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Abstract

Methylene is one of, if not the, most reactive organic chemical known. It has a very low specificity, which makes it
essentially useless for synthesis, but suggests a possible role in protein footprinting with special importance in labeling
solvent accessible nonpolar areas, identifying ligand binding sites, and outlining interaction areas on protomers that form
homo or hetero oligomers in cellular assemblies. The singlet species is easily and conveniently formed by photolysis of
diazirine. The reactions of interest are insertion into C-H bonds and addition to multiple bonds, both forming strong
covalent bonds and stable compounds. Reaction with proteins and peptides is reported even in aqueous solutions where
the vast majority of the reagent is used up in forming methanol. Species containing up to 5 to 10 extra :CH2 groups are
easily detected by electrospray mass spectroscopy. In a mixture of a 14Kd protein and a noninteracting 1.7Kd peptide,
the distribution of mass peaks in the electrospray spectra was close to that expected from random modification of the
estimated solvent accessible area for the two molecules. For analysis at the single residue level, quantitation at labeling
levels of one13CH2 group per 10 to 20 kDa of protein appears to be possible with isotope ratio mass spectroscopy. In
the absence of reactive solvents, photolysis of diazirine produces oily polymeric species that contain one or two nitrogen
atoms, but not more, and are water soluble.
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Determination of atomic level structures of macromolecules is
dominated by X-ray crystallography, solution NMR, and, on the
near horizon, solid state NMR as the principal methods employed.
Crystallography requires crystals, and NMR, either solution or
solid state, is limited by molecular size and the need for specially
labeled samples to surmount these limits. Starting at a larger
dimensional scale increasingly sophisticated cryoelectron micros-

copy is working toward higher and higher resolution for macro-
molecular shape data but suffers from the lack of general
experimental methods for fitting the linear sequences into the ob-
served shapes. The interface between the surface of a macromol-
ecule and the solvent represents the most difficult part of the
structure determination by any of these techniques. The interfaces
are, of course, the regions where biology may be said to begin.

At the first level, the appearance of function is most often as-
sociated with the binding of two components: a receptor and a
ligand to form a complex, or two protomers to form a dimer. In
each case, there is a change in the solvent-accessible surface of
both partners in the resulting complex. If the surface regions can
be labeled and the products recognized at the single residue level,
then the differential labeling of the free and bound partners will
identify the binding site and thus the nature of the interacting
surfaces. The detailed results can be expected to depend on the
reagents used and the chemistry of the labeling process. There may
be additional complexities such as major conformational changes
in domain structure on complex formation, or dynamic flexibility
from random conformations in certain segments of the polypeptide
chain. Such effects have to be addressed in each case individually.
There is no general solution.
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The most commonly used procedure of this sort is probably the
one developed by Tullius et al.~1989! to identify the binding sites
on nucleic acids for selected binding proteins. The procedure has
two steps:~1! hydroxyl radicals are generated in situ and react
immediately with accessible pentose residues causing chain cleav-
age~the sugars are unique components restricted to the main chain,
and a cleaved bond is the “label” in this case!; ~2! analysis consists
of a run on a sequencing gel. Cleavage samples from both the free
nucleic acid and the protein-loaded one can be run side by side on
the same gel. The binding site on the nucleic acid is thus visualized
immediately. An essential component of the simplicity of this analy-
sis is that the hydroxyl radical reagent show no intrinsic cleavage
selectivity in the extended polymer for either the base identity or
sequence. Any difference in pattern will then reflect the influence
of the tertiary structure of the protein-nucleic acid complex. Re-
cently, the Tullius’ laboratory has shown that the position of cleav-
age of the ribose ring was correlated to the accessible area of the
hydrogen atoms on the DNA backbone~Balasubramanian et al.,
1998!. This information is more detailed than the residue level and
confirms the surface nature of the modification, but it is restricted
to the ribose and deoxyribose moieties. The surface accessibility of
the bases, for example, is not defined.

The measurement of changes in the relative reactivity of mod-
ifiable functional groups on ligand binding has a long history in
protein structure studies starting in the middle of the last century.
Both chemical and enzymatic reactions have been developed for
modification of proteins, but these were usually aimed at high
specificity to ease subsequent sequence analysis and interpretation
of functional changes~Means & Feeney, 1971!. Reactions at low
temperature, neutral pH, and aqueous solvents were sought so that
the native structure of the protein would be maintained. Long
before the first success of X-ray crystallographic procedures ap-
plied to proteins many general aspects of protein structure were
laid out by such chemical and enzymatic studies. The position of
both charged and uncharged polar groups could be inferred as well
as the changes in the reactivity of these groups induced by ligand
binding, but only occasionally at the single residue level. By de-
fault, the nonpolar residues were assumed to be “inside” because
of their aversion to water. There were no thermochemical reagents
that could be used in water to react with hydrocarbon side chains
under conditions that would not destroy a protein. While a great
deal of useful information was obtained, the relatively small num-
ber of reactive functional groups did not permit a full listing of the
residues contributing to a binding site. More recently, the intro-
duction of nitrenes and carbenes has provided a series of reagents
that can react with hydrocarbons, but these have almost always
been developed and used in the form of photoaffinity labels de-
signed to bind very specifically and thus to give information about
interesting, but limited, portions of the proteins~Tometsko & Rich-
ards, 1980!.

