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ABSTRACT. The macrolide antibiotic concanamycin A and a designed derivative of 5-(2-indolyl)-2,4-
pentadienamide (INDOLO) are potent inhibitors of vacuolarATTPases, with 16 values in the low and
medium nanomolar range, respectively. Interaction of these V-ATPase inhibitors with spin-labeled subunit
¢ in the transmembrane Néector of the ATPase was studied by using the transport-active 16-kDa
proteolipid analogue of suburatfrom the hepatopancreaséphrops naregicus Analogous experiments

were also performed with vacuolar membranes f@aecharomyces ceansiae Membranous preparations

of the Nephropsl6-kDa proteolipid were spin-labeled either on the unique cysteine C54, with a nitroxyl
maleimide, or on the functionally essential glutamate E140, with a nitroxyl analogue of dicyclohexyl-
carbodiimide (DCCD). These residues were previously demonstrated to be accessible to lipid. Interaction
of the inhibitors with these lipid-exposed residues was studied by using both conventional and saturation
transfer EPR spectroscopy. Immobilization of the spin-labeled residues by the inhibitors was observed on
both the nanosecond and microsecond time scales. The perturbation by INDOLO was mostly greater than
that by concanamycin A. Qualitatively similar but quantitatively greater effects were obtained with the
same spin-label reagents and vacuolar membranes in whitefiteropsl6-kDa proteolipid was expressed

in place of the native vma3p proteolipid of yeast. The spin-label immobilization corresponds to a direct
interaction of the inhibitors with these intramembranous sites on the protein. A mutational analysis on
transmembrane segment 4 known to give resistance to concanamycin A also gave partial resistance to
INDOLO. The results are consistent with transmembrane segments 2 and 4 of the 16-kDa putative four-
helix bundle, and particularly the functionally essential protonation locus, being involved in the inhibitor
binding sites. Inhibition of proton transport may also involve immobilization of the overall rotation of the
proteolipid subunit assembly.

The vacuolar H-ATPases are proton pumps that are to substitute functionally for thesubunit in yeast, producing
involved in the acidification of intracellular compartments a hybrid V-ATPase that is sensitive to DCCI3, (4).
(endosomes, lysosomes, vacuoles, and vesicles) and, in thilembranous preparations of the 16-kDa proteolipid can be
case of the osteoclast, of the extracellular lacunae at theisolated fromNephropsas hexameric assemblies, and have
surface of the resorbing boné, (2). Proton translocation  been used extensively for biophysical studies of subginit
through the transmembrane,gector of the protein (see in the absence of other components of theséctor 6—7).

Figure 1) is mediated by a glutamic acid residue in the 16-  The V,-sector of the ATPase is a potential therapeutic
kDa proteolipidc subunit. Transport is blocked when this target because of the direct involvement of the osteoclast
residue is covalently modified with dicyclohexylcarbodiimide \-ATPase in the excessive bone resorption that is associated
(DCCD).! The 16-kDa proteolipid that is isolated from the with osteoporosis. Possible synthetic strategies are based on
hepatopancreas of the lobstéephrops noregicusis able  the macrolide antibiotics concanamycin and bafilomycin
which are specific inhibitors of the V-ATPases, but have
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Ficure 1: Schematic arrangement of the subunits in V-ATPases
consistent with current data on proteiprotein interactions. The
transmembrane Ysector is shaded gray. Proteolipid subumnis
vma3p(at least four copies) in yeast;is vmallp(one copy), and

¢" is ymal6p(one copy). Subuni is the largevph1ppolypeptide

in yeast, andl is yma6p Within the membranes, ¢, andc" belong

to the rotor assembly aradbelongs to the stator of the rotary motor.
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Ficure 2: (A) Bafilomycin A;, (B) concanamycin A, and (C)

5-(5,6-dichloro-2-indolyl)-2-methox-(1,2,2,6,6-pentamethylpi-
peridin-4-yl)-2,4-pentadienamide (INDOLO).

at much higher concentrations, (9). Structure-activity
analyses10, 11) have led to the development of the 5-(5,6-
dichloro-2-indolyl)-2-methoxy-2,4-pentadienamide family of
inhibitors as possible lead compoundg) One of the most

potent discovered so far is the 1,2,2,6,6-pentamethylpiperidin-

4-yl derivative, INDOLO (see Figure 2), which has arnsdC
of 29 nM in chicken osteoclasts, and exhibits a selectivity
for the osteoclast enzyme over other V-ATPasE}.(

