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Abstract—Interaction of aflatoxin B,, (B,). the hemiacetal of aflatoxin B, with amino acids and
proteins has been demonstrated by spectrophotometric analysis. spectrophotometric titration. equilib-
rium dialysis, separation of the interaction complex from free reactants by thin layer chromatography
(TLC) at pH 70, and by the isolation of stable conjugates upon reduction with sodium borohydride
(NaBH,). At pH 7-8, the spectrum of B, shifted to a longer wavelength (from 370 to 400 nm) when
either glycine or ovalbumin was present, but did not shift in the presence of N-acetylglycine. Likewisc,
both glycine and ovalbumin altered the dissociation constant (pK) of the phenolic group of B, but
N-acetylglycine did not. The cmpirical formula for the complex was B, (phe), when '*C-phenylalanine
{phe) was used in the interaction. An apparent cquilibrium constant for the B, (phe), system was
found to be 1-82 x 107 1. M~' at pH 7-0. The complex was stable at neutral and slightly alkaline
pH but dissociated in acid. in contrast to the reduced adduct which was relatively stable in acidic
conditions. The interaction was also pH-dependent with a higher degree of interaction as basicity
increased. The results indicated that the z- and e-amino groups of amino acids and proteins and
the aldehyde groups of the phenolate ion form of B,, were essential for the reaction. The data support

the proposed Schiff base formation mechanism for the intcraction.

Aflatoxin B,(B,), a potent carcinogen, is the major
toxic metabolite produced by Aspergillus flavus and
A. parasiticus. The biochemical and biological as well
as the toxicological properties of B, have been exten-
sively reviewed [1.2]. The toxin is readily converted
to its hemiacetal, designated as aflatoxin B, (B,,). by
addition of a water molecule to the vinyl ether double
bond of the B, terminal ring in acid [3] or under
ultraviolet light [4]. Recent investigations indicated
that B, is also one of the major B, metabolites in
several animals [5, 6].

Although it has been reported that B, is less toxic
than B, [3]. it reacts readily with amino acid and
protein [7], and inhibits deoxyribonuclase T (DNase
I) activity [8]. It was suggested that such an interac-
tion might be related to the acute toxicity of B,
because of the conversion of B; to B,, in animal liver
in vivo [9]. Due to the existence of a phenolate ion
form of B,, in basic solutions, in which two free alde-
hyde groups are generated, it was suggested that a
Schiff base was formed between the aldehyde groups
in B,, and amino groups in amino acid and proteins
[7]. Nevertheless. such complexation has not been
characterized. In this paper, a more detailed study
of the interaction of B, with amino acids and pro-
teins is presented.

MATERIALS AND METHODS

Materials. pL-Glycine, DL-phenylalanine, pL-pro-
line, N-z-acetyllysine, N-acetylcysteine, N-acetylgly-
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cine, calf~thymus DNA (sodium salt) and beef pan-
creatic DNase I were purchased from Sigma Chemical
Co. (St. Louis, Mo.). Crystalline bovine serum albu-
min (BSA) and ovalbumin were purchased from
Schwarz-Mann (Orangeberg, N.Y.). Sodium borohyd-
ride (NaBH,) was purchased from Fisher Scientific
Co. (Fair Lawn, N. J.). Labeled '*C-phe (1-3 mCi/m-
mole} was purchased from Tracerlab (Waltham,
Mass.) and *H-NaBH, (700 mCi/m-mole) was pur-
chased from New England Nuclear Co. (Boston,
Mass.). Plastic sheets (20 x 20 c¢cm) precoated with
carboxymethylcellulose (CMC) MN300CM were pur-
chased from Brinkmann Instruments. Inc. (Westbury.,
N. Y.). Adsorbosil-5 was purchased from Applied
Science Laboratories, Inc. (State College. Pa) and
Sephadex G-10 was purchased from Pharmacia Fine
Chemicals, Inc. (Piscatawnay. N. J.). All organic sol-
vents used in this study were of analytical grade.

