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ABSTRACT: Much knowledge of protein folding can be derived from the examination of the nature and
size of solvent-exposed surfaces along conformational transitions. We exploit here a general photochemical
modification with methylene carbene of the accessible surface area (ASA) of the polypeptide chain. Labeling
of Bacillus licheniformisâ-lactamase (BL-âL) with 1 mM 3H-diazirine yielded 8.3× 10-3 mol CH2/mol
protein, in agreement with the prediction for an unspecific surface labeling phenomenon. The unfolded
state U in 7 M urea was labeled 60% more than the native state N. This result lies well below the increment
of ASA expected from theoretical estimates and points to the presence of residual organization in state U
and/or of cavities or crevices favoring the partition of the reagent in state N. A partially folded state I was
demonstrated from two sequential transitions occurring at 1.5-3.0 M and 3.5-6.5 M urea. This technique
shows a close correlation with optical probes most sensitive to changes in tertiary structure, a statement
supported by the fact that the largest change occurs along the N-I portion of the N-I-U transition and
along the acid pH-induced N-A transition. In the latter case, state A is labeled 70% more than state N,
an increment consistent with the loosening of tight interactions in the core of the protein. Fragmentation
of labeled BL-âL into peptides provides a sequential map of solvent accessibility. Thus, amino acid residues
pertaining to theΩ-loop and to helicesR5 andR6 line the major cavity of the protein, that is big enough
to lodge the diazirine reagent. Methylene labeling, by introducing an original (and perhaps unique)
experimental measurement of ASA, enlightens subtle aspects of complex transitions and makes possible
a comparative structural characterization of the native as well as non-native states.

Proteins represent essential building blocks behind cell
structure and the engines supporting every metabolic reaction.
The close relationship existing between the detailed confor-
mation and function of proteins substantiates the current
emphasis on their structural studies. In this context, the
characterization of the native state, as well as the unfolded
and intermediate states, constitutes an important issue in
protein science. The native state is marginally stable with
respect to alternative conformations. Thus, it can be readily
perturbed by subtle changes of the physicochemical environ-
ment. At the other end, the unfolded ensemble of states can
be stabilized under strong denaturing conditions and exhibits
open and highly flexible conformations characterized by
extensive exposure of the polypeptide chain to the aqueous
solvent. Finally, under milder denaturing conditions, inter-

mediate states can indeed be populated (1). One typical
example of the latter is the so-called molten globule state
(2, 3). Among its distinctive features, one can mention that
it adopts a globular but less compact conformation than the
native state, giving rise to a slightly expanded form endowed
with substantial secondary structure but lacking specific
tertiary contacts. Thus, the increased mobility of hydrophobic
side chains in the semiliquid core facilitates the access of
the aqueous solvent to otherwise excluded regions in the
native state. The importance of studying intermediate states
in equilibrium cannot be underestimated because they have
been postulated to share similar features to late kinetic
intermediates detected along folding pathways, thus shedding
light on the general process of protein folding.

The knowledge of intermediate and unfolded states has
been hampered by the lack of appropriate high-resolution
techniques to address their conformation. Extensive fluctua-
tions of the polypeptide chain in a very short time scale
hinder the useful application of techniques such as X-ray
crystallography or NMR. In this context, optical methods
(CD, fluorescence, light scattering), chemical techniques
(H/D exchange, chemical modification of side chains of
amino acids), and size-exclusion chromatography, coupled
to defined alteration of the amino acid sequence (site-directed
mutagenesis, truncations, construction of chimaeras, etc.)
have been used with profit to address specific structural
aspects. Although unable to provide a thorough picture, these
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techniques are very valuable tools to gain insights on
structure because they can be adapted to the various time-
scales of the folding process (for general references see refs
4-7).

In regard to the thermodynamics of folding, minimization
of the accessible surface area (ASA1) associated to the
hydrophobic side chains and the amide groups of the peptide
bonds has been generally recognized as an important
structural parameter (8-10). A fundamental issue worth
investigating is to be able to describe the nature as well as
to measure the extension of the ASA at each stage of the
process. Unfortunately, there is hardly any technique ap-
propriate to address a direct experimental measurement of
ASA. In this regard, the chemical reactivity of a given
functional group present on an amino acid side chain against
a set of reagents of different nature can provide a description
of the environment around this group, thus making it possible
to infer solvent accessibility to this point region. However,
drawbacks of the selective chemical modification techniques
are to strictly control the extent of modification, the
occurrence of side reactions, and the frequent induction of
conformational changes and to be constrained to alter a single
or a few chemical functionalities (11). On the other hand,
proton-deuteron (H/D) exchange has been widely applied
in protein folding because it addresses the accessibility of
exchangeable protons along the polypeptide chain without
introducing hardly any modification in chemical nature.
Although one can derive a landscape of solvent accessibility
with this technique, it is noteworthy that data is intrinsically
limited to amide protons belonging to the backbone chain,
therefore becoming strongly dependent on secondary struc-
ture integrity. Besides, one main drawback arises from the
labile nature of the label, a factor that greatly restricts further
analytical processing of the sample. By contrast, a reagent
aimed to act as ageneral probeshould define the protein
surfaceindependentlyof its chemical nature. From a chemical
standpoint, successful modification of the inert surface
provided by the hydrophobic side chains poses an absolute
requirement for a free radical, or a photogenerated nitrene
or carbene. Along these lines, there have been recent
developments toward the general labeling of proteins. Among
these, one can mention the use of the hydroxyl radical
chemistry (•OH) (12-18), and another technique, put forward
by Richards et al. (19) and developed in our own laboratory,
takes advantage of the modification of the polypeptide chain
with singlet methylene (:CH2) (20-22).

The extreme reactivity of methylene makes it an ideal
reagent to achieve nonselective chemical modification of
proteins. Unlike other radical species that give rise to chain
reactions, methylene inserts readily into any X-H bond
yielding defined and stable methylated products. Diazirine
(DZN) fulfills all the requirements to become the source
reagent of methylene. In this regard, trifluoromethylphenyl-
substituted diazirines have been widely used in hydrophobic

photolabeling of membrane proteins (e.g., see refs23, 24,
and references cited therein). However, to achieve solvent
mimicry, one relies on the fact that unsubstituted DZN is
comparable in size to the water molecule, so DZN is expected
to probe the same surface as the aqueous solvent. In addition,
DZN is a chemically inert gas at room temperature, and only
after photolysis at the correct wavelength (∼320 nm) does
it generate the reactive methylene species.