In this work, we study the interaction of concanamycin A
and the synthetic indolyl inhibitor INDOLO with the 16-kDa
proteolipid fromNephropghat has been spin-labeled specif-
ically either on the functionally essential glutamic acid

Pdi et al.

intramembranous location of these spin-labeled residues has
been investigated previously by uS).(Conventional and
saturation transfer (ST) EPR spectroscopy are used to
characterize perturbations by the inhibitors of both the local
and overall rotational mobility of the protein. Parallel
experiments, using the same selective spin-labeling reagents,
are performed with yeast vacuolar membranes in which the
nativec subunit that is encoded by th1A3gene is replaced

by recombinant 16-kDalephropsproteolipid. Known muta-
tions (14) of the 16-kDa proteolipid are used to verify a
common binding site for the inhibitors concanamycin A,
bafilomycin, and INDOLO.

EXPERIMENTAL PROCEDURES

Materials. Concanamycin A was obtained from Fluka
(Buchs, Switzerland). The 5-(5,6-dichloro-2-indolyl)-2,4-
pentadienoyl inhibitor INDOLO was synthesized according
to the methods of ref40 and 13. Spin-labeled maleimide
(5-MSL) was obtained from Syva (Palo Alto, CA), and the
spin-labeled DCCD derivative (NCCD) was prepared ac-
cording to the methods of refs5 and 16. The W303-1B
vatc cells MATo  ade2, ura3, leu2 his3, trpAvma3::LEU2
were a kind gift of Y. Anraku 3).

Isolation of 16-kDa Membranes and Vacuolar Membranes.
Membranes containing the 16-kDa channel proteolipid were
prepared from the hepatopancreas of the decayhodor-
vegicusby extraction with 20 mM NaOH according to the
procedure of refd?7 and 18, as described previously’)
Expression of théNephropsl6-kDa proteolipid inSaccha-
romyces cergisiae W303-1B vatc strain, in which the
endogeneou¥’ MA3 gene had been inactivated, was per-
formed as described previousl§, @). EDTA-washed yeast
vacuolar membranes were prepared as described iboref

Spin Labeling.Membranes were suspended in 50 mM
Hepes buffer, with 10 mM NaCl and 10 mM EDTA (pH
7.8). Covalent spin labeling dephropsl6-kDa membranes
with 5-MSL or NCCD was performed and characterized as
described previously7j. Typically, membranes (ca. 1 mg
of membrane protein) in 8 mL of buffer were reacted with
2 mM 5-MSL added in buffer or with 250M NCCD added
from a concentrated solution in ethanol. Spin labeling of yeast
vacuolar membranes with the same covalent reagents was
performed in a similar manner, except that half the quantities
were used in the same volume of buffer. Inhibitors were
added to a final concentration of 128/ from solutions in
50 uL of DMSO, which corresponds to a nominal 1:1
inhibitor:lipid mole ratio for 16-kDa membranes. An equal
volume of DMSO was added to the control samples. After
being washed to remove excess spin labeling reagent,
membranes were packed in 1 mm inside-diameter glass
capillaries by pelleting in a benchtop centrifuge. The sample
length was trimmed to 5 mm; excess supernatant was
removed, and the capillary was flame-sealed.

EPR SpectroscopfPR spectra were recorded on a Varian
Century-Line 9 GHz spectrometer with 100 kHz field
modulation. Sample capillaries were accommodated in
standard quartz EPR tubes that contained light silicone oil
for thermal stability. The temperature was regulated by a
thermostated nitrogen gas flow, and measured with a fine-
wire thermocouple situated in the silicone oil at the top of

residue (E140) or on the unique cysteine residue (C54). Thethe microwave cavity. The 5 mm sample was centered in
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the rectangular T, resonator to minimize microwave- and
modulation-field inhomogeneitie2@). The microwave H
field at the sample was measured as described in the latter
reference. Conventional EPR spectra were recorded in the
in-phase first-harmonic absorption mode; (Msplay) and
ST-EPR spectra in the out-of-phase second-harmonic absorp-
tion mode (\4' display) (see reR1). Effective rotational
correlation times were obtained from ST-EPR spectra by
using calibrations with spin-labeled hemoglobin in solutions
of known viscosity 22) that are given in re3.

