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o-Succinylbenzoyl coenzyme A (OSB-CoA) synthetase, when treated with diethylpyrocarbonate (DEP),
showed a time-dependent loss of enzyme activity. The inactivation follows pseudo-first-order kinetics with a
second-order rate constant of 9.2 X 10™* £+ 1.4 X 10~* uM ™" min~". The difference spectrum of the modified
enzyme versus the native enzyme showed an increase in 4, ,, that is characteristic of N-carbethoxyhistidine and
was reversed by treatment with hydroxylamine. Inactivation due to nonspecific secondary structural changes
in the protein and modification of tyrosine, lysine, or cysteine residues was ruled out. Kinetics of enzyme
inactivation and the stoichiometry of histidine modification indicate that of the eight histidine residues
modified per subunit of the enzyme, a single residue is responsible for the enzyme activity. A plot of the log
reciprocal of the half-time of inactivation against the log DEP concentration further suggests that one histidine
residue is involved in the catalysis. Further, the enzyme was partially protected from inactivation by either
o-succinylbenzoic acid (OSB), ATP, or ATP plus Mg>* while inactivation was completely prevented by the
presence of the combination of OSB, ATP, and Mg”*. Thus, it appears that a histidine residue located at or
near the active site of the enzyme is essential for activity. When His>*! present in the previously identified ATP
binding motif was mutated to Ala, the enzyme lost 65% of its activity and the K,, for ATP increased 5.4-fold.
Thus, His**' of OSB-CoA synthetase plays an important role in catalysis since it is probably involved in the

binding of ATP to the enzyme.

Vitamin K, (menaquinone [MK]) is derived from the shiki-
mate pathway (2) and plays an essential role in several anaer-
obic electron transport systems of Escherichia coli. The path-
way for its biosynthesis has been reviewed recently (15) and is
known to include at least seven enzymatically controlled reac-
tions. One of the major reactions in the biosynthetic pathway is
the two-step formation of the bicyclic aromatic compound 1,4-
dihydroxy-2-naphthoic acid (DHNA) from the benzenoid com-
pound o-succinylbenzoic acid (OSB), the first aromatic com-
pound identified in the pathway (3, 4, 10). This cyclization of
OSB to DHNA is dependent upon the formation of o-succi-
nylbenzoyl coenzyme A (OSB-CoA) as an intermediate (16).
Two enzymes, OSB-CoA synthetase and DHNA synthase, are
required for this conversion. Formation of OSB-CoA by the
enzyme OSB-CoA synthetase requires the presence of ATP
and CoA in addition to OSB. During the reaction, ATP is
converted to AMP and PP; (16). The reactions, genes, and
enzymes involved in the formation of OSB-CoA and its sub-
sequent conversion to DHNA are summarized in Fig. 1.

The gene encoding OSB-CoA synthetase (menE) has been
cloned from E. coli (22), and its complete nucleotide sequence
has been determined (21). Recently, this enzyme has been
overexpressed, purified, and biochemically characterized (12).
OSB-CoA synthetase is a homotetrameric protein with a native
molecular mass of 185 kDa (12).

In this report, we present evidence obtained by chemical
modification of the enzyme with the histidine-specific reagent
diethylpyrocarbonate (DEP) (5, 6, 18, 19, 23) that a single
histidine residue is essential for catalytic activity. Further, sub-
strate protection assays established that this histidine residue is
located at or near the active site of the enzyme.
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MATERIALS AND METHODS

Materials. DEP, hydroxylamine, ATP, CoA-SH, pyrophosphatase, ammonium
molybdate, and imidazole were from Sigma Chemical Co., St. Louis, Mo. The
mutagenesis kit and restriction enzymes used were products of Promega, Mad-
ison, Wis. All other reagents were of the highest purity commercially available.

Preparation and assay of the enzyme. The native and mutant forms of OSB-
CoA synthetase were overexpressed, cell extracts were prepared, and the en-
zymes were purified to homogeneity by using the methods described previously
(12). The protein content of the enzyme during various stages of purification was
determined by the method of Bradford (7). For the assay of the enzyme, the
pyrophosphate formed in the reaction was determined after its conversion to
inorganic phosphate by coupling with pyrophosphatase (12).