In this work we take advantage of the DZN labeling
method, aided by the traceability provided by a3H label in
the molecule, to address the study of the native state,
intermediate species along the folding pathway, and the
unfolded ensemble of states in the paradigm protein system
represented byB. licheniformisâ-lactamase (BL-âL). To this
end, we employed the exo-small variant of this enzyme
isolated from bacterial cultures (5). In addition to the wealth
of knowledge available on this enzyme, including a high-
resolution structure derived from X-ray crystallography (26,
27), this protein constitutes an alternative model toR-lac-
talbumin, that was studied earlier in our laboratory, both
because of its different folding motif and of its larger size.
Most relevant to the goal of this work, intermediate states
of BL-âL can be stabilized with the aid of denaturing agents,
at acidic pH or after the addition of salts (28), rendering
them amenable to study by DZN labeling. In this framework,
we address here for the first time a comparative analysis of
ASA, as inferred by the extent of modification with meth-
ylene, among differently folded states of the single-domain
protein BL-âL.

EXPERIMENTAL PROCEDURES

Materials.3H-Formaldehyde (1-5 mCi, 90.0 mCi/mmol)
was purchased from New England Nuclear, formaldehyde,
37% (w/v), was from E. Merck, and formamide, urea, and
guanidine hydrochloride were from Sigma Chemical Co.
Urea was recrystallized from ethanol before use. TPCK
trypsin was from Worthington. Acetonitrile from E. Merck
and trifluoroacetic acid (TFA) from Riedel de Hae¨n were of
HPLC grade. All other reagents and chemicals used were of
analytical grade.

BL-âL and its CNBr and tryptic peptides were separated
on an ÄKTA purifier (Amersham Pharmacia Biotech) and
Rainin Dynamax FPLC/HPLC systems. UV measurements
were carried out on a Jasco 7850 spectrophotometer.

Circular Dichroism.Spectra were recorded on Jasco J-20
and Jasco J-810 spectropolarimeters, using quartz cylindrical
cuvettes of 1 or 10 mm path lengths for the far (200-250
nm) and near (250-310 nm) UV regions, respectively. In
every case, five consecutive spectra were recorded and
averaged to reduce the signal-to-noise ratio. Data were
converted to molar ellipticity [θ]M (in units of deg cm2

dmol-1) using a mean residue weight value for BL-âL of
110.49 g/mol.

Fluorescence Spectroscopy.Measurements were carried
out with an Aminco Bowman Series II spectrofluorometer,
using a cuvette of 0.4 cm path length. For intrinsic tryptophan
fluorescence measurements, we used excitation and emission
bandwidths of 4 nm and an excitation wavelength of 290
nm to selectively excite W residues present in the protein,
and the emission was collected in the range 300-450 nm.
For fluorescence of the extrinsic probe ANS measurements,

1 Abbreviations: DZN, diazirine;3H-DZN, tritiated derivative of
diazirine; :CH2, methylene carbene; ASA, accessible surface area; BL-
âL, Bacillus licheniformisâ-lactamase (exo-small variant);R-LA,
bovineR lactalbumin; HEWL, hen egg white lysozyme; N, native state;
U, unfolded state; I, partially folded state; A, acid-stabilized molten
globule-like state; CD, circular dichroism; ANS, 1-anilino-8-naphtha-
lenesulfonic acid; RP-HPLC, reversed-phase high-performance liquid
chromatography.
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we used excitation and emission bandwidths of 4 nm and
an excitation wavelength of 380 nm, and the emission was
collected in the range 450-550 nm.

Expression, Purification, and Characterization of BL-âL.
BL-âL was expressed inE. coli BL21 (DE3) and isolated
from the bacterial cultures as described by Frate et al. (25).
Transformed cells of thisE. coli strain were produced by
Dr. Anthony Fink’s laboratory (University of California at
Santa Cruz) and were a gift to our laboratory of Dr. Mario
Ermácora (Universidad de Quilmes, Buenos Aires, Argen-
tina). The protein was purified by a method described
previously (29). Its functionality was monitored by enzymatic
activity measurements according to Jansson (30), using
benzylpenicillin (penicillin G) as substrate and measuring
the hydrolysis of theâ-lactam ring by the decrease in the
absorption at 240 nm. The identity and purity of the
expressed protein were assessed through the following
assays: SDS-PAGE electrophoresis (31), reversed phase
HPLC, UV absorption, and CD spectra. The concentration
of exo-small B. licheniformis â-lactamase (BL-âL) was
determined by its UV absorption at 280 nm, using a molar
extinction coefficient of 23,430 M-1 cm-1 (32).

Synthesis of DZN.3H-DZN was synthesized and purified
in our laboratory by following the method described by Craig
et al. (20). 3H-DZN concentration in aqueous solution was
estimated both by measuring (i) the absorbance of the
dissolved gas at 320 nm using an extinction coefficient of
ε320 ) 180 M-1 cm-1 (20) and (ii) the concentration of
radioactivity of the solution after complete photolysis of3H-
DZN to 3H-methanol had taken place.

Photolabeling of BL-âL. 3H-DZN (0.2-1 mCi/mmol) was
dissolved in samples of BL-âL (30 µM), with (i) 20 mM
sodium phosphates buffer, pH 7.4, in the presence of different
urea concentrations (0-7 M), (ii) 90 mM AGT buffer (30
mM acetate, 30 mM glycine, 30 mM Tris), pH adjusted with
HCl to a given value in the range 2.0-7.0, or (iii) 90 mM
AGT buffer, pH 2.0 in the presence of different urea
concentrations (0-7 M), depending on the conformational
transition under study: N-U, N-A, or A-U, respectively.
Each sample was placed in a quartz cuvette (4 mL) of 1 cm
path length and capped with a Teflon stopper. The buffers
used were degassed in advance and kept under an inert
atmosphere of nitrogen gas before use. Photolysis was carried
out using a UV light source (Philips HPA 1000 Halogen/
Hg lamp) placed at 12 cm from the samples. Light was
filtered from the emission below 300 nm (with Oriel 59044
long-pass filter) to prevent photolytic damage to protein
chromophores. The cuvettes were immersed in a water bath
thermostated at 20°C, so that even at the high luminic flux
used, no heating occurred. Typically, UV irradiation was
extended for 45 min, a time that corresponds to ap-
proximately four-half-lives of the reagent in our photolysis
setup (t1/2 ) 10.3 min).

