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Modified proteins were detected in liver and bone marrow
of mice following treatment with [14C]benzene. Stained
sections were excised from one-dimensional and two-
dimensional gels and converted to graphite to enable
14C/13C ratios to be measured by accelerator mass spec-
trometry. Protein adducts of benzene or its metabolites
were indicated by elevated levels of 14C. A number of
proteins were identified by in-gel proteolysis and conven-
tional mass spectrometric methods with the low molecu-
lar weight proteins identified including hemoglobin and
several histones. The incorporation of 14C was largely
proportional to the density of gel staining, giving little
evidence that these proteins were specific targets for
selective labeling. This was also true for individual his-
tones subfractionated with Triton-acid-urea gels. A rep-
resentative histone, H4, was isolated and digested with
endopeptidase Asp-N, and the resulting peptides were
separated by high performance liquid chromatography.
14C levels in collected fractions were determined, and the
peptides were identified by conventional mass spectrom-
etry. The modifications were distributed throughout the
protein, and no particular amino acids or groups of amino
acids were identified as selective targets. Thus chemical
attack by one or more benzene metabolites upon histones
was identified and confirmed, but the resulting modifica-
tions appeared to be largely nonspecific. This implies high
reactivity toward proteins, enabling such attack to occur
at multiple sites within multiple targets. It is not known to
what extent, if any, the modification of the core histones
may contribute to the carcinogenicity of benzene.
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Human exposure to benzene occurs both occupationally in
the chemical and fuel industry and environmentally through
automobile exhaust, gasoline, and cigarette smoke (1).
Chronic exposure to benzene is known to cause aplastic

anemia and an increased risk of acute myelogenous leukemia
in humans (2, 3). High exposures result in toxic responses in
rodent bone marrow, including aplastic anemia, micronuclei,
leukocytopenia, and hyperplasia (4–6). Long term animal
studies show that benzene causes tumors at multiple sites in
mice and rats (4). However, the effects of the numerous elec-
trophilic metabolites of benzene and molecular processes un-
derlying hematotoxicity and leukemogenesis remain unclear.

Benzene is oxidized in the liver by cytochrome P4502E1 to
form benzene oxide (7–9), which gives rise to phenol, cate-
chol, hydroquinone, 1,2,4-benzenetriol, and ring-opened me-
tabolites such as trans-trans-muconic acid (10, 11). It is the
reactive metabolites of benzene that are responsible for my-
elotoxicity. Hydroquinone and catechol concentrate and per-
sist in the bone marrow after benzene exposure (12, 13), and
significant levels of muconic acid and glucuronide and sulfate
conjugates of hydroquinone and catechol are also found (14).
Hematotoxicity and leukemogenicity occur upon transport of
hepatic phenolic metabolites to the various bone marrow cell
populations where they are oxidized further via a peroxidase-
mediated reaction to their quinone and semiquinone deriva-
tives (15–18). Various combinations of benzene metabolites
can exert a synergistic effect on multiple cellular targets lead-
ing to increased toxicity (19–21). Bone marrow is a complex
tissue containing hematopoietic stem cells and stromal cells,
both of which are potential targets of benzene and its metab-
olites. There are likely multiple cellular and molecular targets
of the metabolites in the bone marrow compartment that are
involved in hematotoxicity and carcinogenicity (22). Develop-
ments in the assessment of risks associated with exposure to
benzene have been reviewed recently (23, 24).

Benzene is known to cause aneuploidy but is not a strong
DNA binding agent and is only weakly mutagenic (25, 26). We
previously determined that [14C]benzene, administered at ex-
tremely low doses in mice, bound to proteins at a higher ratio
compared with DNA in the target organ, bone marrow (25, 27).
Elevated levels of benzene oxide and hydroquinone adducts
of hemoglobin and albumin have been observed in workers
subject to benzene exposure (28, 29). It could be valuable to
identify any other protein targets of benzene metabolites in
the bone marrow to further our understanding of benzene-
induced leukemogenesis.
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Accelerator mass spectrometry (AMS)1 provides an ex-
tremely sensitive method for the detection of low level mod-
ifications of proteins (30). We have utilized this technique to
develop a powerful strategy for identification of target pro-
teins of isotopically labeled xenobiotics in vivo, combining
AMS with high resolution two-dimensional gel electrophore-
sis, Triton-acid-urea gels, and HPLC to separate complex
protein mixtures and biological mass spectrometry (matrix-
assisted laser desorption/ionization-time-of-flight mass spec-
trometry (MALDI-TOF-MS) and LC-ESI-MS) to identify
polypeptides bearing 14C modifications. In addition to con-
firming previous reports of hemoglobin as a target for modi-
fication by benzene (30, 31), we also report the identification
of the core histones as targets for [14C]benzene metabolites
detected at attomole levels in microgram amounts of mouse
bone marrow protein.

EXPERIMENTAL PROCEDURES

Chemicals—[U-14C]Benzene (specific activity, 58.2 mCi/mmol,
corresponding to approximately one atom of 14C per benzene mole-
cule) was obtained from Sigma. Radiopurity was found to be �99%
by HPLC. The dosing solution was prepared in filter-sterilized corn oil
by dilution of the stock [14C]benzene. The dosing solution concentra-
tion was verified by liquid scintillation counting. All chemicals were
analytical or electrophoresis grade and obtained from Amersham
Biosciences or Sigma.