With the advent of the X-ray structures of proteins starting with
myoglobin in 1958~Kendrew et al., 1958; Kendrew, 1963!, the
general ideas about proteins were confirmed, but in individual
cases there had been misinterpretations based on unrecognized and
unexpected chemical behavior, usually for unknown reasons, as
pointed out by Glazer shortly after the X-ray data began to appear
~Glazer, 1976, pp. 10–14!. However, it also became clear that,
using accessible surface area as measured on an atomic model,
about one-half of the surface of the water-soluble proteins, whose
structures were then known, was nonpolar~Lee & Richards, 1971!
and that changes in nonpolar area made major contributions to the

binding of peptides and nucleotides to the relevant proteins~Rich-
ards et al., 1971!.

Ideally a general footprinting reagent would define the surface
of the protein independent of the chemical nature of the surface.
Binding sites would then be located by differential labeling as is
already done with more specific reagents.~For recent examples,
see Buechler et al., 1989 and Hanai and Wang, 1994, where only
the amino groups of the involved lysine residues were monitored.!
The analytical procedures used to detect and quantify the labeling
would also be at least at the single residue level. To include surface
hydrocarbon area, the reagent would have to be either a free rad-
ical, a nitrene, or a carbene.

To date, there is no sequencing procedure for proteins that can
match the speed and simplicity of the DNA methods. Because of
the nature of the sample whose sequence is sought~mixtures of
peptides with only a low level of modification, as discussed be-
low!, the required information is not likely to be revealed by the
elegant mass spectroscopic procedures developed by Biemann~1992;
fragmentation analysis! and Chait et al.~1993; peptide ladders
from Edman cleavage! that are so effective for pure peptide sam-
ples. The closest equivalent is the main-chain amide proton ex-
change process~Roder & Wüthrich, 1986!. The identification of
the individual exchanging residues requires a fully identified, high
resolution NMR spectrum, and study of the exchange kinetics of
each peak. This procedure is very informative but the data only
refer directly to the main-chain amide hydrogen atoms. Structural
interpretation of the kinetic changes on ligand binding is not al-
ways straightforward. The hydroxyl radical may also be used to
cleave peptide chains, but it has not yet been developed as a
general footprinting reagent as it has with DNA. Rather it has been
used in a form where there is a designed specificity in the cleavage
pattern~Platis et al., 1993; Ermacora et al., 1994!.4

In examining possible alternative reagents, it seemed as though
methylene~:CH2! might be a candidate. This electron deficient
compound is easily synthesized in the singlet state. It is the most
reactive and nonselective of all of the carbenes. Its major reactions
are the insertion into, or addition to, single or double bonds~see
the major review by Kirmse, 1971!. Although it does not have the
hydrogen bonding properties of water, :CH2 is roughly the size and
shape of a water molecule, and thus, in the geometrical sense, it
might be expected to sample the same surface seen by water.

In hydrocarbons, the singlet species of methylene reacts in the
picosecond time range and thus does not have the opportunity to
change to the triplet form, the intersystem crossing rate being
several orders of magnitude slower~Turro et al., 1987!. Thus, the
complexities of radical chemistry can be largely avoided. With this
rapid rate, one would expect that the reaction of :CH2 occurs with
one of the cage of atoms surrounding it in the liquid phase at the
instant following its appearance. The covalent bond that is formed
is stable, and thus many forms of product analysis are available
that do not have the potential kinetic problem of a back reaction in

4After preparing this paper, papers by Goshe and Anderson~1999! and
Goshe et al.~2000! were brought to our attention. This group has defined
the conditions including N2O, D2O, DTT, and radiation-induced OH• rad-
icals that will produce efficient conversion of CH groups to CD groups.
This work clearly shows the potential for accessible area measurements
similar to the one proposed in this paper. If in the future we can arrange
some measurements on the same system by the two procedures, it will be
of great interest to see if the inferred areas are the same. The chemistry of
the two processes is significantly different but they are aimed at the same
goal.
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the sample that must be carefully avoided, or accounted for, in the
proton exchange procedures. The reaction rates of :CH2 with pri-
mary, secondary, and tertiary carbons are nearly the same~Doering
et al., 1956!, an indication of its possible very low specificity for
all insertion reactions. This lack of specificity has caused methy-
lene to be described by Doering et al.~1956! as “the most indis-
criminate reagent known in organic chemistry” and by March as “.
. . virtually useless for synthetic purposes. . .”~March, 1977,
p. 183!. For synthesis this may indeed be true, but it is a charac-
teristic which might make it ideal for a footprinting reagent.

Because of its high reactivity, methylene must be generated in
situ in the sample. While there are many sources of methylene,
photolysis of diazirine~DZN! appears to be the method of choice.
DZN is the three member ring isomer of diazomethane and is a gas
at room temperature. There are, however, a number of potential
difficulties with this proposal:

1. It is anticipated that any system under study will require water
to be the principal solvent where the water concentration will be
about 55M or 110M in O-H bonds. The concentration of the
solutes are likely to be millimolar at best. In aqueous solutions,
the principal product will always be methanol. Will it be pos-
sible to get significant modification of the solute in the presence
of this overwhelming solvent competitor?

2. The partition coefficient of diazirine between the gas and liquid
phases differs with different solvents. The position of the DZN
molecules at the protein0solvent interface just before photolysis
may not mimic the distribution of water. Thus, the extent of
labeling may not be simply related to the residue accessible area
as normally defined.

3. There are many bonds other than C-H or C5C with which :CH2

might react. Not all of the relative rates, measured in water, are
in the literature. Although :CH2 seems to be almost omnivo-
rous, the reaction rates with various bonds are not identical, and
labeling efficiency in every sample may need to be measured as
a function of the extent of total reaction, thus unacceptably
increasing the time and complexity of the analysis.