Preparation of B. and B, derivatives. Aflatoxin
B,, was prepared by the method of Pohland et al.
[3]. Acetylated B, was produced by acetylation of
B, with acetic anhydride in pyridine; reduced B,,
was prepared by reduction of B, with NaBH, as
described by Ashoor and Chu.t

Thin-layer chromatography (TLC). Glass plates
coated with Adsorbosil-5 (Silica gel) to a thickness
of 250 uM and plastic sheets precoated with carboxy-
methylcellulose (CMC) were used for TLC. The devel-
oping systems were chloroform-methanol (90:10,
v/v), butanol-acetic acid-water (40:15:10, by vol.) for
Adsorbosil-5, and 0-1 M sodium phosphate buffer, pH
70, for CMC. The developed plates were air-dried
and examined under ultraviolet light again. The
major spots in both cases were located, and their R,
values were calculated.

Spectrophotometric  analyses. Spectrophotometric
measurements were made using a Beckman model
DU spectrophotometer. Absorption spectra  were
obtained by scanning the appropriate solutions at a
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range of 200-600 nm in a Beckmann Acta 1T auto-
matic recording spectrophotometer with a light path
of 1 em. Spectrophotometric titrations were carried
out in a Radiometer Automatic Titrator with a Radio-
meter Titrigraph type SBR2 and type SBU 1 syringe
burette as described by Chu [10]. Fluorescence
measurements were made inoan Aminco Bowman
spectrophotofluorometer  at appropriate  activation
and cmission wavelengths.

Radioactivity measurements. Except where  other-
wise specified. an appropriate amount of extracted
solution (generally less than 0-5 ml) or a radioactive
spot scraped from a thin-layer plate was mixed with
10 ml of Bray’s solution [11]. The solution was sub-
jected to counting in a Packard Tri-Carb model 5017
liquid scintillation spectrometer for 10 min.

Reuaction of B,, and reduced By, with amino acids
and their N-acetyl devivatives. An appropriate amount
ol cither B,, or reduced B, dissolved in methanol
was mixed with an equal amount of the amino acid
or the N-acetyl derivative dissolved in 0-05 M sodium
phosphate bufter, pH 7-2. The reaction mixture was
incubated at 37" for 20 min and divided into halves.
One-tenth ml of freshly prepared NaBH, solution
(2:6 x 10 > M) in phosphate buffer was added drop-
wise to one hall and both halves were kept at 4
for an additional 30 min. Excess NaBH, was then
destroyed by the addition of two drops of -1 N HCL.
and the two solutions were brought to equal volume
by the addition of phosphate buffer. Equal volumes
of both rcaction mixtures were subjected to TLC
using the butanol acctic acid water system as de-
scribed before. In certain cases, spots of some reduced
products were scraped off and cluted with a small
volume of phosphate buffer for use as standards.

For confirmation purposes. B,, was rcacted with
14C-phe (1-3 1Cijumole) and the mixture was reduced
with NaBH,. Aflatoxin B, wus also reacted with un-
labeled phe. with the subsequent reduction with *H-
NaBH, (98 x 10" ¢pm;0-1 ml). The reaction condi-
tions in both cases were similar o those described
above. The reaction mixtures were analyzed by TLC
in the butanol acctic acid water solvent system. All
major spots were scraped off and subscquently eluted
with phosphate buffer. The radioactivity of each solu-
tion was counted.

