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No change in the abscrbance of the

inhibited ATPase at 278 nm or in the number of modifiable sulfhydryl groups is observed, indicating that the inhibition
is not due to tyrosine or cysteine modification, and the inhibition is irreversible, ruling out serine residues. Furthermore,

inhibit the ATPase and does not alter the DEP

pretreatment of the ATPase with pyridoxal phosphate / NaBH , under the conditions of the DEP treatment does not
kinetics, i

amino group modification. The pH d of the i
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ial residue has a pK,

nid the activity lostas a \esd: 5f H*-ATPase modification by DEP is partially recovered aiter hydroxylamine

treatment at 4°C. Taken together, these results strongly indicate tha: the inactivation of the H *-ATPase by DEP

involves histidine modification. Analyses of the inhibition kinetics and the stoichiometry of modi

ticn indicate that

among eight histidines modified per enzyme molecule, only one is ial for H*-ATPase activity. Finally, ADP
against i by DEP, indi that the residue modified may be located at or near the

nucleotide binding site.

Introduction

The plasma membrane of v.hu fungus, Neuraspom
crassa, ins an

ATPase, the function of which is to generate a prown-
motive force that i dary active port
via a variety of porters [1-3]. Studies in this laboratory
and others have suggested that this enzyme is both
structurally and functionally related to the Na*/K™-,
Ca?*., and H*/K*-ATPases of ammal cell membranes
[4]. In this lab y, we are d in
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1 .2~dihydro-

ing the molecular mechanism by which the Neurospora
H*-ATPase catalyzes proton translocation at the ex-
pense of ATP hydrolysis. As one important approach to
this end. we are attempting to obtain information about
the location of the active site in the H*-ATPase mole-
cule and the amino acid residues that are involved in
substrate binding and catalysis. Previous studies using
group-specific reagents suggested the existence of an
essential cysteine residue [5] and an essential arginine
residue [6] at or near the nucleotide binding site of the
H*-ATPase. The Neurospora H*-ATPase was also in-
vestigated recently [7] using the carboxyl group-activat-
ing reagent N-(ethoxycarbonyl)-2-ethoxy-1,2-dihydro-
quinoline (EEDQ)*. This reagent inactivates the H*-
ATPase by a mechanism probably involving the activa-
tion of a carboxyl group followed by a nucleophilic
attack from a ne:ghbonng nucieophilic residue. The

acid); FFI, bovine brain extract (Folch Fraction I); SDS-PAGE,
sodium dodecyl sulfate polyacrylamide gel electrophoresis.
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EEDQ i i is p d by Mg-ATP in
the presence of vanadate, but not by Mg-ADP, which
was suggested to implicate active site residues involved
in transition state binding of the transferred phosphoryl
group. In the present study, we have investigated and
characterized the modification of histidine residues in
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the Neurospora H*-ATPase by DEP, which, in agueous
solution at neutral or slightly acidic pH, has been shown
to modify histidine residues in proteins with consider-
able specificity [8). The results of this study suggest the
presence of an essential histidine residue at or near the
enzyme active site.

Materials and Methods

Isolation of the H *-ATPase

The Neurospora plasma membrane H*-ATPase was
prepared by the method of Smith and Scarborough [9].
The specific activity of the enzyme was 25 pmol P,
liberated /mg protein per min. SDS-polyacrylamide gel
electrophoresis revealed a single Coomassie blue R250-
staining band with an M, of about 105000. For spectral
analyses, the enzyme was passed through a Sepharose
CL4B-200 column (2.5 X 90 cm) equilibrated with 50
mM Hepes buffer, pH 6.9 with NaOH, containing 30%
(w/v) glycerol (Buffer A).

Reaction of the H *-ATPase with DEP

DEP solutions were freshly prepared in cold ethanol
for each experiment. The concentration of the ethanollc
solutions of DEP were determined

G50 column (0.5 X 10 cm) equilibrated with Buffer A to
remove the excess DEP; untreated enzyme was processed
similarly. The reactable sulfhydryl groups in the native
and DEP-treated enzyme were then determined with
DTNB in Buffer A containing 0.2% SDS.

