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ESSENTIAL CARBOXYL RESIDUES IN YEAST ENOLASE1
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Yeast enolase (EC 4.2.1,11) is rapidly inactivated at pH 6.1 by three different
water-soluble carbodiimides -- l-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
hydrochloride, l-cyclohexyl-3-(2-morpholinoethyl)-carbodiimide metho-p-tolu-
enesulfonate, and l-ethyl-3-(4-azonia-4, 4-dimethylpentyl)-carbodiimide iodide.
Inactivation is most likely due to the modification of essential carboxyl residues
at the enzyme active site.

Chemical modification studies have shown that several amino acid residues are
essential for the catalytic activity of yeast enolase. The enzyme has a single es-
sential arginyl residue per subunit (1-3) which is likely involved in binding the
anionic phosphate moiety of substrates to the active site (2). In addition, enolase
has been shown to contain essential histidyl residues (4-6), but the role played by
histidine is less well defined. Although the inactivation of enolase has been cor-
related with the modification of methionyl residues (7, 8) and cysteinyl residues
under denaturing conditions (9), in neither instance are the modified residues thought
to be involved in the catalytic mechanism. Similarly, lysyl residues are not likely
involved in substrate binding or catalysis (6).

It has been shown that glycidol phosphate, a substrate analogue, inactivates
rabbit muscle enolase by reaction with a carboxyl group at the active site (10).
However, this reagent fails to inactivate yeast enolase (11). We have modified
yeast enolase with several different carbodiimides, reagents known to be highly
selective for the modification of carboxyl residues in proteins (12-15), Our

study suggests that yeast enolase indeed has essential carboxyl groups.
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MATERIALS AND METHODS

2-Phosphoglycerate (2-PGA)4, 3-PGA, EDC, CMC, and MES were obtained
from Sigma. Methyl iodide was purchased from Matheson, Coleman, and Bell,
and G-6-P was from Boehringer Mannheim., Yeast enolase, from Sigma, was
characterized and assayed as previously described (2)., EAC was synthesized
from EDC and methyl iodide by published procedures (16). Chemical modifi-
cations of enolase were carried out at 25° under the conditions given in the
figure and table legends. Modifications were usually initiated by the addition
of a freshly prepared stock solution of carbodiimide in buffer to a solution of
enzyme, in some cases together with substrates, inhibitors, or G-6-~P, in the
same buffer. In some experiments, carbodiimides were pre-incubated in buffer
with substrates, inhibitors, or G-6-P for various times before initiating the
modification by addition of enzyme in order to determine the effect of phos-
phorylated compounds on the carbodiimide. Aliquots were periodically withdrawn,
assayed, and compared to a control subjected to the same conditions but in the
absence of carbodiimide. In some cases, aliquots were passed through a column
(0.9 x 40 cm) of Bio-Gel P-6 to remove excess reagents, assayed for specific
activity, and hydrolyzed for 18 hr in 6 N HCI at 105° and subjected to amino acid
analysis on a Beckman 120C amino acid analyzer.

RESULTS

Yeast enolase is rapidly inactivated by CMC, EDC, and EAC, with the rate of
inactivation markedly dependent on the carbodiimide employed (Figure 1). When
enolase is modified by 20 mM carbodiimide in 50 mM MES, 1 mM MgClZ, 0.0l mM
EDTA, pH 6.1, EAC is the most effective inactivating agent, followed by EDC and
CMC, in that order. Under these conditions, 70% inactivation is achieved after
9 min with EAC, 29 min with EDC, and 56 min with CMC.