Testing the stability of the B, amino acid product.
The stability of B,, phe adduct was tested in two
ways. First. phe was reacted with B, followed by
cither reduction or non-reduction as indicated before.
Mcthanol in the mixtures was cvaporated under
vacuum. Both mixturcs were then acidified with -1
N HCI (01 ml acid per 140 ml mixture) to a pH value
of approximately 2:0 and extracted 5 times with equal
volumes of chloroform. The combined chloroform
extracts were concentrated under vacuum and then
spotted along with the aqueous layers for TLC analy-
sis. using both solvent systems mentioned before.
Sccond, appropriate amounts of purified "*C-phe B,
(reduced) adduct were hydrolyzed in 6 N HCLat 110
in evacuated and sealed tubes for 2 and 24 hr. The
hydrolysates were cvaporated to dryness at room
temperature. redissolved in equal volumes of phos-
phate buffer and examined by TLC analysis. The R,
values of all spots were calculated and the radioacti-
vity of cach spot was measured.
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Reaction of B, with proteins. One mg of B, sus-
pended in a few drops of methanol was added to
10 mg of cach protein (ovalbumin, BSA and DNase)
in 3 ml phosphate buffer. The reaction mixtures were
incubated at 37 for 30 min. followed by the addition
of two drops of antifoam B and 0-] ml NaBH, solu-
tion (1-3 x 10" 2 M) and then incubated for another
30 min at 4. Two drops of *1 N HCl were added
to the mixture with gentle stirring to destroy excess
NaBH,. Control protein solutions were reduced with
NaBH, in a similar manner. All protein mixtures
were passed through a 2 x 30 ¢em Sephadex G-10
column using 005 M phosphate buffer. pH 72, as
cluent. Absorbance of fractions was measured at 280
and 400 nm. The protein fractions were pooled
together. dialyzed for 48 hr against a large volume
of water at 4, and [reeze-dried. The activity of DNase
samples was measured by the method of Kunitz [12].

In a separate experiment. the B,, ovalbumin reac-
tion mixture along with a control mixture was
reduced with *H-NaBH, {29 x 107 ¢pm/0-1 ml) and
treated as indicated above. The total radioactivity of
both samples was measured.

Lffect of pH on B, interaction with proteins. This
was carried out by reacting B,, (1:3 x 1077 M) with
cither ovalbumin  (1'19 x 10 M) or lysozyme
(367 x 10 7 M) in appropriate buflers ol different
pH values (acetate for pH 4-8 and 60, phosphate for
70 and 80, and bicarbonate for 91: final con-
centration. 0-06 M) with subsequent NaBH, reduc-
tion. The solutions were then dialyzed against dis-
tilled water in a dialysis tank for 48 hr with a change
of fresh distilled water twice a day. The pH of the
solutions after dialysis was about pH 7:0. The fluores-
cence intensity of cach solution was measured at the
activation and cmission wavelengths of 390 and 440
nm respectively. Interaction of reduced B, at pH 84
was also tested under similar conditions.

Equilibrium dialysis. Interaction ol B,, with pro-
teins without reduction with NaBH, was carried out
at pH 7-5 using an cquilibrium dialysis method simi-
lar to that described by Chu [13]. Two mi of the
protein solutions at a concentration of 1 8 x 107"
M was dialyzed against 1:72 x 107" M B, dissolved
in 20 ml of 0-05 M phosphate buffer at pH 7-5. The
concentration of frec and bound B, was determined
fluorometrically by comparing with a standard curve
in the range of 10 x 10 ° (o 10 x 10" M at acti-
vation and cmission wavelengths of 390 and 440 nm
respectively. The competition of interaction between
B,, with glycine and proteins was carried out in a
similar manner by incorporation of 1 x 107 M gly-
cine in the equilibrivm dialysis.

