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Abstract

The pH dependence of the reaction of dicyclohexylcarbodiimide with the essential aspartyl-61 residue in subunit ¢ of
Escherichia coli ATP synthase was compared in membranes and in a detergent dispersed preparation of the enzyme. The rate
of reaction was estimated by measuring the inactivation of ATPase activity. The reaction with the detergent dispersed form
of the enzyme proved to be pH sensitive with the essential aspartyl group titrating with a pK, = 8. However, when measured
with E. coli membranes, the reaction proved to be pH insensitive. The results suggest that the reacting aspartyl-61 residues
are shielded from the bulk aqueous solvent when in the membrane, but then become aqueous-accessible following detergent
solubilization. © 2002 Published by Elsevier Science B.V.
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1. Introduction

ATP synthesis during oxidative and photophos-
phorylation is catalyzed by closely related FFy
ATP synthases located in the inner membrane of
mitochondria, the thylakoid membrane of chloro-
plasts and the cytoplasmic membrane of most eubac-
teria [1]. These enzymes utilize a transmembrane H™
electrochemical gradient to drive ATP synthesis via a
rotary catalytic mechanism [2-6]. The enzymes are
composed of two structurally distinct sectors termed
F, and Fy. The F; sector is bound at the membrane
surface and contains the catalytic sites for ATP syn-
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thesis or hydrolysis. The F, sector traverses the
membrane and catalyses proton translocation across
the membrane. In Escherichia coli, the F; sector is
composed of five types of subunits in an o3B37;6,€;
stoichiometry and the F sector is composed of three
subunits present in a stoichiometry now thought to
be aybycio [7-10]. Proton transport is thought to
drive rotation of an oligomeric ring of ¢ subunits
in the membrane, which in turn is coupled to rota-
tion of the y subunit within an immobilized o33
hexamer of catalytic subunits bound at the surface
of the membrane [2-6,11]. Both the a and the ¢ sub-
units of the F( sector are believed to be involved in
the transport of protons across the membrane. The ¢
subunit spans the membrane as a hairpin of two o-
helices and, in the case of E. coli, contains the essen-
tial aspartyl-61 residue at the center of the second
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transmembrane helix. Asp61, or the equivalent Asp/
Glu in other species, is thought to undergo protona-
tion—deprotonation as each ¢ subunit of the oligo-
meric ring moves past a stationary subunit a [5,6].
Subunit a is believed to provide access channels to
the proton-binding Asp61 residue, but the actual
proton translocation pathway remains to be defined
[12-16]. In the bacterium Propionigenium modestum
an F;Fy ATP synthase of similar structure to that in
E. coli competitively transports Na*t, Li* and H" as
coupling ions [16]. Asp61 of E. coli subunit ¢ specif-
ically reacts with dicyclohexylcarbodiimide (DCCD)
during treatment at slightly alkaline pH and the re-
sultant modification was shown to inhibit proton
translocation through the Fy and coupled ATPase
activity [17-19]. Modification of a single ¢ subunit
of the enzyme complex is sufficient for complete in-
hibition of enzymatic activity [20]. The reaction of
DCCD is believed to take place with the protonated
form of the carboxyl group [21,22]. The pH depen-
dence of the DCCD modification reaction can there-
fore provide an indirect method for determining the
pK, of the carboxyl group. As examples, the pH de-
pendence of the DCCD modification reaction has
been used to determine the pK, of the essential glu-
tamate-65 of subunit ¢ in a detergent solubilized
preparation of Na™ translocating F1Fy ATP synthase
from P. modestum [23] and in the P-type H* ATPase
from Kluyveromyces lactis [24]. Carbodiimides have
also been used to determine the pK, of carboxyl
groups in other enzymes, e.g. thrombin [25,26]. In
this report we have used the pH dependence of the
reaction with DCCD to determine the pK, of Asp61
of subunit ¢ in a detergent dispersed preparation of
E. coli F1F,. However, the reaction proved to be pH
insensitive when carried out with E. coli membrane
vesicles, indicating that the reactive carboxyl group is
not generally exposed to the aqueous medium in na-
tive membranes.

