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ABSTRACT. The RFy ATP synthase utilizes energy stored in an electrochemical gradient of protons (or
Na' ions) across the membrane to synthesize ATP from ADP and phosphate. Current models predict that
the protonation/deprotonation of specific acidic c ring residues is at the core of the proton translocation
mechanism by this enzyme. To probe the mode of proton binding, we measured the covalent modification
of the acidic c ring residues with the inhibitor dicyclohexylcarbodiimide (DCCD) over the pH range from

5 to 11. With the H-translocating ATP synthase from the archaddailobacterium salinariunor the
Nat-translocating ATP synthase froliyobacter tartaricus the pH profile of DCCD labeling followed a
titration curve with a K, around neutral, reflecting protonation of the acidic c¢ ring residues. However,
with the ATP synthases fror&scherichia coli mitochondria, or chloroplasts, a clearly different, bell-
shaped pH profile for DCCD labeling was observed which is not compatible with carboxylate protonation
but might be explained by the coordination of a hydronium ion as proposed earlier [Boyer, P. D. (1988)
Trends Biochem. Sci. 1%—7]. Upon site-directed mutagenesis of single binding site residues of the
structurally resolved c ring, the sigmoidal pH profile for DCCD labeling could be converted to a more
bell-shaped one, demonstrating that the different ion binding modes are based on subtle changes in the
amino acid sequence of the protein. The concept of two different binding sites in the ATP synthase family
is supported by the ATP hydrolysis pH profiles of the investigated enzymes.

The majority of cellular ATP is synthesized from ADP conserved acidic residue is thought to be sufficient for proton
and phosphate by the ATP synthase using a transmembranéinding, at least three residues are involved in ion binding
electrochemical ion gradient as an energy source. A protonin the Na-translocating counterparts8)( The recent ¢
motive force derived from photosynthesis or respiration oligomer and K ring structure of the Nalependent enzyme
drives ATP synthesis in chloroplasts, mitochondria, and most of |. tartaricus (9) or Enterococcus hira¢10) showed that
bacteria {). Some anaerobic bacteria convert the energy of the Na ion is liganded by four and five amino acid residues,
a decarboxylation event into an electrochemical gradient of respectively.
sodium ions, which serves Ndranslocating B ATP In the absence of Nathe ATP synthases &. modestum
synthases as a primary driving forc2—4). Examples are  andl. tartaricus are able to translocate protorikl). In the
the closely related enzymes frdPmopionigenium modestum  transition to this mode, the pH optimum of ATP hydrolysis
and llyobacter tartaricus The H"- and Na-translocating is shifted from a bell-shaped profile with maximum activity
FiFo ATP synthases are phylogenetically related and sharebetween pH 7 and pH 9 to a sharp peak around pH-8.5
many common structural and functional features. (12), which is thought to correspond to th&kpof the

All ATP synthases are composed of two rotary motors, conserved acidic c¢ ring residues. The commontianslo-
the membrane-embedded, Fotor that translocates the cating ATPases, however, have a broad pH profile, similar
coupling ions and the extrinsig Fotor that synthesizes the to that of the N&-saturatedP. modestumenzyme. We
ATP. F, and R are connected by a central and a peripheral therefore hypothesized that the different pH profiles reflect
stalk to exchange energy with each other (for a review, seedistinct proton binding sites in the ATPases.
ref 5). The iy motor consists of a ring of ¢ subunits which The conserved property of the acidic residue in the ¢
is abutted laterally by the a subunit and a dimer of b subunits. subunit from all ATP synthases to covalently react with
The ¢ subunits harbor the ion binding sites that can be dicyclohexylcarbodiimide (DCCDB)was used to investigate
accessed from both sides of the membrane. There is generathis paradigm 13). Figure 1 depicts the mechanism of this
agreement for the location of the periplasmic entrance reaction as proposed by Khorarid). The requirement of
channel in subunit a, but the location of the exit channel is an exchangeable proton for the modification with DCCD
still under debateq, 7). A major difference between the'H implies a strong pH dependency as observed with the enzyme
and Na-dependent enzymes is the chemical nature of the of P. modestum(12). In accordance with the proposed
binding sites, which shuttle the ions between the two mechanism (Figure 1), the reaction velocity has its maximum
channels. Whereas in the"Hranslocating ATP synthases a in the acidic range and decreases with increasing pH with a

sigmoid dependency and an inflection point around pH 7.
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R R ammonium sulfate precipitation and subsequent sucrose
Forwiation nI/ density gradient centrifugation as describaa)(
of N-H bond of—gﬂ A total of 0.9-1 kg of bovine heart was used to prepare
_— L mitochondria as describe@3). The protein content of the
5% ”‘G‘)"N\z collected mitochondria was adjusted to 20 mg/mL, and the
preparation was stored at20 °C. Solubilization of bovine
mitochondria with dodecyl maltoside was performed as
described 24).
Cells collected from a culture of. salinarium were
washed twice in 50 mM TrisHCI, pH 8 4 M NaCl and
R ruptured by osmotic shock with deionized water. The mixture
R Rearrangement was stirred to homogeneity, and the membranes were
L to N-acyl urea 0__ﬂ collected by ultracentrifugation (200093 °C, 60 min) and
X I | washed twice with the buffer indicated. Alternatively, cells
c/\.q\ H/N were resuspended in the buffer described above and were
@ l_/ i @) broken in a French press apparatus<(28000 psi, 1.2x
10%). Cell debris was removed by centrifugation (10§G®