RESULTS

Spectrophotometric analyses. The spectra of B,, and
of By in the presence of glycine or ovalbumin at
pH 78 are shown in Fig. ta. The difference between
these spectra is shown in Fig. 1b. In the presence
of glycine or ovalbumin, the B, spectrum shifted
10 a longer wavelength with maximum changes occur-
ring at 370 and 400-410 nm. No changes in the B,
spectrum were observed when N-acetylglycine was
present. These results indicate that complexation had
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Fig. 1. Effect of glycine and ovalbumin on the absorption
spectrum ol B, . The absorption spectra of B, (curve A,
—- ). B,, + glycine (curve B, ). and B, + ovalbumin
{curve C,- - ) are shown in panel a. and the difference
in speetra is shown in pancl b, Curves B' and C represent
B minus A and C minus B respectively. The concentrations
of B,,. glycine and ovalbumin were 2-1 x 1075 M. 1-3 x
107* M and 2-8 x 1077 M respectively. The final solution
was in 0-05 M phosphate buffer. pH 78,

occurred between B,, and glycine or ovalbumin but
did not occur with N-acetylglycine.
Spectrophotometric titrations of B, in the presence
or absence of excess amounts of glycine. N-acetylgly-
cine, or ovalbumin, and titrations of reduced B,, and
acetyl B,, in the presence or absence of excess
amounts of glycine were carried out at 400 nm to
study the changes in the dissociation of the phenolic
group of B, and its derivatives due to complexation.
The various titration curves are shown in Fig. 2, and
the different apparent pK values of B, and its derlva-
tives are shown in Table 1. The dppdrent pK ol B,
was shifted to a higher value (from 710 to 8-10) when
cither glycine or ovalbumin was present, whereas no
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Fig. 2. Spectrophotometric titration curves of B, (A),

B,, + N-acetylglycine (A). B,, + ovalbumin (B) and B,, +
glycine (C). Theoretical curves were calculated from pK
values of 7-10. 8-05 and &1 for A, B and C respectively.
The symbols along the curves (O. @. A, A) represent the
experimental data for B, B, + N-acetylglycine, B,, +
ovalbumin and B,, + glycine respectively. » Was calcu-
lated according to Chu [13].
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Table 1. Apparent dissociation constant (pK) of phenolic
group of B, and B, derivatives in the presence or absence
of amino acid or protein

B> derivative

Amino acid or Reduced  Acetyl

protein added B,, B, B.,
No amino acid added 710 610 7-60
+ Glycine 810 620 7-40
+ N-acetylglycine 710 ND* ND
+ Ovalbumin 8-03 ND ND

* ND = not determined.

shifting was observed in the presence of N-acetylgly-
cine. The dissociation of the phenolic group of
reduced B,, or acetyl B,, was not altered in the pres-
ence of glycine. These results indicate the formation
of a complex between B, and glycine or ovalbumin
which resulted in chdngmg the pK of the phenolic
group of B>. They also indicate that the amino group
of glycine and the aldehyde groups of B, ~are essential
for the formation of such a complex. since N-acetyl-
glycine did not form a complex with B, . and reduced
B, and acetyl B, failed to complex with glycine.

TLC analyses of the complexation. Chromatography
of B,,- '*C-phe mixture on CMC at pH 70 resulted
in three well separated spots (Fig. 3). two ol which
were identified as phe (Ry, 0-87) and B, (R, 0:35).
The third spot (R,. 0-20) was radioactive (446 per
cent of total radioactivity), tluorescent and ninhydrin
negative and was considered as that of the reaction
complex between '*C-phe and B,,. In order to deter-
mine the empirical formula of this complex, '*C-phe
was mixed with B, at different molar ratios (0-44
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Fig. 3. Thin-layer chromatograms of the '*C-phe-B,,
reaction mixture (without NaBH, reduction) on CMC
sheets developed in 0-1 M phosphate buffer. pH 7-0. Sam-
ples I, 2 and 3 represent reaction mixture, B, standard
and phe standard respectively. Solid spots indicate ninhyd-
rin-positive spots: the shaded spots indicate fluorescence
spots under ultraviolet light. Values in parentheses repre-
sent the R, valucs of the various spots. Radioactivity was
distributed between phe (R, 0-87) and the reaction com-
plex (R ;. 0-20).
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Fig. 4. Effect of the phe:B., molar ratio on the formation
of phe B,, complex. B., in methanol (3-0 > 107% M) was
mixed with various amounts of "*C-phe solution (1-31 x
10" M) in 0-05M phosphate buffer, pH 7-2, to a total
volume of 013 ml. Mixtures were incubated at 37 for
20min. and 5 gl of cach was spotted and chromatographed
as indicated mn Fig. 3. The amount of bound phe was deter-
mined by counting the radioactivity of scraped reaction
complex spots.