Reaction of OSB-CoA synthetase with DEP. Just prior to use, fresh solutions
of DEP were prepared by diluting the DEP stock solution with acetonitrile. The
exact concentration of DEP in the acetonitrile solution was calculated from the
increase in the A,3,, when an aliquot of the dilution was added to 10 mM
imidazole-HCI buffer, pH 7.5. The increase in A,3, is due to the formation of
N-carbethoxyimidazole. An extinction coefficient of 3 X 10> M~ ! cm ™! was used
in the calculations (17). The carbethoxylation of OSB-CoA synthetase was car-
ried out by incubating the enzyme with DEP in 20 mM HEPES (pH 7.0) at 30°C.
The modification reaction is specific in the pH range of 5.5 to 7.5 for the
unprotonated histidine residues (14). The modification reactions were initiated
by addition of DEP and terminated when the maximum A,,, was reached. The
stoichiometry of the formation of N-carbethoxyhistidine was calculated from the
increase in absorbance by using an extinction coefficient of 3 X 10> M~! em ™.
The extent of inactivation of the enzyme was determined by assaying the residual
activity in aliquots withdrawn from the reaction mixture at various time intervals.

Spectroscopic studies. The UV difference spectra of the carbethoxylated en-
zyme were recorded with a Perkin-Elmer Lambda 4A recording spectrophotom-
cter.

CD spectral analysis. The circular dichroism (CD) spectra in the far UV
region (260 to 190 nm) of both the native and DEP-modified forms of the
enzyme were measured on a JASCO J-15 spectropolarimeter. Spectral analysis
was performed with a solution containing 1 mg of enzyme per ml of 20 mM
HEPES buffer (pH 7.2) in a cell with an optical path of 1 mm. The ellipticity
values were corrected for the solvent and background noise.

Site-directed mutagenesis for replacement of His>*! with Ala. For replacement
of the histidine residue in position 341 of the enzyme with alanine, site-directed
mutagenesis was performed on the previously described plasmid pAE73 (12). An
oligonucleotide primer spanning the target histidine codon was used for the
mutagenesis. The sequence of the menE gene (5'CGCGGTGAGATGCAT
AATGGCAAGCTG3') was altered by changing the histidine codon CAT (un-
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FIG. 1. Formation of OSB-CoA and its conversion to DHNA and MK. 1,
OSB-CoA synthetase encoded by the menE gene; 2, DHNA synthase encoded by
the menB gene. The DHNA is subsequently prenylated and methylated, resulting
in the formation of MK.

derlined) to the alanine codon GCC. Site-directed mutagenesis was performed
by using the Altered Sites II in vitro mutagenesis kit as described previously (12).
The presence of the desired mutation was verified by restriction analysis using
the enzymes Nsil and Eael as follows. Plasmid pAE73 containing the targeted
His codon has the Nsil recognition site ATGCAT. However, after mutagenesis,
Nisil can no longer restrict at this site. Further, after mutagenesis and introduc-
tion of the Ala codon, the resulting sequence, ATGGCC, creates the restriction
site for the enzyme Eael, whose recognition sequence is PYGGCCPu. The mu-
tated menE gene was then subcloned into the overexpression vector pT7-7 and
expressed in E. coli BL21(DE3) as described before (12).

RESULTS

Time course of inactivation of OSB-CoA synthetase by DEP.
When an acetonitrile solution of DEP was added to OSB-CoA
synthetase and incubated at pH 7.0 and 30°C, the enzyme lost
its catalytic activity. As a control, when the enzyme was incu-
bated with the same concentration of acetonitrile under iden-
tical conditions as the experimental tube, no loss of activity was
observed. Since DEP is hydrolyzed in aqueous solution, when
calculating the kinetics of inactivation, this hydrolysis must be
taken into consideration. Hence, the rate of inactivation of the
enzyme can be expressed by the following equation (13):