Animals—These investigations were conducted under established
federal regulations for the care and use of laboratory animals and
were approved by the Lawrence Livermore National Laboratory Ani-
mal Care Committee. Male B6C3F1 mice, each weighing 22–25 g,
were purchased from Charles River Laboratory and allowed to accli-
mate in an American Association for the Accreditation of Laboratory
Animal Care (AAALAC)-accredited animal facility for a minimum of 1
week before use. Animals were housed three to a cage in filter top,
polycarbonate cages with hardwood chip bedding. They were main-
tained on a 12-h light/dark cycle at �22 °C and received laboratory
chow and water ad libitum. Each animal received a single dose of
corn oil (controls) or corn oil containing [14C]benzene via intraperito-
neal injection. Each dosing stock was verified by liquid scintillation
counting prior to administration. Two dosage regimens were used:
155 �g/kg of body weight, sacrificed at 1.5 h post-treatment, here-
after referred to as “low dose”; and 800 �g/kg of body weight,
sacrificed at 18 h post-treatment, referred to as “high dose.” All mice
were euthanized by CO2 asphyxiation. The 18-h time point was se-
lected based on previous time course data (25, 27) showing maximum
adduct levels in the bone marrow at this time point.

Sample Preparation—The humerus and femur bones were dis-
sected from each mouse using disposable scalpels and forceps
(those from the control mice being collected first) to ensure no 14C
cross-contamination occurred. Tissues were not perfused to remove
residual blood. The marrow was flushed from the bone shaft with 2 ml
of phosphate-buffered saline, pH 7.4 using a disposable 26-gauge
needle. Bone marrow from each treatment group was pooled, and the

cells were washed three times in phosphate-buffered saline and
centrifuged at 1000 � g. Cells were lysed in 9 M urea, 4% CHAPS, 65
mM dithiothreitol, 2% ampholytes (Pharmalyte 3–10), 10 mM sperm-
ine, 40 mM Tris base and then centrifuged at 450,000 � g for 10 min
at 22 °C in a Beckman TL100 tabletop ultracentrifuge to remove DNA.
Protein concentrations in the supernatants were determined by a
modified Bradford assay (31) using the Bio-Rad protein assay kit and
ovalbumin as a standard. Samples were stored at �80 °C prior to
electrophoresis. Livers were dissected, cut into small pieces, and
washed twice in 20 mM Tris-HCl, pH 7.4. The tissue was homogenized
in 3 volumes of the same buffer and centrifuged at 9000 � g for 20
min. The supernatant was lysed with 2 volumes of sample buffer (2%
SDS, 10% glycerol, 5% �-mercaptoethanol, 0.025% bromphenol
blue), boiled for 5 min, and stored at �20 °C for at least 30 min. For
histone purification, the acid-soluble histone fraction of bone marrow
was precipitated with acetone (32, 33) and dissolved in H2O.

One-dimensional Electrophoresis—Proteins were separated on
15% polyacrylamide gels and stained with 1% Coomassie Brilliant
Blue in 50% methanol, 10% acetic acid. Triton-acetic acid-urea (TAU)
gels (15% acrylamide) were run according to Waterborg (34). Densi-
tometry was carried out using ImageMaster (Amersham Biosciences).

Two-dimensional Electrophoresis—Bone marrow proteins (100 �g)
were separated by non-equilibrating pH gradient gel electrophoresis
(35) in 15-cm rod gels containing carrier ampholytes (pH 3–10) for
2400 V-h. The gels were equilibrated for 10 min in 2% SDS, 5%
dithiothreitol, 10% glycerol, trace bromphenol blue, and 1.5% Tris-
HCl, pH 6.8 (36) prior to SDS-PAGE in 15% polyacrylamide gels.
Proteins were visualized by silver staining (37). Four identical two-
dimensional gels were run for the 14C-containing bone marrow, and
four gels were run for the controls. Each of the labeled gels and three
unlabeled gels were analyzed separately by AMS. A fourth control gel
was used for in-gel digestion, peptide extraction, and identification by
MALDI-MS and LC-ESI-MS.

HPLC—Reversed phase HPLC was performed on a Beckman Gold
system. Core histones were separated based on previously published
methods (32, 33) using a 180-�m � 15-cm C4 column (Vydac) and
eluted with a 38–55% B linear gradient over 120 min (Buffer A: 0.1%
heptafluorobutyric acid in H2O; buffer B, 0.08% heptafluorobutyric
acid in acetonitrile). HPLC separation of AspN-digested peptides of
histone H4 was carried out using a C18 column (180 �m � 15 cm) (LC
Packings, San Francisco, CA) with an Applied Biosystems 140B
syringe pump.

AMS—Disposable materials were used for any item that might
come in contact with a sample to prevent cross-contamination be-
tween samples. Gel spots were excised with disposable plastic drink-
ing straws and placed in 6- � 50-mm quartz tubes. Tributyrin was
added as a carrier to HPLC fractions. Samples were dried by vacuum
centrifugation, and the dried samples were reduced to graphite using
published protocols (38). For [14C]benzene analysis, we measured 14C
relative to 13C and normalized to the ratio of 1950 AD carbon using
the Australian National University sugar reference standard (39). The
carbon contents of the samples was determined using a C:N:S ana-
lyzer (Carlo-Erba NA1500, series 2). Hemoglobin was determined to
have a carbon content of 50.38%.