to 40) and the mixtures were subjected to TLC on
CMC. The amount of phe in the complex was deter-
mined by measuring radioactivity in the complex spot
and the various amounts of phe were plotted against
the corresponding molar ratios as shown in Fig. 4.
The amount of phe in the complex increased almost
proportionally with the increase of the phe:B;, molar
ratio up to 20 and was almost constant thercafter.
Extrapolating these results indicated that the complex
contained 2 moles of phe/mole of B,, with an empiri-
cal formula of B, (phe),. With this information, it was
possible 1o determine the overall apparent equilib-
rium constant. K. which is defined as follows:

B, + 2phe= B, (phe),
. 1B.iphe).]
~ [By1lphe]®

The various values of K and pK for the B, (phe),
complex obtained are shown in Table 2. The average
apparent K was 182 x 107LM ™! and the average
pR was 7-24 as determined at pH 7-0.

Chromatography of B, and the '*C-phe mixture on
Adsorbosil-5 developed in the butanol acetic acid
water system resulted moonly two spots. identified
as By, and phe. which contained all ol the added
radioactivity. Apparently. the complex was  disso-
ciated under these acidic conditions.

Reduction  of  Ba, amino  acid — complexes  with
NuBH,. In order to obtain a more stable covalent
adduct and to confirm the possible formation of a
Schiff base between B, and an amino acid, B, was
reacted with different amino acids and N-acetyl deri-
vatives of amino acids with subsequent reduction with
NaBH,. A typical chromatogram on silica gel (Adsor-
bosil-3) is shown in Fig. 5. The unreduced reaction
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Table 2. Determination of apparent cquilibrium constant.
K. ol B, (phe), complex at pH 70

Free phe Free B, B, (phe), K x 10
(M > 107 (M x 107 (M x 10%) (LM 1 pk

877 577 (-84 1-90 728
1296 527 1-33 1-50) 78
9-806 16:20 380 240 73R
1451 1416 5-80 1-96 7-29
13-80 [3-80 620 240 7-38
282 1292 709 [-26 709
20665 12:80 7-20 1-30 711
]-§2% 7-24%

*Mecan value.

mixtures showed only two spots, identified as B, and
the corrcsponding amino acid. whereas the reduced
mixture showed an extra spot (fluorescent. ninhydrin
negative. with a different R, value in cuch of the
reduced mixtures) in addition to the spots of reduced
B., and the amino acid. When N-acetylglycine, N-
acetyleysteine and proline were reacted with B, with
subscquent reduction with NaBH,. the new spot was
absent. When reduced B, was reacted with amino
acids with subsequent reduction with NaBH,. no ad-
ditional spots were observed. In order to confirm that
the extra spot resulting from reduction of the amino
acid B, mixture was of the rcduced amino acid B,
complex. "*C-phe and *H-NaBH, werc used as label-
ing rcagents. The distribution of radicactivity among
the different spots in reduced and unreduced mixtures
is shown in Table 3. In the "*C-phe and B,, mixtures.
radioactivity was distributed between phe and the
extra unknown spot upon reduction with NaBH,.
whereas it was located only i the phe spot in the
unreduced mixture. When *H-NaBH, was used for
reduction. radioactivity was distributed between the
extra unknown spot and that of rceduced B. @ no
radioactivity was detected in the phe spot. These
results indicate that the extra spot was that of the
stable adduct formed between an amino acid and By,
upon reduction with NaBH .