In A/Ao = — K, [DEP,]"/n (1 — e ™"/k") )
where A and Ao are the activities at time ¢ in the presence and
absence of DEP, respectively, [DEP,] is the initial concentra-
tion of DEP, K, is the pseudo-first-order rate constant of
inactivation of the enzyme by DEP, k' is the pseudo-first-order
rate constant of hydrolysis of DEP in buffer, and »n is the
number of residues involved in enzyme activity (11). If n = 1,
the reaction becomes a simple bimolecular reaction. The value
of k' for DEP in 20 mM HEPES (pH 7.0) at 30 = 2°C was
found to be 1.44 X 10~" min~'. The inactivation of OSB-CoA
synthetase follows pseudo-first-order kinetics with respect to
the DEP concentration (Fig. 2A). The data were analyzed by
simultaneous nonlinear least-squares regression using K, and
n as adjustable parameters, and the value of n was calculated to
be 0.87 = 0.03. The K, values obtained from the slope of the
curves in Fig. 2A exhibited a straight line when plotted against
the DEP concentration (Fig. 2B). This observation suggests
that the reaction between the enzyme and DEP is a simple
bimolecular reaction without the formation of a reversible
complex (9). Further, the second-order rate constant calcu-
lated from Fig. 2B was found to be 42 X 107* = 1 X 107*
uM ™! min~!. In calculating the rate constant, if the sponta-
neous hydrolysis of DEP in buffer is taken into consideration,
the value becomes 9.2 X 107% + 1.4 X 107% pM ! min~ L.

UV difference spectra of DEP-modified versus native OSB-
CoA synthetase. The optical difference spectrum of DEP-mod-
ified OSB-CoA synthetase versus the native enzyme at differ-
ent time points is shown in Fig. 3. The peak at 242 nm is
characteristic of the formation of N-carbethoxyhistidine. Fur-
ther, the absence of a decrease in absorption at 278 nm, which
is characteristic of the formation of o-carbethoxytyrosine, ex-
cludes the possibility of tyrosine modification.
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FIG. 2. Kinetics of inactivation of OSB-CoA synthetase by DEP. (A) Deter-
mination of the pseudo-first-order rate of inactivation. The enzyme at a concen-
tration of 1 uM was incubated with different concentrations of DEP (the values
shown are micromolar concentrations) at 30°C in 20 mM HEPES buffer, pH 7.0,
in a total volume of 300 pl. At the indicated times, 25-pl aliquots were withdrawn
and assayed for enzyme activity in 3.0 ml of 0.1 M HEPES buffer, pH 8.0, as
described before (12) and the data were plotted according to equation 1. The
curves were best fitted by least-squares analysis. (B) Dependence of the pseudo-
first-order rate constants for inactivation on the concentration of DEP. The
slopes of the straight lines obtained in panel A were plotted against the concen-
tration of DEP.

Structural integrity of DEP-modified OSB-CoA synthetase.
The CD spectrum of the DEP-modified enzyme was compared
with that of the native enzyme. No significant changes were
observed between the spectra before and after modification of
the enzyme with DEP (data not shown).
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FIG. 3. UV difference spectra of the time-dependent modification of OSB-
CoA synthetase with DEP. The enzyme (5 pM) was incubated with 200 uM DEP
in 1.0 ml of 20 mM HEPES buffer, pH 7.0, and the spectra were recorded against
a blank containing the untreated enzyme between the wavelengths of 235 and
305 nm at the indicated time intervals after the addition of DEP.
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FIG. 4. Reactivation of DEP-inactivated OSB-CoA synthetase by hydroxyl-
amine. The enzyme (1 wM) was incubated with 300 uM DEP in 20 mM HEPES
buffer, pH 7.0, in a total volume of 500 pl, and 25 pl-aliquots were withdrawn and
assayed at the indicated time points as described in the legend to Fig. 2. After 15
min, hydroxylamine was added to a final concentration of 800 mM and the
mixture was incubated for 30 min. The reaction mixture was dialyzed against a
large volume (2 liters) of 20 mM HEPES buffer, pH 7.0, for 24 h with buffer
changes at 2-h intervals. The control enzyme solution was similarly treated with
hydroxylamine. At the end of dialysis, the enzyme activity was determined in both
the control and experimental samples.

