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ABSTRACT

Serum albumin was isolated from rats at 27 h after administra
tion of the carcinogen [2,2'-3H]-4-aminobiphenyl. Pronase diges

tion of the purified albumin yielded a mixture of radiolabeled
materials which was resolved into 5 major components by re
verse-phase liquid chromatography. From detailed UV, 1H-NMR,

and mass spectral analyses, four of these were determined to
be 4-aminobiphenyl, 4'-hydroxy-4-acetylaminobiphenyl, and two

other metabolites, all of which are presumed to be non-covalently

associated with the serum albumin. The fifth component, how
ever, resulted from covalent bond formation and was identified
as a tetrapeptide containing 3-tryptophanyl-4-acetylaminobi-
phenyl, the amino acid sequence of which was H2N-ala-trp-ala-

val. Since rat serum albumin contains only a single tryptophan
residue in a hydrophobic drug binding site, its high selectivity for
carcinogen binding suggests a unique role for this protein in the
detoxification and/or transport of ultimate carcinogenic metabo
lites.

INTRODUCTION

The disposition of carcinogenic aromatic amines in vivo is
effected through a variety of metabolic processes, including
some which lead to the formation of highly reactive electrophilic
species that bind covalently to nucleic acids and proteins (1).
Although numerous studies have indicated the existence of high-
affinity carcinogen-binding proteins (2), the identification of spe

cific sites of amino acid modification has been limited. The
aromatic amines, A/-acetyl-2-aminofluorene (3) and A/-methyl-4-

aminoazobenzene (4, 5), are known to bind predominantly to
methionine residues in liver proteins; A/-methyl-4-aminoazoben-

zene has also been reported to react with tyrosine (4) and
cysteine (6). However, detailed structural information on the
nature of carcinogen-protein binding domains has not been avail

able, and the role of these proteins in metabolism, transport, or
detoxification has remained speculative.

Adduct formation between serum albumin and carcinogenic
aromatic amines has not been reported previously. This protein
could be of particular interest for a variety of reasons. Because
of its important role in the binding and transport of xenobiotics
and endogenous compounds, much has been learned about the
mechanisms of interaction with different substrates (7). For sev
eral species, including rats and humans, the complete amino
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acid sequence is known. Despite the lack of high-resolution X-
ray crystallography, there is a fairly clear conception of the
tertiary structure and its significance (8). Finally, serum albumin
is a readily accessible protein which can be obtained routinely
and without trauma.

In the present study, ABP4 was administered to rats, and a

comprehensive investigation of the covalent binding to serum
albumin was made. We present the identification of a single
adduci formed with tryptophan. Evidence is also presented which
indicates that this adduct arises as a result of highly specific
interaction with the protein and appears to be the only adduct
formed between serum albumin and ABP.

MATERIALS AND METHODS

Animals and Dosing. Thirty male Sprague-Dawley rats obtained from
Charles River Breeding Laboratories (Wilmington, MA) were used to
prepare modified albumin. The animals weighed between 225 and 260
g each and had a total weight of 7.3 kg. They were housed in wire-
bottom cages and given tap water and chow ad libitum before use. 4-

Aminobiphenyl was administered intragastrically as a solution in corn oil
(100 mg/kg). Blood was collected by cardiac puncture 27 h after dosing.

Chemicals. 4-Aminobiphenyl was obtained from Sigma (St. Louis,
MO), and [2,2'-3H]-4-aminobiphenyl (385 mCi/mmol) was prepared by

Midwest Research Institute (Kansas City, MO). The two were mixed to
provide a final specific activity of 0.75 mCi/mmol. A/-Acetyl-ala-trp-ala-val

was synthesized by Biosearch (San Rafael, CA). All other chemicals
were ordinary reagent grade.

Preparation and Digestion of Serum Albumin. Blood was collected
in a syringe containing heparin and kept cold. Plasma was separated by
centrifugation (2000 x g, 10 min). An equal volume of saturated ammo
nium sulfate was slowly added to the plasma. The resulting precipitate
was removed by centrifugation at 9000 x g for 15 min. The supernatant
was adjusted to pH 5 with 1 N acetic acid, and the resulting precipitate
was collected by centrifugation at 9000 x g for 10 min. The precipitate
was dissolved in 50 mM Na2HPO4 and dialyzed against 3 changes of
distilled water at 4Â°,the first two for 2 h each and the last overnight. A

small amount of preciptiate formed in the dialysate which was removed
by centrifugation for 10 min at 2000 x g. The supernatant was lyophilized
to yield 2.9 g albumin.

