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Abstract. Acetaldehyde-hemoglobin adducts have been suggested as potential markers for alcohol
consumption. These adducts were formed in vitro with ['*Clacetaldehyde and separated into
hemoglobin subunits by cation-exchange chromatography to examine the relative modification
of the a- and B-chains. The effect of varying concentrations of acetaldehyde on the relative amounts
of polypeptide adducts and on the specific radioactivities of undissociated hemoglobin (Hb) fol-
lowing reaction with hydroxymercurybenzoate (HMB) was also studied. There were linear rela-
tionships (P < 0.05) between increasing levels of ['*Clacetaldehyde (0.0, 0.1, 0.2, 0.5 mM) and
the radioactivities of the a- and one of the two §-chain adducts (22, 25, 53 dpm/mg Hb and 151,
272, 626 dpm/mg Hb, respectively). Increases in radioactivities of a minor unidentified hemoglobin
adduct fraction were also observed. The ratios of specific radioactivities of 8- to a-chain (8.8 = 1.2
SEM) did not vary with the concentrations of acetaldehyde. Although the amounts of undissociated
hemoglobin following reaction with HMB did not increase with increasing concentrations of
acetaldehyde, the significant increase of specific radioactivities of this fraction (152, 1967, and
6562 dpm/mg Hb for 0.1, 0.2, and 0.5 mM acetaldehyde, respectively) suggested possible crosslinks
within the tetramer or dimer. The amino acid analysis of «- and 8-subunit adducts formed with
0.1 and 0.5 mM acetaldehyde showed that unreacted cysteine residues were more often detected
at the higher acetaldehyde concentration consistent with the formation of cysteine adducts labile
to acid hydrolysis or the shielding of cysteine residues in acetaldehyde-modified Hb against the
subunit separation by HMB treatment. Thus acetaldehyde reacts differentially with the a- and 8-
hemoglobin subunits and with the undissociated hemoglobin molecule. © 1986 Society for Experimental

Biology and Medicine.

Two of the major problems in alcohol re-
search and treatment have been a lack of ob-
jective and specific criteria with which to
characterize the condition, and a lack of a bio-
chemical basis for the understanding of the
numerous secondary sequelae of the disease.
Recent studies have shown that acetaldehyde,
a metabolite of ethanol found to be elevated
in chronic alcoholics (1-4), reacts with he-
moglobin and other proteins to form a number
of stable protein-acetaldehyde adducts (5-14).
The formation of acetaldehyde adducts with
proteins suggests that certain sequelae of al-
coholism may be the result of post-transla-
tional modification of proteins at specific sites
and that some of these adducts might serve as
a marker for chronic alcohol consumption.

Acetaldehyde adducts formed in vitro with
hemoglobin were found to coelute with the
minor hemoglobin fraction HbA,; upon cat-
ion-exchange chromatography (8-14). The
detection by chromatographic separation
methods of acetaldehyde adducts formed in
vivo with hemoglobin was reported by some

investigators (11, 15) but not confirmed by
others (16). The development of a specific,
sensitive, and clinically useful assay method
for hemoglobin-acetaldehyde adducts is de-
pendent on a better understanding of the
mechanism of reaction and/or chemical na-
ture of these adducts. This study was under-
taken to (i) examine the relative reactivity of
acetaldehyde with the two major polypeptide
chains of hemoglobin from normal human
subjects, (ii) study the effect of varying near
physiological concentrations of acetaldehyde
on modification of the hemoglobin chains, and
(iii) detect any effect of acetaldehyde on the
stability of the hemoglobin molecule in the
process of subunit separation.

Materials and Methods. Formation of
hemoglobin-acetaldehyde adducts. Venous
blood samples were obtained from three nor-
mal volunteers, ages 24-40, with informed
witnessed consent. After three washes with
normal saline, the red cells were lysed with
distilled water and destromatized by centrif-
ugation at 27,000¢ for 30 min at 4°C. The
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hemoglobin concentration of the pooled
hemolysate determined by the Drabkin pro-
cedure (17) using commercially available re-
agent (Drabkin reagent, Fisher Scientific) was
1.38 mM. Tenfold stock solutions of [1,2-
14Clacetaldehyde (8.0 mCi/mmole, New En-
gland Nuclear) were added to yield mixtures
with final acetaldehyde concentrations of 0.0,
0.1,0.2, or 0.5 mM. The mixtures were added
at 4°C, tightly sealed with rubber stoppers, and
incubated in a 37°C water bath for | hr. Re-
sidual acetaldehyde was allowed to evaporate
under a hood, and the labeled hemoglobin so-
lutions were saturated with carbon monoxide.