Hydroxylamine treat of DEP-inactivated H*-
ATPase

The DEP modlfxed enzyme was mixed with Buffer A

ine at a final ion of 50

mM, 10 mM ATP, and 0.05% (w/v) FFI, and the
resulting mixture was incubated at 4°C for 24-48 h.
The pH of the mixture was 7.0. Enzyme without DEP
treatment was treated with the same concentration of
hydroxylamine under the same congitions and used as a
control.

Spectroscopic studies

The UV spectra and the difference spectra of
carbethoxylated and untreated enzyme were obtained in
a DU-50 ph
measurements were carried out in a Perkin-Elmer
Hitachi MPF-2A di hotofl

Other method:

cally by reaction with 10 mM imidazole-HCI, pH 7. 5
An aliquot (5 ul) of the DEP solution was added to 3 ml

Protein was determined by the method of Lowry et
al [12], after preclpltat-on of the protein by the deoxy-

of the 10 mM imid; )l at room p

and the DEP concentration was calculated from the
increase in absorbance at 230 nm using an absorption
coefficient of 3-10° M~!.cm™! [8,10]. Carbethoxyla-
tion of the ATPase was carried out by incubating the
enzyme with DEP in Buffer A at 25°C. The final
concentration of ethanol in the reaction mixtures never
exceeded 1% (v/v). The modification reactions were
started by the addition of DEP. The extent of modifica-
tion was determined by measuring the residual ATPase
activity in aliquots withdrawn from the reaction mix-
tures at various time intervals as described [9]. The
number of histidi dified was calculated from the
absorbance change al 240 nm using an absorption coef-
ficient of 3200 M~!-cm™! [10] The ﬁrst-order rate

of DEP d p was d by mea-
suring the concentration of reagent in the actual enzyme
modification mi Samples were withd at vari-

ous time intervals, and the amount of DEP remaining
was determined by reaction with imidazole as described
above. The d DEP position rate

under the conditions of the pH 6.9 ATPase treatments
was 12.6 1072 min~".

Estimation of modifiable sulfhydryl residues

The determination of modifiable sulfhydryl residues
after DEP inactivation of the H*-ATPase was carried
out by the DTNB method of Ellman [11]. The DEP-
treated enzyme was first passed through a Sephadex

acid p dure of B d and
Weinstein [13]. Bovine serum albumin was used as a
standard. SDS-PAGE was carried out essentially as

described [14).

Materials

Diethyl pyrocarbonate ATP ADP AMP Hep&s,
FFI, pyridoxal p} and |
amine monohydrochloride were purchased from S|gma.
DTNB was obtained from Aldrich. Other chemicals
were from sources previously described {4] or of the
highest grade available from commercial sources.

Results

Inactivation of the H *-ATPase by DEP
Incubation of the H*-ATPase with DEP at pH 6.9
and 25°C results in a time- and concentration-depen-
dent loss of enzyme activity, but semilog plots of the
residual enzyme activity vs. time at various concentra-
tions of DEP do not yield straight lines. However, when
such data are corrected for the decomposition of DEP
during the ions (see M ials and Methods) by the
method of Gomi and Fujioka [15], straight line plots are
obtained (Fig. 1). A p]ot of the pseudo-flrst-order rate
for i (kops) ined from such
plots vs. the DEP concentration is linear (Fig. 2A),
indicating, as described by Gomi and Fujioka [15), and
Church et al. [16), that a reversible complex between the
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Fig. 1. Inactivation of the H*-ATPase by DEP. The H*-ATPase (1.3
M) was treated with 0.125 (®), 0.25 (), 0.50 (a), 0.75 (@), 1.0 (a).
1.5 (), and 2.0 (8) mM DEP as described in Materials and Methods.
At various time intervals, aliquots were withdrawn and assayed for
the residual H*-ATPase activity, and the residual activities (4 /4,) at
the various times (1) were then plotted vs. (1—e™*"')/k’, where &” is
the first-order rate constant of DEP decomposition. to correct for the
decomposition of DEP during the reactions as described by Gomi and
Fujioka [15).

enzyme and DEP is not formed prior to the inactivation
process, and that the DEP inhibition probably proceeds
as follows:

E+ n DEP - E-DEF,

where E stands for the H*-ATPase. The second-order
rate constant for H*-ATPase inactivation by DEP,
calculated from the data of Fig. 2A,is 335 M ™' -min~".
A double-logarithmic plot of the pseudo-first-order rate
for i ivation vs. DEP ion [17]
has a slope, or apparent reaction order, of 1.1 (Fig. 2B).