Enzymatic Digestion of Proteins—The procedure of Clauser et al.
(40) was used with minor modifications for the tryptic digestion of
proteins in polyacrylamide gels. Each spot was excised, diced, and
vortexed three times for 10 min in 50% acetonitrile, 25 mM ammonium
bicarbonate. The gel pieces were dried in a Speedvac, resuspended
in 25 mM ammonium bicarbonate with 12.5 ng/�l trypsin, and di-
gested overnight at 37 °C. The peptides were extracted by vortexing
three times for 10 min in 50% acetonitrile, 5% trifluoroacetic acid.
Extracts were pooled, concentrated in a Speedvac to �1–2 �l, and
dissolved in 10 �l of 50% acetonitrile, 5% trifluoroacetic acid. HPLC-

1 The abbreviations used are: AMS, accelerator mass spectrome-
try; HPLC, high performance liquid chromatography; MALDI, matrix-
assisted laser desorption/ionization; TOF, time-of-flight; MS, mass
spectrometry; LC, liquid chromatography; ESI, electrospray ioniza-
tion; CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-1-propane-
sulfonic acid; TAU, Triton-acetic acid-urea.
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separated histone H4 was digested with AspN for 4 h in 50 mM

sodium phosphate, pH 8.0 at 37 °C.
Mass Spectrometry—The molecular masses of peptides were de-

termined by analyzing the unseparated tryptic digests using one of
three mass spectrometric techniques. Routine peptide analysis uti-
lized a MALDI-TOF DE STR mass spectrometer (Applied Biosystems,
Framingham, MA) operated in reflectron mode. One-tenth of each
sample digest was mixed in a 1:1 ratio with 33 mM �-cyano-4-
hydroxycinnamic acid solution (Agilent, Palo Alto, CA). Spectra were
internally calibrated using known trypsin autolysis products (41). Se-
lected ions were subjected to postsource decay analysis (42, 43).
High energy positive ion collision-induced dissociation mass spectra
were acquired on a Kratos Analytical Instruments Concept IIHH four-
sector tandem mass spectrometer (Kratos, Manchester, UK) (44)
equipped with a continuous flow, liquid inlet probe for liquid second-
ary ionization and a scanning charge-coupled device array detector.
For HPLC-MS, a capillary HPLC system (ABI, Foster City, CA) was
interfaced directly to a Mariner orthogonal acceleration time-of-flight
mass spectrometer using electrospray ionization (Applied Biosys-
tems). The unseparated digests were diluted in water and injected
directly into a 180-�m � 15-cm capillary C18 column (LC Packings).
Online HPLC-MS was performed using a formic acid/ethanol/propa-
nol solvent system (45) with a gradient of 5–60% solvent B in 2 h. A
cone voltage setting of 175 V was used for collision-induced disso-
ciation, giving rise to fragment ion peaks. Peptide masses and frag-
ment ion masses measured by either MALDI-MS or LC-ESI-MS were
analyzed with the MS-Fit and MS-Tag programs in ProteinProspector
(prospector.ucsf.edu) (46). Mass accuracy in both MALDI-MS (inter-
nally calibrated) and ESI-MS was generally 50 ppm or better.

RESULTS

Identificaton of 14C in Proteins from SDS-PAGE—AMS was
used to determine the 14C incorporation in proteins separated
by one-dimensional SDS-PAGE with Coomassie Blue staining
throughout the molecular mass range up to 120 kDa in liver
(low dose only) and bone marrow (low dose and high dose). In
the liver, the highest levels of the heavy isotope were found in
the protein fraction corresponding to the molecular mass
range of 45–55 kDa (Fig. 1, upper panel). By contrast, in bone
marrow the distribution of 14C proteins for both low and high
dose showed the highest levels of incorporation in a band of
12–15 kDa. The distribution of 14C throughout the molecular
mass range was similar for both doses of benzene in the bone
marrow. It was noted that all regions of the gels showed
significant levels of isotope incorporation compared with nat-
urally occurring levels in undosed controls, suggesting that at
least a substantial fraction of this incorporation was nonspe-
cific. We performed similar gel analysis on fractions enriched
for cytosolic, nuclear, and microsomal proteins from exposed
liver and bone marrow to obtain subcellular localization for
protein targets of benzene metabolites. The highest levels of
incorporation in the liver were found in microsomes and cy-
tosol, whereas the bone marrow showed 14C enrichment in
the nuclei (data not shown).