Ficure 1. Proposed mechanism for the modification of the o ;
conserved carboxylic acid on subunit ¢ with DCCD), In a first 4 °C, 10 min), and the membranes were collected by

step, the carboxylic acid forms a hydrogen bond to one of the uIFracentrifugatiQn (2000(@94°C, 60 min) and washed twice
nitrogen atoms of the carbodiimid@ { 2). Electron rearrange- ~ With the buffer indicated.
ment leads to the formation of the unstalleacylurea derivative ATP Hydrolysis Actiity MeasurementdMlembranes oE.
(2 - 3. Inthe absence of a nucleophie, rearrangement of the coli and P. modestumwere prepared as described and
it Gei Z)_to the formation of the stableacylurea g\ snended in 10 mM TrisHCI, pH 8, 2.5 mM MgC} (10—

15 mg of protein/mL). I from E. coli ATP synthase was

Furthermore, the addition of Nadecreases the velocity of ~ Prepared by stripping the membrane f(r]action with 1 mM
the modification due to the competition of Nainding to  11icine—HCI, pH 8.5, 0.2 mM EDTA, 10% glycerol. After

the acidic residue and the concomitant displacement of theltracentrifugation (2000@) 4 °C, 45 min), the supernatant
proton (L5, 16). was collected and used as theffaction. ATP hydrolysis

measurements were performed using the coupled assay as
described%5). Assay buffer was prepared as descrilizs),(
but only weakly buffered with 5 mM potassium phosphate,
pH 7—8, with special care to check and adjust the pH of the
buffer after preparation to avoid precipitation of enzymes.
The assay buffer (AB) was split into buffer AB1 and AB2.
The latter was supplemented with 50 mM buffer (final
concentration) of the desired pH value and 2 mM ATP. For
the pH range from 5 to 9, 50 mM MMT (50 mM MES, 50
MATERIALS AND METHODS mM MOPS, 50 mM tricine, adjusted to the desired pH with
5 M KOH) was used, whereas for more alkaline pH, tricine
Bacterial Growth and Tissue Origin. E. coli agfeletion  was replaced by 2N-cyclohexylamino)ethanesulfonic acid
strain DK8 was transformed with plasmid pBWU13 carrying (CHES). Membrane samples or the fRaction was mixed
the atp operon, except foatpl (17). Cells were grown in  with buffer AB1, containing 1uM 2-n-heptyl-4-hydroxy-
LB medium, harvested in the late exponential phase, and quinolineN-oxide (HQNO) to minimize free NADH oxida-
stored at—80 °C. |. tartaricus cells were grown under tion in native membranes, and aliquots of 10D were
anaerobic conditions as describekB)( Spinach $pinacia  pipetted into the wells of a 96-well quartz plate. The reaction
oleraceq leaves were obtained from the local market. Bovine was then started with the addition of 160 of buffer AB2,
heart was obtained from the local slaughterhouse and wasand the OR4 was monitored in a 96-well plate reader
kept at 4°C for 16 h between slaughter and homogenization. (BioRad) and used to calculate ATP hydrolysis rates as
Cultured cells from the straiH. salinariumSNOB were a  described25). In parallel, measurements without the addition
gift from J. Tittor from the Max-Planck-Institute of Bio-  of ATP were performed to obtain the free NADH oxidation
chemistry in Martinsried, Germany. Strdih salinariumR9 rates in membranes<(L0%). To guarantee coupling of ATP
(no gas vacuoles) was a gift from H. Strahl and K. H. hydrolysis and ion transport, ATP hydrolysis activities of
Altendorf from the University of Osnabel, Germany, and  membranes preincubated with 108 DCCD for 2 h at

m/Z=t'i=z‘\\

(2)

Formation
of O-acyl urea

Here, we used the covalent modification of the acidic
residue with DCCD to probe the proton availability at the
binding site of organisms throughout the biological kingdom.
For this purpose, membranestdélobacterium salinarium
I. tartaricus, Escherichia coli spinach chloroplasts, and
bovine mitochondria were incubated with DCCD at varying
pH values, and the modification of the acidic residues was
monitored by MALDI mass spectrometry.

was cultured as described9). 4 °C were measured. Good couplingg5%) was observed
Preparative Procedures.The preparation ofE. coli in the relevant pH range from 5 to 9.5. After the reaction,

membranes and their solubilization with cholate/deoxycholate pH values were measured directly in the reaction vessel.

in the presencefd M KCI was performed as describe?( Triplicates of every data point were collected, and two

21). Membranes from. tartaricus cells were prepared and individual measurements were performed.

solubilized with Triton X-100 as described§). Determination of N& Activation on ATP Hydrolysis