Properties of the DEP-derivatized H *-ATPase

Fig. 3A shows ultraviolet absorption spectra of the
native and DEP-inhibited H*-ATPase, and Fig. 3B
shows difference spectra between the native and mod-
ified enzyme at several time points during DEP treat-
ment. The difference spectra exhibit maxima near 240
nm and show very little difference around 278 am.

The number of sulfhydryl groups modifiable by
DTNB was also estimated for the untreated ATPase
and ATPase inhibited by DEP to 7% residual activity,
as described in Materials and Methods. The values
obtained for the untreated and DEP-treated ATPase
were 2.6 and 2.9 mol /mol, respectively (data not shown).

Fig. 4 shows the effect of the amino group-reactive
reagent ination pyridoxal phospt NaBH, on
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the H"-ATPase activily and subsequent rate of inactiva-
tion of the H*-ATPase by DEP. The pyridoxal phos-
phate/NaBH, treatment was carried out under the con-
ditions of the DEP inhibition reaction to derivatize any
amino groups that might be reactive under these condi-
tions. It can be seen that the pyridoxal phosphate/
NaBH, treatment has no effect on the H*-ATPase
activity under these conditions. Moreover. the rate of
inactivation of the pyridoxal phosphate treated/
NaBH ,-reduced enzyme by 1 mM DEP is quite similar
to that obtained with the native H*-ATPase (cf. Figs. 1
and 2). This experiment bears importantly on the iden-
tity of the essential residue modified by DEP. and will
be elaborated upon below.

Additional experiments indicated that the H™-
ATPase inhibition by DEP is not reversed by dilution,
that H*-ATPase inactivated by DEP to about 5% resid-
ual activity has the same intrinsic fluorescence as the
native enzyme at 340 nm when excited at 280 nm (data
not shown). and that the native and DEP-modified

“-ATPase also have the same elution volume when
subjected to column chromatography on Sepharose CL-
4B (data not shown).

Effect of pH on H *-ATPase inactivation by DEP

The pH-dependence of DEP inactivation of the H*-
ATPase was investigated in 50 mM Hepes/30% glycerol
(w/v) buffer between 6 and 8.5. The results of these
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Fig. 2. Pseudo-first-order rate constants for H*-ATPase inhibition by
DEP as a function of the concentration of DEP. (A) Rate constants
for DEP inhibition of the H*-ATPase (k) at several DEP con-
centrations were calculated from the data of Fig. 1 according to Gomi
and Fujioka [15}, and plotted as a function of the DEP concentration.
(B) Log-log plot of the same data.
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Fig. 3. (A) Ultraviolet spectra of the H*-ATPase before and after
inactivation by DEP. The H*-ATPase (2 pM) was treated with 1 mM
DEP for 14 min as described in Materials and Methods or not treated,
and the ultraviolet spectra of the two samples were then measured as
described in Materials and Methods. , untreated enzyme;
— — —, enzyme treated with DEP. (B) Difference spectra of similar
samples recorded after 2, 6, 10, and 14 min of DEP treatment.

experiments are plotted in Fig. 5. In this pH range, the
pseudo-first-order rate constanis of inactivation vary
with increasing pH in a tripartite manner. Between pH
6 and 6.5, there is only a minimal increase in the
inhibition rate constant. Above pH 6.5, the inactivation
rate increases steadily up to about pH 7.75. Then,
between pH 8 and 8.5 there is a pronounced increase in
the inhibition rate constants. A plot of the logarithm of
the pseudo-first-order rate for H*-ATPase
inactivation vs. pH in the range between 6.5 and 8 is
shown in the inset of Fig. 5. The log-log plot is almost
linear between 6.5 and 7.4, and then levels off abruptly
at around pH 7.5, indicating a pKa of about 7.5 for the
functional group with which DEP reacts to produce
ATPase inhibition at pH values below 8,