4. Each successful :CH2 addition0insertion will produce a new
covalently linked methyl or methylene group that instantly be-
comes another potential target for further reaction. Thus, the
extent of labeling must be kept low to avoid multiple hits on the
same residue. This requirement is in conflict with the necessity
to get enough label attached to provide sufficient signal for
detection and assay.

This paper addresses some of these problems and provides some
new data on the properties of diazirine whose distribution in a
solution will have a large effect on the labeling pattern. A short
meeting abstract on this work has appeared.5 We particularly wish

to acknowledge receipt from Drs. Jose Delfino and Patricio Craig
of an early draft of an unpublished manuscript on this same general
topic. The work of their laboratory has been presented in poster
sessions at two international meetings.5

Results

Synthesis of diazirine

There are a number of synthetic schemes for making diazirine, but
the procedure of Ohme and Schmitz~1964! is one of the simplest.

A 2:1 mixture of formamide and paraformaldehyde without sol-
vent is heated to 120–1308C for 12–18 h and then allowed to stand
at room temperature for several days giving crystals of methylene
bisformamide~6, in Scheme 1!. For small scale runs with readily
available, labeled paraformaldehyde, all the various combinations
of isotopic products involving the methylene function with12C,
13C, 14C, 1H, 2H, 3H can be obtained with this same protocol. The
13C compound has been particularly useful in our study while P.O.
Craig and J.M. Delfino~unpubl. data! have worked largely with the
14C form. In the usual labeling procedure, all of the nitrogen is
given off as N2 and does not appear in the products. However, in
the studies of photolysis in anhydrous conditions~see below!,
DZN prepared with15N formamide, and thus containing15N2, has
been useful.

When~6! is dissolved in 50% aqueous sulfuric acid at 48C and
left for several days at that temperature, crystals of methylenedi-
amine sulfate~7, in Scheme 1! appear in high yield. This salt may
be kept anhydrous at room temperature for many months.

DZN ~11 in Scheme 2!, a gas at room temperature and 1 atmo-
sphere pressure, is formed by reaction of the salt,7, with aqueous
sodium hypochlorite0NaOH in a single step. The presumed inter-
mediates are8, 9, and10, in Scheme 2. This is a two-phase system
with at least two competing reactions:~1! direct reaction with
water in the basic solution destroying the methylenediamine~8!
and ~2! the multistep reaction of~8! with hypochlorite to form
DZN ~11!. The detailed steps in the synthesis, the collection and
treatment of the DZN gas, and the photolysis of DZN, with a Hg
arc source or a HeCd laser, to yield methylene for the labeling
reaction are provided in Supplementary material in the Electronic
Appendix~ESM!. (Please note that we have had some flash burns
while generating DZN. This has been reported before in the liter-
ature (Graham, 1962). See the ESM for more details and take
appropriate precautions during the synthetic steps.)

5Abstracts of poster sessions on DZN labeling from the Delfino labo-
ratory were distributed in the programs to attendees at two international
meetings, and from the Richards laboratory at one meeting: Craig et al.
~1998a, 1998b! and Olack et al.~1999!. These meeting programs are not
readily available to the general public. Anyone wishing copies of these
abstracts should write to: Dr. Jose Delfino, Dept. de Quimicha biologica e
Instituto de quimica y Fisicoquimica Biologicas~IQUIFIB-CONICET!,
Facultad de Farmacia y Bioquimica, Universidad de Buenos Aires, Junin
956, 1113 Buenos Aires, Argentina for Craig et al.~1998a, 1998b!; and to
F.M. Richards, Dept. of Molecular Biophysics and Biochemistry, Yale
University, P.O. Box 208114, New Haven, Connecticut 06520-8114 for
Olack et al.~1999!.

Scheme 1

Scheme 2
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Some properties of DZN

The measurement methods and data for this section are given in
the ESM. Some brief comments and0or the derived numbers are
listed here.

Near UV absorption of DZN in the gas phase

Near UV absorbance in the gas phase is restricted to the region
between 280 and 320 nm~as shown in ESM Fig. E1!, which is
similar to that given by Graham~1962!. The wavelength region
between 310 and 320 nm is a window in the UV absorption of most
proteins and thus useful both for photolysis and for quantitative
measurements of DZN. For analysis in the gas phase, we have used
absorption measurements on the peak at 314.6 nm and a slit band-
width of 0.5 or 1.0 nm.

Quantum yield for the loss of UV absorption

Although sharp by solution standards, the peaks in the absorp-
tion spectrum are not as sharp as one might expect for a gas phase
sample, thus suggesting a high quantum yield for the photolysis
induced by the absorbed beam. A direct measurement of the quan-
tum yield for the disappearance of DZN, described in the ESM,
was 1.06 0.1 ~Murov, 1973!.

Estimation of the molar extinction coefficient in the gas phase

The extinction coefficients~E! in the gas and liquid phases are
related by the equilibrium absorbance ratios in the two phases and
the partition coefficients between them. When absolute numbers
are not required, all liquid extinction coefficients can be expressed
as ratios to the gas value without actually knowing what that value
is. In ratios of the values ofE for two different solvents, the value
of Egas will cancel out. However, to get actual concentrations, this
latter number must be known. Our best estimate forEgasat this time
at l 5 314.6 nm is 340 L0mole0cm with SBW5 0.5 nm or 240
L 0mole0cm with SBW5 1.0 nm. The estimated error in these
numbers is610%. The details of the measurements of this quan-
tity are given in the ESM~see Williams, 1984 for analysis of the
principal photolysis product methanol!.