2. Materials and methods
2.1. Cell growth and membrane preparation
Strain VF170 was constructed by transformation

of strain MM 180 (pyrE41, entA403, argH1, rpsL.109,
supE44, srl::Tnl0 [27]) with the plasmid pOM142

[28]. Plasmid pOM142 contains the eight structural
genes of the atp (ATP synthase) operon in plasmid
pBR322. Strain VF170 was grown on M63 minimal
medium [29] containing 0.6% glucose, 0.2 mM uracil,
0.2 mM vr-arginine, 0.02 mM dihydrobenzoic acid,
2 mg/l thiamine, supplemented with 10% LB medium
(i.e. 1 g/l tryptone, 0.5 g/l yeast extract and 1 g/l
NaCl) and 100 pg/ml ampicillin. Membranes were
prepared in TMDG buffer (50 mM Tris-HCI, pH
7.5, 5 mM MgCl,, 1 mM dithiothreitol, and 10%
(v/v) glycerol) by rupture of cells using a French
press [27]. The FFy ATPase was extracted from
membranes, suspended at 10-15 mg/ml in TMDG
buffer plus 1 mM phenylmethylsulfonyl fluoride, us-
ing 0.5% Na-cholate and 0.5% Na-deoxycholate in
the presence of 1 M KCI as described by Fillingame
and Foster [30]. The solubilized detergent extract was
stored at —80°C and used within a 2 week period, an
interval during which no decrease in ATPase activity
was observed.

2.2. Inhibition of the ATPase by DCCD

A 50 pl sample of membranes (20 mg/ml) or the
detergent extracted enzyme (4-5 mg/ml) was diluted
into 450 ul of CPTM incubation buffer (50 mM
CHES, 50 mM PIPES, 50 mM Tris, 5 mM MgSO,
adjusted to the desired pH with 5 N KOH). DCCD
was added to the desired concentration using stock
solutions prepared in ethanol with the volume of
ethanol added being =1% of the total reaction vol-
ume. At the desired time, the reaction was termi-
nated by dilution of aliquots of the CPTM incuba-
tion mixture into ATPase assay buffer. The extent of
dilution varied from 1—100 to 1—500 depending
upon the experiment and ATPase assay method
used, but in each case was sufficient to stop the
DCCD inhibition reaction. ATPase activity was as-
sayed by one of two methods. In the first assay meth-
od, membrane or enzyme was diluted into 0.9 ml of
ATPase assay buffer #1 (50 mM Tris—SO4, pH 7.8,
1 mM MgSO,) and 0.1 ml of a 10 mM ATP solution
was added and incubated for 5-10 min at 30°C. The
ATPase reaction was terminated by addition of 0.1
ml 10% SDS with rapid mixing. The amount of P;
released due to ATP hydrolysis was determined as
described by LeBel et al. [31] with the following
modifications. Briefly, to 0.1 ml of the reaction
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mix, 0.3 ml of solution A (0.25% CuSOQy, 4.6% so-
dium acetate, 2 N acetic acid), 50 pl of solution B
(5% ammonium molybdate) and 50 ul of solution C
(2% p-methyl aminophenol sulfate, 5% sodium sul-
fite) were added, mixed and incubated at room tem-
perature for 15 min. Color development was stopped
by addition of 500 ul of stop solution (2% sodium
arsenite, 2% sodium citrate, 2% acetic acid) and the
absorbance at 850 nm determined. The assay was
shown to be linear over the time interval and the
range of protein concentrations used in the experi-
ments. In a second type of assay, more typically used
in other papers from this laboratory [27], 0.1 ml of 4
mM [y-*P]ATP was added to the enzyme or mem-
brane in 0.9 ml ATPase assay buffer #2 (55.5 mM
Tris—SO4, pH 7.8, 0.222 mM MgSO,) at 30°C and
the reaction terminated after a 5 min incubation by
addition of trichloroacetic acid [17]. Radioactive 3*P;
released in the assay was extracted as a molybdate
complex into isobutanol-benzene and quantitated by
scintillation counting [17]. Similar results were seen
by either assay method.