Reversibility of DEP-inhibition by hydroxyl

H*-ATPase that has been inactivated by DEP is
partially reactivated when treated with hydroxylamine.
Approximately 40% of the original ATPase activity is
regained by treatment of H*-ATPase inactivated to 25%
residual activity with 50 mM hydroxylamine for 48 h as
described in Materials and Methods (data not shown).
Treatment with a higher concentration of hydroxyl-

H-ATPase ACTIVITY (%)

TIME (min}
Fig. 4. Effect of pyridoxal phosphate/NaBH, on H*-ATPase activity
and effect of DEP on H*-ATPase pretreated with pyridoxal phos-
phate/NaBH,. ® ®, the H*-ATPase (1.3 pM) was incubated
‘with pyridoxal phosphate (1 mM) in Buffer A at room temperature in
the dark. At various time intervals, 20-ul aliquots were removed,
adjusted to 5 mM NaBH,, incubated on ice for 15 min, and assayed
for H*-ATPase activity as described in Materials and Methods,
o ©, the H*-ATPase (1.3 pM) was incubated with pyridoxal
phosphate as described above for 14 min in a final volume of 0.3 ml,
after which 5 mM NaBH, was added and the incubation continued
for 15 min on ice. The mixture was then passed over a Sephadex G-50
coluinn (0.5 16 cm) to remove the excess reagents. The pyridoxal
phosphate/NaBH ,-treated H*-ATPase was then assayed for DEP
inhibition (1 mM) as described in Materials and Methods. In this
case, the time points are corrected for the decomposition of DEP
according o the expression ¢ =(1—e™*"*)/k’ with the symbols de-
fined as in the legend of Fig. 1 [15].

amine (0.5 M) caused a considerable loss of ATPase
activity in the control experiment making it difficult to
explore the reversibility at higher concentrations of
hydroxylamine.

Inactivation of the H *-ATPase by DEP as a function of
the number of histidine residues modified

Fig. 6 shows the relationship b DEP inhibiti
of H*-ATPase activity and the extent of histidine mod-
ification, as judged from difference spectra at 240 nm,

i)

Kobs (min

Fig. 5. pH dependence of the pseudo-first-order rate constants for
inactivation of the H*-ATPase by DEP. The H*-ATPase (1.3 pM)
was incubated with 1 mM DEP in 50 mM Hepes buffer, pH 6-8.5
with NaOH, in the presence of 30% (w/v) glycerol at 25°C. The
value of the first-order rate constant for DEP decomposition (k') was
determined at each pH and the pseudo-first-order rate constants for
inactivation (K ;) were obtained from plots similar to those shown in
Fig. 1. Inset: Plot of the log of the k., vs. pH between pH 6.5 and 8.
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Fig. 6. Relationship between the residual H*-ATPase activity and the
number of histidine residues modified by DEP. The H*-ATPase (2
£M) in 0.3 ml of Buffer A was modified with | mM DEP at 25°C as
described in Materials and Methods and the increase in absorbance at
240 nm was measured. At various time intervals, aliquots (10 pl) of
the reaction mixture were withdrawn and assayed for H*-ATPase
activity, and the number of histidine residues modified was calculated
on the basis of the absorbance at 240 nm as described in Experimen-
tal Procedures. The data are presented in the form of a Tsou plot [18]
fori=1(0), i=2(a),i=3(@) and i=4(O).

plotted according to the method of Tsou [18]. Clearly, a
straight line is seen only when an i value of 1 is used.

Prortection against DEP inactivation by H *-ATPase
ligands

The effect of several H*-ATPase ligands on the
ATPase inhibition by DEP is shown in Table I. Treat-
ment of the enzyme m the presence of 5 mM Mg-ADP
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mM sodium vanadate, 5 mM MgSO, plus 0.1 mM
sodium vanadate, 5 mM MgSO,-AMP, 5 mM AMP, or
5 mM MgSO, alone. It should be noted that the pres-
ence of acidic phospholipids (FFI), which is essential
for H*-ATPase activity, is also essential in order to

obtain the protection by ligands against inhibition by
DEP.

Discussion

The results shown in Fig. 1 indicate that DEP in-
hibits the N spora plasma 1 H*-ATPase
with kinetics that are pseudo-first-order with respect to
time, and the results shown in Fig. 2 indicate that the
reaction order with respect to DEP concentration is
close to unity, suggesting that inhibition of the ATPase
by DEP results from modification of a single ial
residue. The second order rate constant for inactivation
of 385-420 M™' - min~' measured in these studies is in
the range found for protei ini lyticall
essential histidine residues [10,19].