Separation of hemoglobin subunits by cat-
ion-exchange chromatography. The [“C]-
acetaldehyde-labeled hemoglobin samples
were reacted with p-hydroxymercuryben-
zoate (HMB; Sigma Chemical Company) for
subunit separation (17-19) and the «- and
$-HMB chains were separated by cation-
exchange chromatography using carboxy-
methylcellulose resin (CM-52, Whatman) ac-
cording to the procedure by Acharya and
Manning (19). With each concentration of ac-
etaldehyde, 120-200 mg of '*C-labeled HMB-
hemoglobin was loaded on 1 X 30-cm columns
previously equilibrated with 10 mM KH,PO,/
K,HPO, buffer (pH 7.9). All buffers were sat-
urated with carbon monoxide and contained
1 mM disodium EDTA. Each sample was
chromatographed at 4°C in triplicate or qua-
druplicate runs. The eluates were collected at
20 ml/hr (LKB 2132 MicroPerpex pump) in
10-ml fractions (LKB 2112 Redirac fraction
collector) and hemoglobin peaks were detected
at 405 nm by an Altex uv/visible detector
Model 153.

Peak fractions from cation-exchange chro-
matography were pooled, and duplicate ali-
quots containing 2 mg labeled HMB-hemo-
globin were brought up to a constant volume
with distilled water and precipitated at 4°C
overnight with 10% trichloroacetic acid (TCA).
The precipitated hemoglobins were collected
on filter papers (2.4-cm GF-C filters, What-
man), washed twice with 5% TCA and finally
with anhydrous ethyl ether on a manifold fil-
tering apparatus (Millipore 1225 sampling
manifold). The samples were dried under a
hood and counted with the filters by liquid
scintillation (Tri-Carb Packard 3255)in 10 ml
Aquasol (New England Nuclear) for 10 min.
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The counts were corrected for efficiency by
the channel ratio method (20) using normal
Hb as quenching agent and ['“C]toluene (4.0
X 10° dpm/ml, New England Nuclear) as
standard. The specific radioactivities of HMB-
hemoglobins modified by 0.1, 0.2 and 0.5
mM ['*CJacetaldehyde prior to subunit sepa-
ration by cation-exchange chromatography
were 100 = 14, 165 £ 5, and 409 = 71 dpm/
mg Hb, respectively. These values represent
about 0.4% of the activity of ['*Clacetaldehyde
initially added to hemoglobin.

Amino acid analysis of acetaldehyde-he-
moglobin adducts. The concentration of
HMB-hemoglobin adduct from various peak
fractions was determined spectrophotometri-
cally with an extinction coefficient for he-
moglobin monomer of 13.4 mM ! cm™! (21).
Aliquots containing 0.1 mg adduct were pre-
cipitated with 5% TCA, washed with TCA and
ether, and dried under a hood. The dried sam-
ples were hydrolyzed in 0.2 ml 6 N HCl in
vacuo at 110°C for 22 hr and chromato-
graphed (22) with a Dionex 500 amino acid
analyzer. Amino acid values were corrected
for recovery using leucine as an internal stan-
dard. The amino acid composition of each
peak was compared to the known composition
of a- and B-chains (23, 24).

Statistical analysis of data. The differences
in specific radioactivities among hemoglobin
adducts with varying concentrations of
[*C]acetaldehyde were examined by one-way
analysis of variance and linear regression pro-
cedures (25). Differences in modification of
the a- and S-HMB-hemoglobin chains were
detected by the comparison of 99% confidence
intervals for mean specific radioactivities. Data
for each acetaldehyde concentration are shown
as means and standard errors of triplicate or
quadruplicate chromatographic runs.