A total of 1.5-2 kg of spinach leaves was used to prepare Activity. The coupled enzyme assay was prepared as
thylakoid membranes as describé@®)( The ATP synthase  describedZ5) with the following modifications. To minimize
was solubilized from the membranes and fractionated by the Na content of the assay mixture, the potassium salt of
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NADH was used, and the hydrolysis reaction was initiated multichannel pipets or a multidispense pipet to guarantee
by the addition of Tris-ATP. The residual Naconcentration reproducibility. A 3uL sample of membrane preparation
was below 50uM as determined with atomic absorption (10—15 mg/mL) or purified enzyme (24 mg/mL) was
spectroscopy (Shimadzu AA-6200). The reaction was moni- diluted with 17uL of buffer at the desired pH value (buffer
tored at 340 nm in a UVIKON 940 spectrophotometerfNa composition; see method A) and placed into a 0.2 mL 96-
was added stepwise froa 5 M NaCl solution, and the  well PCR plate (polypropylene). The reaction was started
activities were taken after equilibration. Shown are the by the addition of luL of a DCCD stock solution in 20%
average values of three measurements. ethanol, and the plate was mildly shaken during the course
Preparation and Purification of Recombinant I. tartaricus  of the reaction. At the desired time points, aliquots of 10
ATP Synthasélheuncoperon ofl. tartaricuswas amplified uL from the reaction mixture were transferred to a new 96-
from genomic DNA and cloned into the expression vector well plate and mixed with 100L of chloroform/methanol/1
pTrc99A. Expression of this plasmid results in the production M ammonium acetate (10:10:1). Phase separation was
of a functional Nd-dependent ATP synthase (unpublished induced by the addition of 20L of distilled water, completed
data). Mutations cSer66Ala and cTyr70Phe were introduced by centrifugation of the plate (30g0room temperature, 5
using PCR-based cloning techniques. Plasmids harboringmin), and the lower organic phase was transferred into a new
wild-type and mutant ATP synthases were transformed in 96-well plate and directly used for mass spectrometry.
E. coli DK8, lacking theatp operon, and cultured in LB MADLI-TOF Measurementdviolecular masses were de-
medium, and expression was induced with 1 mM IPTG at termined on a 4700 proteomics analyzer from Applied
ODgoo = 0.7. Enrichment of ATP synthases by fractionated Bjosystems, a MALDI-TOF instrument equipped with a
PEG precipitation was performed as describ2g).( reflector. Different matrixes were tested, but if not otherwise
Modification of ¢ Subunits with DCCDTo prevent  stated, a 10 mg/mL solution of dihydroxybenzoic acid (DHB)
continued DCCD maodification of ATP synthase c subunits in acetonitrile:HO (0.1% TFA)= 2:1 was used. An amount
after organic extraction, as observed by Hermolin and of 0.7 uL of matrix was placed onto the target plate and
Fillingame @6), we included an additional step in our allowed to dry before 0:20.5uL of the chloroform phase
protocol. Prior to the addition of organic solvents, 1 M of the DCCD-modified sample was applied to the matrix-
ammonium acetate buffer, pH 7, was mixed with the samples coated spot. Measurements were performed in the linear
to balance their different pH values te7. This ensures  mode to minimize sample decomposition as observed previ-
similar extraction conditions for all samples. Furthermore, ously 7).
we reasoned that an excess of acetic acid (from ammonium
acetate) would act as a scavenger of free DCCD molecules RESULTS
which remain in solution after organic extraction. It was not o ]
necessary to concentrate the organic phase for mass spec- MALDI-TOF as a Quantitatie Tool for Analysis of
trometry. In general, we spotted a small aliquot of the Subunit ¢ Labeling by DCCDt has been well documented

samples right after extraction on the matrix-coated target that DCCD inhibits the ATP synthase by specifically

plate for the mass spectrometry instrument. In control Modifying the conserved acidic residues of subunit ¢, which
experiments, we spotted a small aliquot of the extracted @ thought to comprise (part of) the binding sites of the
sample (stored at80 °C) a few hours and several weeks coupling ions. In previous studies, this reaction has been

after the extraction. Under the conditions described and used followed by the inhibition of ATP hydrolysis activity. Since
we did not observe a continued labeling of ¢ subunits. @ single DCCD-modified ¢ subunit is sufficient to block ATP

Moreover, no more than one DCCD molecule bound per hydrolysis completely 26), only the kinetics of the first -
molecule ¢ subunit was observed. All incubations were DCCD binding event per molecule has been observed in
performed at room temperature. these experiments (see below).

Method A A 50 uL sample of membrane preparation {10 In the assay described below, we utilized the unique
15 mg/mL) or the detergent-extracted enzyme42ng/mL) property of subunit ¢ to become highly enriched from any
was diluted into 45QuL of incubation buffer. For the pH  kind of sample by a chloroform/methanol extraction and
range from 5 to 9, MMT (100 mM MES, 100 mM MOPS, subsequent phase separation induced by wagr A small
100 mM tricine, 5 mM MgC}, adjusted to the desired pH aliquot of the subunit c-containing organic phase can directly
with 5 M KOH) was used, whereas, for more alkaline pH be applied to MALDI mass spectrometr7). To quantify
values, tricine was replaced by CHES. DCCD was added atthe amount of labeling, we used an internal standard in the
the desired concentration using stock solutions prepared inform of the unmodified ¢ subunit. Subunit ¢ labeling can
ethanol with the volume of ethanol added % of the total therefore be related to the ratio of labeled to unlabeled c
reaction volume. At the desired time points, samples of 30 subunit in individual measurements (Supporting Information
uL were taken and mixed with 20L of 1 M ammonium  Figure 1).
acetate to adjust the pH to near 7. The samples were pH Dependence of Subunit c Labeling from Different ATP
immediately mixed with 50@L of chloroform/methanol (1:  Synthases by DCCOn a first series of experiments, the
1) and shaken vigorously. The subsequent addition of 100 method described above was applied to measure DCCD
uL of H,O induced a phase separation, which was completedlabeling kinetics of thé. tartaricus ATP synthase at different

by centrifugation (1000§) room temperature, 1 min). The c

pH values. For this purpose, isolatedartaricus membranes

subunit-containing samples in the organic solvent were stored(Figure 2a), the detergent solubilized ATP synthase, or the

at —80 °C prior to MALDI measurements.
Method B Method A was optimized for use in the 96-
well format. All pipetting reactions were performed with