After photolysis, the routine workup procedure consists
of an unfolding step of the protein in 8 M urea, followed by
dialysis against 0.07 mM Na2CO3 (pH 7.5-8.0) and freeze
drying. Finally, the samples were dissolved in 6 M guanidine
hydrochloride in 0.05% TFA and separated from any
remaining radioactive impurity by reversed phase HPLC on
a C4 column (Vydac 214TP510, 10 mm× 250 mm),
developed with a linear gradient of acetonitrile:water (0 to
80% in 80 min) in 0.05% TFA at a 3.0 mL/min flow rate.

The elution was monitored by UV absorption at 280 nm,
and the protein was collected manually. For analytical
purposes (see Figure 1C), samples were run on a smaller
C4 column (Vydac 214TP54, 4.6 mm× 250 mm) with an
identical gradient at a 1.0 mL/min flow rate. Samples cleaned
in this fashion were freeze-dried to remove HPLC solvents
and redissolved in 20 mM sodium phosphates buffer, pH
7.4, before the radioactivity was measured on a Pharmacia
1214 Rackbeta liquid scintillation counter. The extent of3H-
methylene carbene incorporation into BL-âL was expressed
as the average number of moles of CH2 per mol of protein,
as estimated by the radioactivity measured on a sample of
known protein concentration, by taking into account the
specific radioactivity of the reagent.

Fragmentation of BL-âL into Peptides.After the cleanup
procedure described before, samples of BL-âL labeled with
3H-methylene under native (20 mM sodium phosphates
buffer, pH 7.4) or denaturing conditions (in the presence of
8 M urea) were cleaved with CNBr following the procedures
previously described by Kamp (33) and Fontana and Gross
(34). After the separation of the resultant peptides (see section
below), in some instances, a complete tryptic subdigestion
of fragments was achieved with TPCK trypsin in 0.1 M NH4-
CO3H, pH 8.0, after 12-18 h at 37°C, using a 2% (w/ w)
enzyme/substrate ratio, following the method described by
Wilkinson (35).

Peptide Mapping.Separation of mixtures of peptides
obtained by CNBr treatment of BL-âL was carried out by
RP-HPLC on a C4 column (Vydac 214TP510, 10 mm×
250 mm), using a linear gradient of acetonitrile:water (0 to
60% in 90 min) in 0.05% TFA at a 3.0 mL/min flow rate.
For analytical purposes a smaller amount of the peptide

FIGURE 1: Near (A) and far (B) ultraviolet-circular dichroism
(UV-CD) spectra of a 25µM BL-âL solution in 20 mM sodium
phosphate buffer, pH 7.4, before (solid lines) and after (dashed lines)
the addition of DZN (3 mM final concentration) and UV irradiation
for 40 min. (C) Separation of BL-âL labeled with3H-DZN by RP-
HPLC on a C4 column. After the cleanup procedure (see Experi-
mental Procedures), the labeled protein sample was chromato-
graphed through an HPLC C4 column eluted with a linear gradient
of acetonitrile:water (0 to 80% in 80 min) in 0.05% TFA at a 1.0
mL/min flow rate. Elution was monitored by both ultraviolet
absorption at 280 nm (solid line) and by the measurement of the
radioactivity associated to each collected fraction (gray bars). (D)
Labeling of BL-âL as a function of3H-DZN concentration. The
photolyzed samples contained BL-âL (35 µM) dissolved in 20 mM
sodium phosphate buffer, pH 7.4. The extent of methylene carbene
incorporation into the protein sample was expressed as the average
number of moles of CH2 per mole of protein.
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mixtures was sampled (inset to Figure 5). The elution was
monitored by UV absorption at 215 nm, and fractions were
collected and subsequently identified as described below.

Tryptic peptides obtained from subdigestion of CNBr
fragments were separated by size exclusion chromatography
on a Superdex Peptide HR 10/30 column (Amersham
Pharmacia Biotech) developed with buffer 40 mM Tris/HCl,
4 M urea, pH 7.4, at a flow rate of 0.4 mL/min. Elution was
monitored by UV absorption at 215 and 280 nm, and peaks
were collected manually.

Peptide identification was achieved by (i) amino acid
analysis on an Applied Biosystems 420 A amino acid
analyzer, (ii) Edman sequencing (36) where every sample
was subjected to 3-5 cycles, or (iii) electrospray MS on a
Thermo Finnigan LCQ Duo-ion trap mass spectrometer.

Molecular Modeling.Calculations of the ASA of BL-âL
and its peptides in the native state (ASA N) were based on
the crystallographic structure available for this protein (pdb
code: 4blm:24) with the program MacroModel (37) using
a probe radius of 1.4 Å. Considering DZN as an idealized
sphere of radius 2.1 Å did not produce significant differences
in the estimates of ASA. The interactive module of this
program was used for constructing the protein and its CNBr
peptides in extended chain conformations with the aim of
calculating ASA extended. Additional ASA estimates of the
unfolded protein and its peptides were obtained through a
web resource (http://roselab.jhu.edu/utils/unfolded.html: (38,
39) that makes use of models that bracket the surface area
of the unfolded state between limiting extremes (ASA max
and ASA min). The analysis of cavities present in native
BL-âL was based on coordinates of structure 4blm devoid
of water molecules, and performed with the program MSP
(40) using a probe radius of 1.4 Å. Figure 6 was rendered
with the program Grasp (41). MacroModel, MSP, and Grasp
were run on SGI workstations (Indigo R4000 XS24Z and
O2 R10000).