Reversibility of DEP inactivation of OSB-CoA synthetase
with hydroxylamine. One of the characteristics of DEP-modi-
fied histidine residues is decarbethoxylation (reversal) upon
the addition of hydroxylamine (18). To determine whether
DEP-modified OSB-CoA synthetase was decarbethoxylated,
the enzyme was treated with DEP and the increase in 4,,, was
monitored. Maximum absorbance was attained in 15 min (Fig.
3). At this time, when hydroxylamine was added, there was an
immediate decrease in optical density (data not shown).

To establish whether decarbethoxylation of the enzyme by
hydroxylamine resulted in complete restoration of enzymatic
activity, the enzyme was treated with 300 .M DEP and the
activity was determined at timed intervals (Fig. 4). As shown by
Fig. 4, the enzyme showed progressive loss of activity with time.
After 15 min, when the enzyme had lost 80% of its original
activity, hydroxylamine (800 mM) was added to decarbethoxy-
late the N-carbethoxyhistidine. The reaction mixture was dia-
lyzed extensively, and the OSB-CoA synthetase activity was
determined. As shown by Fig. 4, hydroxylamine treatment re-
sulted in complete reactivation of the enzyme activity.

Correlation between the number of histidine residues mod-
ified and loss of catalytic activity. The number of histidine
residues modified can be estimated from the change in 4,,, on
treatment with DEP (20). Figure 5 (inset) shows the correla-
tion between the extent of histidine modification and enzyme
inactivation on treatment with DEP over an incubation period
of 20 min. The increase in 4,,, nm represents the extent of
modification, while the inactivation of the enzyme is expressed
as the percent residual activity. After 3 min of incubation with
DEP, when about 60% of the total histidine residues were
modified, there was no significant loss of activity (76% of the
initial activity was retained). At about 5 min, when the modi-
fication was 85%, the enzyme still retained 66% of its original
activity. However, after 5 min, the last 15% of the histidine
residues were modified, resulting in the loss of most of the
remaining activity. Thus, on the basis of reactivity with DEP,
two populations of histidine residues can be distinguished in
OSB-CoA synthetase. There is a population of nonessential
histidine residues that react at a faster rate than a second
population of essential histidine residues; modification of the
latter population results in inactivation of the enzyme. This
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FIG. 5. Correlation between the number of histidine residues modified per
monomer of OSB-CoA synthetase and the extent of residual activity. OSB-CoA
synthetase (5 wM) was incubated with 300 uM DEP in 20 mM HEPES buffer at
pH 7.0 in a total volume of 1.2 ml. The percent residual activity was plotted
against the number of modified histidine residues per enzyme monomer, the line
was extrapolated to the x axis, and the total number of modified histidine
residues was determined. The insert shows the correlation between the extent of
inactivation and the extent of modification. The amount of enzyme and the
conditions were the same as those described above. The percent residual activity
(®) and the 4,4, (m) were plotted as a function of time.

argument is further strengthened when the number of histidine
residues modified per monomer of the enzyme is plotted
against the residual activity (Fig. 5). As shown by Fig. 5, about
eight histidine residues are modified per monomer of the en-
zyme. It is further evident that when the first seven histidine
residues are modified, the enzyme loses only 34% of its activ-
ity. However, when the eighth histidine residue is modified, the
enzyme loses 80% of its original activity. By extrapolation of
Fig. 5; it can be calculated that when 8.3 histidine residues are
modified, the enzyme is completely inactivated, suggesting that
the eighth histidine residue plays a critical role in enzymatic
activity.

Determination of the number of essential histidine residues
by kinetic analysis. The number of essential histidine residues
in OSB-CoA synthetase was determined by kinetic analysis (13,
23). The inactivation process may be represented as follows:

OSB-CoA synthetase
+ nDEP—OSB-CoA synthetase-DEPn  (2)

where OSB-CoA synthetase-DEP# is the inactivated enzyme
and n represents the number of moles of DEP required to
inactivate the essential histidine residues in OSB-CoA syn-
thetase. The rate of inactivation may be expressed as follows:

— d[OSB-CoA synthetase]/dt
= K[OSB-CoA synthetase][ DEP]" 3)

If [DEP]>>[OSB-CoA synthetase], equation 3 can be inte-
grated into the following form:
log K,,,=nlog [DEP]+log K 4

A plot of log K., against log [DEP] will have a slope equal
to n. The order of the inactivation was determined experimen-
tally by plotting K, as a function of the DEP concentration.
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FIG. 6. The apparent order of the inactivation of OSB-CoA synthetase. The
conditions were the same as those described in the legend to Fig. 2. The slope of
this line, 1.2/mol of enzyme monomer, indicates that one histidine residue is
essential for the enzyme activity.