purified enzyme (data not shown) were incubated with
DCCD at the pH values indicated. The modification of
subunit ¢ was stopped by rapid mixing with an excess of
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60 70 do not reflect accurate initial reaction rates, but rather a
50 a 60 - b comparison of reaction velocities at different pH values.
o 40 - I tartaricus | 50 1 Control experiments, however, showed that the pH differ-
£ £ a0- ences in subunit ¢ labeling are more pronounced under our
3 301 8 30 conditions and the observed effects are therefore not
® 20 = o0 artificially broadened by rate saturation.
10 - The pH profile for the modification of subunit c frois.
10 - E. coli . . . . .
0 ) coli membranes is shown in Figure 2b. Measurements with
5 6 7 8 9 10 11 5 6 7 8 9 10 11 detergent-solubilized membranes produqed e_ssenu_ally the
pH pH same results (data not shown). The profile is entirely different
70 c 70 d from that found with the. tartaricus ATP synthase, showing
60 - 60 - an increase in the labeling velocity between pH 5.5 and pH
o 50 o 50 9.0 and a strong decrease between pH 9.5 and pH 11. First,
£ 40 £ 40 - these data show that the acidic residue is not completely
S 304 € 20 shielded from the pH of the medium, as has been suggested
* 204 = 50 (29). Second, the significant decrease of the modification
| | ) ) rate at lower pH is unexpected and is not congruent with a
10 Sp. chloroplast 10 Bov. mitochondria . . . .- .
o o mechanism that requires the protonation of the acidic amino
5 6 7 8 9 10 1 5 6 7 8 9 10 1 acid prior to its modification. As a proton is, however,
pH pH mandatory for the chemical modification of the acidic c ring
60 e residue by DCCD (see the introduction), an attractive
50 - hypothesis is that these enzymes use hydronium ion binding
o 40 H. salinarium rather than group protonation as the mechanism of proton
£ binding. It is not entirely clear why the chemical labeling
é 307 reaction slows at the acidic pH values, where the carboxylates
® 20 1 are expected to become protonated. Possibly, the hydronium
10 ion acts as a better proton donor than the protonated
0 carboxylate in this artificial chemical reaction.

5 6 7 8 9 10 1 This unexpected finding prompted us to extend our studies
pH to Hf-translocating enzymes from other organisms. The
FicurRe 2: pH dependence for the modification of ¢ subunit binding "€Sults obtained with the isolated chloroplast ATP synthase
sites of various ATP synthases by DCCD using method@. are depicted in Figure 2c. The pH profile of DCCD labeling
Membranes of. tartaricus cells were prepared and incubated with s rather similar to that of th&. coli enzyme, except for an

%AOOI/‘MlDCCdD f\‘/tlciit‘:feée”tg)"' lx(/a_lutes (i.mi“f) as dlezcrlibgd(li_r; thed even more pronounced decrease in the labeling rate in the
aterials and Methods. Peak intensities from labele and _ .. :

unlabeled (U) ¢ subunits were used to determine the ratio k(U acidic pH range. In contrast to the. coli enzyme, the

L), which was plotted against the pH values indicated. Depicted chloroplast ATP synthase reacts poorly at pH 5 and the

are the mean values and the standard deviations (error bars) of atabeling rate reaches its maximum velocity at pH 8, followed
least three measurements) Like (a), but with isolated membranes  py a plateau, and a sharp decrease toward more alkaline pH
of E. coli cells (15 min).(c) Like (a), but with sucrose density values.

gradient purified ity ATP synthase from spinach chloroplasts (15 .
min). (d) Like (a), but with isolated mitochondria from bovine heart Ve further tested the ATP synthase from bovine heart

(10 min).(€) Like (a), but with isolated membranesidf salinarium ~ Mitochondria (Figure 2d). With either whole mitochondria
(20 min). or detergent-extracted protein, similar pH profiles for the
DCCD labeling were obtained. The pH profile closely
chloroform/methanol followed by phase separation upon resembles the one found for tie coli enzyme, showing
addition of water. An aliquot of the lower organic phase was significant labeling at pH 5 and a small increase in the
then spotted onto a layer of dried matrix on the target plate labeling rate on increasing the pH te-8. The rate of DCCD
for mass spectrometry. The results from all three sample labeling decreases again if the pH is raised further into the
preparations were very similar and showed the expectedmore alkaline pH range.
sigmoidal pH dependency of the modification (Figure 2a).  Finally, with membranes oH. salinarium a halophilic
The profiles were also similar to those obtained by previous archaeum, a pH profile completely different from those of
DCCD labeling experiments, and these were not distinct the other H-translocating ATPases was found that closely
between thé. tartaricus ATP synthase or its isolated c ring  resembled the one from tHetartaricus ATP synthase in
(16), which indicates no interference of other subunits with the H-translocating mode (in the absence of'Nans). The
the DCCD labeling of subunit ¢ under these conditions.  data in Figure 2e show the highest rates of subunit ¢ labeling
For the purposes of this study it was important to at pH 5-6 and decreasing labeling rates at higher pH values
determine the protonation status of the ¢ subunit binding sitesfollowing a titration curve with a i, around 7.5 which
outside the influence of subunit a. This meant that the probably corresponds to the membrane-buried carboxylic
measurements performed were based on the labeling of aacid of the ATP synthase.
significant number of ¢ subunits. To account for different  Mutational Analysis of the Binding Site in the I. tartaricus
labeling rates, the incubation times with DCCD were adjusted ¢ Ring. The recent crystal structure of the c¢ ring bf
to obtain ~50% of the maximum labeling levels (all ¢ tartaricus revealed two new aspects concerning the ion
subunits modified). Hence, the representations in Figure 2 binding site. First, the backbone carbonyl of Val63 makes a