The protein fractions containing the highest heavy isotope
levels corresponding to 45–55 kDa from liver and 12–15 kDa
from bone marrow were subjected to in-gel trypsin digestion.
The extracted peptides were separated by HPLC, their mo-
lecular masses were determined by MALDI-MS, and in some

cases they were identified by tandem mass spectrometry
using high energy collision-induced dissociation. Five differ-
ent polypeptides were identified in the 45–55-kDa liver frac-
tion: the � and � chains of ATP synthase, disulfide isomerase,
aldehyde dehydrogenase, and elongation factor EF-1 �-chain
(Table I). In the 12–15-kDa bone marrow fraction, we identified

FIG. 1. 14C content in gel slices cut from SDS-PAGE-separated
proteins from liver (low dose) and bone marrow (low dose and
high dose). Each gel lane was divided into sections and submitted for
AMS analysis. The data are expressed as the percentage of total 14C
incorporation across each gel lane after subtraction of controls. For
the upper two panels the controls were sections of gel between the
lanes. For the lower panel the control was a gel lane run with protein
from untreated mice. The left-hand side of each panel represents the
top of the gel, containing proteins that did not enter the gel, typically
of molecular mass �120 kDa. The right-hand side represents the dye
front with proteins �10 kDa.
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�- and �-hemoglobin and the core histones H2A, H2B, and
H3 as unresolved components. Histones H2A, H2B, and H3
were also identified from the 12–15-kDa region of bone mar-
row fractions enriched for nuclear proteins.

The amount of 14C in each region of the gels was compared
with relative protein abundances as determined by densitom-
etry. It was noted that the profiles for isotope incorporation
along the gel bands were very similar to the densitometer
profiles, e.g. see the densitometer and 14C profiles for bone
marrow (high dose) depleted in red blood cells (Fig. 2). This
observation that 14C levels are proportional to protein con-
centration, independent of protein molecular mass, suggests
that a large part of protein adduct formation is a nonspecific
effect that is independent of the nature of the proteins.

Identificaton of 14C in Proteins from Two-dimensional
Gels—As histones had been identified in the one-dimensional
gel slices with elevated 14C levels and as histones are central
to the structure and function of chromatin, we surmised that
molecular damage to histone proteins might be capable of
producing the cellular abnormalities observed in benzene tox-
icity. It was desired to establish whether histones were indeed
a target for benzene metabolite modification. Because the
histone and hemoglobin signals were coincident in the same
one-dimensional slices, we were concerned that higher levels

of enrichment in low level proteins could be masked by more
abundant species, therefore two-dimensional separation was
carried out. Histone proteins have basic isoelectric points in
the range of 10–11.5; consequently the cellular homogenate
was separated in the first dimension using non-equilibrating
pH gradient gel electrophoresis, which is optimal for the sep-
aration of basic polypeptides (32). Four control gels of protein
from mice not treated with benzene were prepared in an iden-
tical manner, one of which is shown in Fig. 3. Focusing primarily
on the 12–15-kDa molecular mass and basic pI range, selected
spots were excised for AMS (four treated and three untreated
gels) or conventional mass spectrometry (one untreated gel).
Other more intensely stained spots corresponding to proteins of
higher molecular mass were also taken for analysis.

The gel spots intended for conventional mass spectrometry
were subjected to in-gel digestion and identification by
MALDI-MS and/or LC-ESI-MS, the results of which are sum-
marized in Table II. The most strongly stained spots, 21 and
22, were found to include both �- and �-hemoglobin. Spots
30 and 31 at �30 kDa also gave peptide masses matching
both �- and �-hemoglobin, most likely due to hemoglobin
dimers. Spots 27 and 28 in the �10-kDa region of the gel also
contained �- and �-hemoglobin, N-terminal and C-terminal
peptides being seen for both isoforms. As these do not ap-

TABLE I
Protein identification from one-dimensional gel slices using in-gel digestion and high energy CID of peptides

Sample source Identity (NCBI no.) Obtained sequences Matching sequences

Liver
�15 kDa Chaperonin 10 FLPLFDR (K)FLPLFDR(V)

(2493662) (Q/K)FLPLFDR (R)KFLPLFDR(V)
�55 kDa ATP synthase a-subunit APGIIPR (K)APGIIPR(I)

(416677) ELIIGDR (R)ELIIGDR(Q)
VLSIGDGIAR (R)VLSIGDGIAR(V)
AVDS(I/L)VPIGR (K)AVDSLVPIGR(G)

ATP synthase a-subunit VALTGLTVAEYFR (R)VALTGLTVAEYFR(D)
(3023356) (I/L)GLFGGAGVGK (K)IGLFGGAGVGK(T)
Elongation factor 1-a (Q/K)TVAVGVIK (R)QTVAVGVIK(A)
(72870)
Disulfide isomerase (I/L)LEFFG(I/L)K (R)ILEFFGLK(K)
(68462) THILLFLPK (K)THILLFLPK(S)
Aldehyde dehydrogenase AAF(Q/K)LGSPWR (R)AAFQLGSPWR(R)
(1352250) (I/L)LYR (R)LLYR(L)

Bone marrow
�10–15 kDa Histone H2B (I/L)AHYNKR (R)LAHYNKR(S)

(2119001) (I/L)LLPGELAK (R)LLLPGELAK(H)
Histone H3 (Q/K)LPF(Q/R)R (R)KLPFQR(L)
(122075)
Histone H2A HL(Q/K)LAIR (R)HLQLAIR(N)
(121961) AGL(Q/K)FPVGR
�-Hemoglobin MFASFPTTK (R)MFASFPTTK(T)
(122441) SA(Q/K)VK (G)SAQVK(G)
�-Hemoglobin (I/L)(I/L)VV (R)LLVV(Y)
(122513)

�15–20 kDa Histone H2A HL(Q/K)LAIR (R)HLQLAIR(N)
(121961) AGL(Q/K)FPVGR (R)AGLQFPVGR(V)

�55 kDa Actin DLTDYLMK (R)DLTDYLMK(I)
(809561) (I/L)IAPPER (K)IIAPPER(K)
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pear to be truncated forms of the protein, their presence in
this region of the gel is surprising and unexplained. Of the
remaining highly basic spots in the �12–14-kDa region, 23
and 33 were identified as containing a mixture of histone H2A

and histone H2B, whereas spot 35 was identified to contain
only histone H2B. Spot 25 was identified as the murine cyto-
kine CP-10, the peptides giving 87% sequence coverage. No
identifications could be made for spectra from in-gel digests
of spots 24, 34, 36, and 37.

