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The bromoacetates of resorufin and of p-nitrophenol act simultaneously as very rapidly
hydrolyzed substrates and as potent irreversible inactivators of cytosolic aldehyde
dehydrogenase. Following inactivation, the resorufin or p-nitrophenoxide moiety is released
fairly quickly by hydrolysis from the modified enzyme. Resorufin dimethylcarbamate and
resorufin methanesulphonate inactivate aldehyde dehydrogenase in an ‘‘oxidative addition’’
reaction that is consistent with the involvement of the enzyme’s catalytically essential cysteine
residue with the quinonimine ring of the resorufin structure. The resulting covalently modified
enzyme is yellow-orange and the redox properties of the colored label can be conveniently
observed. Resorufin ethyl ether also slowly inactivates aldehyde dehydrogenase, but the
resulting labeled enzyme is a surprising pink-violet color at pH values of about 5 to 10. The
expected yellow-orange derivative is obtained at pH less than 4 or upon denaturation of the
protein. The possible chemical identity of the species responsible for the pink-violet color is
discussed. The resorufin anion binds noncovalently to aldehyde dehydrogenase apparently at
the cofactor binding site, as it may be displaced by NAD1 or NADH.  1998 Academic Press

INTRODUCTION

For a number of years we have been interested in the esterase activity of cytosolic
aldehyde dehydrogenase. We have utilized a variety of alternative substrates to the
traditional p-nitrophenyl acetate, and we have designed and investigated substrate
analogues that act as inactivators and ‘‘reporter group’’ reagents (1–5). Recently
our attention has focused on the use of resorufin acetate (6, 7); this substrate gives
rise to a much more intensely colored product than does p-nitrophenyl acetate and
also shows some interesting novel kinetic effects (for example its rate of hydrolysis
is dramatically accelerated by NAD1 or NADH). We thought it would be of interest
to investigate resorufin bromoacetate as a comparison, and this work constitutes
part of the present paper. Resorufin bromoacetate has the potential of being a very
reactive substrate and also of being a potent inactivator of aldehyde dehydrogenase
(like other compounds with a bromoacetyl group; 8, 9).

p-Nitrophenyl dimethylcarbamate has been used as an active site-directed irre-
versible inactivator of cytosolic aldehyde dehydrogenase, enabling Cys-302 to be
confirmed as the enzyme’s active site nucleophile (3) and suggesting the use of a
closely related cyclic compound as a reagent that would label the active site with
a colored reporter group (5). As a second part of the present paper we present a
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SCHEME 1. Structure of the resorufin compounds referred to in this work. Resorufin bromoacetate,
X 5 BrCH2CO; resorufin dimethylcarbamate, X 5 (CH3)2NCO; resorufin methanesulphonate, X 5

CH3SO2 ; resorufin ethyl ether, X 5 CH3CH2 . The structure shown on the right is the resorufin anion
with its symmetrically delocalised electronic arrangement.

study of the action of resorufin dimethylcarbamate on the enzyme. We anticipated
it would behave similarly to its p-nitrophenyl analogue (but more sensitively in a
spectrophotometric sense) and were intrigued to find that it reacts in an interestingly
different manner, involving attack on the resorufin moiety itself rather than on the
sidechain, as discussed below. This observation prompted our investigation of other
derivatives of resorufin (as reported in the remainder of this paper), one of which,
namely resorufin ethyl ether, was found to react with the enzyme in a surprising way,
giving a striking pink-violet derivative. The structures of the compounds referred to
in this work are given in Scheme 1.

MATERIALS AND METHODS

Cytosolic aldehyde dehydrogenase was isolated from sheep liver as previously
described (4). Resorufin acetate was prepared as before (10); resorufin dimethylcar-
bamate, resorufin methanesulphonate, and resorufin ethyl ether were prepared as
described in the accompanying paper (11). p-Nitrophenyl bromoacetate was pre-
pared as before (8). Resorufin bromoacetate was prepared as follows. The sodium
salt of resorufin (Aldrich Chemical Co.) (235 mg) was suspended in acetone (100
ml); bromoacetyl bromide (75 el) was added and the mixture was stirred at room
temperature overnight. After filtration, the deep yellow solution was evaporated
to give an orange solid, which was stored at 48C protected against atmospheric
moisture. C14H8BrNO4 confirmed by mass spectrometry (m/z 5 332.963112 [79Br],
334.961388 [81Br]).