For convenience, the K, value in equation 4 may be replaced
by the reciprocal of the half-time of inactivation. This intro-
duces a constant having no effect on the slope (13). Hence, the

above equation may now be modified as follows:
log 10%/t,,=nlog [DEP]+log K 5)

The plot of log 10*/¢,,, against log [DEP] (Fig. 6) results in a
straight line with a slope of n = 1.2 for the enzyme monomer.
This suggests that one histidine residue is essential for the
catalytic activity of OSB-CoA synthetase.

Protection against DEP inactivation by OSB-CoA syn-
thetase ligands. The effects of various OSB-CoA synthetase
ligands on the inactivation of the enzyme by DEP are shown in
Fig. 7. When the enzyme was incubated for 20 min with DEP,
it lost 80% of the original activity. However, if the enzyme was
preincubated with 3 mM OSB, 56% of the activity was re-
tained. When 3 mM ATP or 3 mM ATP plus 3 mM Mg>* was
used, the enzyme retained 70% of the original activity. The
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FIG. 7. Protection against DEP inactivation of OSB-CoA synthetase. OSB-
CoA synthetase (1 pM) was preincubated with 3 mM either OSB, ATP, ATP
plus Mg?*, or OSB plus ATP plus Mg?* in 20 mM HEPES buffer, pH 7.0, in a
total volume of 300 pl at 30°C for 10 min, and 300 uM DEP was added. At the
specified times, 25-pl aliquots were withdrawn and assayed for activity as de-
scribed in the legend to Fig. 2.

J. BACTERIOL.

enzyme was completely protected from inactivation on prein-
cubation with OSB, ATP, and Mg>" together.

Effect of His**'—>Ala mutation on the kinetic properties of
OSB-CoA synthetase. From the results presented above, it is
evident that ATP can protect 70% of the enzyme from DEP
inactivation. The results further suggest that modification of a
single histidine residue is sufficient to inactivate the enzyme.
Previously, by sequence analysis of the menE gene, which en-
codes OSB-CoA synthetase, an ATP binding motif has been
identified (21). Since a histidine is present in the motif, it was
thought that modification of this histidine (located at position
341) might be responsible for the loss of enzymatic activity.
Hence, by site-directed mutagenesis, the His codon (CAT) was
replaced with an Ala codon (GCC). The altered enzyme was
overexpressed and purified, and its properties were compared
to that of the native enzyme. The activity of the purified mu-
tant enzyme was only 35% of that of the native enzyme. Fur-
ther, the K, for ATP of the mutant enzyme increased to 400
wM, compared to 73.5 uM for the native enzyme. This 5.4-fold
increase in the K, compared to that of the native protein
suggests that the His—Ala mutant enzyme has a greatly de-
creased affinity for ATP.

DISCUSSION

Site-specific chemical modification and characterization of
the modified product are versatile tools for delineating the
requirements for the catalytic activity of enzymes. The use of
DEP for chemical modification of the histidine residues in
numerous proteins is well documented (6, 8, 24, 27). Histidine
has been shown to be involved in phosphorylation and dephos-
phorylation in enzymes such as succinyl-CoA synthetase (1).
Because of its importance, in this study, the histidine residues
involved in the catalysis by the enzyme OSB-CoA synthetase
have been explored by using a combination of chemical mod-
ification and kinetic analysis.