The AMS measurements shown in Fig. 4 for the excised gel
spots demonstrate that the strongly stained spots 21 and 22
contained the bulk of the isotopic label, and the weakly
stained histone spots showed only low levels of incorporation.
Silver staining is not ideal for quantitation, particularly with the
wide dynamic range of proteins represented by these gels,
and the basic histones are known to stain poorly with silver.
Therefore from this experiment it was not possible to accu-
rately compare the relative amounts of incorporation of 14C
into the histones per unit of protein. However, compared with
hemoglobin, these data gave no indication of any low level
proteins being significantly more enriched in 14C.

Analysis of Core Histones for AMS Analysis—The foregoing
experiments suggested that the histones were not necessarily
specific targets for higher than average incorporation of ben-
zene metabolites. However, not all the histones had been
identified by the two-dimensional gel separation. Therefore, in
a separate experiment, core histones were purified from the
bone marrow of mice receiving the high dose of [14C]benzene.
The histones were separated on one-dimensional TAU gels
and stained with Coomassie Brilliant Blue, which would give
more quantitative staining. The heavy isotope content was
determined by AMS, and the proteins in each band were
identified by trypsin digestion and MALDI mass spectrometry.
Fig. 5 shows one lane from a TAU gel, the histones identified
within each band, and the 14C content of each band as
determined by AMS. The wide dynamic range for the stained
bands that were identified as containing histones is reflected
in the widely varying 14C content. However, when the AMS
results were normalized based on the protein abundances as
quantitated by densitometry, all identified histones, H1, H2A,
H2B, H3, and H4, contained the same amount of the isotopic
label per unit of protein within �30%. This experiment clearly
shows that the degree of 14C incorporation is independent of
the specific histone, and no histones stand out as being
particularly susceptible to covalent modification by benzene
or its metabolites.

HPLC Purification of Histone H4 Peptides for Adduct Lo-
calization—A representative histone was chosen for further
study to determine whether or not the covalent modification
by benzene metabolites was associated with specific amino
acids or sites within the protein. HPLC-purified histone H4
from the high dose experiment was digested in solution using
endoproteinase AspN, the peptides were separated by HPLC,
and fractions were collected (Fig. 6, upper panel). One-tenth
of each fraction was analyzed by conventional mass spec-
trometry to identify the peptides (Table III), and the remainder
of each fraction was analyzed for 14C content by AMS as
shown by the gray bars in the lower panel of Fig. 6. Full

FIG. 2. Comparison of the density of staining (top) and the 14C
content (bottom) in slices from a one-dimensional gel used to
separate bone marrow proteins (high dose) depleted in red blood
cells. Error bars represent the uncertainty in the AMS measurements.
The left-hand side represents the top of the gel.

FIG. 3. One of four silver-stained two-dimensional gels from
electrophoresis of protein homogenates from bone marrow ex-
tracted from untreated mice. Four identical gels were prepared from
bone marrow extracted from mice treated with benzene (high dose).
The numbered spots were cut from all the treated gels and three of
the untreated gels and subjected to 14C analysis by AMS. Equivalent
spots from the remaining untreated gel were used for protein identi-
fication by conventional mass spectrometry.
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TABLE II
Proteins identified in spots cut from the two-dimensional gel (Fig. 3)

Due to the polymorphism of �-hemoglobin in mouse, several variants were found. Each peptide is marked as belonging to one of the
following variants: s (single), j (D major), or n (D minor).

Spot no.
Identity

(NCBI no.)
Observed

mass
Sequence

21 �-Hemoglobin 1529.73 (K)IGGHGAEYGAEALER(M)
(122441) 1029.51 (R)MFASFPTTK(T)

1819.89 (K)TYFPHFDVSHGSAQVK(G)
1087.62 (K)LRVDPVNFK(L)
1571.77 (K)FLASVSTVLTSKYR(�)