Construction of Mutations in the S. ceisiae Form of
the 16-kDa ProteolipidSingle mutants F135L and Y142H
were created using a PCR-based strategy provided by
Stratagene (Quikchange site-directed mutagenesis kit), ac-
cording to the manufacturer’s instructions. The wild-type
gene had previously been tagged at therl with the HA1
epitope 24) in the p424 ADH shuttle vector, and was used
as a template. The PCR products were cloned into the p424
ADH vector and sequenced, which showed no changes othefFiGURe 3: Conventional EPR spectra {Misplay) of the 5-MSL

than the desired mutation. The inserted gene in this vector(tOF’”F:alr.‘e') and Nch (bOtlgom Pa“ef'%;p";]'abe's Cfva'e”t'y bound
is constitutively transcribed. to alkaline-extracted membranes of tRephropsl6-kDa proteo-

o lipid. For each set of spectra: (top) control sample (to which DMSO
Measurement of V-ATPase Adty. W303-1B vatc cells was added); (middle) sample containing concanamycin A; (bottom)

were transfected with the wild type and various mutant forms sample containing INDOLO. Temperature 35; total scan width
of the 16-kDa proteolipid. Cells were grown in minimal Was 160 gauss.
medium supplemented with the nutrients required to maintain

5-MSL: conirol

+Concanamycin

+INDOL 0

+Concanamycin

+INDOL O

68 . .
the presence of the p424 vector. Vacuoles were prepared | ' A 1 6-lea/5-IVIISL-
for measurement of ATPase activity as previously described 674 ' |
(24). ]
D 66 .
RESULTS AND DISCUSSION a
A
Membranous preparations of the 16-kDa proteolipid 9; 65+ .
subunit fromNephropswvere spin-labeled specifically either <E
on residue C54 with 5-MSL or on residue E140 with NCCD. N 64 | o control o -

RN : —a— +concanamycin Ny
The effect of the two inhibitors, concanamycin A and +INDOLO o

INDOLDO, on the rotational mobility of these spin-labeled side 63 - .
chains was studied. Corresponding experiments, with the o ) ’
same spin labeling reagents, were performed on yeast
vacuolar membranes in which the endogeneous suburfit ]
the V-ATPase was replaced by théephrops 16-kDa 65

67
664

proteolipid. Complementary mutational analysis of trans- § 64

membrane segment 4 was used to further probe the inhibitory §> 63

sites. 5 62.] ANy ]
Nephrops 16-kDa Proteolipid Membran&he top panel 55 { | ---o-- control &“\Q 1

of Figure 3 shows the conventional-"¥£PR spectra of alkali- 617 | —e— +concanamycin A

extracted 16-kDa proteolipid membranes covalently spin- 604 [ —¥—+*INDOLO % ]

labeled with the maleimide nitroxide, 5-MSL. Spectra are 59 —

shown for samples in the presence and absence of inhibitors. 0 10 20 30 40 50

As found previously 7), the spectra consist predominantly

of a strongly immobilized component with outer hyperfine E 4T wre d 4 ¢ the oLiter hvberi it
- ST i~ IGURE 4: Temperature dependence of the outer hyperfine splitting,
splitting, %me.‘x’ that approaches the.”gld I.Imlt' A.n addlt'.ona.ll 2Anax for alkaline-extracted 16-kDa membranes spin-labeled with
sharp three-line compqnent is promment in the fltst—derlvatlve either (A) 5-MSL or (B) NCCD, as indicated. Note the difference
spectra at 35C, but this contributes relatively little to the  in ordinate between panels A and B @ndO) control samples,
total double-integrated spectral intensity. These qualitative (B and ®) samples with concanamycin A added, andgnd v)

spectral features remain unchanged in the presence of théamples with INDOLO added.
two inhibitors. In part, this may be attributed to the fact that inhibitors. The characteristic increase in rotational mobility
the principal spectral component lies in the slow motional of the spin label with increase in temperature is seen from
regime, where the spectra are less sensitive to changes inhe progressively decreasing values 8f,2. Concanamycin
rotational mobility of the spin label. A increases the outer splitting of the spin-labeled C54 side
Figure 4A gives the temperature dependence of the outerchain, at temperatures af30 °C. At lower temperatures,
hyperfine splitting, Zmna, of 5-MSL, for the Nephrops the effect of concanamycin A is smaller. INDOLO, added at
16-kDa membranes in the presence and absence of théhe same molar concentration, produces a larger perturbation

temperature (°C)
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Ficure 5: Conventional EPR spectra {Mdisplay) of the 5-MSL <
(top panel) and NCCD (bottom panel) spin labels covalently bound N 58 ---0--- control 1
to yeast vacuolar membranes. For each set of spectra: (top) control 1 —e— +concanamycin
sample (to which DMSO was added); (middle) sample containing 56 4 —v— +INDOLO 1
concanamycin A; (bottom) sample containing INDOLO. Temper- L S
ature 35°C; total scan width was 160 G. 0 10 20 30 40 50