The entire albumin preparation was dissolved in 200 ml 0.1 N Na2HPO<
to which 10 ml isopropanol had been added. Pronase (60 mg) was
added, and the resulting mixture was placed at 37Â°in a shaking water

bath for 20 h.
Chromatographie Purification. The Pronase digest obtained above

was pumped through a Waters Associates Ci8 radial compression car
tridge using an Altex 110A pump followed by 50 ml water. The mobile
phase was changed to methanol, and 100 ml of eluent was collected
which contained about one-half the total radioactivity. The remainder

4The abbreviations used are: ABP, 4-aminobiphenyl;FAB, fast atom bombard

ment; NMR, nuclear magnetic resonance; Ac, acetyl; ala, alanyl; val, valyl; trp,
tryptophanyl; SDS, sodium dodecyl sulfate.
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was in the earlier eluent which was collected and diluted to 1 liter with
distilled water in order to reduce the concentration of isopropanol.
Portions (100 ml) of this solution were then pumped through a Whatman
Magnum-9 ODS-3 column which was then washed with 50 ml distilled

water. All radioactivity was retained on the column and was subsequently
eluted with methanol. The methanol eluents from both columns were
then combined and concentrated with a rotary evaporater to 3 ml. This
procedure succeeded in separating all radioactive components from the
bulk of the other material, which probably consists largely of free amino

acids.
The concentrated methanol solution (in 0.5 ml portions) was then

chromatographed on the same ODS-3 column, which was also used for

all subsequent chromatography, using a linear gradient of 10% methanol
in 50 mm ammonium formate to 100% methanol at 1.0 ml/min over 100
min. Significant radioactivity was observed in the eluent from 73-78, 60-

64, and 55-59 min. These fractions were saved and designated A, B,

and C, respectively, and they contained 23, 17, and 19% of the radio
activity in all the collected fractions. The remainder (41%) was observed
to be distributed broadly throughout the eluent from 40-85 min.

Fraction A was reduced in volume to 0.3 ml and rechromatographed
with a gradient of 10-80% methanol in 50 ITIMammonium formate (2.5

ml/min, 40 min). The absorbance of the eluent at 280 nm was monitored
continuously, and each peak observed was collected as a separate
fraction. Two major fractions were obtained, each of which was also
radioactive. These were designated A1 and A2 in order of decreasing
retention time. The distribution of radioactivity was 9:1, with A1 contain
ing the greater amount. A1 was concentrated and rechromatographed
using a gradient of 30-80% methanol in pure water (2.5 ml/min, 40 min)

and appeared as a single component by detection at 280 nm. A2 was
evaporated to dryness and was not further purified.

Fraction B was concentrated to 0.3 ml and rechromatographed with
a gradient of 10-100% methanol in 50 mM ammonium formate (2.5 ml/

min, 90 min). Each peak observed at 280 nm was collected as a separate
fraction. Two were obtained, only one of which was radioactive. This
was saved, concentrated, and rechromatographed with a methanol in
pure water gradient (30-80%, 2.5 ml/min, 40 min). Two widely separated
280-nm UV-absorbing peaks, each of which was radioactive, were then

observed. These were designated B1 and B2 in order of decreasing
retention time. The amount of radioactivity in B1 was one-third that

contained in B2. B1 was rechromatographed under the same conditions
and was found to be a single component by UV. Recnromatography of
B2 was performed with various gradients of methanol in water, but none
afforded a good peak shape. It is not clear whether this result was
caused by co-eluting impurities or by the absence of buffer salts from

the mobile phase, which often causes difficulties in chromatographing
ionizable substances.

Similar results were obtained with fraction C, except that there was
never any indication that it contained more than one radiolabeled com
pound. A first attempt at Chromatographie purification with ammonium
formate buffer as for fraction B appeared to resolve successfully one
radioactive and UV-absorbing compound from 4 other 280-nm UV-

absorbing compounds. However, when this one compound was rechro
matographed with methanol in pure water gradients, it was not possible
to obtain a good peak shape.