All assays of enzyme activity and all UV/visible spectra were recorded using a
Varian Cary 1 spectrophotometer. Modification of aldehyde dehydrogenase by p-
nitrophenyl dimethylcarbamate, resorufin dimethylcarbamate, resorufin methane-
sulphonate, or resorufin ethyl ether was carried out at pH 7.4 and 258C, adding the
modifier in a small volume of acetonitrile. The progress of modification was moni-
tored directly by UV/visible spectroscopy or by taking small samples of the reaction
mixture for assay of enzyme activity. After reaction, modified enzyme was isolated
at room temperature by passing the reaction mixture (3–5 ml) down a gel filtration
column (Biogel P-6; 25 3 0.08 cm), eluting with 10 mM sodium phosphate buffer,
pH 7.4. Modified enzyme was denatured with perchloric acid and redissolved in
urea solution as previously described (5).
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TABLE 1
Inactivation of Aldehyde Dehydrogenase by Bromoacetates

Extent of inactivation (%)

Inactivator Dehydrogenase Esterase

Resorufin bromoacetate (10 eM) 97.5 94.6
p-Nitrophenyl bromoacetate (20 eM) 95.7 97.2

Note. The enzyme (0.52 eM) and modifier were incubated at 258C in 50
mM sodium phosphate, pH 7.0, for 5 min before substrates were added to
assay remaining activity. The dehydrogenase assay used NAD1 (1 mM) and
acetaldehyde (1 mM); the esterase activity was measured using resorufin ace-
tate (50 eM).

Modification of aldehyde dehydrogenase by p-nitrophenyl bromoacetate or resor-
ufin bromoacetate was carried out as follows. Three aliquots (67 el) of modifier
solution in acetonitrile and three aliquots (0.3 ml) of ice-cold enzyme solution in
50 mM sodium phosphate, pH 7.4, were added alternately over a period of less
than 1 min to 1.8 ml of ice-cold 0.2 M sodium phosphate buffer, pH 7.0, with stirring.
The total concentrations of enzyme and modifier were 19–22 eM and 0.2 mM,
respectively. Modified enzyme was then isolated as rapidly as possible by gel filtra-
tion (as described above), eluting with 20 mM sodium phosphate buffer, pH 7.0,
at 48C. In the case of resorufin bromoacetate, the initial protein-containing eluate
was immediately subjected to a second identical gel filtration procedure. Control
experiments were carried out in an identical way except the modifier was first
completely hydrolyzed by warming in the buffer; after cooling the resulting solution
on ice, the enzyme was then added.

RESULTS AND DISCUSSION

Reaction of Aldehyde Dehydrogenase with Resorufin Bromoacetate and
p-Nitrophenyl Bromoacetate

The results in Table 1 show that compounds with a bromoacetate functionality
are rapid potent inactivators of both the dehydrogenase and the esterase activities
of cystosolic aldehyde dehydrogenase, confirming the preliminary study with p-
nitrophenyl bromoacetate (8). Figure 1a shows that when p-nitrophenyl bromoace-
tate (20 eM) is added to enzyme already in the presence of resorufin acetate
(25 eM), the inactivator competes successfully against the substrate resulting in
substantial loss of activity within a minute or so. (In this experiment, any release
of p-nitrophenoxide, lmax 5 399 nm, would not interfere with the monitoring of
resorufin liberation at 571 nm.) It is obvious therefore that bromoacetates (like
various substituted bromoacetamides; 8) are capable of reacting with aldehyde
dehydrogenase (presumably at its catalytically essential Cys-302 residue) according
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FIG. 1. Reaction of aldehyde dehydrogenase with bromoacetate compounds. In (a), trace 1 shows
the hydrolysis of resorufin acetate (25 eM) catalyzed by aldehyde dehydrogenase (0.26 eM) in 50 mM
sodium phosphate buffer, pH 7.0, at 258C. Trace 2 shows the effect of adding p-nitrophenyl bromoacetate
(20 eM) at the point shown by the irregularity in the curve. (At the equivalent point in trace 1, the
same volume of solvent but without modifier was added.) In (b), trace 1 shows the release of p-
nitrophenoxide when p-nitrophenyl bromoacetate (20 eM) is added to enzyme (0.52 eM) in 50 mM
sodium phosphate buffer, pH 7.0, at 258C. Trace 2 is the corresponding control in the absence of enzyme.
In (c), trace 1 shows the release of resorufin anion when resorufin bromoacetate (10 eM) is added to
enzyme (1.56 eM) in the same buffer; trace 2 is the corresponding control in the absence of enzyme.