RESULTS

Photoreaction of3H-DZN with BL-âL. The unspecific3H-
methylene labeling of the polypeptide chain provides a tool
useful for shedding light on structural features of the native
as well as non-native states. In this work we address the
general applicability of this method to study the conforma-
tional transitions experienced byBacillus licheniformis
â-lactamase (exo-small variant: BL-âL).

A critical control that enables one to extract useful
structural information from this labeling reaction consists of
demonstrating that exposure to the3H-DZN reagent and the
subsequent photolysis step do not perturb protein structure.
This is indeed the case, as shown by the invariance of the
near and far UV CD spectra (Figure 1A and 1B) that are
sensitive probes of changes in the tertiary and secondary
structure, respectively (42).

After the photolysis step, to reach a reliable estimate of
the extent of protein labeling, one should be able to
accurately measure the fraction of the reagent that becomes
covalently attached to the polypeptide chain. To achieve this
goal, one has to ensure the efficient removal of any trace of
byproducts. Routinely, the workup procedure developed for
this purpose consists of (i) an unfolding step in 8 M urea,
followed by (ii) dialysis and (iii) RP-HPLC chromatography.

In a typical elution profile of a labeled protein sample (Figure
1C), a radioactivity peak is always associated to the mass
(absorption) peak. This demonstrates unambiguously the
covalent incorporation of3H-methylene carbene to the
protein. Nevertheless, the eluted radioactivity shows a small
increase in the retention time and is somewhat broadened
with respect to the mass peak. Both facts point to the slightly
more hydrophobic nature of the product and the intrinsic
chemical heterogeneity brought about by the methylation
reaction. At the very low level of methylene incorporation
achieved under these experimental conditions, the slight
broadening of the elution peak arises from a collection of
microscopic molecular species where a single methylene
group is expected to be attached to different sites along the
polypeptide chain. This contention is fully consistent with
the known unspecificity of the reaction, a characteristic of
the extreme reactivity of the methylene carbene. In addition,
(i) no modification occurs in the absence of photoirradiation,
and (ii) negligible incorporation of radioactive label takes
place in a control sample where a3H-DZN solution was first
photolyzed and thereafter mixed with BL-âL (data not
shown). This allowed us to discard any contribution of ‘dark
reactions’ to the labeled product.

On the other hand, the specific radioactivity incorporated
into the protein shows a linear dependence on the concentra-
tion of 3H-DZN (Figure 1D). Interestingly, the slope of the
graph (8.3× 10-3 mol CH2/mol protein/mM DZN) becomes
identical to that measured before for bovineR-lactalbumin
(R-LA: 3.7‚10-3 mol CH2/mol protein/mM DZN: 20), once
these values are normalized by the ASA of each protein.
This behavior is consistent with the unspecific character of
the photoreaction with target sites in the protein, regardless
of their chemical nature.

A main advantage of the application of the methylene
labeling technique to study conformational transitions in
proteins or protein-protein interactions is that the methy-
lation reaction is not influenced by the solvent environment,
as attested by the invariance in the extent of modification of
the polypeptide chain dissolved in buffers of different
chemical nature, denaturants, or various pH conditions. To
support this statement, under experimental conditions where
no conformational changes occur, no differences in the yield
of methylene labeling were ever observed. These are the
cases of hen egg white lysozyme (HEWL) at neutral pH in
phosphates buffer (22) or in the pH range 2-7 in AGT
buffers (43), R-LA in the urea concentration range 0.2-4.0
M (20), and BL-âL at high urea concentration (∼7.0 M)
(this work, Figure 2). However, in the last two cases a
conformation-independent effect of urea (at mM concentra-
tion) or pH indeed exists and likely represents their influence
on DZN binding sites present in the native state, as will be
discussed below.

Conformational Transitions of BL-âL Followed by3H-
Methylene Labeling. The N-U Transition. 3H-Methylene
labeling of BL-âL as a function of urea concentration shows
that this experimental parameter is able to distinguish
between native (N) and unfolded (U) states of this protein,
as attested by the fact that the unfolded state in 7 M urea is
labeled 60% more than the native state (Figure 2). Moreover,
one can appreciate the ability of this technique to follow
more subtle changes along the conformational transition.
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To prove the validity of this approach, parallel measure-
ments of CD (in both UV regions) and the intensity of the
intrinsic tryptophan fluorescence were carried out for the sake
of comparison. The diversity in the traces of the unfolding
curves monitored by the spectroscopic techniques clearly
supports the existence of intermediates, as was also observed
by others in this same protein system (25, 44-46) and in a
relatedâL of S. aureus(47). An added dimension in this
complex transition is here provided by the methylene labeling
data. The presence of at least three states was inferred from
two sequential transitions occurring at 1.5-3.0 M and 3.5-
6.5 M urea, involving a partially unfolded state I (predomi-
nant between 3.0 and 3.5 M urea). Interestingly, in the first
transition (N-I) 3H-DZN labeling shows the largest ampli-
tude: 67% of the total change observed, as compared to the
magnitude of changes in the CD signals: 56% for [θ]275 and
29% for [θ]222. Even at the highest urea concentration assayed
(8 M), 18% of the far UV-CD signal remains, indicating
the presence of residual secondary structure in the U state.
In addition, a relatively minor perturbation in the environ-
ment of tryptophan would occur in state I, as judged by the
small amplitude of the change in the fluorescence intensity
(24% of the total change is observed in the first transition)
and the invariance of the maximum of the spectra (∼337
nm) in the range 0-3.5 M urea. By contrast, both parameters
change dramatically as the protein proceeds from state I to
state U (the maximum shifts to∼351 nm in the latter).

Remarkably, apart from the substantial increase in the
extent of labeling with3H-methylene occurring upon unfold-
ing, a smaller but significantdecreaseis observed at very
low urea concentration, in a range where no conformational
changes are evident by spectroscopy (inset to Figure 2). One
likely explanation for this phenomenon, which was also
reported forR-LA (20) and might well represent the general
behavior of many proteins, would be the displacement of
3H-DZN by urea from binding sites present in the N state
(note that 1-10 mM urea concentration is comparable to
the concentration of3H-DZN in the samples).