11804 Biochemistry, Vol. 46, No. 42, 2007 von Ballmoos and Dimroth

50

100
40 -

w
=3
1
©o
o

[=2]
o

N
(=]
1

% labeling

% labeling

-
o
1

o
L
N
o

% ATP hydrolysis activity
IS
o

o

50

0 20 40 60 80 100
c d Na“"(mM)

{ FiGure 4: Activation by Na of ATP hydrolysis activity of the
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pH pH activities were determined by following the decrease in absorption
at 340 nm. Shown are the average values of three measurements.
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Ficure 3: pH profiles for DCCD modification of binding site

mutants in thd. tartaricus ATP synthase. The same procedure as . . .
described in Figure 2 was followed with the exception that ATP synthase with Ser66Ala mutation. Strikingly, the shape

recombinantly expressed ATP synthase was modified with DCCD of the pH profile of the Tyr70Phe mutant drastically changed
SSlr!gt_mEth(Od B-bDeP)'thdt ?re ttk}ﬁ me_a':j Va'“'?js atnd the Sta”da{C*rom the sigmoidal form to the more bell-shaped profile of
eviations (error bars) of at least three independent measuremen )
(8) pH profiles of the wild type @) and the cTyr70Phe mutant Stl\rl‘ip“?tc.’ln dlegelr.‘dem tenzymes' t')” the ggeience Oleg mg"
(O). (b) pH profiles of the wild-type enzyme in the absen@ ( a’, similar labeling rates were observed between pH > an
and the presenced] of 15 mM Na'. (c) pH profiles of the pH 8, and at higher pH values the labeling rate decreased
cTyr70Phe mutant enzyme_in the absen®® énd the presence  more rapidly than in the Nafree controls, where high
(O) of 15 mM N&'. (d) pH profiles of the cSer66Ala mutant enzyme  |aheling rates extended up to pH 9. These results indicate
in the absence®) and the presence)} of 15 mM Na. For clarity, ot the Tyr70Phe mutant retains the ability to bind*Na
error bars were omitted in (b)d). Lo L o :

albeit with significantly lower affinity than the wild-type

direct contact with the Niaion. This allows the helix to kink ~ €nzyme. Indeed, for half-maximal ATPase activity of the
below Val63, and the ring becomes hourglass shaped.mutant enzyme, about 20 mM Nas required (Figure 4),
Second, Tyr70 makes a contact with Glu65, orienting its Whereas the wild-type enzyme exhibits half-maximal ATPase
phenol group toward the binding site. However, it becomes activity at~0.5 mM Na" under the same condition48).
clear from the structure that a complex hydrogen bond Hence, disturbing the hydrogen-bonding scaffold around
network stabilizes the binding pocket and the coordination Glu65 by the Tyr70Phe mutation severely affects the binding
of Na* is the result of a finely tuned scaffold within the Of Na" to the binding sites on the c ring.

three involved helices. In this site, Glu65 not only delivers ~ Taken together, these results indicate different modes of
its negative charge to the Naon, but also acts as the key proton binding within the ATP synthase family and inter-
point of the scaffold, providing hydrogen bonding with conversion of one mode to the other by subtle changes of
GIn32, Ser66, and Tyr70 simultaneously. We therefore the ion binding site residues.

rationalized that the replacement of Tyr70 by phenylalanine ~ ATP Hydrolysis Profileslt has been well documented that
might have an impact on the scaffold and on"Nending, the ATP hydrolysis activity of the coupled Ndranslocating
without being directly involved in Nacoordination. For this ~ enzyme ofP. modestundepends on the occupation of the
purpose, the mutants Tyr70Phe and Ser66Ala were createdion binding sites with the appropriate coupling ion (Na
The latter serves as a control for a Nianpaired binding Lit, HY) (11, 15). We therefore rationalized that following
site as demonstrated with the closely related enzym.of the ATP hydrolysis of various ATP synthases dependent on
modestun{8). The results of Figure 3 show the pH profiles the coupling ion concentration (Nar H*) might be another

for subunit ¢ labeling of recombinant wild-type and mutant means to monitor occupancy of their ion binding sites.

I. tartaricus ATP synthases. The recombinantly expressed Figure 5 shows the pH profiles for the ATP hydrolysis
wild-type enzyme showed the typical sigmoidally shaped activities of the ATP synthases from modestumE. coli,
profile, which was shifted to more acidic pH values bytNa and H. salinarium Under N&-saturated, physiological
addition. A similar profile, but with a shift to more alkaline  conditions, the Na-dependent ATP synthase frdtn modes-

pH values, was obtained for the Ser66Ala mutant. These datatum shows a bell-shaped pH profile with a broad optimum
indicate that the I§, of Glu65 increased from about 7.5 in  ranging from pH 7 to pH 9. The pH profile is similar to that
the wild type to about 8.5 in the mutant ATP synthase, of the separated;fportion, showing that rate-limiting steps
probably reflecting the replacement of the polar serine by in Fq are not involved under saturating Naoncentrations.
the more hydrophobic alanine. As might be expected from At lower Na™ concentrations, however, the ATPase activities
the impairment of the Nabinding site, the addition of 15  of the holoenzyme decreased to reach undetectable levels
mM Na' had no effect on the pH labeling profile of the without Na addition at pH 8 or above. Under these



Proton Binding Sites in the ATP Synthase Family Biochemistry, Vol. 46, No. 42, 200711805

140 group protonation mechanism is valid. We therefore hypoth-

j:j e i E:;::::’) esize that the coupleB. coli ATPase does not rely on the

120 O Heladm  —4 P modoskmF, protonation of cAsp61, but rather on a different mode of
proton binding in its immediate vicinity.