Amino Acid Analyses. A Beckmann 119 CL automated amino acid
analyzer was used to obtain quantitative amino acid analysis of fractions
A1, B1, B2, and C. Small portions (-2%) of each sample were dissolved
in 1.0 ml 6 N HCI, sealed in evacuated glass tubes, and heated at 110Â°

for 18 h. Aliquots (50 p\) of these solutions were removed for liquid
scintillation counting. The remainder was evaporated to dryness and
redissolved in lithium citrate buffer (pH 2.2) for injection into the amino
acid analyzer. The results are summarized in Table 1. Only A1 contained
near-stochiometric amounts of any amino acids. This analysis does not,

of course, identify any amino acids which have been modified in any
way, such as by covalent linkage to the aminobipnenyl moiety.

Electrophoresis. SDS-polyacrylamide slab gel electrophoresis was

Table 1

Amino acid analyses of the radioactive fractions isolated from a Pronase digest of
4-aminobiphenyl-modified serum albumin. Values are expressed as mol ot amino

acid per mol of tritium.

Fraction Amino acids

A1

B1
62
C

Valine: 1.16
Alanine: 2.35
All: <0.4
AH:<0.04
All: <0.31

carried out using a modification of the method of Laemmli (9) in which
the Tris-glycine buffer system concentrations were doubled. Gels were

stained and destained with Coomassie blue by the method of Fairbanks
era/. (10).

RESULTS

Identification of Fraction A1. The amino acid analysis of A1
indicates a tetrapeptide containing one valine and two alanine
residues and one amino acid to which an aminobiphenyl group
is bound. A search of the known sequence of rat albumin (11)
for four unit subsequences containing ala, ala, val, and x (in any
order) revealed that x was restricted to leucine, arginine, glutamic
acid, or tryptophan. Of these, only arginine or tryptophan could
reasonably be expected to form a covalent adduci. In addition,
tryptophan is the only amino acid of the four which has an
aromatic structure. The 'H-NMR spectrum, which is discussed

in detail below, revealed a number of aromatic protons other
than those associated with the aminobiphenyl residue, thereby
limiting the possibilities for x to tryptophan.

Interestingly, although the rat albumin sequence possesses
only a single tryptophan, there are still two sequences which are
possible, H2N-trp-ala-val-ala and H2N-ala-trp-ala-val. The latter is

favored on steric grounds, that is, blocking of the proteinase by
the bulky modified amino acid should be bidirectional, implying a
peptide with the bulky group more centrally located. Mass and
NMR spectral data (see below) also support this inference and
in fact are inconsistent with any other amino acid sequence.

Fast atom bombardment mass spectra of fraction A1 were
obtained with a Kratos MS-50 mass spectrometer at a resolution

(m/Am) of 3000. The FAB source (12) was operated at 7 kV at
ambient temperature using xenon as the discharge gas. The
spectrum of A1 (Chart 1) showed a predominant base peak at
m/z 655, corresponding to an (M+H)+ ion. A tetrapeptide con

taining one tryptophan, two alanines, and one valine plus 4-

aminobiphenyl and minus two hydrogens (to afford a covalent
bond) would have a molecular weight of 612. The difference
between this mass and that observed for A1 is consistent with
addition of an acetyl group; and, since acetylation of aromatic
amines is a common biochemical pathway, it is therefore reason
able to presume that this adduct resulted from /v-acetylamino-
biphenyl- rather than aminobiphenyl-substitution of the tetrapep

tide. Furthermore, many of the major fragments observed in the
mass spectrum may readily be identified if it is assumed that
they are acetyl derivatives. They result from fragmentation at the
indole-tryptophan-/SC and at sites further removed from the

indole nucleus. Each undergoes subsequent loss of the acetyl
group as ketene, as indicated in Chart 1. In addition to these
prominent ions, there are others which result from fragmentation
at the peptide bonds. This is now known to be useful for the
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Chart 2. 500 MHz 1H-NMR spectrum of fraction A1. Chemical shifts are ex

pressed in ppm downfield from tetramethylsilane. The downfield portion (6.3-8.5
ppm) is plotted at twice the vertical intensity of the upfield portion (0.7-4.4 ppm);
the regions 0-0.7, 4.4-6.3, and 8.5-15 ppm did not display any resonances and

are omitted from the chart.

sequencing of peptides (13) and allows the assignment of H2N-
ala-trp-ala-val as the correct sequence in the present instance.

All of the six expected fragments corresponding to cleavage at
each of the three peptide bonds are observed. More importantly,
fragments corresponding to other peptide sequences are not
observed.