Although carbodiimides are highly selective for the modification of carboxyl
residues in proteins at slightly acidic pH (12,13), cysteine and tyrosine can also
be modified to some extent under these conditions (13,17). Enolase has only one
cysteine per subunit which is unreactive towards modifying reagents except under
denaturing conditions (9), thus it is very unlikely that inactivation by carbodiimides
is due to the modification of this cysteine., This is supported by the fact that amino
acid analysis of enolase which was 95% inactivated by EDC shows no loss of cys-
teine. Tyrosine can also react with carbodiimides to form O-arylisoureas which
are very stable to acid hydrolysis (17). Amino acid analysis of enoclase which was

65% inactivated by EDC at pH 6.1 shows no loss of tyrosine relative to the control,

4Abbrevia.ti.ons used are: PGA, phosphoglycerate; MES, 2-(N-morpholino)-
ethanesulfonic acid; G-6-P, glucose-6-phosphate; P;, inorganic phosphate;
EDC, l-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride; CMC,
l-cyclohexyl-3-(2 -morpholinoethyl)-carbodiimide metho-p-~toluenesulfonate;
EAC, l-ethyl-3-(4-azonia-4, 4-dimethylpentyl)-carbodiimide iodide (also
known by l-ethyl-3-(3-dimethylaminopropyl)-carbodiimide methiodide, a name
less descriptive of the actual structure of the compound).
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FIGURE 1: Yeast enolase inactivation by carbodiimides. Enolase, 1M,
was modified by 20 mM carbodiimide in 50 mM MES, 1 mM MgCl,, 0.0l
mM EDTA, pH 6.1. The carbodiimides used were (‘) EAC, () EDC,
and (4 ) CMC. The control retains full activity for the duration of the
experiment.

while a sample which was 95% inactivated shows only 0,2 less tyr per subunit
(data not shown). These data eliminate the possibility that inactivation by EDC
is due to the modification of cysteinyl or tyrosyl residues, and strongly suggest
that carbodiimides inactivate enolase by modifying carboxyl residues.

The reaction of carbodiimides with carboxyl groups is thought to form an
intermediate O-acylisourea which can then either rearrange to a more stable
N-acylurea, undergo transfer to a suitable amine nucleophile, or hydrolyze to
regenerate the carboxyl group (12,13). The formation of a stable N-acylurea is
indicated by our observation that if enolase is 95% inactivated by EDC, then excess
reagent is removed by gel filtration, no reactivation occurs within 3 hr. Further
evidence for the formation of an N-acylurea is our observation that neither gly-
cinamide hydrochloride nor semicarbazide hydrochloride, at 0.4 M, cause any
acceleration of the rate of inactivation of enolase by 20 mM EDC at pH 6.1.

All substrates and, with the exception of Pi (2), competitive inhibitors of
enolase contain both phosphate and carboxylate functionalities (8). Since carbodi-
imides react with phosphate and carboxyl moieties of organic compounds (18,19),
protection experiments with enolase must be interpreted with care. If EAC is
pre-incubated for 45 min at pH 6,1 with either 3-PGA or Pi’ competitive inhibi-
tors of enolase, little or no inactivation is observed after 1 hr of modification
(Table I). In the absence of competitive inhibitors, enolase is 99% inactivated

under these conditions. However, that protection may only be apparent and is
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TABLE I: Effect of Phosphorylated Compounds on the Inactivation of
Yeast Enolase by EAC, Effect of Pre-incubation®

Added Compound % Inhibition
None 99
Pi 0
3-PGA 5
G-6-P 15

aEAC, 25 mM, was pre incubated for 45 min with either 125 mM P;, 25
mM 3-PGA, or 25 mM G-6-P in 50 mM MES, 1 mM MgCl,, 0.01 mM
EDTA, pH 6,1, Modification was then initiated by addition of an aliquot
of enzyme in 0.25 volume of buffer, giving final concentrations of 1 yM
enolase, 20 mM EAC, 20 mM 3-PGA or G-6-P, and 100 mM P;. After
1 hr an aliquot was assayed for enzyme activity relative to a control
subjected to the same conditions but in the absence of EAC,

TABLE II: Effect of 3-PGA on the Inactivation of Yeast Enolase by EAC.,
Effect of Time of Pre-incubation of EAC with 3-PGA?

Time of Pre-incubation, min % Activity
0 32
10 58
20 82
30 100

2Conditions the same as in Table I, except that EAC was pre-incubated
with 3-PGA for the indicated time before initiating modification by
adding enzyme. Enzyme activity was determined after 30 min modi-
fication.

likely due to the reaction of the phosphate and/or carboxyl moities of these com-
pounds with carbodiimide, thus reducing the effective concentration of modifying
agent, is suggested by the fact that G-6-P, which is not an inhibitor of enoclase,
also provides almost complete protection against inactivation (Table I).