Partitioning between the gas phase and some pure liquids

With the absorbance high enough for easy measurement, it is
convenient to use the gas phase over a solution to measure DZN
concentration. The gas phase has been used as the reference for all
other measurements. The output of the synthesis appears to contain
no gases that absorb in the same region as DZN, thus no absorption
corrections are required. Given the gas phase extinction coeffi-
cient, one only needs the partition coefficients to determine the
actual concentrations in liquid phases. The partition coefficients
for the various solvents are listed in Table 1. These can be mea-
sured without knowledge of the extinction coefficients. The spec-
tra of DZN dissolved in various solvents~ESM, Fig. E2!, as well
as the equations showing the calculation of the coefficients from
the measured data are shown in the ESM.

Self-polymerization on photolysis of anhydrous DZN

The extreme reactivity of methylene ensures that in most situ-
ations it will react with the components of the solution in which it
is dissolved. However, it does not insert into C-F bonds, and thus
does not react with any of the saturated perfluoro hydrocarbons,
nor does it react with the noble gases. Thus in gas mixtures with
argon or in liquid solution in perfluorohexane, for example, diaz-

irine will yield :CH2 as usual, but there are only other :CH2, N2 or
unphotolyzed DZN molecules with which the methylene can ini-
tially react. When such photolyses are carried out, oily material
rapidly appears as a cloudy suspension in perfluorohexane or a
cloudy covering on the inside of the gas-containing cuvette as
noted by Kirkbride and Norrish~1933!. The bulk of the material is
assumed to be polymethylene either linear or branched. Surpris-
ingly, however, all of the material is readily soluble in water im-
plying the presence of some nitrogen in every product molecule.
The ESMS of the two water solutions are curious and are shown in
Fig. 1.

Beyond masses of 100 or 120, there is a peak at every mass
number out to at least 400 to 500 Da. The peaks appear in groups
that have a similar bell shape beyond mass 120 and a repetition
interval of ;14 mass units. Below 100 Da, the peaks are still
grouped, but are incomplete in that not all the mass positions are
represented.~Below mass 90, there are certain mass values that
cannot be provided by any combination of C, H, and N atoms.! The
higher mass groups would seem to be formed by the addition of
:CH2 groups to each member of the lower mass group and without
any rate discrimination since the shape of the group envelope is not
altered. This is easily imagined if the subsequent reactions beyond
mass 100 are all C-H insertions into methyl or methylene groups
formed in the earlier compounds in the series.

To investigate this situation a little further, diazirine was pre-
pared from formamide containing 981% 15N. The15DZN then has
a mass of 44 rather than 42 although the methylene produced is
still mass 14. The gas phase form of the reagent was produced and
photolyzed as usual. The water-soluble oil was obtained, and an
enlarged section of its ES spectrum along with the same mass
range from the normal14DZN reagent is shown in Fig. 2. The most
obvious changes are that every other peak in the14N spectrum is
very low or missing in the15N spectrum and that the centroid of
the envelope of each group of peaks has shifted about 2 units to
higher mass. The repetition interval between peak groups remains

Table 1. Some properties of diazirine dissolved
in various solventsa

Partition l max in

Solvent CoefficientKi Solvent Ali
lmax0Ag

314.5 eli
lmax0Eg314.5

Water 3.7 320 1.46 0.39
7.7 ~58! 2.60 0.34

NaCl 2M 2.8 319.7 0.9 0.52
SDS 15% aq 3.2 318.0 1.3 0.41
Methanol 18.1 320.2 12.4 0.68
Ethanol 12.3 317.8 9.3 0.76
Butanol-1 9.9 318.4 5.6 0.57
Pentanol-1 9.3 318.2 7.5 0.81
Octanol-1 7.0 318.2 4.9 0.70
Perfluorohexane 4.6 315.9 4.2 0.92
Hexane 10.9 317.4 6.5 0.60
Heptane 10.0 317.7 8.5 0.85
Cyclohexane 10.4 317.5 6.0 0.58
Benzene 24.5 320.0 19.2 0.78

aThe temperature of the experiments was 236 1 8C unless otherwise
indicated. The reproducibility of the partition coefficients is on the order of
10% of the listed value.

Methylene as a labeling reagent 2509



at 14 au. The only explanation that we have come up with is that
all species produced by the photolysis contain either 1 or 2 nitro-
gen atoms and that they appear alternately in the mass spectrum.
Any compound with 2 nitrogen atoms will increase 2 units in mass,
with 1 nitrogen atom the mass increase will be 1 unit. If the14N
compounds are arranged N2–N1 in order of increasing mass, on
conversion to the15N forms the N2 species will move 2 units
higher in mass, the N1 will move 1 unit higher and both15N
containing peaks will overlap. The original14N1 position will be
empty thus generating the spectrum in Fig. 2B.

We have no definitive information on what the nitrogen con-
taining section of these molecules actually is, but some possibili-
ties for neutral masses 41 through 46 would be: C2H3N ~41!
acetonitrile; CH2N2 ~42! diazirine or diazomethane; C2H5N ~43!
aziridine; CH4N2 ~44! diaziridine; C2H7N ~45! dimethyl amine;
CH6N2 ~46! methyl hydrazine. Larger units would start to include
pyrrole ~67!, pyrazole~68!, pyrrolidine ~71!, and other ring com-
pounds as suggested much earlier~Kirkbride & Norrish, 1933!.

Each peak may represent multiple compounds with the same ele-
mentary composition but different structures. Once each N1 or N2

containing compound appears, it continues to add CH2 groups and
thus fairly soon all unit mass positions are filled and each peak
may contain a collection of positional isomers with the same mass.
At the higher mass levels, the accurately repeating pattern of 14 au
also suggests that the CH insertion process is the only one occur-
ring under these conditions.