The 1H-NMR spectra of the acetylaminobiphenyl-modified

tetrapeptide was obtained in dimethyl sulfoxide-d6 with a Bruker
WM-500 spectrometer (Chart 2), and the spectral parameters

are summarized in Table 2. Also listed in this table are the
resonances observed in the spectrum of the unmodified synthetic
tetrapeptide, AcNH-ala-trp-ala-val, which was obtained with the

same instrument for comparison. The assignments are based on
homonuclear decoupling experiments, integration of resonances,
and on comparison of chemical shifts with those of 4-acetylami-

nobiphenyl and amino acids in peptides (14). The upfield region
(<6.0 ppm) of the NMR spectrum consisted of aliphatic reso
nances of the peptide and of the acetyl group of the aromatic
amide. The Â«-CHpeaks of one alanine and the valine were both
shifted upfield, which is consistent with their positions as N- and
C-terminal amino acids, respectively (14). The downfield portion

(>6.0 ppm) of the spectrum consisted of resonances correspond
ing to the aromatic protons of A/-acetyl-4-aminobiphenyl and of
the indole moiety of tryptophan, as well as D20-exchangeable

resonances that could be assigned to the amino groups of the
peptide and of acetylaminobiphenyl. The coupling pattern is
uniquely consistent with 3-substitution of the biphenyl residue.

The position of substitution in the indole nucleus is less clear. All
of the expected resonances are observed except the N1H,
indicating that substitution occurred either at N1 or C3. The
change in the chemical shift of the 0-CH2 protons of the trypto
phan from 2.98 and 3.15 in the unmodified peptide to 1.20-1.24
in the A/-acetyl-4-aminobiphenyl-modified material is consistent
with a shift of the double bond from 2-3 to N1-2, which would

result from C3 substitution. Other interpretations of the magni
tude and direction of this change are less satisfactory. Both the
C2H and C7H are also shifted substantially with respect to their
position in the spectrum of the unmodified peptide. These shifts
can be rationalized about equally well for either structure. Other
differences between the two spectra are relatively minor.

UV spectra were measured in water, 0.1 N HCI, and 0.1 N
NaOH and displayed little change of the XmÂ«(276-278 nm) as a

function of pH. It is thus concluded that there are no ionizable
substituents on the biphenyl chromophore which is in agreement
with the assignment of acetyl substitution of the amino group.
The UV spectra also support the assignment of indole substitu-
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tion to C3. Indolenines [e.g., 3,3-dimethyl-3H-indole (15)] exhibit
only one relatively weak (Â«= 4000) Amaxat around 255 nm, which
would be obscured by the strong absorption of the biphenyl
chromophore. In contrast, A/-phenyl indole, a close analogue for
the N-substituted isomer for which there are published spectral
data (16), exhibits two maxima at 256 nm (e = 20000) and 290
nm (Ã‰= 8300).

Taken together, the spectral data and amino acid analysis
establish the ABP modification of serum albumin as a 3-trypto-
phanyl-4-acetylaminobiphenyl adduct, isolated as part of the
tetrapeptide illustrated in Chart 2. While the weight of evidence
favors C3 as the position of substitution in the tryptophan,
substitution at N1 cannot be ruled out.

Identification of Fraction A2. This compound exhibited a
retention time identical with that of authentic 4-aminobiphenyl
when chromatographed on reverse-phase high-pressure liquid

chromatography. Its UV spectra also resembled very closely
those of authentic ABP [Aâ„¢Â«= 250 in 0.1 N HCI versus 248
(ABP) and A,â„¢*= 273 in 0.1 N NaOH versus 270 (ABP)]. Because
of the small amount of material available in this fraction (see
below), it was decided that the most effective confirmation of
identity would be additional Chromatographie comparison with
authentic material.

The collected fraction was thus acidified with 1 N HCI and
evaporated to dryness with a rotary evaporater. The flask was
then placed under high vacuum (0.2 mm Hg) until the residual
ammonium formate was removed. The remaining material was
dissolved in hexane containing 10 n\ pyridine. Pentafluorobenzoyl
chloride (15 /J) was added, and the mixture was held at room
temperature for 1.5 h. The hexane solution was then washed
twice with 1 N HCI and once with dil NaHCO3 and dried over
Na2S04. By liquid scintillation counting, the hexane solution
contained 25 nmol 3H-labeled compounds, based on the specific

activity of the administered aminobiphenyl. The amount of N-
pentafluorobenzoyl-4-aminobiphenyl present was then deter

mined by gas chromatography and comparison of peak heights
with authentic standards. The Chromatograph was a Hewlett-
Packard 5880 fitted with an H-P cross-linked dimethyl silicone

capillary column (12.5 m) and an electron capture detector. The
total amount of derivatized ABP was 17 nmol. Several other
minor components were observed in the chromatogram, but no
peaks of a magnitude comparable to that of ABP were present.