DEP reacts in a highly selective manner with histi-
dine residues in a number of proteins, but it also reacts
with other amino acid side chains including those of
tyrosine, serine, cysteine, and lysine [8,10}. O-
Carbethoxylation of tyrosine residues can be detected
by a decrease in absorbance at 278 nm. In the studies
described in this cc idues were

bl in ab-

Y Y

ly not modified because no d
sorbance at 278 nm was observed in the difference

results in a id against i
5 mM ADP without Mg2+ is almost as effective. On the
other hand, little or no protection is observed in the
presence of 15 mM ATP, 15 mM MgSO,-ATP plus 0.1

TABLE I
The effects of several H*-ATPase ligands on the rate of DEP inhibition

‘The H*-ATPase (1.3 pM) was preincubated with the indicated ligands
for S min in Buffer A containing 0.05% FF1, after which the inhibition
reactions were started by the addition of DEP (1 mM). The reaction
mixtures were incubated at 25°C, and 20 gl aliquots were removed at
various time intervals and assayed for H*-ATPase activity. The
inhibition rate constants (k) were then determined from plots of
the data obtained, generated as described in the legend of Fig. 1. Data
are the means of at least two separate experiments.

Additions Kops (min 1)
None 042
5 mM MgSO, +5 mM ADP o1
5mM ADP 015
15 mM ATP 039
15 mM MgSO, +15 mM ATP

+0.1 mM NaVO, 034
5 mM MgSO, +0.1 mM NavVO, 036
5 mM MgSO, +5 mM AMP 034
S M AMP 039
5 mM MgSO, 038

spectra b d ATPase and ATPase treated
with DEP at pH 6.9 (Fig. 3). The possible modification
of serine residues can also be ruled out since modifica-
tion of serine residues by DEP is readily reversible in
neutral aqueous solution [10] but the H*-ATPase in-
hibition is not. The possibility of cysteine residue mod-
ification by DEP can be ruled out since there is no
difference in the number of DTNB-modifiable cysteine
residues in the native and DEP-inhibited ATPase mole-
cules. Lysine modification by DEP, which is a distinct
possibility [20), is unfikely to be responsible for the

*-ATPase inhibition when the DEP treatment is car-
ried out at pH 6.9, since pretreatment of the H*-ATPase
with pyridoxal phosphate/NaBH, at pH 6.9, which
should modify any lysine residues reactive at this pH,
does not inhibit the H*-ATPase and has no effect on
the rate of subsequent DEP inhibition (Fig. 4). It should
be noted that DEP modification of an essential lysine
residue in the H*-ATPase is a strong possibility when
the treatment is carried out at pH values above 8, as
indicated by the marked increase in the inhibition rate
constants in thxs pH range. However, for the purposes
of this the pyri hate-NaBH,
experiment of Fig. 4 argues strongly lhat DEP does not
modify an essential lysine residue when the treatment is
carried out at pH 6.9. This information, taken together
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with the fact that the difference spectra of Fig. 3 exhibit
maxima at about 240 nm, characteristic of N-carbetho-
xyhistidine, strongly suggests that the essential residue
modified by DEP at pH 6.9 is a histidine. This interpre-
tation is further strongly supported by the apparent pK,
of the inhibition reaction near neutrality, commonly
seen with essential histidine residues [19]. The partial
reversal of DEP inhibition by hydroxylamine is ad-
ditional evidence that the inhibitory residue modified is
histidine {10,21]. The inability to completely reactivate
the DEP-inhibited H*-ATPase with hydroxylamine may
indicate histidine dicarbethoxylation [10]. Finally, the
facts that DEP-treatment does not significantly alter the
intrinsic fluorescence spectrum of the H*-ATPase nor
its behavior upon Sephadex Cl-4B column chromatog-
raphy indicate that the histidine modification does not
induce major conformational rearrangements in the
H*-ATPase molecule.