Attempts in this study to examine the methylene labeling of dry
or only slightly moist samples of proteins or peptides to reduce the
competition from water has resulted in the appearance of some of
this polymeric material. We have not found any evidence in the
mass spectra of cross-linking of the larger polymeric units. Thus
all the photochemically activated species appear truly monofunc-
tional as expected and are most likely to be methylene itself. The
lack of cross-linking means the polymer will not be covalently
bonded to proteins in the mixture. Its water solubility would sug-
gest that, if necessary, it could be removed by procedures used for

Fig. 1. Electrospray mass spectra of the aqueous solutions of the products of photolysis of diazirine in the absence of other reactive
species.A: Diazirine dissolved in neat perfluorohexane, previously purged with argon, and photolyzed as a solution. The products of
photolysis, soluble and insoluble, were extracted from the fluorocarbon with water. All oily material dissolved. The aqueous solution
was adjusted to 20% acetonitrile: 0.1% trifluoroacetic acid and injected for mass analysis without any further treatment. The thick line
as second abscissa has tick marks at intervals of 14 au adjusted to start at mass 28. Only molecules with a11 charge were observed
in the relatively low mass range of the components in these samples.B: DZN photolyzed in the gas phase with no solvent present.
Again the oily material dissolved in water, but any product existing in the gas phase was probably lost.
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other detergents. The polymeric material is unlikely to be found in
dilute solutions in water or hydrocarbon solvents.

The methylene labeling reaction in water

Products from 1-butanol

With the exception of the perfluorocarbons, methylene will
react with any solvent molecules in addition to solutes of prin-
cipal interest. In general the volume concentration of the solute
will be small compared to that of the solvent. As a result, most
of the methylene will be “lost” in reactions of no immediate
interest. By itself this might just cause a waste of reagent, but
there is the potential for the nature of the solvation shell around
the solute to alter the distribution of the diazirine prior to pho-
tolysis and thus affect the methylene labeling quantitatively, and
perhaps qualitatively, for the same solute in different solvents.
Some preliminary experiments have been carried out to see how
serious this might be.

Butanol-1 was chosen as an example. There are only five ex-
pected insertion products:12!pentanol-1,13!pentanol-2,14!2
methyl-butanol-1,15!3-methyl-butanol-1, and16!methyl butyl ether.
Butanol has 10 hydrogen atoms. The above list assumes that X-H
insertion is the only type of reaction. If the insertion rate into all
of the bonds is the same, then the ratio of the amounts of the above
products expected would be:12:13:14:15:165 3:2:2:2:1.

Three reactions were carried out: the first in neat butanol-1
served as both solute and solvent; the second in butanol-1 dis-
solved in H2O at a concentration of 6 vol%; the third in butanol
dissolved in D2O also at 6%. The latter was to check whether or
not the expected isotope effect of slower insertion into a D-O bond
was sufficiently large to be useful in reducing the water:methylene
reaction rate. It was not.

Standard GCMS~gas chromatograph0mass spectrometer! cali-
bration runs were made over a concentration range from 0.5 to 5.0
vol% for each of the products with butanol-1 as the solvent. For
analysis of the samples reacted with DZN, following photolysis,
hexanol-1 was added as an internal standard for the GC runs. The

Fig. 2. Spectra of polymers obtained from photolysis of diazirine in the gas phase.A: A portion of a spectrum similar to that shown
in Figure 1B, but with an expanded mass scale. The diazirine was from a standard preparation with the nitrogen present as the14N
isotope. For the spectrum inB, the diazirine was prepared with the15N isotope present in both N atoms at 981% enrichment. The
samples were prepared, photolyzed, and analyzed as described for Figure 3. There were small peaks in the spectrum out to at least mass
400, but not shown in this figure.
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hexanol peak in the chromatogram came just after butanol and all
of the product peaks. The neat butanol samples were diluted 1:100
with methanol. Aliquots of 1 mL were used for injection.

For photolysis, a DZN0argon mixture was pumped through the
sample-containing cuvette. The differential UV absorption of the
input and output gas streams was used to estimate the amount of
DZN converted by photolysis. For the neat butanol samples, 726
11% of the photolyzed DZN could be accounted for with the
sum of the products identified in the GCMS peaks~products
12,13,14115,16!.

For the 6 vol% samples in H2O and D2O, the products of pho-
tolysis were extracted with diethyl ether, dried with anhydrous
Na2SO4, and used directly for injection. To generate enough of the
products for accurate quantitation, a large volume of the argon0
DZN mixture had to be pumped through the system. Unfortu-
nately, that resulted in the loss of the butyl methyl ether product
~16! that is not water soluble and is also volatile. Blank runs on a
stock solution of~16! showed that bubbling argon through the
solution as in a regular experiment was removing all of the ether.

We were able to get an estimate of the ether production by
carrying out the reaction in a sealed cuvette where the volatile
products could not escape, in place of the flow system usually
used. With the setup available, we could only photolyze a much
smaller amount of DZN with a corresponding diminution of the
amounts of the products. The background and peaks in the GC runs
were much noisier, but they were good enough to provide reason-
able, but less accurate, integrated areas. The ether was indeed
present and in a larger amount than originally predicted, as we had
seen in the neat butanol run.

Products14and15were not adequately separated for individual
quantization on the column used. The summed area of these peaks
was recorded. All products had the correct mass to be pentanol
derivatives as expected. The total yield of products in the aqueous
samples was only about 1% of the DZN converted by photolysis.
The results are summarized in Table 2.