to pathway A in Scheme 2. However, we were interested in whether any reaction
can simultaneously occur according to pathway B (that is, the standard acylation-
deacylation pathway of esterase action).

The trace labeled 1 in Fig. 1b shows the production of p-nitrophenoxide when
p-nitrophenyl bromoacetate (20 eM) is added to aldehyde dehydrogenase (0.52
eM); similarly trace 1 in Fig. 1c represents the release of the resorufin anion when
resorufin bromoacetate (10 eM) is added to enzyme (1.56 eM). In each case the
trace labeled 2 is the corresponding control in the absence of enzyme showing the
fairly rapid spontaneous hydrolysis of these reactive esters. It is clear from these
experiments that there is a very fast enzyme-catalyzed hydrolysis of the esters giving
rise to a large jump in absorbance within the time of adding the substrate and
closing the spectrophotometer’s cell compartment. At the same time, as already
discussed, the enzyme is being inactivated; thus in Fig. 1b, the jump in absorbance
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SCHEME 2. Possible modes of reaction of aldehyde dehydrogenase with the bromoacetates used in
this work. (X 5 the resorufin or p-nitrophenoxide moiety.)

is then followed by a slower increase in absorbance due to spontaneous hydrolysis
of the remaining ester after inactivation of the enzyme. In Fig. 1c, with a sixfold
larger ratio of enzyme to ester, almost all the ester is hydrolyzed within the time
of mixing. These results clearly show that both pathways A and B in Scheme 2 are
indeed operative and that the precise outcome depends on the initial concentrations
of enzyme and bromoacetate. If the enzyme concentration is relatively low, then
shortly after the addition we have a mixture of inactive enzyme, some hydrolysis
product (X2 in Scheme 2), and some unreacted excess ester; on the other hand, if
the enzyme concentration is high enough, then shortly after mixing we would
end up with some hydrolysis product, some inactive enzyme and some unaffected
enzyme, and no ester left. The fact that the limiting absorbance of trace 1 in Fig.
1c is less than the level attained by spontaneous hydrolysis of the control resorufin
bromoacetate is consistent with the idea that under these conditions some of the
resorufin is ‘‘locked away’’ in the form of the product of pathway A in Scheme 2,
albeit temporarily as we will see shortly.

We isolated aldehyde dehydrogenase labeled according to pathway A by reacting
enzyme with resorufin bromoacetate or p-nitrophenyl bromoacetate as described
under Materials and Methods. Control experiments consisted of allowing the bro-
moacetate completely to hydrolyze before adding enzyme and otherwise proceeding
in an identical manner. With both the reaction mixture and the control in the case
of resorufin bromoacetate the initial gel filtration eluate was immediately applied
to a second identical gel filtration column in an attempt to improve the separation
of noncovalently bound resorufin anion (see below), produced by either enzyme-
catalyzed or spontaneous hydrolysis. Figure 2a shows that over a period of 1–2 h
after isolation of aldehyde dehydrogenase modified by resorufin bromoacetate,
there is a gradual release of the resorufin anion from the protein, consistent with
the occurrence of the reaction shown in Scheme 3. A similar release of initially
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FIG. 2. Release of label from aldehyde dehydrogenase after modification by bromoacetate compounds.
(a) Aldehyde dehydrogenase was modified by resorufin bromoacetate (as described under Materials
and Methods) and the labeled protein was isolated by two passages through a gel filtration column.
The release of the resorufin anion was then monitored at 258C in 20 mM sodium phosphate buffer, pH
7.0 (d). The dashed part of the curve represents what is assumed to happen in the few minutes between
completion of the gel filtration at 48C and commencement of the spectrophotometric observation at
258C. Also shown is the result of the control experiment in which the resorufin bromoacetate was
allowed to hydrolyze before the addition of enzyme (s). (b) Enzyme was modified by p-nitrophenyl
bromoacetate (as described under Materials and Methods) and the labeled protein was isolated by a
single passage through a gel filtration column. The release of p-nitrophenoxide was then monitored at
258C in 20 mM sodium phosphate buffer, pH 7.0 (d). Also shown is the result of the control experiment
in which the p-nitrophenyl bromoacetate was allowed to hydrolyze before the addition of enzyme (s).