22 �-Hemoglobin 912.50 (M)VHLTDAEK(A)s,j,n

(122513) 888.53 (K)AAVSGLWGK(V)s

1005.55 (K)AAVSCLWGK(V)j

1035.56 (K)SAVSCLWAK(V)n

1286.65 (K)VNADEVGGEALGR(L)s

1302.64 (K)VNSDEVGGEALGR(L)j

1312.67 (K)VNPDEVGGEALGR(L)n

1274.74 (R)LLVVYPWTQR(Y)s,j,n

1980.92 (R)YFSSFGDLSSADAIMGNAK(V)s,j

2006.95 (R)YFDSFGDLSSASAIMGNPK(V)n

1756.97 (K)VITAFSDGLNHLDNLK(G)s,j

1091.65 (K)VITAFNEGLK(N)n

716.41 (K)NLDNLK(G)n

1478.71 (K)GTFASLSELHCDK(L)s,j,n

1126.60 (K)LHVDPENFR(L)s,j,n

1714.09 (R)LLGNMIVIVLGHHLGK(D)s,j

1654.09 (R)LLGNAIVIVLGHHLGK(D)n

1294.66 (K)DFTPAAQAAFQK(V)s,j,n

1106.69 (K)VVAGVAAALAHK(Y)s

1136.71 (K)VVAGVATALAHK(Y)j,n

23 Histone H2A 733.39 (K)QGCKAR(A)
(121961) 944.52 (R)AGLQFPVGR(V)

1441.77 (Y)LTAEILELAGNAAR(D)
850.52 (R)HLQLAIR(N)

1931.05 (R)VTIAQGGVLPNIQAVLLPK(K)
Histone H2B 1168.57 (K)QVHPDTGISSK(A)
(2119001) 1743.75 (K)AMGIMNSFVNDIFER(I)

733.39 (R)IASEASR(L)
901.50 (R)LAHYNKR(S)
664.37 (R)STITSR(E)
816.46 (R)EIQTAVR(L)
953.59 (R)LLLPGELAK(H)
828.43 (K)HAVSEGTK(A)

25, 26 CP-10 833.42 (�)MPSELEK(A)
(1173338) 2784.38 (K)ALSNLIDVYHNYSNIQGNHHALYK(N)

3416.69 (K)ALSNLIDVYHNYSNIQGNHHALYKNDFKK(M)
2467.19 (K)MVTTECPQFVQNINIENLFR(E)
2425.20 (R)ELDINSDNAINFEEFLAMVIK(V)

27 �-Hemoglobin 912.47 (M)VHLTDAEK(A)s,j,n

(122513) 888.49 (K)AAVSGLWGK(V)s

1005.51 (K)AAVSCLWGK(V)j

1035.54 (K)SAVSCLWAK(V)n

1286.60 (K)VNADEVGGEALGR(L)s

1302.59 (K)VNSDEVGGEALGR(L)j

1312.64 (K)VNPDEVGGEALGR(L)n

1274.69 (R)LLVVYPWTQR(Y)s,j,n

1980.85 (R)YFSSFGDLSSADAIMGNAK(V)s,j

2006.89 (R)YFDSFGDLSSASAIMGNPK(V)n

1478.67 (K)GTFASLSELHCDK(L)s,j,n

1126.56 (K)LHVDPENFR(L)s,j,n

1714.02 (R)LLGNMIVIVLGHHLGK(D)s,j

1654.02 (R)LLGNAIVIVLGHHLGK(D)n
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coverage of the protein sequence was not obtained; some
fractions were found to contain multiple peptides, and no
peptides were identified in the later fractions. Although the
levels of 14C determined by AMS showed wide variation
across the various fractions, when the level of 14C incorpora-
tion was normalized to the area of the HPLC peaks, which for
absorption at 214 nm should be approximately proportional to
the product of peptide concentration and the number of
amino acids per peptide, all HPLC fractions showed signifi-
cant incorporation of the label, and there were no obvious
peptides that were strongly favored for modification as shown
by the black bars in Fig. 6.

DISCUSSION

In this study we detected and measured covalent protein
modifications by 14C-containing metabolites of benzene in the
bone marrow of mice. This approach allowed us to measure
attomole levels of isotope, in this case 14C, in individual
proteins at levels of one adduct per 106 protein molecules. For
�-hemoglobin (spot 22), we calculated an adduct level less
than 1 fmol/�g. Using gas chromatography/mass spectrom-
etry, hemoglobin had previously been identified as a target for
modification by benzene metabolites (28, 29). However, the
methodology developed here is applicable to the more gen-
eral identification and characterization of proteins modified by

TABLE II—continued

Spot no.
Identity

(NCBI no.)
Observed

mass
Sequence

1294.64 (K)DFTPAAQAAFQK(V)s,j,n

1106.67 (K)VVAGVAAALAHK(Y)s

1136.67 (K)VVAGVATALAHK(Y)j,n

28 �-Hemoglobin 912.50 (M)VHLTDAEK(A)s,j,n

(122513) 888.52 (K)AAVSGLWGK(V)s

1005.55 (K)AAVSCLWGK(V)j

1035.56 (K)SAVSCLWAK(V)n

1286.67 (K)VNADEVGGEALGR(L)s

1302.66 (K)VNSDEVGGEALGR(L)j

1312.69 (K)VNPDEVGGEALGR(L)n

1274.75 (R)LLVVYPWTQR(Y)s,j,n

1980.95 (R)YFSSFGDLSSADAIMGNAK(V)s,j

2006.98 (R)YFDSFGDLSSASAIMGNPK(V)n

1756.97 (K)VITAFSDGLNHLDNLK(G)s,j

1091.64 (K)VITAFNEGLK(N)n

1478.72 (K)GTFASLSELHCDK(L)s,j,n

1126.59 (K)LHVDPENFR(L)s,j,n

1714.08 (R)LLGNMIVIVLGHHLGK(D)s,j

1654.07 (R)LLGNAIVIVLGHHLGK(D)n

1294.68 (K)DFTPAAQAAFQK(V)s,j,n

1106.71 (K)VVAGVAAALAHK(Y)s

1136.71 (K)VVAGVATALAHK(Y)j,n

31 �-Hemoglobin 1529.80 (K)IGGHGAEYGAEALER(M)
(122441) 1029.53 (R)MFASFPTTK(T)