100
DISCUSSION

80 1 4 The rotational mechanism of ATP synthesis depends on
the flux of the coupling ions across the membrane down their
chemical and/or electrical gradients. Whereas the known
Na'-translocating ATP synthases are mostly restricted to
certain anaerobic bacteria, theit #tanslocating counterparts
are widely distributed throughout the biological kingdom.
Crucial for ion transport and coupled rotation are the specific
ion binding sites on the c ring. Loading and unloading of
these sites at defined positions of the rotating c ring shuttles
the ions between the input and output channels. Insight into
the architecture and chemical properties of the ion binding
FiGure 5. pH profiles of ATP hydrolysis activities from ATP sites was obtained from the recent crystal structures of the ¢
synthases of different organisms. For clarity, the rates are scaledol K ring from the Na-dependent F-ATP synthase bf

to reach 100% for the maximal observed activity for each organism. tartaricus and the V-ATPase oE. hirag respectively 9,
Maximal rates for each organism are reported below. Shown are 10). In thel. tartaricus ¢ ring, the Na ions are coordinated
the profiles of the purified enzyme &. modestun(F;F) in the by four oxygen atoms within a scaffold that is defined by
presence®) or absence®) of saturating N& concentrations and - .

its separated fpart (@, -—) (10 Uimg of protein). Further depicted ~ Multiple hydrogen bonds (Figure 6a). The carboxyl group
are the profiles of the holoenzym®(---) and the F part @, —) of the conserved acidic residue (cGlu65) not only contributes
of the E. coli ATP synthase from native membranes (13 U/mg of one of its oxygens as a Néinding ligand, but also acts as
protein) and the purified ATP synthasetéfsalinarium(0.24 U/mg a recipient of hydrogen bonds from GIn32, Ser66, and Tyr70.
of protein) (0, taken from ref46). This hydrogen-bonding network stabilizes the conformation
of the Na binding site between the three different helices
involved.

In a simple model of the #&motor, the universally
conserved stator arginine 2108 coliis positioned between
two binding sites of the ¢ ring3@, 34). One of these is in

n. contact with the input, and the other one is in contact with
the output channel of the ion (Figure 6b). These designations
refer to one direction of rotation and become the opposite if
the rotation is reversed. The suggested role of the positively
charged arginine is to facilitate the dissociation of the ion
from the approaching rotor site into the appropriate release
channel 85). Implicit in the model is the recharging of the
empty binding site that has passed the stator arginine from
the appropriately located input channel. The channels are
thought to be aqueous in accordance with accessibility studies
with hydrophilic probesg, 7), and therefore, recharging the

in its H*-translocation mode, but similar to that of the site will be most efficient if the environmental ion concentra-
enzyme in its Na-translocating mode. Hence, slightly tion exceeds the binding site’s dissociation constant for the

suboptimal activities are observed at pH values around 7’i0n. This hypothesis is in good agreement with a dissociation
reported to be the Ky of the cAsp6l residues in a constant for N& from the binding site 0f~0.5 mM and a

chloroform/methanol water mixtur&@), and instead, a broad ~ Km for Na* of ~1 mM in activating the ATP hydrolysis
pH optimum extends from pH 7.5 to pH 9. This feature is activity of the P. modestunenzyme £2).

similar to the pH profile of the DCCD labeling reaction (see ~ To test the group protonation model experimentally, we
above) and thus in accordance with the occupation of the monitored the proton availability at the binding sites by the
binding sites over a broad pH range. The pH dependence ofmodification of subunit ¢ by DCCD. For the Nalependent
the ATPase activity of Ffrom E. coli was very similar to ~ ATP synthase oP. modestumthe rate of DCCD labeling
that of the coupled f/, complex, indicating that the follows a titration curve with al§, of ~7, representing the
protonation of the binding sites is not the rate-limiting step degree of protonation of the acidic residue. A remarkably
in the ATP-driven rotation of the holoenzyme. A similar Similar sigmoidal pH profile was found for the modification
broad pH profile for the coupled ATP hydrolysis activity is Of the ATP synthase from the archaettnsalinarium which

also reported for the enzymes of bovine mitochondria and Suggests a group protonation mechanism for this physiologi-
spinach chloroplasB(, 32). In analogy to the Nadependent ~ cal H'-translocating enzyme as well.

enzymes, the low occupancy of cAsp61 with protons well ~ For all other H-translocating ATP synthases tested
above its K, should become rate limiting, however, if the (covering enzymes from eubacteria, chloroplasts, and mito-

60 -

40 -

% ATP hydrolysis activity

20

conditions, therefore, delivery of Ndo the k binding sites
becomes rate limiting. In the absence ofNéhe enzyme
resumes to hydrolyze ATP with concomitant lumping
by increasing the proton concentration to pH7® (11),
indicating that the H-ATPase activity of this enzyme
strongly depends on this elevated proton concentratio
Compared to that of the Nasaturated ATPase or the part
alone, the H-activated activity is drastically reduced,
obviously reflecting suboptimal functioning with the non-
physiological coupling ion. A pH profile with a peak at pH
6.0 and significantly decreasing activities at pH6.5—7 is
also observed for the Htranslocating ATPase dfl. sali-
narium which therefore seems to use a proton binding mode
similar to that of theP. modestunenzyme. Curiously, the
pH profile of theE. coli ATPase is significantly distinct from
that of theH. salinariumenzyme or thé. modesturenzyme
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a b