SCHEME 3. X2 5 resorufin anion or p-nitrophenoxide.
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‘‘cryptic’’ label is seen over a period of 1 h in the case of enzyme modified by p-
nitrophenyl bromoacetate (Fig. 2b).

The fact that the label produced as a result of pathway A (Scheme 2) is susceptible
to hydrolysis establishes that it is not buried in a binding site on the enzyme that
is inaccessible to water. As a comparison, a solution of resorufin acetate was pre-
pared that would give a final value of A571 when totally hydrolyzed of 0.30 (similar
to that due to the released label in Fig. 2a); when this was allowed spontaneously
to hydrolyze under the same conditions as used in the experiment of Fig. 2a (i.e.,
20 mM phosphate buffer, pH 7.0, 258C), a value of A571 of only 0.0125 was attained
within 1 h. In other words, the rate of hydrolysis of the label furnished to the
enzyme by resorufin bromoacetate is over 20-fold faster than the spontaneous rate
of resorufin acetate hydrolysis. This may mean that the same enzymic residues
that catalyze the hydrolysis of the thioester intermediate in the esterase reaction
(pathway B, Scheme 2) can also catalyze the hydrolysis of the ester group of
the label, albeit much less efficiently of course than in the case of the ‘‘natural’’
acyl-enzyme.

Binding of the Resorufin Anion to Aldehyde Dehydrogenase

The control experiments in Fig. 2 show that gel filtration is unsuccessful in
completely separating either the resorufin anion or p-nitrophenoxide from aldehyde
dehydrogenase. The binding of the resorufin anion is particularly striking as even
after two passages through Biogel P-6 a considerable amount of this highly colored
species clings tenaciously to the enzyme.

Free resorufin anion has a sharp absorbance peak that is maximal at 571 nm,
whereas in the presence of a high concentration of aldehyde dehydrogenase, the
peak is more rounded with lmax 5 575 nm (see trace 1 in Fig. 3a). We observed,
however, that on the addition of NAD1 the absorbance spectrum reverts to that
expected for the free resorufin anion, as shown in trace 2, Fig. 3a, suggesting that
NAD1 causes displacement of resorufin from its binding site on the enzyme. This
suggestion is confirmed by the results shown in Fig. 3b; passing a mixture of enzyme
and resorufin anion through a gel filtration column in the presence of NAD1 results
in much less resorufin travelling with the protein fraction (trace 2) than in the
absence of NAD1 (trace 1). Similarly, as shown in Fig. 3c, gel filtration of an initial
mixture of aldehyde dehydrogenase, NADH, and resorufin anion results in an
enzyme fraction that contains some bound NADH (as shown by the absorbance
in the region of 340 nm) but less bound resorufin anion than in the control NADH-
free experiment. Under the conditions of routine assay of aldehyde dehydrogenase
(which include 1 mM NAD1 and 1 mM acetaldehyde), the presence of the resorufin
anion (10 eM) has no detectable effect. However, with much lower NAD1 concen-
trations, the resorufin anion is a competitive inhibitor with Ki approximately 30
eM (data not shown).