Results. Figure 1 shows a chromatogram of
normal hemoglobin modified by 0.2 mM ac-
etaldehyde and treated with HMB prior to
separation by cation-exchange chromatogra-
phy. The same pattern but different specific
radioactivity values were observed with other
concentrations of acetaldehyde. The mean re-
covery of control and acetaldehyde-modified
HMB-hemoglobins from the columns was 73
+ 4%. The mean recovery of the '“C-label was
82 + 3%. The four main peaks were identified
by amino acid analysis to be §;-chain, 8-
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FI1G. 1. Chromatogram of normal hemoglobin modified
by 0.2 mM [“Clacetaldehyde and treated with hydroxy-
mercurybenzoate prior to separation by cation-exchange
chromatography. Size of CM-52 columns: 1 X 30 cm,
sample size: 120-200 mg HMB-hemoglobin, elution
buffers: linear gradient from 150 ml 10 mM potassium
phosphate (pH 5.8) to 150 ml 15 mM potassium phosphate
(pH 7.9), fraction volume: 10 ml. The four peaks (3,-chain,
B2-chain, undissociated 8o hemoglobin, and a-chain) were
identified by amino acid analysis (see Table I). Incorpo-
ration of radioactive label into trichloroacetic acid-precip-
itated hemoglobin adducts was detected by 10-min liquid
scintillation counting and corrected for counting efficiency
by the channel ratio method.

chain, undissociated Sa-dimer or tetramer,
and a-chain, in order of elution time. A barely
discernible and unidentified minor peak, not
consistently observed in the chromatography
of fresh control HMB-hemoglobin, was ob-
served between the 8,-chain and Ba peaks of
the acetaldehyde-modified HMB-hemoglobin
samples.

The means and standard errors of specific
radioactivities of the 3, fractions were 151 + 2,
272 £ 17,626 = 80 dpm/mg Hb with 0.1, 0.2,
and 0.5 mM['*Clacetaldehyde, respectively.
This increase in specific radioactivities was
significant (P < 0.01) as was the increase in
specific radioactivities of the a-chain (22 £ §,
25 + 3 and 54 £ 4 dpm/mg Hb with the same
increasing concentrations of acetaldehyde).
Figure 2 shows the relative increases in specific
radioactivities of various adducts with in-
creasing concentrations of ['*Clacetaldehyde.
The linear regression of label incorporation as
a function of acetaldehyde concentration
showed a greater slope for the 3,-chain (1185
dpm/mg Hb) than for the a-chain (81 dpm/
mg Hb), but the ratios of 8;-chain to a-chain
specific radioactivities remained constant with
varying concentrations of acetaldehyde (ratio
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of 10.1 % 1.3). The specific radioactivities of
the B, fractions did not change significantly
(P > 0.05) in the range of acetaldehyde con-
centrations used and averaged 119 + 26 dpm/
mg Hb. When the 3, and §, fractions were
combined to represent the 8-chain subunit, the
8 to « ratio of specific radioactivities was 8.8
+ 1.1 dpm/mg Hb.

The Ba peak, representing undissociated
hemoglobin, showed a significant increase (P
< 0.05) in specific radioactivities with increas-
ing acetaldehyde concentrations (152 % 14,
1967 + 443, 6562 = 1804 dpm/mg Hb). The
slope of the least-square line for this fraction
was 1.6 X 10* dpm/mg Hb, the largest of all
observed slopes. The amounts of HMB-he-
moglobin recovered as undissociated hemo-
globin in the Ba fractions were 1.3 * 0.1%
with 0.1 mM acetaldehyde and 1.8 = 0.1%
and 1.8 *+ 0.3% with 0.2 and 0.5 mM acetal-
dehyde, respectively. The change in recoveries
of undissociated hemoglobin was not statisti-
cally significant. The minor peak eluting prior
to the Ba peak did not show a detectable in-
crease in amounts of hemoglobin recovered
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FIG. 2. Relative specific radioactivities of various cation-
exchange chromatography fractions of ['*Clacetaldehyde-
modified hydroxymercurybenzoate (HMB)-treated he-
moglobins. Each point represents a mean of three chro-
matographic runs, each run analyzed in duplicate samples.
Adducts were prepared by incubating varying concentra-
tions of ["*CJacetaldehyde with normal hemolysate at 37°C
for 1 hr prior to separation of hemoglobin adducts into
subunits by HMB treatment and chromatography with
CM-52 columns. The radioactivities of adducts were mea-
sured by 10-min liquid scintillation counting of dried
samples after precipitation by trichloroacetic acid.
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TABLE I. AMINO ACID COMPOSITION OF ACETALDEHYDE-MODIFIED HYDROXYMERCURYBENZOATE
HEMOGLOBINS AFTER CATION-EXCHANGE CHROMATOGRAPHY