Identification of Fraction B1. From Table 1 it can be seen
that this fraction contained no unmodified amino acids, ruling out
polypeptides as possible structures. The 'H-NMR spectrum,

obtained on a Bruker WH-270 spectrometer, displayed the fol
lowing resonances (dimethyl sulfoxide-d6 = 52.49): 69.96 (s, 1H);
57.61 (d, J=9 Hz, 2H); 57.50 (d, J=9 Hz, 2H); 57.44 (d, J=9 Hz,
2H); 56.82 (d, J=9 Hz, 2H); and 52.02 (s, 3H). The signal at 59.96

disappeared on addition of D2O to the sample. The UV spectrum
exhibited a single Xâ„¢xat 278 nm in water which appeared to
shift slightly to 274 nm in 0.1 N HCI. However, in 0.1 N NaOH,
the Xmaxshifted markedly to 300 nm. The electron impact mass
spectrum of B1 was obtained with a Finnigan-MAT 4023 instru
ment equipped with a thermal in-beam desorption probe. The
ion source was operated at 270Â°and at 70 eV ionization poten

tial. The spectrum of B1 consisted of a molecular ion at m/z 227
with a fragment at m/z 185 (base peak) corresponding to loss
of ketene from the parent compound. Attempts to obtain FAB
mass spectra were unsuccessful.

Given that B1 is derived from ABP, only the structure 4'-

hydroxy-4-acetylaminobiphenyl is consistent with these data. In

the NMR spectrum, the exchangeable singlet at 59.96 may be
assigned to the hydroxyl proton. A phenol is also suggested by
the bathochromic shift of the Aâ„¢*in the UV spectrum when
measured in base. Although in principle there should be another
exchangeable singlet corresponding to the amide-NH, it is our

experience that these are often so broad as to be undetectable.
The two doublets at 57.61 and 57.50 are ortho-coupled, as are

the two at 57.44 and 56.82. This pattern can be generated from
a biphenyl system only if the substitution pattern is 4,4'. The

acetyl group may be inferred from the 3-proton singlet at 52.02

and from the absence of a hypsochromic shift of the Amaxin dilute
acid.

Characterization of Fractions B2 and C. Amino acid analyses
were obtained for both of these which indicated that neither
could contain more than a single amino acid participating in
adduct formation, since no significant amounts of unmodified
amino acids were found. Attempts to obtain mass spectra of
fractions B2 and C by both FAB and chemical ionization (NH3
gas) methods were unsuccessful. UV and 500 MHz 'H-NMR

spectra, however, were recorded.
From the NMR spectra, B2 is clearly a 3-substituted 4-ami

nobiphenyl derivative. By homonuclear decoupling experiments,
the following resonances are assigned: 56.70 (d, J=8.2 Hz, 1H),
5-ABP; 57.16 (d, J=8.2 Hz, 1H), 6-ABP; 57.23 (t, 1H), 4'-ABP;
57.34 (s, 1H), 2-ABP; 57.38 (t, 2H), 3',5'-ABP; and 57.50 (d,
J=8.2 Hz, 2H), 2',6'-ABP. An exchangeable 2H resonance at

54.92 was also observed and is consistent with the unsubstituted
ABP-NH2. The UV spectra support the assignment of a free

amino group on the biphenyl nucleus: in neutral or basic (0.1 N
NaOH) solution the AmÂ»is 270 nm, whereas in acidic (0.1 N HCI)
solution the Aâ„¢Â«shifts to 252 nm. The identity of the 3-substi-

tuent Â¡sunknown, but from the NMR spectra it appears to contain
an aromatic ring with four protons: one singlet (57.64) and two
doublets (57.12 and 57.57), each ortho-coupled (J=9.0 and 8.2

Hz, respectively) to a triplet (57.39), were observed. Only one
amino acid, phenylalanine, has a structure consistent with any
of these data, namely, the aromatic region of the NMR spectrum.
However, no signals were detected in the region 53.6 to 4.8
where the a-CH's of amino acids are usually found (14). We can

only conclude that this compound is a metabolite of ABP but is
not substituted with an amino acid and that therefore it was not
bound to albumin covalently.