0
than does concanamycin A. The values oAn& are temperature ("C)

consistently larger in the presence of INDOLO than in the Ficure6: Temperature dependence of the outer hyperfine splitting,
presence of concanamycin A. Thus, both inhibitors interact 2Amax for yeast vacuolar membranes spin-labeled with either (A)

; i ; P 5-MSL or (B) NCCD, as indicated. Note the difference in ordinate
with the spin-labeled C54 residue by reducing its segmental between panels A and B(andO) control samples, i and®)

rotational mqbility, but INDOLO to a greater extent than samples with concanamycin A added, aadandv) samples with
concanamycin A. INDOLO added.

The bottom panel of Figure 3 shows the conventional V
EPR spectra oNephrops16-kDa membranes covalently 16-kDa membranes, although the absolute valuesfgf,2
spin-labeled with NCCD, the nitroxide derivative of DCCD. are slightly smaller. Concanamycin A induces an increase
Again, spectra are shown in the presence and absence oin 2An.« throughout the entire temperature range. The
inhibitors. In this case, the spectra evidence increasedperturbation of the spin-label mobility by INDOLO is again
mobility relative to those of 5-MSL. For the control greater than that by concanamycin A, and slightly larger than
membranes, there is significant motional narrowing of the that inNephropsl6-kDa membranes. Overall, the effects of
spectral anisotropy at 3%C; the outer hyperfine splitting  the two inhibitors are rather similar in both membrane
no longer approaches so closely to the rigid limit. In the systems.
presence of INDOLO or concanamycin, the spin label on  The bottom panel of Figure 5 shows the conventional V
glutamic acid E140 is more strongly immobilized, which EPR spectra of yeast vacuolar membranes spin-labeled with
indicates a perturbation arising from direct interaction with  NCCD. Studies with a fluorescent analogue of DCCD have
the indolyl inhibitor. Photolabeling of V-ATPase subunit ~ shown that Glu140 of the 16-kDa proteolipid is the only site
by a concanamycin derivative has been demonstrated previthat is labeled appreciably in vacuolar membrar2s. (The

ously 25). NCCD spectra of control membranes and those in the
The temperature dependence of the outer hyperfine split-presence of concanamycin are extensively motionally nar-
ting of the NCCD label bound tdlephrops16-kDa mem- rowed at 35°C. In contrast, the spectra from membranes to

branes is given in Figure 4B. Concanamycin A shows a which INDOLO is added are still appreciably motionally
greater perturbation of the mobility of spin-labeled E140 than restricted. Figure 6B gives the temperature dependence of
of spin-labeled C54. (Note the difference in ordinate scales the outer hyperfine splitting of NCCD for vacuolar mem-
between panels A and B of Figure 4.) Also, the effect of branes in the presence and absence of inhibitors. The effect
concanamycin A slightly exceeds that of INDOLO, which is of concanamycin is slight. The outer hyperfine peaks are
the reverse of the situation for spin-labeled C54. resolved only up to 18C, for both control membranes and
Yeast Vacuolar Membrane$he top panel of Figure 5 those in the presence of concanamycin A. INDOLO causes
shows the conventional MEPR spectra of yeast vacuolar a large increase in the value oA, for NCCD-labeled
membranes that are spin-labeled with 5-MSL. Qualitatively, vacuolar membranes. The outer hyperfine peaks remain
the spectra are rather similar to those of Nephropsl6- resolved up to 45C in the presence of INDOLO.
kDa proteolipid also spin-labeled with 5-MSL. Figure 6A Saturation Transfer EPR Spectrahe conventional ¥
gives the temperature dependence of the outer hyperfineEPR spectra (Figures 3 and 5) of the 5-MSL spin label
splitting of 5-MSL for vacuolar membranes in the presence indicate very little segmental mobility, for either membrane.
and absence of inhibitors. For control membranes, the Therefore, this label is likely to be suitable for studying the
temperature dependence is similar to that kephrops effects of the inhibitors on the overall rotational mobility of
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FiGure 7: Saturation transfer EPR spectra/fdisplay, at right) and conventional EPR spectra-@splay, at left) ofNephropsl6-kDa
membranes covalently spin-labeled with 5-MSL (top panels) and NCCD (bottom panels). In each set of three spectra: (top spectrum)
control sample, to which DMSO was added, (middle) sample containing concanamycin A, (bottom) sample containing INDOLO. The
temperature was 3C; the total scan width was 160 G.