Table II suggests that the reaction of carbodiimides with 3-PGA is time de-
pendent. If enolase is modified by 20 mM EAC in the presence of 20 mM 3-PGA,
the extent of inactivation is dependent on the order of addition of reagents and the
time of pre-incubation of EAC with 3-PGA. If EAC and 3-PGA are pre-incubated
for 0, 10, 20, and 30 min before the addition of enzyme, activity after 30 min
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FIGURE 2: Protection against EAC inactivation of yeast enolase. Enolase,
1uM, in 50 mM MES, 1 mM MgCl,, 0.0l mM EDTA, pH 6.1, was modified
by 40 mM EAC, either in the absence (.) of added phosphorylated com-
pounds, or in the presence of ([JJj) 40 mM G-6-P plus 40 mM acetate, or
(A) 40 mM P;, or (W) 40 mM 3-PGA, or () 40 mM 2-PGA. In each
instance, the modification was initiated by adding an aliquot of a freshly-
prepared stock solution of EAC to the enzyme plus phosphorylated compound.

modification is 32%, 58%, 82%, and 100% of the control, respectively, This sug-
gests that protection experiments may be possible if modification times are brief
and concentrations of carbodiimide and substrate (inhibitor) are comparable, The
results of such an experiment are shown in Figure 2. If enolase is inactivated by
by 40 mM EAC at pH 6.1, activity is reduced to 10% after 6 min. G-6-P plus
acetate, 40 mM each, provide no protection against inactivation (compare to

Table I). Pi provides a small amount of protection, 3-PGA affords more protection,
and substrates provide the greatest degree of protection. While exact interpre-
tation of this data is difficult, it suggests that inactivation of yeast enolase by
carbodiimides is likely due to the modification of carboxyl residues at the enzyme

active site.

DISCUSSION

The data suggest that yeast enolase has essential carboxyl residues. Since
2-PGA affords the greatest degree of protection against inactivation by carbodi-
imides (Figure 2), it is likely that inactivation is due to the modification of carboxyl
groups at the active site of the enzyme. This conclusion is made somewhat tena-
tive by our observation that G-6-P, which is neither a substrate nor competitive
inhibitor, affords significant protection under the appropriate conditions (Table I),
However, this protection by G-6-P is likely due to the reaction of its phosphate

moiety with the carbodiimide, thus reducing the effective concentration of modifying
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agent. A survey of the literature suggests that little attention is given to this
undesirable side reaction of phosphate moieties with carbodiimides in protein
modification studies; in fact, several studies use phosphate buffer for modification
studies (20, 21). A number of studies suggest that low concentrations of phos-
phorylated substrates fail to protect against inactivation by high concentrations of
carbodiimides (20, 22). Such results are usually interpreted that inactivation
does not involve modification of carboxyl residues at the binding site of these
substrates, when in actuallity the effective concentration of substrate may be
rapidly reduced by carbodiimide to a level where no protection is possible. Carbo-
diimides are well known to react with phosphate functionalities and activate them
towards nucleophilic attack (23). Thus, in cases where phosphorylated substrates
are reported to accelerate the inactivation of enzymes by carbodiimides (24), it is
possible that the carbodiimide-activated substrate undergoes attack by a nucleo-
philic group on the enzyme, the substrate becoming covalently attached with con-
comitant inactivation. Our work suggests that attention must be given to conditions
when one attempts to use substrates and inhibitors containing phosphate and/or
carboxyl moieties to protect against inactivation of enzymes by carbodiimides.
Finally, either EDC or CMC has been used in almost every report of the
inactivation of an enzyme by a carbodiimide. The use of EAC has been reported
only once, and that in preliminary form (25), We find it very interesting that
EAC inactivates yeast enolase much more rapidly than either EDC or CMC. This
increased reactivity, coupled with the ease with which the 14C -labelled reagent
may be synthesized in one step (16) from commercially available EDC, suggests
that EAC may prove more useful for protein modification studies than either EDC

or CMC. We are currently further characterizing the inactivation of enolase by

EAC'
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