1820.01 (K)TYFPHFDVSHGSAQVK(G)
1087.65 (K)LRVDPVNFK(L)
1571.86 (K)FLASVSTVLTSKYR(�)

33 Histone H2A 733.39 (K)QGCKAR(A)
(121961) 944.54 (R)AGLQFPVGR(V)

1441.80 (Y)LTAEILELAGNAAR(D)
850.53 (R)HLQLAIR(N)

1931.17 (R)VTIAQGGVLPNIQAVLLPK(K)
Histone H2B 1168.59 (K)QVHPDTGISSK(A)
(2119001) 1743.81 (K)AMGIMNSFVNDIFER(I)

733.39 (R)IASEASR(L)
901.50 (R)LAHYNKR(S)
664.38 (R)STITSR(E)
816.46 (R)EIQTAVR(L)
953.60 (R)LLLPGELAK(H)
828.43 (K)HAVSEGTK(A)

35 Histone 2B 1168.63 (K)QVHPDTGISSK(A)
(2119001) 1743.90 (K)AMGIMNSFVNDIFER(I)

816.49 (R)EIQTAVR(L)
953.64 (R)LLLPGELAK(H)
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xenobiotics in vivo at very low exposure levels and using small
amounts of protein without prior knowledge of the structural
nature of the adduct.

We note that a limitation of the AMS approach using 14C as
a tracer is that it can only detect the presence of carbon-
containing adducts. The methods adopted here would not
detect other covalent changes arising from processes such as
oxidation or hydrolysis of the targets.

The profile of 14C distributed across the one-dimensional
gel slices revealed a differential distribution in the liver and
bone marrow. However, the protein distributions for these
samples were also different, and proteins identified in the
same molecular mass range in the bone marrow and in the
liver were not all the same. Hemoglobin was identified only in
the 12–15-kDa bone marrow gel slice and not in the liver gel
slice in the same molecular mass range. There could be
numerous proteins in that molecular mass range of a one-
dimensional gel slice, and it is likely that only a subset of these
would be identified by mass spectrometry. Subcellular frac-
tionation prior to one-dimensional analysis improved the dy-
namic range and simplified the identification of 14C-labeled
proteins but still did not allow definitive identification of indi-
vidual protein targets for modification.

To correlate heavy isotope incorporation with individual
polypeptides, we used the high resolving power of two-di-
mensional electrophoresis to separate the components of the
12–15-kDa bone marrow band prior to AMS. The isotope label

FIG. 4. Mean incorporation of 14C in bone marrow proteins in
spots cut from the two-dimensional gels. Error bars show standard
deviations from four experiments using benzene-treated mice (solid
bars) and three using untreated controls (open bars). The inset shows
a 3� expanded view of all but the two strongest signals.

FIG. 5. Incorporation of 14C in core histones separated using
TAU gels. Left, TAU gel with histones identified by MALDI; bands
labeled * were not identified. Right, 14C incorporation measured by
AMS, expressed as fraction modern (38).

FIG. 6. Analysis of histone H4 digested with AspN after isolation
from bone marrow (high dose). Top, reversed phase HPLC of
peptides, monitored by UV absorption at 214 nm, showing fractions
collected for peptide identification by conventional mass spectrom-
etry (10% of each fraction) and measurement of 14C by AMS (90%).
Bottom, gray bars show the amount of 14C detected in each fraction
by AMS; black bars show the same quantity divided by the area of the
corresponding HPLC peak (arbitrary units).
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in the 12–15-kDa band of the bone marrow was partitioned
primarily into the nuclear compartment, and we focused on
the molecular mass and pI range in two-dimensional gels that
would incorporate the histones to identify benzene adducts.
The use of two-dimensional electrophoresis significantly im-
proved the dynamic range over one-dimensional gels, and the
use of in-gel digestion and mass spectrometric analysis per-
mitted rapid identification of the proteins of interest from the
two-dimensional gels. The majority of the label in the protein
homogenates from bone marrow proved to be associated with
hemoglobin. This likely resulted from peripheral blood in the
bone marrow preparation. For future studies, contaminating
mature red blood cells could be removed from bone marrow
samples by suspending the sample in a hypotonic solution to
lyse the red blood cells prior to homogenization (47).

The one-dimensional gel analysis suggested that histones
might be targets for attack by benzene or its metabolites. This
was confirmed by two-dimensional separation, although silver
staining did not allow the quantitation of the modified species.
However, subsequent enrichment of the histones and one-
dimensional separation by TAU gels with more quantitative
Coomassie Blue staining gave no indication that any specific
histone was a favored target for modification. This is despite
the fact that the amino acid compositions of the various
histones vary quite widely. For example histone H2A contains
one cysteine residue that might be a target for modification,
whereas H2B contains no cysteine residues. All histones are
lysine-rich, and the nucleophilic �-amino group of lysine may
also be a binding site for benzene metabolites. Few peptides
derived by digestion of H4 contain no lysine residues, and
every HPLC fraction was found to contain at least one peptide
that included at least one lysine residue. Thus the observation
that all HPLC fractions gave similar 14C levels when normal-
ized to the area of their UV peaks at 214 nm suggests that
their susceptibility to modification by reactive benzene me-
tabolites could be due to the presence of lysine, although it
should be noted that alanine, arginine, glycine, isoleucine,
leucine, threonine, and tyrosine were also represented in at
least one peptide within each fraction.