The molar ratio of phe:B;, in the reduced adduct
was determined by TLC analysis of the reduced '*C-
phe B, mixture. The amount of phe in the adduct
was determined by measuring the radioactivity of the
adduct spot. The amount of B, in the adduct was
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Fig. 5. Thin-layer chromatograms ol glycine (1) N-z-ace-

tyllvsine (2). and phe (3) reaction mixture with B, before

reduction (N) and after reduction with NaBH, (R) on

Adsorbsil-5. Solid spots were ninhydrin positive and the

shaded spots were fluoreseent under ultraviolet light. The

solvent system was butanol acetic acid water, 40:15:10, by
vol.
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Table 3. Distribution of radioactivity among spots of thin-
layer chromatograms of phe-B,, reaction mixtures*

Radio-

TLC Reaction Identified  activity
systemt mixture R, compound ()
A phe + B, 029 phe 9%-6
041 By, 14
A phe + B, 0-20  unknown 491
(reduced with 029 phe 483
NaBH,) 0-55  reduced B, 26
A phe + By, 020 unknown 66:0
(reduced with 0-29  phe [0
*H-NaBH,) 035 reduced B, 330
B phe + B,, 024 unknown 419
(reduced with 0-54  reduced B, 4.2
NaBH,) 087  phe 539

* Either '*C-phe or *H-NaBH, was uscd for labeling.

+ System A: Adsorbosil-5 coated plates developed in
butanol-acetic acid—water (40:15:10, v/v): system B: CMC
sheets developed in 0-1 M phosphate buffer. pH 7-0.

obtained by measuring the amount of reduced B,
{equivalent to the amount of unreacted B,,) spectro-
photometrically, using e¥:9" of 27.000.* and subtract-
ing this amount from the total amount of B, added.
In this manner. the molar ratio of phe to B,, in the
reduced adduct was 2:03, which is in agreement with
the molar ratio of the unreduced adduct previously
determined.

Stability of the B,,amino acid reduction adduct.
When the acidified. unreduced phe-B. reaction mix-
ture was extracted with chloroform. all the B, was
transferred to the chloroform layer, whereas the
aqueous layer did not show any fluorescence and gave
only a phe spot on TLC. However. after chloroform
extraction, the aqueous layer of the acidified reduced
mixture of phe-B,, gave three spots: reduced B, (less
soluble in chloroform than B, ). phe. and the reduc-
tion adduct. The chloroform extract of the acidified
solution of the reduced phe-B,, adduct did not show
any fluorescence, whereas the aqueous layer showed
a fluorescent, ninhydrin-negative spot with the same

Table 4. Stability of B, ('*C-phe), adduct to 6 N HCl hy-
drolysis at 110"

Distribution ol radioactivity in
the hydrolysates*
)

Time of
hydrolysis Original
(hr) Unknown adduct phe  Reduced B,
2 17 870 98 5
24 03 531 463 0-3

* Hydrolysates were chromatographed on CMC sheets
developed in (-1 M phosphate buffer, pH 7:0. The R,
values were 0-07 for the unknown spot. 0-24 for the
B,,(phe), adduct, 0-54 for reduced B, and 0-87 for phe.

* 8. H. Ashoor and F. S. Chu, manuscript in preparation.
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R, valuc as the original adduct. These results indicate
that the reduced B, ~phe adduct was more stable in
acidic conditions than the unreduced one.

The stability of the reduced adduct was also tested
by acid hydrolysis of two radioactive preparations of
the reduced B, phe. using cither '*C-phe or *H-
NaBH, for labeling. The results of the acid hydrolysis
of the B,, "*C-phe adduct are given in Table 4. Ap-
proximately 87 and 53 per cent of the adduct were
unaffected after 2 and 24 hr of hydrolysis in 6 N
HC1 at 110", Similar results were obtained when the
*H-labeled adduct was tested.