2.3. Calculation of the kinetic parameters

To determine the pseudo-first order rate constant
for the ATPase inactivation reaction, the time course
of the inactivation reaction was plotted as fractional
activity versus time and fit to Eq. 1:

y =da exp<_kobs[) + c (1)

where y corresponds to the fractional activity at time
t. The fraction of total enzyme activity that can be
inhibited by DCCD is given by a, ¢ corresponds to
the fraction of the enzyme activity that cannot be
inhibited by DCCD and ks is the pseudo-first order
rate constant. Second order rate constants for the
DCCD inactivation reaction were calculated as fol-
lows: ky = kops/[DCCD]. For the determination of the
pK, of Asp6l, the rate constants for the inactivation
reaction, determined at different pH values, were fit
to Eq. 2 [32]:

ko = kn/(1+ [H']/Kq) + ki /(1 + Ka/[H]) (2)

where k, corresponds to the inactivation rate con-
stant at proton concentration [H'], k, and k; are
the inactivation rate constants at the highest and
lowest [H*], and K, is the dissociation constant of

the ionizable group. The solver program of Excel
Version 5.0 (Microsoft, Redmond, WA, USA) was
used in fitting experimental data to Egs. 1 and 2 and
in generating the lines drawn in the figures shown.

3. Results

3.1. pH dependence of DCCD reaction with
membrane versus detergent extracted enzyme

DCCD inhibits the ATPase activity of E. coli
membranes in a time dependent manner. The rate
of inactivation was little affected by the pH of
the medium as indicated by the examples shown
at pH 7.2 and pH 8.6 in Fig. 1A. From four similar
experiments, the second order rate constant (k;)
for inactivation by DCCD was calculated to be

Relative Activity

0 10 20 30 0 5 10 15 20

Time (min) Time (min)
Fig. 1. Kinetics of inactivation of membrane bound or deter-
gent extracted ATPase by DCCD. (A) Membranes were diluted
to 2 mg/ml into CPTM buffer at 30°C at pH 7.2 (O) or pH 8.6
(2) and treated with 30 uM DCCD for the times indicated.
Duplicate samples of treated membranes were then diluted
1—150 into ATPase assay buffer and the ATPase activity of
each sample was determined in duplicate by a colorimetric as-
say for inorganic phosphate release. The lines are drawn as a
fit to Eq. 1 with ks equal to 0.098 s~! at pH 7.2 and 0.087
s7! at pH 8.6. (B) The detergent extracted ATPase was diluted
into 9 vols. of CPTM buffer at pH 7.12 (O) and pH 8.58 (&)
and incubated with 30 uM DCCD at 30°C. Na-deoxycholate
and Na-cholate were each present at a final concentration of
0.05% following this dilution into CPTM buffer. At various
times thereafter, duplicate samples were diluted 1—100 into
ATPase assay buffer and the ATPase activity of each sample
determined in duplicate using the colorimetric assay (see Section
2). The lines are drawn as a fit to Eq. 1 with kops equal to
0.534 s7! at pH 7.12 and 0.258 s~! at pH 8.6.
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046+.12x10* min~! M~! at pH 7.2 and
0.42+.16x10* min~! M~! at pH 8.6.

We have routinely used a mixture of deoxycholate
and cholate to extract E. coli F1Fy from the mem-
brane for purification and reconstitution [30]. As
shown in Fig. 1B, the detergent solubilized form of
the enzyme is more rapidly inactivated by DCCD
than the membrane bound form of the enzyme. Fur-
ther, in contrast to the results seen with the mem-
brane embedded enzyme, the rate of DCCD inacti-
vation of the detergent solubilized enzyme varies
markedly with pH (Fig. 1B). The pH dependence
of DCCD inactivation of the detergent solubilized
enzyme is characterized in greater detail below.

