condi-

tion were dissolved in aqueous GdnHCl (6 M) and separated
from any remaining radioactive impurity by reversed phase
HPLC on a C4 column (Vydac 214TP510, 10 mm · 250 mm),
developed with three successive linear gradients of acetonitrile:
water (0%–35% in 8 min, 35%–45% in 30 min, and 45%–100%
in 11 min) in TFA (0.05% [v/v]), at a 3 mL/min flow rate. The
elution was monitored by UV absorption at 280 nm. For
analytical purposes (see Fig. 1), samples were run on a smaller
C4 column (Vydac 214TP54, 4.6 mm· 250 mm) with an iden-
tical gradient at a 1 mL/min flow rate. Protein samples cleaned
in this fashion were either used for measuring the incorporated
radioactivity or further processed into peptides as detailed in
“Reduction, carbamidomethylation, and tryptic digestion of
DZN-labeled HEWL” (below).
After lyophilization to remove HPLC solvents, and redisso-

lution in sodium phosphates buffer (20 mM at pH 7.4), the
radioactivity present in the samples was measured on a Phar-
macia 1214 Rackbeta liquid scintillation counter. The extent
of 3H-methylene carbene incorporation into HEWL was ex-
pressed as the average number of mmoles of CH2 per mole of
protein, as estimated by the radioactivity measured on samples
of known protein concentration by taking into account the
specific radioactivity of the reagent (inset to Fig. 1).

Reduction, carbamidomethylation, and tryptic
digestion of DZN-labeled HEWL

After the cleanup procedure described earlier, samples of
HEWL (5 mg) labeled with 3H-methylene, on its free or com-

plexed form, were reduced with DTT and blocked with iodoace-
tamide according to Waxdal et al. (1968) with the modifications
described by Craig et al. (2002). Complete enzymatic digestion of
these carbamidomethylated samples with TPCK trypsin was
achieved in NH4CO3 H (0.1 M at pH 8.0), after 12–24 h at
37�C using a 2% (w/w) enzyme:substrate ratio.

Peptide mapping

Separation of mixtures of tryptic peptides was carried out by
size-exclusion chromatography on a Superdex Peptide HR 10/
30 column (Amersham Pharmacia Biotech) developed with
Tris-HCl buffer (50 mM at pH 7.4) added with urea (4 M) at
a flow rate of 0.25 mL/min. Elution was monitored by UV
absorption at 215 nm and 280 nm and by measurement of the
radioactivity. We proceeded as follows to accurately measure
differences in the extent of labeling between samples of HEWL
reacted in its free or complexed form. In the first place, the
radioactivity collected in each peak was normalized by the
amount of peptide estimated by the area under the elution
profile (monitored at 215 nm). Next, these values were in
turn normalized to a constant DZN concentration (arbitrarily
chosen as 1 mM) and dubbed methylene incorporation (shown
in Table 1). Finally, the relative differential labeling represents
the numerical difference between the label incorporation for
free and complexed HEWL expressed relative to the value for
the complexed form (shown in Fig. 2c).

Peaks from the size-exclusion chromatography were col-
lected and further separated by RP-HPLC on a C18 column
(Vydac 218TP54, 4.6 mm · 250 mm) eluted at a 1 mL/min flow
rate with aqueous TFA (0.05% [v/v]) for 10 min, followed by a
linear gradient of acetonitrile: water (0%–60% in 60 min) in
TFA (0.05% [v/v]). Elution was monitored by UV absorption
at 215 nm. Peptide identification was achieved by amino acid
analysis on an Applied Biosystems 420 A amino acid analyzer.

Molecular modeling

Calculations of SASA and analysis of cavities of free HEWL
based on high-resolution crystallographic structures available
for this protein (PDB codes 1HEW, 1HEL, 1H6M, 1LZT,
2LZT, 4LYM. 5LYM, and 1LCM) or the complex HEWL-Fv
D1.3 (PDB code 1VFB) were carried out with MSP (Connolly
1993), Surface Racer (using F.M. Richards’ van der Waals radii
set) (Tsodikov et al. 2002), and MacroModel (Mohamadi et al.
1990), with a choice of 1.4 Å probe radius for the water molecule.
Figure 5 was rendered with the program Grasp (Nicholls et al.
1991). MacroModel, MSP and Grasp were run on SGI work-
stations (Indigo R4000 XS24Z and O2 R10000) and Surface
Racer on a Pentium-based PC.
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