The simplest explanation for the results here is that the resorufin anion binds in
the nucleotide-binding site of aldehyde dehydrogenase. It is well known that bulky
aromatic negatively charged dye molecules bind strongly to the coenzyme site of
various dehydrogenases and this phenomenon is widely used in affinity chromatogra-
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FIG. 3. Binding of the resorufin anion to aldehyde dehydrogenase. (a) Trace 1 shows the spectrum
of resorufin (14 eM) in the presence of enzyme (8 eM) in 50 mM sodium phosphate buffer, pH 7.4.
Trace 2 shows the spectrum of the same solution following the addition of a small amount of NAD1

(approx. 2 mg to 3 ml). (b) A mixture of enzyme (19 eM) and resorufin (0.1 mM) in 20 mM sodium
phosphate buffer, pH 7.0, was passed through a gel filtration column at 48C (eluting with the same
buffer) and the protein-containing eluate gave the spectrum shown as trace 1. Trace 2 is the corresponding
result found when the original mixture and the elution buffer both contained 0.5 mM NAD1. (c) A
mixture of enzyme (12.5 eM) and resorufin (25 eM) in 50 mM sodium phosphate buffer, pH 7.4, was
passed through a gel filtration column at 48C eluting with 10 mM sodium phosphate buffer, pH 7.4; the
protein-containing eluate gave the spectrum shown as trace 1. Trace 2 is the corresponding result found
when the original mixture (but not the elution buffer) contained 25 eM NADH.

phy (12, 13). The present observations have implications for past and future experi-
ments involving aldehyde dehydrogenase and resorufin compounds. In all assays
of esterase activity (with resorufin acetate, for example; 7), it is presumably the
activity of the enzyme–resorufin anion complex that is actually being monitored,
at least after the initial production of a significant concentration of the anion. In
experiments involving the dehydrogenase activity, competitive inhibition by the
resorufin anion is a potential complication unless the NAD1 concentration is satu-
rating.
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Reaction of Aldehyde Dehydrogenase with Resorufin Dimethylcarbamate and
Resorufin Methanesulphonate

In previous work, p-nitrophenyl dimethylcarbamate has been shown to react
very slowly with cytosolic aldehyde dehydrogenase, liberating p-nitrophenoxide
and giving inactive enzyme in the form of Enz-S-CO-NMe2 (2). We anticipated that
resorufin dimethylcarbamate would react similarly, releasing the intensely colored
resorufin anion, and thus potentially providing a very sensitive active-site titrant
for the enzyme. This expectation was mistaken, however, as only a very small rise
in A571 was seen (equivalent to 6.5% of that expected from a control experiment
with p-nitrophenyl dimethylcarbamate), although over 96% of the enzymic activity
was abolished at this point. Clearly some other reaction between enzyme and
resorufin dimethylcarbamate is mainly responsible for the inactivation.

A time-course of inactivation of enzyme (5.2 eM) by resorufin dimethylcarbamate
(25 eM) showed that the time for loss of half the enzyme activity is 32 min. Under
identical conditions, resorufin methanesulphonate is a much more rapid inactivator
(the half-life of the enzyme is less than 1 min), whereas resorufin ethyl ether
(discussed in detail below) is considerably slower (half-life approx. 90 min).

We isolated aldehyde dehydrogenase modified by resorufin dimethylcarbamate
as described under Materials and Methods. Figure 4a, trace 1, shows the spectrum
of native enzyme and modifier immediately after mixing, and trace 2 shows the
spectrum of the labeled enzyme isolated by gel filtration following an incubation
period of 2 h. A very similar but not identical result was obtained with resorufin
methanesulphonate (spectra not shown); the lmax values for enzyme labeled by
the dimethylcarbamate and by the methanesulphonate are 441–443 and 437 nm,
respectively. These values are practically identical to those found when the modifiers
react with 2-mercaptoethanol (442 and 433 nm, respectively), as reported in the
accompanying paper (11). Hence the pathway therein, which was elucidated by
NMR investigation of the products and which may be described as ‘‘oxidative
addition’’ (14), must clearly be followed also by aldehyde dehydrogenase; this is
shown in Scheme 4. The difference in rates of inactivation of the enzyme by the
dimethylcarbamate and by the methanesulphonate are presumably due to the differ-
ence in the substituents’ electron-donating ability affecting the rate of attack of the
enzyme on the quinonimine ring.