The N-A Transition.The solvent environment around the
protein determines the appearance and stabilization of
partially folded states. In the case of BL-âL, an acidic milieu
(pH 2) permits the isolation of a molten globule-like state,
the so-called state A (44). 3H-methylene labeling of BL-âL
as a function of pH demonstrates the ability of the technique
to differentiate between N and A states. Proof of this is the
fact that the latter is labeled 70% more than the former
(Figure 3). Likewise, the technique is able to monitor changes
along this conformational transition, including complexities
associated to possible substates populated below pH 3.5.

Here again, to contrast results derived from3H-DZN
labeling, parallel spectroscopic measurements were carried
out in the range of pH between 2 and 7: far and near UV
CD, intrinsic tryptophan fluorescence, and fluorescence of
the extrinsic probe ANS. Remarkably,3H-methylene labeling
follows a pattern similar to those probes of tertiary structure,
i.e., at pHe 3.5 [θ]275 becomes negligible, and fluorescence
emission from ANS at 477 nm shows a pronounced incre-
ment as a consequence of binding of this molecule to the
protein. Intrinsic tryptophan fluorescence exhibits a major
decrease in intensity in the same pH range (although it starts
to change at pHe 5.0). In a parallel fashion, a shift in the
maximum of emission also occurs: from 337 nm in samples
equilibrated at pH 4-7 to 340 nm at pH 2.0 (spectra not
shown). This fact suggests a somewhat higher exposure of
W residues to the aqueous solvent in state A but far from
the value measured for the U state (see above). Finally, we
observed a decrease of only 28% in the absolute value of
[θ]222 at pH e 3. Taken all this evidence together, state A
gathers features that resemble closely those described before
for state I. Both behave in a manner fully consistent with
the paradigm for the molten globule state: absence of defined
tertiary interactions, preservation of substantial secondary
structure content, and permeation to the aqueous solvent (48).

In the course of these experiments, adecreaseof lesser
magnitude in the extent of labeling was observed in samples
equilibrated at pH 5 as compared to those at pH 7, well
within a range where no conformational changes occur. This
phenomenon bears resemblance to that observed at very low
urea concentrations (see above) and might result as a
consequence of the displacement of the reagent from binding

FIGURE 2: Labeling of BL-âL with 3H-methylene as a function of
urea concentration. BL-âL samples (30µM) dissolved in 20 mM
sodium phosphate buffer, pH 7.4, and3H-DZN were photolyzed
for 45 min in the presence of different urea concentrations (0-7
M). The extent of methylene carbene incorporation into the protein
sample was expressed as the average number of moles of CH2 per
mole of protein normalized at 1 mM3H-DZN (solid circles and
continuous line). The conformational transition was also monitored
by changes in the molar ellipticity at 222 nm (open triangles and
dashed line) and 275 nm (open squares and dashed line) and in the
intrinsic fluorescence (open circles and dotted line). The inset shows
the dependence of3H-methylene labeling at low urea concentrations.

FIGURE 3: Labeling of BL-âL with 3H-methylene as a function of
pH. BL-âL samples (30µM) dissolved in 90 mM AGT buffer at
the indicated pH and3H-DZN were photolyzed for 45 min. The
extent of methylene carbene incorporation into the protein sample
was expressed as the average number of moles of CH2 per mole of
protein normalized at 1 mM3H-DZN (solid circles and continuous
line). The conformational transition was also monitored by changes
in the molar ellipticity at 222 nm (open triangles and dashed line)
and 275 nm (open squares and dashed line) and in the intrinsic
fluorescence (open circles and dotted line) or ANS fluorescence
(open diamonds and dotted line).
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sites present in the N state. Tentatively, here protonation of
critical amino acid side chains might bring about this effect.

The A-U Transition.BL-âL was labeled with3H-DZN
at pH 2 as a function of urea concentration, with the aim of
checking the internal consistency of results so far obtained
along the N-U and N-A transitions: i.e. the∼60% and
∼70% increases in the extent of labeling for the former and
latter, respectively. In this fashion, the A state will turn into
the U state, and a minor decrease in the extent of labeling
would be expected. Indeed, a 12% decrease in this parameter
was observed (Figure 4). This data allows one to compare
two conformational states of different nature but predictably
sharing a larger solvent-accessible surface area than the N
state (see Discussion).

In this case, the appropriate spectroscopic probe to monitor
this transition is the absolute value of [θ]222, a parameter
showing a monotonous decrement in the signal up to 5 M
urea as a consequence of the loss of ordered secondary
structure. This describes a non-cooperative behavior not
uncommon for other proteins (49, 50). Even at the highest
urea concentration assayed, residual order in the polypeptide
chain persists at this acidic pH, in a fashion similar to the
observation in the N-U transition (see above).

Peptide Analysis of BL-âL Labeled in the NatiVe and
Unfolded States.To identify sites labeled with3H-methylene
along the polypeptide chain, we measured the radioactivity
associated to peptides derived from CNBr cleavage of BL-
âL samples modified under native or denaturing conditions.
This methodology allowed us to obtain a limited number of
fragments of BL-âL that map to different subdomains of the
protein (BL-âL includes five Met residues), thus facilitating
data interpretation. It is noteworthy that the strong acidic
conditions necessary for CNBr cleavage are compatible with
the preservation of the methylene addition, i.e., no ap-
preciable loss of label occurs (data not shown). The peptide
mixture produced after the cleavage reaction was separated
by RP-HPLC on a C4 column, and the collected fragments
were subsequently identified by amino acid analysis and
peptide sequencing (Figure 5 and Table 1). Taken together,
the isolated peptides represent a continuous stretch covering
95% of the total amino acid sequence of BL-âL (the
remainder corresponds to the unstructured N- and C-termini).