Cytoplasm

.. 2 Periplasm
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Ficure 6: (a) Close-up of the Naion binding site in the ¢ ring of thé tartaricus ATP synthase (modified from re). The Na ion is
coordinated by the side chain oxygens of residues Glu65 and GIn32 on one ¢ subunit and residue Ser66 and the backbone carbonyl of
Val63 on the neighboring subunit. OxygenglOand Q2 from Glu65 accept hydrogen bonds from Ser66 and Tyr70 and from GIn32,
respectively(b) Model for proton translocation involving hydronium ion coordination in Ehecoli ATP synthase. Depicted are the rotor

c ring (blue) and the stator a subunit (orange). Their common interface harbors the critical residues during torque generation and ion
translocation. During ATP hydrolysis, the c ring rotates counterclockwise and protons enter the a/c interface from the cytoplasm and are
pumped across the membrane into the periplasmic reservoir. An occupied binding site enters the a/c interface from the right and reaches
the water-filled outlet channel in subunit a. The conserved stator arginine lowers both the affinity of the hydronium ion &adfthbe

cAsp61. This forces the proton to leave the coordinated hydronium ion and be transmitted along a water wire into the periplasmic reservoir.
After passing the stator arginine the hydronium ion binding site is allowed to re-form and can accept a proton from the cytoplasm through
the water-filled inlet channel in subunit a (or within the a/c interface). The reoccupied binding site can now exit the a/c interface, and the
next cycle is allowed to take place. Thereby, the high-affinity hydronium ion binding site allows the enzyme to efficiently bind and translocate
protons over a broad pH range.

chondria), however, partial bell-shaped pH profiles with a the H-coupledP. modestum\TP synthase, this activity has
broad optimum in the alkaline pH range (around% for its optimum at pHx 6.5 and rapidly decreases to undetect-
DCCD labeling are observed, not obeying the rule for able levels at pH 8 and above. In thé4tanslocating ATP
protonation of a carboxylic residue. The inconsistency with synthases dE. coli, mitochondria, or chloroplasts, however,
a group protonation mechanism is particularly evident from the pH optimum is much broader and clearly shifted into
the decreasing DCCD labeling rates at lower pH values, mostthe alkaline range. Interestingly, the ATP hydrolysis profile
strikingly observed with the enzyme of spinach chloroplasts. of F; of P. modestuma representative of the first group of
This corroborates with an earlier finding that ATP hydrolysis enzymes, is also broad and indistinguishable from that of
in spinach chloroplasts was almost unaffected by DCCD at Na-saturated B=. These results seem to indicate that the
pH 5, whereas the enzyme was completely inhibited at pH ATP hydrolysis activity in ko is determined by the
8 under the same conditions36). In these enzymes, properties of Funder conditions where thg Binding sites
therefore, not the protonated carboxylate but a different are saturated with the appropriate coupling ion as ifn-Na
functional group has to act as the proton donor of the saturated f. However, when the fsites are only partially
modification reaction (Figure 1). It cannot be completely occupied or empty as in thetHor Na“-coupledP. modestum
ruled out that factors other than the proton availability enzyme at pH> 7 or at nonsaturating Nlaconcentrations,
influence the reaction rate of DCCD with subunit c of the respectively, the §part becomes rate limiting for ATP
ATP synthase, e.g., a conformational change within the c hydrolysis activity.
ring, altering the accessibility of the binding site to the = These interpretations are corroborated by a comparison
surface. In the structure of tHe tartaricus ¢ ring, which of the ATP hydrolysis activities of Fand RF, of E. coli, a
was crystallized at pH 4.5, however, no such conformational representative of the second class of enzymes. These
change or exposure of the reactive carboxylic side chain wasactivities are practically identical over the entire pH range
observed. In the case of the chloroplast enzyme, which worksfrom 6 to 10, thus indicating that the activity of theFg
predominantly at low pH (pH 5 in the lumen), no large holoenzyme is not limited by a suboptimal occupancy of the
structural changes within subunit ¢ can be expected. In F, binding sites. Hence, the'Hoccupancy of the first class
general, we believe that the membrane acts as a conservingf enzymes, which is limited to the acidic to neutral pH
shell for the amino acids that are not in direct contact with range, as shown by the DCCD labeling experiments, is
the aqueous phase, and therefore, major influences from theeflected by the narrow ATP hydrolysis profile of theM
outside pH on the conformation are not expected. Becauseholoenzyme around pH -67. In contrast, the H site
of the very hydrophobic nature of DCCD, the molecule is occupancy over a broad range, as observed by DCCD
expected to enter the membrane rapidly and therefore shouldabeling in the second class of enzymes, is reflected by the
not influence the reaction rate under different conditions. broad ATP hydrolysis pH profile of the correspondingr-§