The same conclusion may be reached about C. Like B2, its
NMR spectrum displayed no signals at 53.6-4.8, which would

be indicative of an amino acid. The amino group is almost
certainly acetylated: the NMR spectrum contains a 3H singlet at
52.08, and the UV spectrum is unchanged at all pH (Aâ„¢Â«= 255).
The amino group appears to be substituted, since both aryl
ortho-positions are unsubstituted and shifted downfield com
pared to 4-aminobiphenyl. By homonuclear decoupling, the fol

lowing aminobiphenyl resonances were assigned: 56.85 (d,
J=8.6 Hz, 2H), 3',5'-ABP; 57.28 (t, 1H), 4'-ABP; 57.44 (t, 2H),
3',5'-ABP; 57.49 (d, J=8.6 Hz, 2H), 2',6'-ABP; and 57.56 (d,
J=8.2 Hz, 2H), 2',6'-ABP. Like B2, the nature of the N-substi-

tuent in fraction C is also aromatic but consists of two ring
systems. One exhibits a doublet (57.58, J=6.9 Hz) coupled to a
triplet (57.40) coupled to a triplet (57.33) coupled to a doublet
(57.40, J=7.7 Hz). The other ring contains two ortho-coupled
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doublets (57.08, 57.79; J=8.2 Hz) and a meta-coupled singlet

(57.13). The spectra also display one exchangeable 2H singlet
(56.48) and three exchangeable 1H singlets (59.36, 59.50, and
59.92). Thus, fraction C would appear to be an unknown metab
olite of 4-aminobiphenyl and not an amino acid adduct.

Identification of Albumin as the Source of Fraction A1.
Fractionation of plasma by ammonium sulfate precipitation does
not yield pure albumin, which raises the possibility that the
tryptophan adduct, fraction A1, was derived from a contaminat
ing protein. To address this question, we prepared and exten
sively purified albumin from animals given doses of ABP, com
parable on a weight basis, but containing much higher amounts
of radioactivity. This resulted in sufficient labeling of the protein
so that it could be fractionated on an SDS-polyacrylamide gel

and the distribution of radioactivity in the gel could accurately be
determined.

Plasma was obtained from two rats given 3H-ABP (1.9 mCi,

30 mCi/mmol) and was fractionated using Reactive blue 2-

Sepharose. Whole plasma was applied to a column of the affinity
medium equilibrated with 10 mw Tris, pH 7.5. After washing with
the same buffer, albumin was removed with 50 mw Tris, pH 7.5,
containing 200 rnw NaSCN. The albumin solution was desalted
and lyophilized. The albumin was then redissolved in 10 mw Tris
and reapplied to the column, which was washed successively
with 10 mw Tris, 50 mivi Tris + 50 rnw KCI, and 50 mw Tris +
100 mM KCI. Albumin was eluted with 200 HIM NaSCN and
isolated as before. The same process was repeated using 50
mM Tris + 200 mw KCI as an intermediate wash before eluting
albumin with NaSCN. The isolated protein had a specific activity
of 19.3 nCi/mg (0.64 nmol/mg) and a minimum specific trypto
phan adduct level of 4.3 nCi/mg (0.14 nmol/mg). The latter was
determined by chromatographing aliquots of a Pronase digest,
collecting the tryptophan adduct peak (clearly discernible in the
UV trace), and measuring the radioactivity in that peak. The value
thus determined represents 22% of the total, which is in good
agreement with the value of 21% found for fraction A1 in the
preparative work.

The protein was then subjected to SDS-polyacrylamide gel

electrophoresis. Only one band was evident when up to 30 Â¿ig
of protein were applied to the gel. Its mobility was identical with
that of the bovine serum albumin in the molecular weight stand
ards. Only when 100 M9 were applied was it possible to discern
other proteins. These results are illustrated in Fig. 1. The lane in
which 100 ftg were applied was cut into four sections which
were dissolved in 1 ml 30% H2O2 and assayed for radioactivity
by liquid scintillation counting. The second section, which in
cluded only albumin, contained 1.79 nCi. This corresponds to a
specific activity for the protein of 17.9 nCi/mg, which is essentially
unchanged from the value of 19.3 nCi/mg determined for the
applied protein. The first section (molecular weight > albumin)
and the third and fourth sections (molecular weight < albumin)
had only background levels of activity (27-43 cpm). Thus, it

appears that albumin is indeed the protein to which ABP is
bound.