In Scheme 4, the ‘‘spontaneous’’ oxidation of the intermediate aminophenol must
obviously happen very readily (giving the colored form of the modified enzyme);
perhaps dissolved atmospheric oxygen is the oxidant or perhaps unreacted excess
modifying agent can perform this function. We thought it would be interesting to
investigate further the redox properties of the label and the results are shown in
Fig. 5. Partial bleaching of the label supplied to the enzyme by resorufin dimethylcar-
bamate is slowly brought about by ascorbic acid (10 mM). The fact that an equilib-
rium seems to be approached (rather than complete reduction of the label) by this
large excess of reducing agent suggests that the aminophenol shown in Scheme 4
may be a significantly stronger reductant than ascorbic acid. It appears therefore
that the two isolated aromatic rings of the aminophenol have less overall stabilization
than the conjugated system of one aromatic ring and a quinonimine ring found in
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FIG. 4. Spectrum of aldehyde dehydrogenase after modification by resorufin compounds. (a) Trace
1 (using the left hand absorbance scale) shows the spectrum of resorufin dimethylcarbamate (28 eM)
and aldehyde dehydrogenase (9.4 eM) in 50 mM sodium phosphate buffer, pH 7.4, immediately after
mixing. Trace 2 (with the right hand scale) shows the spectrum of the labeled protein after gel filtration
following an incubation period of 2 h at 258C. (b) Trace 1 (left hand scale) is the spectrum of resorufin
ethyl ether (28 eM) and aldehyde dehydrogenase (9.4 eM) immediately after mixing. Trace 2 (right
hand scale) shows the spectrum of the labeled protein after gel filtration following an incubation period
of 3 h 40 min at 258C.

the resorufin system. Figure 5a also shows that the fully oxidized label is rapidly
restored following the addition of excess hydrogen peroxide.

Figure 5b shows that, like ascorbic acid, NADH can partially reduce the resorufin
moiety donated to the enzyme by resorufin dimethylcarbamate, although unlike
ascorbic acid (11), NADH does not reduce resorufin dimethylcarbamate itself. This
interesting result confirms that the label is situated in the enzyme’s active site and
must be precisely positioned to accept a hydride ion transferred from NADH. In
the enzyme’s dehydrogenase action, a hydride ion is thought to be transferred from
a thiohemiacetal group to NAD1, but the reaction can be reversed under appropriate
conditions (15, 16) and this is shown in Scheme 5. In this Scheme, we speculate
that during the reduction of resorufin-labeled enzyme a hydride ion is similarly
transferred from NADH to the carbon atom adjacent to the sulphur of Cys-302.
After protonation and tautomerization, this would result in the aminophenol shown
in Scheme 4.

Figure 5 clearly shows that, unlike after reduction with ascorbic acid, the labeled
enzyme that has been partially reduced by NADH is inert to reoxidation by hydro-
gen peroxide. This suggests that occupation of the coenzyme binding site denies
access of hydrogen peroxide to the label, perhaps directly by steric hindrance or
indirectly by changing the enzyme’s conformation (as NADH is known to do; 17).
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SCHEME 4. Mode of interaction between aldehyde dehydrogenase and resorufin dimethylcarbamate
or resorufin methanesulphonate.