It is interesting that pH profiles similar to those observed holoenzyme.
for the DCCD modification reaction are also found for ATP The potential of the second class of ATP synthases to bind
hydrolysis activities. In thél. salinariumATP synthase and  protons over a broad pH range may also be important for
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the proton translocation mechanism. It has been suggeste@&nd indeed, these enzymes rely on a group protonation
that protonation and deprotonation of theskes is facilitated mechanism in their proton translocation mode. An efficient
by different K, values of the conserved acidic residues means to prevent the binding of a hydronium ion is to donate
during contact to either side of the membrane. Implicit in protein intrinsic hydrogen bonds to the oxygen atoms of the
this model is a K, exceeding that of the environmental acidic ¢ ring residues, as observed in the structure of the
proton concentration during protonation andka pelow the Na" binding site of thel. tartaricus ATP synthase (Figure
environmental proton concentration during proton release. 6a). With the two hydrogen bonds donated from Ser66 and
It is commonly accepted that the conserved stator chargeTyr70 to Q1 and another hydrogen bond donated from
arginine aids in proton release by decreasing the dielectricGIn32 to G2 of Glu65 only the latter oxygen can accept
permittivity of the membrane, which lowers th&pof the one hydrogen bond from a hydronium ion, whereas with no
acidic residue. One cannot rationalize, however, an increaseor only one hydrogen bond donated to either of these oxygens
of the [ K, of the acidic residue in the interface with subunit hydronium ion binding could be stabilized by two hydrogen
a over that in the interface with lipids. Nevertheless, a broad bonds. Taking these considerations into account, it is
pH profile of Ay-driven proton transport is observed with intriguing that, in all Nd-translocating ATP synthases, the
Fo of spinach chloroplasts ariRhodobacter capsulaty84, three amino acids of the hydrogen-bonding network (GIn32,
37). To account for these data, the membrane potential wasSer66, and Tyr70) are conserved and that no proton-
assumed to influence theKp of the acidic binding site  translocating ATP synthase is known to date which has both
residues on either side of the membrane (for details, see refSer66 and Tyr70 residues. Further evidence along these lines
34). Our experiments, however, were performed in solution stems from a comparison of the pH profile for DCCD
or in nonenergized membranes and thus in the absence of dabeling of thel. tartaricuswild-type and cTyr70Phe mutant
membrane potential, yet indicated broad pH profiles for enzymes. The sigmoidal pH profile of the wild type is
DCCD labeling or ATP hydrolysis activities. These data dramatically shifted to a more bell-shaped form with a
therefore suggest that protons can be bound to gh&tés maximum in the alkaline pH range in the mutant which lacks
in the absence of a membrane potential even at highone of the @1 hydrogen bonds and might therefore be able
environmental pH values. Therefore, the idea of alternative to coordinate a hydronium ion. The alkaline shift is also
ion coordination (see below) is an additional piece of observed in the cSer66A mutation, but is somewhat less
information toward the understanding of proton transport in pronounced than in the Tyr70Phe mutation, which might be
Fo motors. With the model described above, it would have explained by subtle differences in the hydronium ion binding
been difficult to explain the broad pH range during ATP constants. These mutations affect not only the mode of proton
hydrolysis, since no external driving force can accommodate binding but also that of Nabinding, leading to a severely
the K, required to load the site at the high pH values in reduced affinity in the Tyr70Phe mutant or its complete

solution. extinction in the Ser66A mutant. A similar situation might
In 1988, Boyer hypothesized that proton and*Nen be present in the enzyme #f. salinarium which is also

coordination would be much more related if the Mere dependent on group protonation. Sequence comparison of

coordinated together with a water molecule to forOH. the two ¢ subunits shows additional hydrophilic residues

He pointed out that both hydronium ions and*Nans can (Tyr, Glu, and Arg on the inner helix, Pro and Thr on the
be coordinated by crown ethers. The phenomenon of relatedouter helix) in the close proximity of the conserved acidic
H* and N& binding is also visible by the N@H* exchanger  residue, which might impair hydronium ion binding by a
monensin as revealed from its crystal structi88).(In the hydrogen-bonding scaffold similar to that observed inlthe
free acid form, the carboxyl group is used not only to bind tartaricusenzyme (Supporting Information Figure 2). In the
the proton, but also to circularize the molecule to a crown H™-dependent enzymes, hydrophilic residues around the
ether-like structure with a bound water molecule in the cavity. binding site are significantly less abundant.
This conformation allows a defined hydrogen-bonding scaf- In spite of the different ion binding modes of the ATP
fold, on which the positive charge of the proton is distributed. synthases, these enzymes are closely related in using ion
Upon Na' binding, the water is displaced, and the'Na translocation across the membrane to induce intersubunit
becomes coordinated by several oxygens. rotation. It is not surprising, therefore, that the ¢ subunits
The idea of an alternative proton binding site was also share many structural elements such as the helical hairpin
postulated for H-translocating P-type ATPases of plar&8)( organization and the acidic residue in the middle of the
and the lactose permease frdncoli (40) and experimen-  membrane providing ion binding.
tally shown for the light-driven M pump bacteriorhodopsin Such a strong relationship raises the idea of a common
(41, 42). evolutionary precursor. Since sequence elements and func-
A hydronium ion, coordinated by the unprotonated car- tionality of the protonation-dependent binding mechanism
boxylate and additional ligands, might also be a candidate are still found in Nd-dependent enzymes, one might
for the majority of H-translocating ATP synthases. Itis clear speculate that the mechanism in the archaklusalinarium
that the binding of a hydronium ion at pH 79 requires a is the most ancient form of coupling ion binding in ATP
high-affinity binding site. With such a site the operation range synthases, whereas Nand HO™" binding enzymes have
of the enzyme would not be restricted to pH values around evolved to adapt to different environments. In this context,
the K, of the conserved acidic c ring residues, but could be it is interesting to note that the corresponding enzymes of a
extended widely into the alkaline pH range. It is obvious few other archaebacteria were also shown to have an acidic
that such a high-affinity hydronium ion binding site must pH optimum for ATP hydrolysis. They are therefore good
not be present in the Naranslocating ATP synthases with candidates for similar protonation-dependent enzymes
their 5 orders of magnitude lower Nébinding affinities, (43—45).
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