Interaction of B, with proteins. The binding of B,
with various proteins at 6 and pH 7-5 was demon-
strated by the equilibrium dialysis technique. Under
these conditions. approximately 2. 3. 4 and 13 moles
of B,, were bound to 1 mole of lysozyme. DNase
[, ovalbumin and BSA respectively. All of the bound
B,, was readily extracted with chloroform from all
proteins tested except for BSA where 3 4 moles of
B,, was still bound to the protein. Interaction of B,,
with these proteins was inhibited by the presence of
excess amounts of glycine in the dialysis solution.

In order to obtain a more stable B, -protein conju-
gate. the solutions were also reduced with NaBH,.
Under the conditions used. the degree of interaction
was higher than that obtained from equilibrium dialy-
sis. Approximately 8. 9 and 12 moles of B,, were
covalently bound to | mole of ovalbumin. DNase and
BSA respectively. Reduction of the ovalbumin-B,,
mixturc with *H-NaBH, resulted in a radioactive
ovalbumin-B, adduct (662 x 107  cpm/umole).
whereas the control mixture (no B,, present) did not
show any radioactivity. The reduced B, -DNase
adduct was completely inactive compared to the con-
trol mixture which retained its activity.

Spectrophotometric analysis of the reduced B,
protein adducts revealed that the phenolic group of
the B,, was not involved in the interaction. The
adducts showed a bathochromic shilt in basic solu-
tions comparable to that of B,, (from 345-350 nm
to 395-400 nm at pH §-0).

The effect of pH on the interaction of B,, with
protein was clearly demonstrated by the capability
of interaction of B, with lysozyme and ovalbumin
at different pH values. As the pH value of the reaction
mixture increased. the degree of interaction was also
increased, as shown in Fig. 6. The reaction appeared
to be completed at pH 10:0. The degree of interaction
followed a pattern similar to the degree of dissocia-
tion of the phenolic group of B,,. Reduced B,, did
not react with either protein at pH 8, as judged
fluorometrically.

DISCUSSION

In the present study. interaction of B,, with amino
acids and proteins has been demonstrated not only
by the finding that amino acids or proteins induced
a significant change in the B,, spectrum and the dis-
sociation constant of the phenolic group of B,,. but
also by the separation of a B,, amino acid complex,
ie. By (phe), from the reactants in CMC-TLC as well
as by the binding of B,, with proteins in equilibrium
dialysis. The B, (phc), complex appeared to be rela-
tively stable in neutral or slightly alkaline conditions,
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10-0

Fig. 6. Effect of pH on the interaction of B, with lyso-

zyme (curve A} and ovalbumin (curve B). » Represents

either the degree of dissociation of the phenolic group B,

(curve C) caleulated according to the method described

by Chu [13] or the degree of binding of B, to lysozyme

or ovalbumin (z = amount of B, bound to protein/total
B,

2

but was unstable in acid. Although the apparent equi-
librium constant of B, (phe), was estimated as 1-82 x
107 liter M ™', the actual equilibrium constant in
solution would be higher. since binding of the rcac-
tants and the complex with the absorbents may have
occurred. Interaction of other amino acids with B,
may give similar cquilibrium constants under identi-
cal conditions.

The mvolvement of the amino groups in the inter-
action between amino acids and B, was evident from
the following observations: (1) neither the complex
nor the reduced adduct gave a ninhydrin reaction; (2)
neither the B, speetrum nor the dissociation constant
of the phenolic group in B, was altered in the pres-
ence of N-acetylglycine; and (3) binding of B, with
protein in the cequilibrium dialysis was inhibited in

*S. H. Ashoor and F. S. Chu. manuscript in preparation.
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Fig. 7. Proposcd mechanism for the interaction of B,