In the neat sample, the amount of the methylbutylether~16! was
substantially larger than expected indicating that the O-H bond
reacted faster than any of the C-H bonds. For the water samples
and the flow system where the ether was lost and recorded as a “0”
yield, the areas of peaks12, 13, 14115 were normalized to sum to
9.0. The H2O and D2O areas agree quite well with each other and
with the expected yield ratios for equivalent reaction rates. There
is more variation in the neat sample, but still it is qualitatively
similar. Thus the reaction behavior of the C-H and O-H bonds does
not seem to be affected in a major way by the shift from a hydro-
carbon to an aqueous solvent.

Products from a mixture of lysozyme and peptide S-15

A mixture of hen egg white lysozyme, a very stable protein of
MWavg 14,314 with a completely native structure, was made with
a 15 residue peptide, MWavg 1,751 representing the first 15 resi-
dues from ribonuclease-S peptide. By CD the latter has no demon-
strable secondary structure in solution at room temperature. This
mixture was run through the DZN photolysis procedure. The en-
zyme and the peptide do not interact, but are simply two indepen-
dent solutes being simultaneously modified under identical
conditions. The entire mixture was then analyzed by mass spec-
trometry. The octanol used to prevent foaming was extracted with

Table 2. Product ratios in methylene labeling of butanol-1 relative GCMS peak areas

Found in butanol-1

Product

Expected
if reaction
rates equal Neat 6% in H2O 6% in D2O 6% in H2O

A Ba Cb Dc Ed Fe Gf Hg Ih

12! Pentanol-1 3 2.2 3.1 3.2 3.2 2.1 2.5 2.5
13! Pentanol-2 2 0.8 1.1 1.8 1.7 1.3 1.6 1.6
14! 2-Methyl-butanol-1 2

3.4 4.8 4.0 4.0 4.0 4.8 4.8
15! 3-Methyl-butanol-1 2
16! Methylbutyl ether 1 3.6 ~5.1! ndi nd 2.6 ~0! ~3.2!

Totals 10 10.0 14.1 9.0 9.0 10.0 9.0 12.2

Sum of identified products as
% of total DZN photolyzed 726 10 16 0.1 16 0.1

aIf the 9 C-H1 1 O-H5 10 bonds in butanol are assigned the same probability of reaction then the expected yields, as estimated
by the GCMS product areas, would be given by the numbers in column B normalized to a sum of 10. The peaks for products3 and
4 were not separated sufficiently to measure separately so the areas were summed before normalization to the indicated totals.

bAreas normalized to a sum of 10.
cArea sum for121 131 141 15 was normalized to 9. The area figure for the ether~16! was adjusted to what it would be if the

sum of the first 4 was correct.
d,eNo ether~16! was found in these two runs as explained in the text. The areas were normalized to a sum of 9 and should be directly

compared to the comparable values in columns B, C, and D.
f,g,hThe experimental numbers in column G were obtained from the run in a sealed cuvette for the DZN reaction. The ether was found

in this case where it was lost in runs E and F. The areas in G were summed to 10. In H, the ether was omitted and the other 4 normalized
to 9 for direct comparison with E and F. The numbers in I were calculated as in D and should be compared with that column.

i nd, not determined.

#- 4
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ethyl acetate, the solution dried, redissolved in water, and diluted
in a methanol-formic acid solution for analysis. The molecular
weights are sufficiently different that there is no overlap between
the two electrospray envelopes. The transformed data are shown in
Figures 3 and 4.

In a simulation of what might be expected under ideal condi-
tions, the following assumptions were made: all reaction rates of
methylene with accessible surface areas are the same; there is no
interference between the two solutes, which are thus labeled in-
dependently; the total accessible surface area of lysozyme in the
native state is;6,700 Å2 ~Lee & Richards, 1971!, and is divided
into 100 equal patches of 67 Å2 each, a not unreasonable value for
an average surface residue; the unstructured peptide is 15 residues
long and is assumed to have 15 patches of the same size; the
probabilityp of a successful reaction is related to time in an actual
experiment; since the assumed extent of reaction is very low, no
account was taken of possible multiple hits on a given patch. The
binomial theorem was then applied to the two samples, one with
n 5 15 and one withn 5 100. The compositions of the solutions
are expressed as the fraction of each sample with a given number
of methylene groups added. The results are shown in Figure 5.

Discussion

The purpose of this study is to investigate the feasibility of devel-
oping a general labeling procedure that would provide a measure
of accessible area including the nonpolar regions. Such a method
would be useful for differential protein footprinting in defining

ligand binding areas and protomer association regions in oligo-
meric complexes.(NOTE: There is some ambiguity about what the
probe is in this system. DZN is the molecule that wanders around
and tests the surfaces; however, it is not the reactant. The photo-
chemically produced methylene is the reactant but it has a chance
to survey only the immediately available atoms making up its cage
and does not “search” as a solvent water molecule does. Until
shown otherwise, the chemical behavior of both DZN and :CH2

must be considered in interpreting labeling results.)The principal
focus of this particular paper is on the four questions listed at the
end of the introduction.

First question:Can one actually detect the reaction of :CH2 with
a target solute in the presence of enormous concentrations of highly
reactive solvents? This is especially a problem if the O-H reaction
is as fast or faster than that of the C-H bond as appears to be the
case. The data shown for butanol and for the lysozyme0S-15 mix-
ture indicate that the answer isyesalbeit the yield based on DZN
is very low.