Observed with hemoglobin-acetaldehyde adducts

Expected® 0.1 mM acetaldehyde 0.5 mM acetaldehyde
Amino
acid 8 a Bo B B2 B 4 81 82 Bo a
Asp + Asn 13 12 12.5 13.5 13.6 13.6 12.4 13.4 13.6 12.3 11.7
Thr 7 9 8.5 7.6 7.7 9.0 9.7 7.5 7.7 8.9 9.3
Ser 5 11 8.0 5.7 5.8 8.0 10.5 5.7 5.5 9.0 10.2
Glu + GIn 11 5 8.0 10.8 10.6 7.6 5.0 8.1 10.8 6.6 6.1
Pro 7 7 7.0 8.8 8.2 9.9 9.6 7.9 7.9 7.6 9.5
Gly 13 7 10.0 14.1 13.5 10.1 7.8 12.4 12.9 9.1 7.2
Ala 15 21 18.0 17.2 16.2 21.6 23.9 15.2 17.3 19.2 22.8
Cys 2 1 1.5 1.0 0.6 0.7 0.3
Val 18 13 15.5 18.6 16.8 16.2 14.4 17.8 18.2 15.1 13.6
Met 1 2 1.5 1.3 1.1 1.6 20 1.0 1.0 1.9 1.9
Leu 18 18 18.0 18.2 17.6 18.9 18.2 17.8 18.6 18.9 18.0
Tyr 3 3 3.0 3.3 2.6 2.7 29 2.8 2.8 32 3.0
Phe 8 7 7.5 8.3 7.8 8.1 7.5 8.2 8.4 7.9 7.1
His 9 10 9.5 9.5 8.7 9.7 10.2 8.8 9.3 9.4 9.7
Lys 11 11 11.0 11.3 10.9 114 11.3 11.1 11.3 11.0 11.0
Arg 3 3 3.0 3.0 31 29 2.9 3.1 2.9 29 3.0

“Refs. (23, 24).

with increasing acetaldehyde concentrations,
but showed high and increasing specific ra-
dioactivities (516 = 71, 609 = 69, and 1747
+ 270 dpm/mg Hb for 0.1, 0.2, and 0.5 mM
acetaldehyde, P < 0.01).

The results of amino acid analysis of various
chromatography fractions of hemoglobins
modified by 0.1 and 0.5 mA/ acetaldehyde are
shown in Table 1. The unusually high values
of proline in certain peaks were unexplained.
No significant change was observed in the
amino acid composition of hemoglobin ad-
ducts relative to that of the control sampie and
published data for normal hemoglobin. Cys-
teine, which is expected to be modified pref-
erentially by HMB (17), could still be partially
detected in one of the four samples modified
with 0.1 mA/ acetaldehyde and in three of the
four samples modified with 0.5 mAM acetal-
dehyde.

Discussion. Acetaldehyde has been sug-
gested to contribute to various sequelae of al-
coholism due to its capacity to react with
functional groups of proteins and other cellular
components (5-7, 26). Previous studies dem-
onstrated that the formation in vitro of he-
moglobin-acetaldehyde adducts was depen-
dent upon the concentration of acetaldehyde,

the incubation time, and the pH condition of
the reaction medium (8, 9, 12, 14). Although
the knowledge of the detailed structure of such
adducts is important in the understanding of
the mechanism of action of acetaldehyde in
alcoholism and is useful in the development
of more sensitive methods to assay for adducts
formed in vivo, work on the chemical struc-
tures of hemoglobin acetaldehyde adducts is
still lacking. Stevens et al. (9) showed that the
amino acid residues involved in the reaction
with acetaldehyde included valine, lysine, ty-
rosine, and glycosylated valine and lysine, but
no further attempt to locate more specific sites
of hemoglobin modification or to compare the
relative reactivity of acetaldehyde with the
a- and B-chains was reported.