DISCUSSION

Previous studies of arylamine-protein binding have failed to

detect tryptophan adducts from the liver proteins of animals fed
aromatic amines (17), although this might be a result of the
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Fig. 1. SDS-polyacrylamide gel electrophoresis of affinity-purified, ABP-modified
serum albumin. Lanes a and I: protein molecular weight standards (Pharmacia).
Lanes b to e: albumin, 1,10, 30, and 100 Â»Â¿g,respectively.

greater sensitivity of tryptophan to degradation than other amino
acids. Adducts which have been identified involve tyrosine, me-
thionine, and cysteine. The failure of cysteine in albumin to react
with electrophilic metabolites of aminobiphenyl is understanda
ble, as 34 of the 35 cysteine residues are present as disulfides.
However, rat albumin contains 6 methionine and 21 tyrosine
residues (11). Of these, the tyrosine at 411 is particularly reactive
and is located in a drug binding site of broad specificity (8). This
site might be predicted, a priori, to be the most likely to react. It
was anticipated at the outset that a number of products would
be observed.

Remarkably, the binding of aminobiphenyl to serum albumin
appears to take place at a unique and unlikely site. Rat albumin
contains only a single tryptophan residue at position 214 (11).
This tryptophan appears to be situated in one of the fatty acid
binding sites and to occupy a relatively hydrophobic position in
the native protein. It is not known to participate as a nucleophile
in chemical reactions as do many other residues. This suggests
that the site of attachment of aminobiphenyl to albumin is not
determined only by the abundance and relative nucleophilicities
of the different residues available for reaction. Probably, the rate-

limiting step is the association of the reactive intermediate with
albumin at a site in close proximity to the tryptophan residue
through the same non-covalent interactions which bind fatty

acids, drugs, and other xenobiotics. The probability of subse
quent covalent bond formation with tryptophan would thus be
greatly enhanced. The most likely 4-aminobiphenyl metabolite
responsible for modification of this tryptophan would be N-
sulfonyloxy-N-acetyl-4-aminobiphenyl, an electrophilic reactant
known to be formed by hepatic sulfotransferase-catalyzed es-
terification of A/-hydroxy-A/-acetylaminobiphenyl (3,18).

Tumorigenesis by 4-aminobiphenyl has been observed in sev

eral species, including humans (1). In species with very little
capacity to A/-acetylate (dog) or with variable capacity (rabbits,

humans), the compound is an effective bladder carcinogen. In
others (rat, mouse, hamster), bladder tumors are rarely observed,
although other organs such as intestine, mammary gland, kidney,
and liver are affected. It has been suggested from these obser
vations that the induction of bladder tumors is critically depend
ent on the adequacy of a metabolic pathway which does not
include the formation of acetylaminobiphenyl (19, 20). The fact
that the adduct we observe is derived from A/-acetylaminobi-
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phenyl raises the interesting possibility of having a direct measure
of the fraction of this carcinogen which is acetylated in vivo. If,
in addition, the fraction which is activated without being acety
lated can be measured at the same time, it might provide a
biochemical basis for the epidemiological observation that the
slow acetylator phenotype is at greater risk for the development
of bladder cancer than the fast acetylator phenotype (21).

Finally, the covalent binding of ABP to a single tryptophan in
albumin near one of its fatty acid binding sites suggests the
possibility of an important role for this protein in carcinogen
transport or detoxification. Since the half-life of W-sulfonyloxy-A/-
acetylaminobiphenyl in aqueous buffer is approximately 2-3
min,5 serum albumin in blood could function to protect it against

solvolysis and transport it from the liver to extrahepatic target
tissues such as the mammary gland and kidney. Alternatively, in
view of the abundance of serum albumin in blood and in liver,
the covalent binding of electrophilic metabolites to this protein
could represent a significant pathway for carcinogen detoxifica
tion. Additional studies are in progress to address these possi
bilities and to determine whether the ABP-serum albumin adduci

is formed predominantly in the blood, liver, or other tissues.
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