The difference spectra of Fig. 3B show that H*-

dephosphorylation reaction. The fact that the DEP
inhibition reaction is essentiaily unaffected by the pres-
ence of these ligands suggests that the critical histidine
residue is equally available in the unliganded ATPase
and the ATPase locked in the above mentioned transi-
tion state conformation, consistent with the notion that
the critical histidine residue is not liganded to the
transferred phosphoryl group during the catalytic cycle.
On the other hand, the marked effects of Mg-ADP, and
particularly ADP alone, slrongly suggest that the criti-
cal histidine is tved in the H*-ATPase
nucleotide binding site, although longer range, confor-
mational effects cannot be totally excluded. The failure
of ATP and AMP to significantly affect the DEP inhibi-
tion rate, is probably due to the substantially lower
affinity of the H*-ATPase for these nucleotides {22, and
the data not shown].

Finally, the results presented in Table I bear in an
additional way on the H*-ATPase catalytic mechanism.

ATPase histidine modification i asa fi of We have previously shown that the H*-ATPase is fully
time, and from such spectral data, it can be d ional as a [4], and under most condi-
that approxi ly 8 histidi id of the H*- tions, plots of the H*-ATPase reaction rate vs. the
ATPase are derivatized in a 14 minute incubation. This Mg-ATP ion obey the Michaelis-Ment

raises the distinct possibility that the modification of
more than one H*-ATPase histidine residue is involved
in the DEP inhibition reaction. However, as shown in
Fig. 2B, a plot of the inhibition kinetics data accordmg
the method of Levy et al. [17], a

equation. It is thus quite likely that H*-ATPase mono-
mers contain a single nucleotide binding site. Although
it is generally assumed that the “true substrate’ for this
nucleotide binding site of the H*-ATPase is the nucleo-

inhibition stoichiometry of 1. Moreover, the statistical
approach of Tsou [18] strongly supports this notion.
Thus, since the eight readily modifiable histidine re-
sidues in the H*-ATPase react with DEP at essentially
the same rate (from the timed difference spectra),
according to the relationship

a/'=(p=m)/p

where a is the residual activity when m residues are
modified, p is the total number of residues modified by
the inhibitory reagent, and i is the number of residues
essential for enzyme activity [18], the number of essen-
tial residues is that value of i that gives a straight line
when a'/' is plotted against m. As shown in Fig. 6, only
when a value of i equal to 1 is used, is a straight line
obtained, indicating that H*-ATPase inactivation by
DEP is due to the modification of one critical histidine
residue.

The effects of certain H*-ATPase ligands on inhibi-
tion of the H*-ATPase by DEP (Table I) provide
in.portant information as to the site of the critical
histidine modification and the H*-ATPase catalytic
mechanism. As has previously been explained {7,22), the
combination of H*-ATPase ligands, Mg?* plus vana-
date, and the combination, Mg2* plus vanadate plus
ATP, are thought to ‘lock’ the H*-ATPase in a confor-
mation resembling the transition state of the enzyme

tide-divalent cation lex [23], the marked protection
against DEP inhibition by ADP alonc clearly indicates
that ADP is able to bind productively to the H*-ATPase
nucleotide binding site in the absence of any divalent
cation. Therefore, whereas it may well be true that the
H*-ATPase most often the nucleotide-di
lent cation complex in a typical ATPase reaction mix-
ture, it does not follow that the H*-ATPase has no
affinity for nucleotides in the absence of a divalent
cation. Divalent cation-independent nucleotide binding
to the active site of the Na*/K*-ATPase has also been
clearly d d bty M dlowski and Fortes [24],
and similar results have been obtamed for the Ca*.
ATPase of the tum [25], although \he
results of these latter studies were interpreted somewhat
differently than the results of Moczydlowski and Fortes.
In lusion, in this ication we have pro-
vided strong for the of an 1
histidine residue in or near the nucleotide-binding site
of the Ne plasma *-ATPase. The
next important and interesting step will be to identify
the modified hxsudme Now that highly effective meth-
odology for pulating the protein chemistry of the
H*-ATPase has been worked out [26], it may be possi-
ble to identify the relatively unstable [10] carbethoxy-
histidine residue by the ‘neutral pH’ approach of Hegyi
et al. {27] or by an indirect approach such as that
described by Tenu et al. [28]. Alternatively, if an effec-
tive expression system for the H*-ATPase can be worked




out, it may be possible to identify the critical histidine
residue by bi DNA hodolo;
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