This study showed that acetaldehyde reacts
preferentially to the 8-chains of hemoglobin.
A higher reactivity to the 8-subunit relative to
the a-subunit of hemoglobin has been reported
for other aldehydes (19, 27). When the he-
moglobin-acetaldehyde adducts were ana-
lyzed for amino acid composition, no losses
of valine, lysine, or tyrosine were observed,
even at the supraphysiological concentration
of 0.5 mM. This may be due to the lability of
the hemoglobin-acetaldehyde linkage during
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the acid hydrolysis used in the amino acid
analysis procedure. Acharya and Manning (19)
observed a higher reactivity of the S-chains
relative to a-chains of carbonmonoxyhemo-
globin S with glyceraldehyde. They attributed
this enhanced reactivity to terminal valine
residues as well as active lysine residues in the
B-chains, Since the a- and 8-chains of hemo-
globin have an equal number of lysine residues
which can form Schiff base adducts with al-
dehydes via the e-amine groups, the enhanced
reactivity of one chain over the other reflects
the influence of the chemical nature of residues
neighboring the active amino acids and/or the
conformation of the active sites in the native
hemoglobin molecule.

Only about 0.4% of the radioactivity of
['“CJacetaldehyde initially added remained
bound to hemoglobin after treatment with
HMB and extensive dialysis to remove excess
HMB. The concentration of acetaldehyde in
the blood of alcoholics has been reported to
be in the 50-100 uM range (1-4). Although
only a few micromoles of hemoglobin per liter
of blood would be modified into stable acet-
aldehyde adducts according to the data of this
study, extrapolation to the in vivo situation is
at best speculative because of the unknown
effect of the microenvironment on the stability
of adducts formed in vivo. Sodium borohy-
dride or cyanosodium borohydride can be
used to stabilize the adducts against acid hy-
drolysis (9, 28) but may also introduce arti-
factual degradation products (14, 29, 30) and
therefore these agents were not used in this
study. Tsuboi et al. (10), using metabolizing
human erythrocytes, reported 18% chromato-
graphically altered hemoglobin with 68 hr in-
cubation in 0.5 mA/ acetaldehyde and over
90% chromatographically altered hemoglobin
with overnight incubation in 15 mM acetal-
dehyde. Thus “acetaldehyde adducts” detected
experimentally may differ significantly in the
amounts formed and/or chemical nature de-
pending on the condition of the medium.

The linear increases in specific radioactiv-
ities of the ['“CJacetaldehyde-modified «- and
B-chains are consistent with previous obser-
vations with whole blood hemolysates (8, 9,
14). Although the affinity of acetaldehyde with
the B-chains is 9-10 times greater than with
the a-chains, the undissociated B« fractions
showed the largest amounts of label incorpo-
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ration at each concentration of acetaldehyde
(Fig. 2). The possibility of acetaldehyde par-
ticipating in crosslinks within the dimer or
tetramer, though not directly investigated in
this study, is not ruled out in view of reports
of acetaldehyde-induced crosslinks in other
cellular components (5, 26). However, Jentoft
and Dearborn (29) found no evidence for
crosslinking by formaldehyde in model pro-
teins and further research is needed to address
the issue of crosslinking more specifically. The
higher frequency of detection in cysteine in
hemoglobin adducts modified by 0.5 mAM ac-
etaldehyde relative to adducts modified by 0.1
mM acetaldehyde (Table I) and to the control
sample suggests that acetaldehyde adduct for-
mation may shield certain cysteine residues
against exposure to and reaction with HMB.
The differential reaction of acetaldehyde with
the a- and S-chains and the high specific ra-
dioactivity in the undissociated hemoglobin
fraction following HMB treatment and cation-
exchange chromatography suggest the need for
additional study to further localize the sites of
acetaldehyde modification and examine the
significance of the above observations in vivo.
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