Second question:Is the solute-solvent interface sufficiently vari-
able that differences in DZN partitioning will seriously affect the
labeling pattern of the various types of solvent interface area?
There is insufficient data at this moment to answer this question in
general. It has been shown here that the product ratios for the
labeling of the different carbon atoms and the hydroxyl group in
1-butanol are very similar when comparing butanol and water as
solvents. The overall yields, of course, are very different. This
result is perhaps not surprising. Highly polar substances could be
very different. Much further testing of the relation of labeling to

Fig. 3. The transformed ES mass spectra of only the hen egg white lysozyme component of the mixture of this enzyme and the peptide
S-15. The methylene labeling was carried out on a mixture of the peptide and protein in a single experiment. The large single peak at
the left of the diagram markedA is the lysozyme component~MWavg 14,315! of this mixture before modification. The multipeak trace
markedB shows the protein products of reaction with methylene. For the protein portion of each spectrum, the largest peak was adjusted
to 100. In absolute terms, the highest peak inB is about one-quarter that of the highest peak inA. The integrated peak areas are thus
not equivalent. The peaks in the actual data used in the transformation had charges18 to 112 for peakA and16 to 112 for B.
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geometrical surface area will be needed on a variety of both small
molecules and proteins.

Third question:Are the possible reactions of :CH2 other than
insertion important? For example, an extensively reported reaction
is the addition of :CH2 to C5C alkyl double bonds. This results in
cyclopropane derivatives. For the labeling purposes described in
this paper, this would be a perfectly useful reaction. The product is
stable and does not tend to undergo further reactions under the
conditions used in protein experiments. The standard 20 protein
amino acids have no such bonds, but they do occur in lipids where
this probe might also be useful. The amino acids do have aromatic
rings, and the partial double bond character of the ring bonds
provides a known target. In this case, the initial product is a fused
ring derivative that usually will convert by ring expansion and
produce a cycloheptatriene, again an acceptable reaction. Some
preliminary experiments have been started on 2-phenylethanol as
a test small molecule. All the possible insertions and additions will
produce a series of compounds that will all have the same mass
and the same number of added carbon atoms. This might still allow
a measure of accessible area without the necessity of separately
measuring all of the individual compounds.

There is the possibility of adding to C5O and C5N bonds as
well. These would form epoxides and cyclic imines that are chem-
ically reactive and have a rich chemistry of their own. In this
instance, depending on what is in their immediate environment, the
final stable species produced by further reaction may, or may not,
interfere with the analysis and its subsequent interpretation. If
these thermochemical reactions are indeed playing a role, the pat-
tern should be simplified by using scavengers or by working at

much lower temperatures. Due to the very high reactivity of the
photochemically produced :CH2, the insertion or addition reac-
tions in the very first step of any modification are unlikely to be
affected. Methylene reactions in solid matrices are observed at
liquid helium temperatures.

Fourth question:Concerns the conflict in the desired level of
modification: to get enough sample to satisfy the needed signal to
noise ratio for the analyses while keeping the level low enough to
avoid multiple modifications on the same residue. The promising
part of the lysozyme0S-15 experiments is the comparison of Fig-
ures 3 and 4 with Figure 5. The latter is a calculation of the
idealized reaction and what might be expected in the mass spectra
of the products. The two noninteracting materials of very different
size were present in the same solution and subject to precisely the
same reaction conditions during the period of labeling. There is a
surprising degree of agreement between third panel pair in Fig-
ure 5 and the experimental spectra shown in Figures 3B and 4B.
Note that the calculations for Figure 5 do not take account of the
isotope distribution of the naturally occurring13C. These are not
resolved in the protein spectra, but are in those of the peptide. The
peak clusters for the latter should be summed into single peaks to
make the comparison with Figure 5. Normalizing such sums from
the peaks shown in Figure 4B to 1.00 gives the values 0.6500.310
0.04 to be compared in Figure 5 showing the comparable values
0.6200.2900.07 in thep5 0.03 panel. Because of the distortions in
the higher mass part of Figure 3, and uncertainty about the proper
base line, the best comparisons for the protein are in the first few
peaks, especially the comparison of the remaining unmodified
material with the first and second modified peaks in both Fig-

Fig. 4. The peptide portion of the spectra of the samples described in Figure 3. The charges on the peaks before transformation were
13 to 15. AgainA is the peptide from the unmodified sample and the peaks labeledB from the same modified mixture as Figure 3B.
In this case, the natural abundance13C peaks are clearly visible. TheB spectrum has been displaced up 20% to avoid overlap. As in
Figure 3, the adjustment of the maximum peak heights interferes with a comparison of integrated areas.
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ures 3B and 5~panel pair atp 5 0.3!. The assumptions made in
constructing Figure 5 may not be wildly out of line, i.e., random
unrelated reactions with comparable rates for the protein and pep-
tide molecules.

The extent of modification could be increased by further treat-
ment of such samples. Some earlier labeling attempts with the 20
residue ribonuclease S-peptide provided samples that had no ob-
servable unmodified material in the HPLC trace. However, since
the covalent structure of the protein or peptide is being altered, one
would really like the number of methylenes added to be as small
as possible not larger.

An unrelated question is raised in Figure 4B by the two peak
clusters of mass 1,763–1,767 and 1,777–1,781. These clusters do
not have the intensity distributions expected for the expected nat-
ural abundance13C series in a peptide of this size. With the major

peaks at 1,765 and 1,779, it would seem to indicate that there had
been a partial reaction in the first modification step that resulted in
the inclusion of an atom of oxygen~116 au!. There is a methio-
nine residue in the S-15 peptide that could readily form a sulfox-
ide. We have seen these116 peaks before in the modified peak
clusters, but irregularly. We do not yet know for sure the origin of
the oxygen atom~free oxygen gas, water, or the peptide itself are
the only candidates! or the chemistry involved in its activation.
The unmodified starting peptide appears to be reasonably clean
since the principal peak has the correct mass and only traces of an
M116 component are occasionally seen. Even if this does occur,
it should not interfere with the isotope ratio analysis discussed
below a procedure that will report solely on the carbon insertion0
addition reactions that have occurred. We hope to find the source
of this nuisance and possible ways to prevent it.