Phenolate ion
form of AFLAB,,
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the presence of glycine because of competition for the
ligand. The amino acid proline failed to interact with
B- . indicating that the imino group was not involved
in the reaction. Our results agree with the observa-
tions reported by Patierson and Roberts [7].
Interaction of B,, with amino acids or proteins is
based on the hypothesis that B, undergoes a struc-
tural change in basic conditions to form a phenolate
ion with two {ree aldchyde groups [3]. The impor-
tance ol the phenolate ion structure of B, was
demonstrated by the finding that the increasc in bind-
ing of B, to lysozyme or ovilbumin followed a pat-
tern similar to the degree of dissociation of B, (Fig.
6). However, the phenolic group of B, was not in-
volved in the interaction because the isolated adducts
still exhubited a bathochromic shift (from 345 350 nm
in acidic to 395 400 nm in basic solutions). a charac-
teristic of phenolic group dissociation. The relevance
of the aldchyde groups i the phenolate form of B,
in the interaction was shown f{rom the fact that
reduced B, . in which aldehyde groups were reduced
by NaBH, to hvdroxyl groups.* lailed (o interact
with amino acids or proteins as shown from the spec-
trophotometric titrations {(in which glycine did not
alter the pK of reduced B, Table 1) and from TLC
and fluorometric analyses. Thus the present data indi-
cate that amino groups of amino acids or proteins
and aldchyde groups of B,,. i the phenolate ion
form. are essential for the interaction between these
compounds. Since it has been shown that 2 moles
of phe had reacted with | mole of B, . both aldchyde
groups must be involved in the interacuon.
Interaction of amino groups with aldehydes has
often been interpreted as formation of a Schift basc.
Classically. the existence of such a base 1s proved by
the formation of a more stable covalent adduct upon
reduction with a mild reducing reagent such as
NaBH, [ 14]. Thus. Jor example. reductive alkylation
has been frequently used in the modification of amino
groups in proteins by reaction of the proteins with
formaldchyde followed by reduction with NaBH,
[15]. Reduction of solutions containing amino acids
or proteins and B, in the present study has indeed
resulted in the formation of a stable adduct. Although
we have unsuccessfully tricd to determine the molecu-
lar weight by mass spectroscopy. labeled experiments

0O 0 o 0O

AFLA RBJ, (pK61)

AA or
protein

No reaction
No reaction

Schiff base (unstable)

with amino acids or proteins. The asterisk

indicates compounds that exhibit a bathochromic shift.
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with '*C-phe showed that the adducts contained 2
moles of phe per mole of B, . With the available evi-
dence reported in the present investigation, the inter-
action of amino acids or proteins with B,, would be
consistent with the mechanism shown in Fig, 7.
Modification of amino groups in proteins has been
shown to alter the biological function of certain
enzymes [15]. Although it has been found that B,,
is less toxic than B; [3], the biological significance
of the interaction of B, with protcins or amino acids
cannot be overlooked because it has been found that
B. is one of the major B, metabolites [5.6]. It is
possible that B, reacts with certain protein(s) or
enzymes at the cellular level. Although B,, is shown
to be less toxic than B, by cither injection or feeding,
thus causing nonspecific interaction with proteins or
amino acids. manifestation of the interaction of B,
with cellular enzyme(s) right after the conversion of
B, to B, may play a role in aflatoxicosis. For
cxample, it has been reported that B; was metabo-
lized to B, which was subsequently bound to the
microsomes [16]. Interaction of B, with DNase in
vitro has led to the inactivation of the enzyme [8];
however, it is not known whether inactivation was
due to the interaction of B, with amino group in
the active center of the enzyme. or the alteration of
the enzyme gross conformation. Considerable evi-
dence regarding the possible formation of an active
B, derivative, i.e. B;-2.3-oxide. has been presented by
Miller, Garner et al. [17 19] recently. Tt has been
suggested that this hypothetical epoxide could then
cither be reacted with macromolecules or subse-
quently be reduced to B, . The significance of the
interaction of the hypothetical aflatoxin epoxide with

interaction with amino acids and proteins
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macromolecules and the actual rolc of the interaction
of B, in systems in viro warrant further investigation.
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