The findings reported here demonstrate that benzene me-

tabolites are highly reactive and appear relatively promiscu-
ous in their selection of protein targets. Detailed investigation
of the histones demonstrates that their attack by reactive
benzene species is ubiquitous, resulting in multiple modified
sites within a single histone. Of the amino acids potentially
susceptible to reaction, cysteine is not an exclusive target,
whereas lysine could be. The evidence suggests that multiple
lysine residues within each histone are attacked, the location
of each modification being based on rates of diffusion rather
than kinetic factors. This highly reactive nature of the benzene
metabolites suggests a free radical mechanism. A number of
authors have presented evidence for free radical mechanisms
in benzene toxicity as reviewed by Subrahmanyam et al. (17).
As free radicals the metabolites would have short half-lives,
therefore protein targets for attack would need to be closely
associated with a region in which benzene or its less reactive
metabolites might accumulate after environmental or occupa-
tional exposure. Accumulation in the bone marrow cells could
place the substrate for formation of reactive species close to
chromatin, thereby allowing histone modification to proceed
relatively efficiently. Accumulation in red blood cells would
also contribute to the modifications seen in hemoglobin.

The modification of histone proteins by the known leuke-
mogenic agent benzene is intriguing in light of the role of
histones in transcription and chromosome structure and func-
tion. Acetylation of the highly conserved lysine residues in the
N-terminal tails of the core histones results in chromatin struc-
tural changes and gene expression (48–51). Lysine acetyla-
tion reduces inhibition of transcription, and abnormal acety-
lation/deacetylation can lead to cancer development (52). A
number of histone deacetylase inhibitors are under investiga-
tion as novel anticancer drugs (53). Histone methylation has
also been known for a long time, and it is now realized that,
like acetylation, methylation also plays an important role in
biological regulation (54). We have recently described analytical
methods that greatly increase the sensitivity with which specific
sites of both acetylation and methylation can be identified in
histones (55, 56). The acetylated histones have a lower affinity
for chromatin and may be more accessible to modification. The
turnover of histones is low (57), so the effects of modification by

TABLE III
Peptides identified in the AspN digest of histone H4 based on mass analysis and PSD

Note that several peptides resulted from nonspecific cleavages.
SGRGKGGKGLGKGGAKRHRKVLR DNIQGITKPAIRRLARRGGVKRISGLIYEETR
GVLKVFLENVIR DAVTYTEHAKRKTVTAM DVVYALKRQGRTLYGFGG

HPLC fraction no. Peptides identified

1 SGRGKGGKGLGKGGAKRHRKVLR, LENVIR, VYALKRQGRTLY
2 LENVIR, VYALKRQGRTLY
3 � 4 ALKRQGRTLYGFGG
5 FLENVIR, RISGLIYEET, DNIQGITKPAIRRL
6 GVLKVFLENVIR, DNIQGITKPAIRRL
7 ALKRQGRTLYGFGG, YALKRQGRTLY
8, 9 No peptides identified
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benzene metabolites could be stable and could yet prove to
play a role in the process of carcinogenesis.

In earlier work on the identification of the hepatic protein
targets of acetaminophen and a non-toxic regioisomer, we
were able to use conventional tandem mass spectrometry not
only to identify the major proteins but also to characterize the
nature and sites of modification (58, 59). In the current study,
any further structural analysis subsequent to AMS was ham-
pered by small sample sizes and low stoichiometry, resulting
from the apparently indiscriminate modification of a wide
range of targets. Because there proved to be many proteins
over a wide range of molecular masses susceptible to ben-
zene modification, we could not identify the chemical struc-
tures of the reactive metabolites of benzene or the particular
sites of modification. To achieve this it will be necessary to
maximize the sensitivity of other mass spectrometric techniques
to provide further information about the molecular changes
associated with benzene exposure, including the site-specific
structural characterization of the histone modifications indi-
cated by the AMS analysis. Hopefully the identification of the
structures of protein adducts would also identify the reactive
species responsible and could indicate the metabolic pathways
that are most important in benzene carcinogenicity.

In identifying histones as targets for benzene modification,
this study validates a new method for identifying molecular
modifications that will impact future biological studies. AMS
detection of 14C, being up to 106-fold more sensitive than
scintillation counting (60), allowed us to localize isotopically
labeled adducts in one-dimensional and two-dimensional gel
separations of proteins from mice exposed to low doses of
[14C]benzene with attomole sensitivity. Proteins were then
identified by established mass spectrometric methods. In the
future this combination of high sensitivity detection of protein
modification and high resolution separation and protein iden-
tification can be applied to study a wide range of trace toxic,
carcinogenic, and therapeutic compounds at physiologically
relevant levels and to monitor biological events occurring with
low frequency.
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