Using either membranes or detergent solubilized
enzyme, a fraction of the ATPase is resilient to inhi-
bition by DCCD. The fraction varies from 15 to 35%
depending upon the conditions and dilutions done
prior to the ATPase assay. Much of the DCCD-in-
sensitive ATPase activity can be ascribed to disasso-
ciation of F; from the membrane embedded F, sec-
tor of the enzyme as the preparation is diluted for
assay, as is documented in an earlier paper by Her-
molin and Fillingame [20]. The fraction of DCCD-
insensitive activity did increase with pH, i.e. from
approx. 15-20% at pH 7.0 to 35% at pH 9.0. In
the kinetic analysis below, this DCCD-insensitive
fraction was subtracted during the curve fitting of

05 -+

Kops (min~1)

0 t t

[ 20 40
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Fig. 2. Dependence of the rate of inactivation of detergent ex-
tracted ATPase on the concentration of DCCD. The pseudo-
first order rate constants for the inhibition of the detergent ex-
tracted ATPase by DCCD at 30°C and at pH 7.12 (O) and pH
8.58 (&) were determined over a range of DCCD concentra-
tions. Dilutions, incubations and ATPase assays were carried

out as described in Fig. 1.
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Fig. 3. pH dependence for inactivation of the detergent ex-
tracted ATPase by DCCD. The rate constants for the inhibition
of the detergent extracted ATPase by 25 uM DCCD at 30°C
were determined at various pH values between 7.0 and 9.0. The
line is drawn from the experimental data using Eq. 2 with a fit
to a pK, value of 8.03 and a kjnay) and kymin) of 2.0x10*

min~! M~! and 0.50x10* min~! M™! respectively. Dilutions,
incubations and ATPase assays were carried out as described in
Fig. 1.

the time course data to Eq. 1. The subtraction does
lead to linear semilogarithmic plots of residual activ-
ity versus time ([20] and data not shown).

3.2. pH dependence of DCCD inhibition with
detergent solubilized enzyme

The pseudo-first order rate constant for inhibition
(kobs) calculated according to Eq. 1 is expected to
vary linearly with DCCD concentration. Examples
of the linear dependence of kqps with DCCD concen-
tration are shown in Fig. 2. The rate constant for
DCCD inactivation of the detergent solubilized en-
zyme proved to be strongly dependent upon the pH,
as already indicated by the experiments shown in
Figs. 1B and 2. The variation in the second order
rate constant (k;) over a range of pH values is shown
in Fig. 3, with the rate of inactivation decreasing
with increasing pH. The pH dependence of the k;
for DCCD inactivation could be fit to an equation
specifying a single group titrating with a pK, of 8.03,
as shown in Fig. 3. Values of 8.08 and 7.74 were
obtained in two independent sets of experiments,
the average pK, being 7.95%0.15. The pH depen-
dence of the DCCD inactivation reaction fits with
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the view that the protonated form of the Asp61 car-
boxyl group reacts with DCCD [21,22]. However, the
fit of the titration curve might also indicate that the
reaction with DCCD continues to a significant extent
at high pH where the carboxyl group should be
nearly completely ionized. Other possible interpreta-
tions are discussed below.

4. Discussion

When E. coli membranes are treated with DCCD
at slightly alkaline pH, the carbodiimide specifically
modifies Asp61 of subunit ¢ with resultant inhibition
of ATPase activity [17]. As shown here, and as pre-
viously reported by Friedl et al. [33], the rate of
DCCD reaction with the membrane integrated
form of the E. coli enzyme is not affected by the
pH of the suspending aqueous medium. The pH in-
sensitivity of the reaction could be due to lack of
ionization of Asp61 when buried in the hydrophobic
environment of the membrane. On the other hand,
DCCD reacts more rapidly with the detergent ex-
tracted F;Fy complex and the rate of reaction varies
markedly with pH as is shown in Fig. 3. The simplest
interpretation is that the detergent extraction leads to
greater exposure of Asp61 residues of the oligomeric
¢ ring to protonation from the aqueous medium, and
perhaps greater exposure to DCCD as well. In the
model of the oligomeric ¢ ring proposed by Dmitriev
et al. [34], the protonated Asp61 carboxylate is
packed in a hydrophobic cavity between neighboring
¢ subunits where it would be inaccessible to the aque-
ous medium and also shielded from the fatty acyl
phase of the lipid bilayer. If DCCD reacts from the
hydrophobic phase of the lipid bilayer, as is widely
presumed [35,36], it would have to insert between the
¢ subunits composing the ring to react. Detergent
extraction of Fy from the membrane may increase
the flexibility of subunit ¢ packing and account for
the increased rate of reaction.