Kinetic analysis of the time-dependent inactivation of OSB-
CoA synthetase by DEP shows that it is a bimolecular reaction
which follows pseudo-first-order kinetics. The increase in 4,,,
on treatment with DEP and its reversal by hydroxylamine pro-
vide strong evidence for the formation of carbethoxyhistidine.
Possible disubstitution on the imidazole ring and carboxyethy-
lation at both the N, and N; positions are excluded, since such
a derivative would have spectral properties different from
those of the monosubstituted derivative and will not regener-
ate histidine on treatment with hydroxylamine. Formation of a
dicarboxyethylated imidazole derivative by ring cleavage is also
excluded, since such a derivative would not be reversible by
hydroxylamine (18). The CD spectrum of the DEP-modified
enzyme was identical to that of the native enzyme, suggesting
that the enzyme inactivation was not due to nonspecific sec-
ondary structural changes in the protein.

Although DEP can also react with other amino acid side
chains, such as those of tyrosine, cysteine, and lysine, only
ethoxyformyl tyrosine can be decarbethoxylated by hydroxyl-
amine (14). However, o-carbethoxylation of tyrosine would
have resulted in a dramatic decrease in the absorption spec-
trum at 278 nm. Examination of the absorption spectra (Fig. 3)
reveals no such changes, thus ruling out the possibility of ty-
rosine modification (14, 18).

Modification of cysteine and lysine can be ruled out, since
ethoxyformyl cysteine and ethoxyformyl lysine residues cannot
be decarbethoxylated and are stable on treatment with hydrox-
ylamine (14, 18). Further, the complete reversal of activity in
the DEP-inactivated enzyme on treatment with hydroxylamine
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rules out the possibility of carbethoxylation of any amino acid
other than histidine.

The primary amino acid sequence of OSB-CoA synthetase
deduced from the complete nucleotide sequence of the menE
gene revealed the presence of 12 histidine residues per mono-
meric subunit of the enzyme (21). However, in this study, it has
been calculated that only eight histidine residues are modified
(Fig. 5). Hence, the remaining four residues must be inacces-
sible for DEP modification. Among the eight histidine residues
modified, only one was found to be essential for the activity of
the enzyme.

Studies of protection against DEP inactivation were per-
formed by preincubating the enzyme with either OSB, ATP,
ATP plus Mg?", or OSB, ATP and Mg>" together before
treatment with DEP. The enzyme was partially protected from
DEP inactivation by ATP, ATP plus Mg®", or OSB, while it
was completely protected by the combination of OSB, ATP,
and Mg**. Protection studies were not performed with CoA,
since the sulfhydryl group would react with DEP. However,
complete protection from inactivation by the combination of
OSB, ATP, and Mg®" in the absence of CoA suggests the
possibility that the histidine residue is involved in the forma-
tion of the presumptive adenylated intermediate in the reac-
tion. Our kinetic experiments suggest that one histidine resi-
due is essential for enzyme activity. Since, among the
substrates tested for protection from DEP inactivation, ATP
provided 70% protection, it was thought that the critical his-
tidine might be located at the ATP binding motif.

There are two motifs that have been identified in ATP-
utilizing enzymes, referred to as Walker A and Walker B (25,
26). The Walker A motif (G-X-X-X-X-G-K) has been identi-
fied in OSB-CoA synthetase as G**8-E-M-H>*'-N-G-K*** (21).
The presence of histidine in the variable region of this motif is
reminiscent of succinyl-CoA synthetase, where His?*¢, the
third amino acid upstream of the Walker A motif, has been
found to be phosphorylated (1). It was thought that this histi-
dine might be the one involved in the DEP inactivation of
OSB-CoA synthetase. Hence, by site-directed mutagenesis,
this histidine (His>*") was replaced with alanine. The resulting
protein, when overexpressed, purified, and assayed, showed
greatly diminished activity. Further, the K,,, for ATP of the
mutant enzyme increased fivefold. This increase in K, is con-
sistent with the notion that the critical histidine residue is
involved in the binding of ATP. The partial protection against
DEP inactivation provided by OSB alone and the complete
protection achieved when it was present in combination with
ATP might be due to the location of the OSB binding site in
close proximity to the ATP binding site.

However, definite confirmation that His**' is the histidine
residue involved in DEP inactivation must await site-directed
mutational studies on the remaining 11 histidine residues in
OSB-CoA synthetase.
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