Key to this analysis is to perform a careful comparison of
the incorporated radioactivity along the chromatographic
profile in peptides derived from BL-âL labeled in a given
conformational state. To this end, very similar amounts of
peptide mixtures were sampled. Here we noticed the fol-
lowing general features of the RP-HPLC separation. (i) All
radioactivity was observed between the boundaries of elution
of the peptides and in close association with any given
fraction, as expected for a general labeling phenomenon that

FIGURE 4: Labeling of BL-âL with 3H-methylene at pH 2.0 as a
function of urea concentration. BL-âL samples (30µM) dissolved
in 90 mM AGT buffer, pH 2.0, and3H-DZN were photolyzed for
45 min in the presence of different urea concentrations (0-7 M).
The extent of methylene carbene incorporation into the protein
sample was expressed as the average number of moles of CH2 per
mole of protein normalized at 1 mM3H-DZN (solid circles and
continuous line). The conformational transition was also monitored
by changes in the molar ellipticity at 222 nm (open triangles and
dashed line).

FIGURE 5: Separation by RP-HPLC of CNBr peptides derived from
BL-âL photolabeled with3H-methylene. Samples of BL-âL under
native (A) or denaturing conditions (B: in the presence of 8 M
urea) were photolabeled, cleaned-up, and cleaved with CNBr. The
resulting peptides were separated on a C4 column, and the elution
was monitored by both UV absorption at 215 nm (solid line) and
by the measurement of the radioactivity associated to each collected
fraction (gray bars). Less amount of the peptide mixture was
sampled onto the same column and run under identical chromato-
graphic conditions to show that effective separation of all three
peptides is achieved in all cases (inset). Isocratic elution with 0.05%
aqueous TFA (20 min) was followed by a linear gradient (straight
line) of acetonitrile:water (0 to 60% in 90 min) in 0.05% TFA at
a 3.0 mL/min flow rate. Peak numbers correspond to the peptides
listed in Table 1.

Table 1: CNBr Peptides of BLâL Separated by RP-HPLC

U/N ASA ratioc

peptide
amino acid
positiona

U/N labeling
ratiob extended/N max/N min/N

1 212-287 1.86 3.61 3.81 2.95
2 118-211 0.87 3.88 3.84 2.98
3 30-117 1.56 2.86 3.07 2.37

a Unambiguous identification of each peptide isolated by RP-HPLC
(see Figure 5) was achieved by Edman microsequencing and ES-MS.
b The U/N labeling ratio is calculated as the extent of3H-methylene
labeling (as estimated by the radioactivity present under each peak) of
a sample modified under denaturing conditions (U) relative to an
identical amount of sample modified in the native state (N).c The U/N
ASA ratio is the quotient between the ASA of each peptide in the
unfolded (U) and native (N) states. ASA N was calculated from the
crystallographic structure of BL-âL (pdb code 4blm) and ASA U from
different theoretical models of the unfolded state: extended, max, and
min, as described in Experimental Procedures.
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causes minimal modification of the polypeptide chain. (ii)
A trend exists to have more methylene label incorporation
as the molecular mass and/or the hydrophobicity of the
peptides increase, a fact that agrees with the indiscriminate
reactivity of the methylene carbene. (iii) Overall, an incre-
ment of 65% in label incorporation was observed for the U
state relative to the N state. This value agrees well with the
increment measured for the whole protein (see above data
for the N-U transition). (iv) Similarly, a cross comparison
was carried outfor each isolated peptide, where results are
expressed as U/N labeling ratios (Table 1). The individual
behavior of each peptide is not uniform. Although the general
trend points to an increase in labeling, yielding U/N ratios
higher than one, as observed for peptides 1 and 3, a different
result is observed for peptide 2. Further enzymatic digestion
with trypsin and separation by size exclusion chromatography
of all three peptides rendered profiles from which confirma-
tory evidence was derived. Thus, peptide 1 and 3 produced
patterns where the U/N ratio is consistently higher than one
for all tryptic peptides, whereas peptide 2 exhibited a clear
‘inversion’ of the ratio at certain fractions (e.g., U/N ratios
as low as 0.37, data not shown).

The observation of differences in the extent of labeling
along the polypeptide chain, rather than being a peculiar
aspect of BL-âL, is common to other proteins, as was
demonstrated forR-LA (20) and HEWL (22). The main
source of these differences does not arise from the intrinsic
chemical nature of the target functional groups, but rather
from the conformational state of the peptide, which will
obviously affect the microenvironment around a given site.
The overall increment in labeling and the individual values
measured for each peptide are most relevant pieces of
information that will be discussed later in terms of the
increased surface exposure predicted at different sites along
the polypeptide chain.

DISCUSSION

Methylene Carbene as an Unspecific and NonintrusiVe
Probe of the Polypeptide Surface.In order to attempt any
chemical modification experiment aimed at addressing con-
formational aspects of the protein, one should ensure that
the reagent itself does not pose a structural perturbation on
the system. This is indeed the case, as shown in Figure 1A
and 1B, where it becomes evident that neither the codisso-
lution of the parent reagent DZN in the protein sample nor
the ensuing photoirradiation step necessary to cause insertion
of the methylene biradical affect conformation. Nevertheless,
one should bear in mind that at the typical extents of
modification achievable under our experimental conditions
only a minor fraction of the protein molecules in the sample
will become methylated.

This work underscores the novel applicability of this
reaction to modify the polypeptide chain immersed in its
natural aqueous environment and relates this to the concept
of accessible surface area (ASA). Because ASA is expected
to depend strongly on the folding state of the protein, one
would predict the realization of an experimental measurement
of this critical parameter through DZN labeling.