The next major problem

The structural payoff in this approach will be to measure the extent
of modification at the single residue level. This will require accu-
rate measurements of labeling in each residue at very low levels of
overall labeling. The problem arises from the central assumption of
this whole proposal,random modification based solely on surface
accessibility. We may actually be approaching such a protein prep-
aration in the work described above.

For discussion, let us assume that we have a sample where each
protein molecule has just a single13CH2 group added. An ESMS
measurement will easily show that the molecular weight is in-
creased by 15 au. If this represented a good affinity label, we
would simply proceed, using ESMS or MALDI procedures with
the sequence study knowing that we were going to find all of the
label in one or two peptides and eventually identify the altered
amino acid~s!. However, the sample of present interest is a large
ensemble, not at all a pure compound. There will be many different
residues modified in the collection of protein molecules. Further,
the residues of a given type may yield a variety of products de-
pending on the extent and position of the area accessible to the
methylene. With only a single13CH2 group added, all of these
protein molecules will have the same mass, M115. Each accessi-
ble residue will be modified to a variable but small extent. The
chances of any two protein molecules in the sample having the
same covalent structure is vanishingly small. To simplify the fur-
ther discussion, we have assumed that each residue has the same
probability of being modified.

If the protein were pancreatic ribonuclease in a true random coil
form with 124 residues and a molecular weight of 13,670, the
individual residue would be labeled to the extent of 10124 or 0.008
atoms of13C in the average residue of weight 110. The analytical
sequencing procedure should be designed so that this level of
labeling in a given position in the chain could be measured ideally
with 1% accuracy or6 0.008% of the total signal present in each
protein molecule in the ensemble. ESMS is not well suited to make
accurate quantitative measurements, and certainly not on peaks
that differ in height by a factor of 100. It may be hard to even
identify the small peak reliably above the background. An alternate
approach is provided by isotope ratio mass spectrometry~IRMS!.
~See the recent review by Criss, 1999.! In this type of analysis, an
organic sample is destroyed completely by combustion to CO2. An
IRMS spectrometer then measures with high accuracy and sensi-
tivity the 13C012C ratio in the CO2.

Fig. 5. Models of expected mass spectra for random labeling of noninter-
acting, identical, sites with a “methylene” type reagent. Column A is for a
“protein” with 100 sites. Column B for a “peptide” with 15 such sites. The
assumed uniform probability of reaction of any one site is listed on each
panel. This probability is related to the overall extent of reaction. The
standard binomial distribution was assumed. The diagrams should be com-
pared to Figures 3 and 4. The best match for bothA andB occurs in the
vicinity of p 5 0.03. The individual peaks showing the mass distribution
due to13C natural abundance is not shown explicitly in this figure. The13C
peaks may be thought of as lumped together within each bar.
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As an example, bovine pancreatic ribonuclease has 575 carbon
atoms per molecule. With an average natural abundance of about
1.11%13C, there will be 6.4 atoms of13C and 568.6 atoms of12C.
To this molecule, we add 1 atom of13C in the methylene label.
Since we will only be interested in differences, we will use the
unmodified material as the “standard.” LetR be the mole ratio of
13C012C, thenRstd 5 6.40568.6;Rsample5 ~6.41 1.0!0568.6. The
difference of these ratios as a fraction ofRstd 5 0.1562. This
number is usually expressed on a per mil basis and called thed
function. In this example,d 5 156.20;d can usually be measured
with a precision of 0.02–0.05. Assuming uniform labeling, this
ratio is independent of the size of the sample used and thus would
apply to a single residue as well as the whole protein. If lowered
accessibility reduced the labeling of a particular residue to 1% of
the mean value, the measured value ofd for that residue would be
1.56. For this latter value, a precision of 3–5% should be attainable.

We do not know of a better procedure than the standard Edman
method for sequential production of single residue samples of
isotope analysis. A portion of the completed cleavage reaction
would be checked by HPLC:~1! to get the PTH derivatives for
all amino acids, original and modified, at that sequence position;
~2! to determine the fraction of material being carried forward
from previous Edman cycles; and, equally important for this analy-
sis, ~3! the amount of carbon-containing reagent products such as
diphenylurea that will dilute the13C in the PTH amino acids and
thus require correction of the IRMS analysis. An effort needs to be
made to lower the concentration of these diluting substances be-
fore the IRMS measurements as far as possible without causing
isotope fractionation of the various PTH molecules in the sample.

In an experiment just completed, a13C modified sample of
ribonuclease-A intended to provide an average composition of at
least one added carbon atom per protein molecule was run through
the IRMS analysis. The value ofd obtained was;420, a value
outside the upper end of the current calibration range of the in-
strument. Thus the protein was modified more heavily~2.5–3.0
atoms of13C per protein molecule! than was targeted. With this
result, we feel that the measurement of accessible area at the single
residue level is a viable goal and that a suitable protocol can be
developed.

Supplementary material in the Electronic Appendix

Details are provided for all the experimental methods, materials,
and instruments and for data on diazirine, the CH2 precursor:
quantum yield for UV absorption loss; UV absorption spectra,
extinction coefficients, and partition coefficients for the gas phase
and solutions in various solvents.
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