Reaction of Aldehyde Dehydrogenase with Resorufin Ethyl Ether

Trace 1 in Fig. 4b shows the spectrum of a mixture of enzyme (9.4 eM) and
resorufin ethyl ether (28 eM) immediately after mixing. (The small peak at 571
nm is due to contamination of the ether with a small amount of the intensely
colored resorufin anion; there was nothing to suggest that this interfered with the
experiment.) After gel filtration following an incubation period of 3 h 40 min, the
protein fraction gave the spectrum shown in trace 2, with lmax at 530 nm and a
shoulder at about 570 nm. Based on the work described above (involving the
dimethylcarbamate and methanesulphonate of resorufin) and the work involving
reaction of 2-mercaptoethanol with resorufin compounds (11), we anticipated that
resorufin ethyl ether would react with aldehyde dehydrogenase according to Scheme
4 and give a labeled form of the enzyme with lmax of about 481 nm. That is, we
expected a yellow-orange enzyme derivative and were surprised to obtain instead
the pink-violet solution whose spectrum is shown in the figure. However, upon
lowering the pH, a color change in the labeled enzyme is seen, as shown by the
results in Fig. 6, such that below pH 4 the expected lmax (of 478–481 nm) is indeed
found. Also shown in Fig. 6, as a function of pH is the absorbance at 481 nm
(which is the invariant lmax under these conditions) of the labeled enzyme following
denaturation with perchloric acid and redissolution in concentrated urea solu-
tion.
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FIG. 5. Redox properties of the label supplied to aldehyde dehydrogenase by resorufin dimethylcarba-
mate. Aldehyde dehydrogenase (10 eM in (a); 14 eM in (b)) was treated with resorufin dimethylcarba-
mate (30 eM in (a); 38 eM in (b)) for 2 h at pH 7.4 and 258C and the labeled protein was isolated by
gel filtration as described under Materials and Methods. (a) The changes in absorbance at the lmax of
the label (at pH 7.4 and 258C) after the addition of ascorbic acid (10 mM), followed after 2 h by the
addition of 10 el of concentrated hydrogen peroxide solution (giving 32 mM). (b) Similarly, the changes
in absorbance of the label in the presence of NADH (0.1 mM) followed after 2 h by the addition of
hydrogen peroxide (32 mM).

SCHEME 5. On the left is shown transfer of a hydride ion from NADH (partially drawn) to the
acyl-enzyme in the reverse of the normal dehydrogenase pathway. On the right is shown an analogous
hydride transfer from NADH to the label supplied by resorufin dimethylcarbamate (X 5 (CH3)2NCO).
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FIG. 6. pH-Profile of the label supplied to aldehyde dehydrogenase by resorufin ethyl ether. Aldehyde
dehydrogenase (22 eM) was treated with resorufin ethyl ether (60 eM) at pH 7.4 for 4 h and the labeled
enzyme was isolated by gel filtration. Samples (0.5 ml) of the labeled enzyme in 10 mM sodium phosphate
buffer, pH 7.4, were mixed with 1.5 ml of more concentrated buffers of various pH values and the
absorbances at 530 nm (s) and 478 nm (d) were determined (using the left hand scale). Also shown
as a function of pH (using the right hand scale) is the absorbance at 481 nm of the labeled enzyme
after precipitation with perchloric acid and redissolution in 12 ml of 10 M aqueous urea; 1-ml samples
of this solution were mixed with 1 ml of various buffers (j).

When enzyme modified by resorufin ethyl ether is monitored spectrophotometri-
cally at pH 10.6, a change is seen (taking 30–40 min) in which the peak at 530 nm
and the shoulder at 570 nm decline while a new maximal peak gradually develops
at 480–481 nm (the same lmax as seen at low pH). Gel filtration at this point in pH
10.6 buffer shows that the label is still covalently attached to the enzyme. There is
no change in lmax if the labeled enzyme solution following this treatment then has
its pH changed back to approximately 6.5.

From consideration of these various observations, we hypothesize that cytosolic
aldehyde dehydrogenase and resorufin ethyl ether initially react together according
to Scheme 4 (as is the case for the corresponding dimethylcarbamate and methane-
sulphonate, see above), but that this is followed by a further, reversible reaction
shown in Scheme 6. In this, an enzymic nucleophile (X) attacks the covalently
bound resorufin moiety leading to ring-opening and formation of the resonance-
stabilized phenoxide ion shown in the scheme. The presence of such a species
appears to be the only obvious way of accounting for the absorbance spectrum
(that is, the pink-violet colour) of the labeled enzyme. This anionic species is of
some similarity to the resorufin anion itself and therefore might reasonably be
expected to have a similar color. Upon lowering the pH below 4 we suggest that
the reaction shown in Scheme 6 tends to reverse because the putative enzymic
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SCHEME 6. Proposed further reaction (following that shown in Scheme 4) when aldehyde dehydroge-
nase interacts with resorufin ethyl ether.