The linearity observed in Figure 1D is consistent with a
collisional behavior for the reaction of methylene carbene
with the protein, where no appreciable affinity of DZN needs

to be invoked, i.e., under our experimental conditions no hint
of curvature suggesting a hyperbolic behavior is seen. Indeed,
typically the ‘binding affinities’ measured for small organic
molecules to proteins (HEWL) range between 0.1 and 5 M-1

(51). In support of the collisional behavior, a simple
theoretical analysis that considers the mole fraction (R) of
the ASA of the protein with respect to all components present
in the system (that includes the buffer and the water solvent)
yields a reasonably good estimate of the experimentally
determined extent of protein modification, as is discussed
next. TheR value equals the ratio of the following prod-
ucts: (i) the ASA of BL-âL (12 576 Å2, estimated from pdb
file 4blm, using a probe radius of 1.4 Å) times the
concentration of this protein in the sample (25µM), and (ii)
the total ASA available for labeling in the system, i.e., the
sum of the corresponding products calculated for the protein,
the buffer, and the water solvent (essentially dominated by
that for the latter: 32.4 Å2 times 55.55 M). If the incorpora-
tion of label follows a purely unspecific mode, that is, if the
reagent adds to components of the system proportionally to
the available area, then one would expect a fractionR of
methylene equal to 0.175‰ incorporated into the protein
component, that is an amount equivalent to 7× 10-3 mol of
methylene per mole of protein, at a standard concentration
of 1 mM bulk 3H-DZN reagent. Indeed, the experimentally
determined slope of 8.3× 10-3 mol CH2/mol protein/mM
DZN (Figure 1D) agrees very well with the prediction. An
identical calculation carried out forR-LA (ASA: 7236 Å2,
taken from pdb file 1hfz, subunit D) yields a value of 4×
10-3 mol CH2/mol protein/mM DZN, that is also in excelent
agreement with experiment: 4.1× 10-3 mol CH2/mol
protein/mM DZN (20). Taking these values together, one
can estimate that, on average,∼6 × 10-7 molecules CH2
per Å2 at 1 mM DZN will be incorporated. Related to this
point, an independent study aimed at measuring the ASA
occluded due to an antigen-antibody interaction between
HEWL and the immunoglobulin IgG1D1.3 (749 Å2, mea-
sured in pdb file 1vfb) yielded a value of 0.44× 10-3 mol
CH2/mol protein/mM DZN for the difference in the labeling
extent between free and complexed HEWL (22). The ratio
between these numbers equals 5.9× 10-7 molecules CH2
per Å2 at 1 mM DZN, a value remarkably close to that
reported above.

Nevertheless, one should point out that this correlation
found between different proteins in their native states
necessarily includes features of their surface that might
influence the final experimental value observed. For instance,
the presence of cavities or crevices or hydrophobic patches,
with areas of different sizes that might favor DZN partition,
would tend to overestimate the measurements, as will be
discussed below. In principle, one would expect a more
straightforward correlation for the unfolded state because the
latter will lack the topographical complexities associated with
more structured conformations.

3H-Methylene Labeling Is SensitiVe to the Conformational
State of the Protein.The cross comparison between the
profile of methylene labeling and measurements derived from
other biophysical methods such as CD and fluorescence
demonstrates a close correlation with those probes most
sensitive to changes in tertiary structure. This contention is
supported by the observations that (i) along the urea-induced
N-I-U transition (Figure 2) the most significant change in
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DZN labeling occurs along the N-I portion, and (ii) along
the acid pH-induced N-A transition (Figure 3) DZN labeling
shows a large amplitude change in parallel with optical
probes of tertiary structure (Trp fluorescence, ANS binding,
and near UV CD).

Careful comparison of the extent of labeling corresponding
to each state assayed allowed us to attempt inferences on
theextentandnatureof the surface exposed to the aqueous
solvent. We hypothesize that the close packing characteristic
of the native state would represent the main impediment to
the penetration of the DZN probe, in a fashion similar to
that experienced by the water solvent. On the other hand,
ready accessibility to the solvent governs the behavior of
the unfolded state, where an increase in DZN labeling is the
common observation. In between these extremes, one finds
the I (or A) states, where the increment observed with respect
to the native state is consistent with (i) the proposed
loosening of tight interactions in the core of the protein
allowing enhanced permeation of solvent and probe, and (ii)
the concomitant appearance of a hydrophobic ‘phase’ prone
to a more favorable partition of the reagent. The organization
of this putative hydrophobic phase would no longer persist
in the unfolded state.

From a quantitative elaboration on the extent of labeling
observed for each conformational state alongside theoretical
estimates of the ASA parameter one can draw useful insights
on features of the native and non-native states. In regard to
this point, a∼60% increment in the extent of methylene
labeling was observed along the urea-induced N-U transi-
tion. An interpretation of this result requires taking into
account the geometry expected for the unfolded state.
Because there is no consensus picture on the nature of the
latter, one should compare experimental measurements with
accurate predictions derived from different models: (i) an
extended chain (phi and psi 180°) marks the upper limit of
solvent exposure for the polypeptide (ASAextended); (ii)
alternatively, one can regard a statistical ensemble of
fluctuating conformers simulated with a Monte Carlo tech-
nique and a hard sphere potential (ASAmax,38, 39); (iii)
the surface of the fragments folded as in the native state
renders the lower bound (ASAmin,38, 39). The consider-
ation of a fully extended chain predicts an increment that
lies way above that observed (∼190-195%). Under the
assumptions described before for ASAmax and ASAmin, the
corresponding increments in solvent accessibility would be
∼199% and∼132%, respectively. Even under the most
realistic model considered here (ASAmin), predictions still
overestimate solvent exposure. Nevertheless, thermodynamic
considerations on the unfolding process based on calorimetry
put forward the notion that the unfolded state would expose
at most about two-thirds of the value calculated for the fully
extended chain model (52). Taking into account this result,
an upper boundary of∼97% would be set to the increment
in ASA associated to the BL-âL unfolding. In addition, a
residual dichroic signal exists in the presence of 8 M urea
(∼18% of that measured at 222 nm for the native state).
Taken together, this evidence would point to the fact that
the unfolded state would differ significantly from a purely
extended form. This is fully consistent with the notion that
in many cases a certain extent of remaining structure persists
in the unfolded state (53, 54). At the other end, the presence
of cavities and crevices known to exist in the native state

might cause the binding of DZN, thus incrementing the
residence time of the reagent at certain sites (see below) and
consequently augmenting the extent of methylene labeling.
The combined effect of these factors will bring about a
reduction in the increment of labeling expected in progressing
from the native to the unfolded state.