The exact mechanism by which carbodiimides re-
act with carboxyl groups in proteins is uncertain but
it is widely assumed that the reaction occurs with the
protonated form of the carboxyl group [21,22]. The
reaction is known to take place in two steps with the
initial step being reaction of the carbodiimide with
the carboxyl group to form a protonated O-acyl iso-

§ § '
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Carboxyl Carbodiimide O-Acyl-Isourea N-Acylurea

Fig. 4. Reaction of carbodiimide with protein carboxyl group
occurs via O-acyl isourea intermediate and subsequent acyl mi-
gration to form the stable N-acyl urea.

urea which then undergoes a rearrangement reaction
to form a stable N-acyl isourea (Fig. 4) [21,22,37].
The reaction with aqueous accessible carboxyl
groups is known to be pH dependent and the pK,
for the process is usually assumed to correspond to
the pK, of the reacting carboxylate residue. A re-
quirement that the carboxyl group be protonated
for the initial step to take place was initially pro-
posed [21,22], although subsequently others have
suggested that the reaction can occur by general
acid catalysis where proton transfer to one of the
carbodiimide nitrogens is required during O-acyl iso-
urea formation [37,38]. The reaction could be a con-
certed one where the proton is donated to the carbo-
diimide nitrogen by the reacting carboxyl group [25].
A concerted mechanism would explain why different
carboxyl residues in proteins show different pK, val-
ues in reactions with the same carbodiimide.

The titration curve shown in Fig. 3 suggests a
pK, =8 for the reacting Asp61 residues in the deter-
gent extracted FFy complex. The titration curve is
notable in that the reaction continues at a significant
rate at alkaline pH, i.e. at approx. 25% of kimay)-
The apparent plateau at alkaline pH may indicate
that only a fraction of the solubilized enzyme is per-
turbed to expose the carboxylates under these con-
ditions of detergent treatment, i.e. 75% of the poten-
tially reactive enzyme in this case. Because of
significant disassociation of F; from Fy at pH >9,
it was not possible to extend the experimental mea-
surements beyond the range shown. The extrapolated
ky(min) at alkaline pH corresponds to the k, seen with
the membrane embedded form of the enzyme, where
the DCCD-reactive carboxyl group appears to be
shielded from the aqueous medium.

In the case of the Na'-translocating F;Fy ATP
synthase of P. modestum, the Glu65 carboxylate of
subunit ¢ (equivalent to E. coli Asp6l) was con-
cluded to reside near the surface of the membrane,
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based in part on the pH dependence of its reaction
with DCCD and protection from reaction by the
binding of Na™ [39]. Na™ was also shown to activate
the detergent extracted form of the enzyme in a co-
operative manner (Hill coefficient =2.6) suggesting
aqueous accessibility of at least three binding sites
[23]. These studies were done with a purified form
of the enzyme in the presence of Triton X-100, as
were subsequent Na™ occlusion studies [40]. These
experiments with the detergent solubilized P. modes-
tum enzyme have been cited in support of a ‘one
channel’ model for ion transport through Fy wherein
most of the Glu65 residues of the oligomeric ¢ ring
are freely accessible to the aqueous medium at the
cytoplasmic face of the membrane [39]. In retrospect,
it seems possible that the aqueous accessibility of
Glu65 is influenced by the presence of Triton, and
based upon the studies reported here, it would be of
interest to compare features to the membrane em-
bedded form of the P. modestum enzyme.
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