group -X2 is effectively removed by protonation. Certainly upon the addition of
perchloric acid to the pink-violet derivative (followed by dissolution in urea solution)
it is clear that Scheme 6 must have been reversed, giving the ‘‘expected’’ yellow-
orange derivative (lmax 5 481 nm) as the permament stable product; the idea here
is that destruction of the enzyme’s native conformation means that the group X is
no longer held in a position where the forward reaction in Scheme 6 can occur.
Similarly the change in spectrum of the modified enzyme on standing at high pH
is consistent with reversal of Scheme 6 and the effective removal of enzymic group
X by denaturation of the enzyme.

In our study of the model reaction between resorufin ethyl ether and 2-mercapto-
ethanol there was no sign of any pink-violet product (11); this agrees with our
proposal in Scheme 6 invoking an enzymic group X that is only present in the
critical position for reaction to occur when the enzyme’s active site architecture is
in its native condition. The most intriguing observation in the present work is that
only resorufin ethyl ether and not the other resorufin derivatives studied above
produce the pink-violet label. The ethoxy sidechain is a little smaller than the
dimethylcarbamate or methanesulphonate groups, so it is conceivable that some
subtle steric effect allows reaction of the bound resorufin moiety with the putative
enzymic group X only in the case of the ethyl ether. Alternatively, it may be the
greater electron-donating character of the ethoxy group that promotes reaction
with group X or stabilises the proposed phenoxide ion product shown in Scheme
6. At present we can only speculate what group may play the role of X. Cytosolic
aldehyde dehydrogenase is known to have other reactive thiol groups (as well as
Cys-302) in or near the active site (18) and Glu-268 (another residue at the active
site) is known to be unusually reactive (9).



ALDEHYDE DEHYDROGENASE AND RESORUFIN DERIVATIVES 89

Overview of Different Modes of Enzymic Attack on Resorufin Derivatives

In resorufin bromoacetate there are several electrophilic sites capable of being
attacked by an enzymic nucleophile. From the results presented above, it is clear
that cytosolic aldehyde dehydrogenase simultaneously and rapidly attacks both the
carbonyl and the methylene group of the bromoacetate sidechain. Attack at the
latter position is expected to be particularly favorable as both an alkyl halide and
a thiol (i.e., Cys-302) are ‘‘soft’’ in the terminology of the hard and soft acids and
bases concept (19, 20). Resorufin bromoacetate can also potentially be attacked in
the quinonimine ring according to the ‘‘oxidative addition’’ pathway shown in
Scheme 4. Although this reaction can be quite rapid, as seen with resorufin methane-
sulphonate for example, it seems not to compete against attack at the two sites
mentioned in the bromoacetate sidechain. The main evidence for this statement is
that p-nitrophenyl bromoacetate behaves essentially identically to resorufin bro-
moacetate toward the enzyme, and for the former compound the oxidative substitu-
tion pathway is of course impossible.

Resorufin acetate has been used by us in previous work to probe the esterase
action of cytosolic aldehyde dehydrogenase (6, 7). The ester carbonyl group in
this compound is considerably less electrophilic than that in the corresponding
bromoacetate, so in this case it is theoretically more likely that the rate of the
oxidative addition pathway could approach the rate at which the enzyme attacks
the ester group. In practice we have seen no evidence in our experiments to date
of inactivation of the enzyme by resorufin acetate (which would be a consequence
of the oxidative addition route), but the possibility must remain in mind.

In resorufin dimethylcarbamate, the presence of the nitrogen atom enormously
reduces the electrophilicity of the adjacent carbonyl group compared to that in, for
example, resorufin acetate. Although enzymic attack at this position is still detect-
able, the preferred mode of reaction is now the oxidative addition pathway. This
is also found with resorufin ethyl ether, but in this case a further reaction occurs,
which seems consistent with the reversible opening of the central ring of the resorufin
moiety. Other workers who use compounds of resorufin as chromogenic or fluoro-
genic probes (22, 23) should be aware of the possibility that similar reactions to
those described here may occur in their work.
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