A different effect, albeit of lesser magnitude, is also
observed at very low concentration of the denaturant (inset
to Figure 2). Here, no change in conformation due to
weakening of hydrophobic interactions should be invoked,
but rather a urea-borne ‘uncoating’ of the protein surface
from sites putatively occupied by DZN. This is consistent
with (i) the existence of hydrophobic spots on the surface
and/or cavities, where the reagent would be expected to
reside longer, and (ii) the micromolar affinity measured for
urea binding to protein surfaces as opposed to the millimolar
to molar affinities expected for gases of similar size to DZN
(see above), thus presumably causing the ready displacement
of the latter by the former.

The extreme reactivity of the methylene carbene species
offers a technical advantage over other conventional chemical
modification reagents, bringing about the possibility of
reacting with the polypeptide chain regardless of the pH of
the milieu. Proof of the latter is the invariance in the extent
of modification that has been demonstrated for HEWL in
the pH range 2-7, where its native conformation is preserved
(43). Unlike the former behavior, for BL-âL an increment
of 70% in methylene labeling is observed for the A state
with respect to the N state (Figure 3). This marks a sharp
transition that runs in parallel with optical measurements and,
in particular, with the binding of the fluorescent dye ANS.
This probe is believed to bind to clusters of nonpolar atoms
accessible to the solvent that are absent in the denatured state
and are relatively rare in the native state (55). In this fashion,
the intermediate A is consistent with a state exhibiting
exposed (hydrophobic) patches, substantially altered tertiary
interactions and only a minor loss of secondary structure.
All these features characterize a molten globule state for BL-
âL, as it has been described by others (28, 47, 56, 57). The
emerging picture for state A includes the conservation of a
hydrophobic, although less well-packed core, exhibiting a
more ready accessibility to the aqueous solvent and likewise
to the reagent.

Finally, the extent of methylene labeling decreases mini-
mally (∼12%) along the non-cooperative A-U transition
(Figure 4). This fact might arise as the consequence of a
balance between the following phenomena: (i) the prefer-
ential partition of the reagent DZN in hydrophobic regions
present in the A state; (ii) the expected ASA increase
occurring upon protein unfolding. This emphasizes the
above-mentioned usefulness of DZN labeling to monitor
changes of tertiary structure and, less so, of secondary
structure, as demonstrated by the gradual and large amplitude
change of secondary structure content (as shown by [θ]222).
Here, it is noteworthy to state that there hardly exists much
difference in the extent of solvent exposure between the
polypeptide chain adopting a random or extended conforma-
tion and one folded as anR helix (result not shown). This
arises mostly from the much larger weight of the side chains
of amino acids on the total surface of the polypeptide.

Methylene Carbene Labeling ReVeals Local Features of
the Folding of BL-âL. A thorough peptide analysis of those
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extreme cases represented by the N and U states allowed us
to produce a map of local solvent accessibility (Figures 5
and 6). On average, in the U state, peptide labeling amounts
to 6.95 cpm/mol amino acid residue, whereas in the N state,
this value is 4.20 cpm/mol amino acid residue. Therefore,
an increment of 65% is observed for the former relative to
the latter, a result fully consistent with measurements
obtained for the whole protein (cf. 60% for the N-U
transition, see above). In addition, as has also been observed
for R-LA (20), the variation in the extent of labeling among
different peptides is greater in the N state than in the U state,
an observation pointing to the lesser influence exerted by
the environment on the yield of reaction in the latter case.

The U/N labeling ratio measured for each isolated peptide
provides a reliable experimental estimate that can best be
correlated with conformational aspects (Figure 6 and Table
1). Given the shortcomings implied in each model for the
unfolded state, one should not expect to find a straightforward
correspondence in the absolute values. All these predictions
tend to overestimate the solvent exposure of the unfolded
state. However, a positive correlation in relative terms could
be traced, and that would include the cases of peptides 1
and 3, where the experimental U/N ratio matches the more
realistic min/N theoretical estimate. This was also the case
for a larger set of tryptic peptides derived fromR-LA (20).
At variance with this, peptide 2 is a clear outlier: here the
U/N is inverted. To address this point, a detailed description
of thenatiVe stateshould offer a hint on this behavior. The
BL-âL structure can be envisioned as a close association
between two subdomains: one characterized by anR+â
motif and the other rich inR structure. Two crevices lie at
the interface between these subdomains, one of which forms
the active site cleft (26, 27, 58, 59). This constitutes a poorly
packed region where water molecules occur and possibly
exhibiting enhanced flexibility. In addition, the largest cavity
occurs in this neighborhood: it shows an irregular shape and
is bounded by helixR2, the so-calledΩ-loop and residues
pertaining to helicesR5 andR6. In this regard, the presence
of crevices or cavities that could potentially lodge the reagent
DZN -thus favoring its partition into these sites- would
present a preferential target for labeling in state N. It is
suggestive that the ‘anomalously’ labeled peptide 2 actually
includes all the amino acids belonging to theΩ-loop and

those lining the major cavity in BL-âL (of 64 Å3 and limited
by Q135, L139, P145, L148, P162, R164, L169, and D179,
see Figure 6B). This space is big enough to fit DZN (∼43-
45 Å3), provided that water molecules could be expelled from
the site.

CONCLUSIONS AND PERSPECTIVES

In this work we demonstrate the general usefulness of a
novel technique based on the photochemically triggered
methylene labeling of the polypeptide chain to follow
conformational transitions in proteins. This is exemplified
here by BL-âL, a protein undergoing defined changes in its
conformation as a consequence of modification of the solvent
environment. In particular, methylene labeling made possible
a comparative structural characterization of the native as well
as non-native states, including partially folded (molten
globule) and unfolded ensembles. The accurate determination
of the extent of labeling enlightens even subtle aspects of
complex transitions and introduces an original (and perhaps
unique) experimental measurement of ASA. The improved
resolution of this analysis at the level of peptides provides
profiles of solvent accessibility along the amino acid
sequence from which three-dimensional information can be
derived. Further developments along these lines would permit
study of short-lived kinetic intermediates through the use of
very powerful (synchrotron) light sources for the photolysis
step. At the analytical front, modern mass spectrometry
methods will be used with advantage to detect the excess
mass associated to the methylated products, thus avoiding
the use of radiotracers.
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