Table 1: Low- and High-Field ST-EPR Line Height Ratio$/IL and H'/H, of Nephropsl6-kDa Membranes and Yeast Vacuolar Membranes
Spin-Labeled with 5-MSL, in the Presence and Absence of V-ATPase Inhibitors

L"/L H"/H
control with concA& with INDOLO control with concA& with INDOLO

Nephropsl6-kDa
1.254 0.07 (120+ 25)  1.324 0.11 (145+ 50) 1.424 0.06 (200+ 40) 1.02+ 0.09 (145+ 30) 1.13+ 0.16 (1804+ 60)  1.43+ 0.09 (345 70)

Yeast Vacuole
1.13+ 0.05 (90+ 10) 1.28+ 0.06 (130+ 20) 1.51+ 0.03 (275+ 30) 1.05+ 0.14 (155+ 50) 1.19+ 0.15 (210+ 65) 1.51+ 0.07 (400+ 65)

aT = 5 °C; diagnostic ST-EPR line heights are defined in 28f Values of effective rotational correlation times (in microseconds), deduced
from calibrations in reR3, are given in parenthesésConcanamycin A.

the whole spin-labeled proteolipid assembly (see, for ex- effective values for control membranes are approximately
ample, ref27). Figure 7 (top panel on the right) shows the 10-fold greater than the uniaxial rotational correlation time
V,' ST-EPR spectra dilephropsl6-kDa membranes spin-  tgry (~14 us) that is predicted for a 16-kDa proteolipid
labeled with 5-MSL. Spectra were recorded &5to reduce hexamer [which has a diameter of ca. 6.8 nB)] (n a
the effects of residual segmental motion (see conventionalmembrane with a viscosityf® P (see reR9). The effective
spectra on the left of Figure 7). The ST-EPR spectrum from isotropic correlation time depends on the orientati@nof
control membranes evidences slow but significant rotational the nitroxide zaxis to the rotation axis according to the
mobility on the microsecond time scale, as is expected for relationshiprg; = (z57/2)sir? 6 (see ref27). The measured
overall motion of the transmembrane proteolipid assembly. effective correlation times would therefore be consistent with
Addition of concanamycin A does not change the ST-EPR a tilt angle of§ ~26—29° of the spin label relative to the
line shape greatly. The indolyl inhibitor INDOLO, however, membrane normal. Concanamycin has a tendency to decrease
does change the line shape in the direction of decreasingthe rotational mobility of the 16-kDa proteolipid (by ca.-20
rotational mobility. 25%). The synthetic inhibitor INDOLO restricts the rotational
Table 1 gives the diagnostic ST-EPR line height ratios, diffusion more markedly; the correlation time is almost
L"/L and H'/H, for the low- and high-field regions of the  doubled on addition of an equivalent molar concentration
spectrum, respectively. Increasing line height ratio representsof INDOLO. Possible sources for the decrease in apparent
increasing intensity in the intermediate regions of the ST- overall rotational mobility are an enhancement in protein
EPR spectrum that are most sensitive to rotational motion, protein interactions, an increase in the effective membrane
and implies a decreasing rate of rotational diffusi@s)( viscosity, and a conformational change that reduces the tilt
For Nephropsl6-kDa membranes, a slight increase in ST- angle, 6.
EPR line height ratio is induced by concanamycin A.  The bottom panel on the right of Figure 7 shows the
INDOLO, however, causes a larger decrease in rotational corresponding Y ST-EPR spectra oNephrops16-kDa
mobility, as seen from the considerable increase in the ST-membranes spin-labeled with NCCD. Spectra in both the
EPR line height ratios. presence and absence of inhibitors evidence very low
Effective isotropic rotational correlation timess', de- mobility. The effects of the inhibitors are seen in the center
duced from the ST-EPR line height ratios by using calibra- of the ST-EPR spectrum, but hardly at all in the outer wings.
tions from ref23 are given in parentheses in Table 1. These This suggests that theaxis of the NCCD spin-label is
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5-MSL: 5-MSL:

control control

+Concanamycin +Concanamycin

+INDOL 0 +INDOL 0

K

NCCD: (\

control control

+Concanamycin

+Concanamycin

Ficure 8: Saturation transfer EPR spectra;'(display, at right) and conventional EPR spectra-{Néplay, at left) of yeast vacuolar
membranes covalently spin-labeled with 5-MSL (top panels) and NCCD (bottom panels). In each set of three spectra: (top spectrum)
control sample, to which DMSO was added, (middle) sample containing concanamycin A, and (bottom) sample containing INDOLO. The
temperature was 3C; the total scan width was 160 G.

+INDOL 0

oriented almost perpendicular to the rotation axis, which  The bottom panel on the right of Figure 8 shows thé V

causes the low-field and high-field regions of the ST-EPR ST-EPR spectra of vacuolar membranes spin-labeled with
spectrum to be insensitive to uniaxial rotation about the NCCD. In control membranes and those containing con-
membrane normal (see r8f). Unlike with the 5-MSL spin canamycin A, the ST-EPR spectra at low field consist of a
label, the ST-EPR spectra of 16-kDa membranes labeled withbroad hump, without resolution between the diagnostic (i.e.,
NCCD are uncontaminated by a sharp, mobile spectralL"-) and turning point (i.e., L-) regions. This feature

component. In this case, therefore, effective correlation times originates from partial motional narrowing in the conven-

can be estimated from the/C diagnostic line height ratio  tional V;-EPR spectra that arises from segmental mobility
that is defined in the central region of the ST-EPR spectrum. (see the bottom panel on the left of Figure 8). It is then not
The effective values arezgff = 95 + 5 us for control possible to deduce meaningful effective rotational correlation
membranes, andeR“ = 220 + 35 and 520+ 100 us for times. In the presence of the INDOLO inhibitor, segmental

membranes in the presence of concanamycin A and INDOLO, mobility of NCCD is largely suppressed (see the bottom left
respectively. The relative effects of the inhibitors on overall Of Figure 8). Effective rotational correlation times are then
rotational diffusion of the 16-kDa protein are in agreement 35 and 13Qus, deduced from the low-field and high-field
with those deduced from the 5-MSL spin-label, which has a line height ratios, respectively. Comparison of both the
different orientation to the rotation axis. This suggests, conventional EPR and ST-EPR spectra from NCCD-labeled
therefore, that the decrease in mobility arises from pretein Samples containing INDOLO in Figures 7 and 8 suggests that
protein interactions, possibly augmented by a direct effect these lower effective correlation times in vacuolar mem-
on the membrane lipid, rather than by a conformational branes, relative to those iNephrops16-kDa membranes,
change that affects the orientatién most probably arise from residual segmental motion. A
The V' ST-EPR spectra of yeast vacuolar membranes possible reason for this difference might be some heteroge-

spin-labeled with 5-MSL are shown in the top panel on the neity of.spm 'abe"”g n vacju.olar memb.ranes. . _
right of Figure 8. Qualitatively, they resemble those of Mutauqnql Analysis of Inhibitor InteractiarThe biophysi-
5-MSL-labeledNephrops16-kDa membranes, similarly at ~ cal data indicate that INDOLO and concanamycin A actin a
5°C. The diagnostic ST-EPR line height ratios and effective Similar way, on the external lipid-facing regions of the 16-
rotational correlation times for 5-MSL-labeled vacuolar kDa proteolipid. A previous study has shown that mutations
membranes are also given in Table 1. Again, the pattern ofin this proteolipid fromNeurospora crassajive rise to
perturbation of protein mobility by the inhibitors is similar ~ resistance to bafilomycin and partially to concanamycin A
to that found with 5-MSL-labeledlephropsl6-kDa mem- (14). All three mutations are in highly conserved transmem-

branes. Concanamycin induces moderate increases in STPrane segments and may have partial lipid exposgré (vo
EPR line height ratios and effective correlation times, of these mutations are in the fourth transmembrane segment,

whereas the INDOLO inhibitor more than doubles the ©On either side of the essential glutamic acid residue that reacts
effective correlation time. In general terms, the effective With DCCD. The similarities in the mode of action of
rotational correlation times for vacuolar membranes are in concanamycin A and INDOLO suggest that the same muta-
ranges similar to those for the 16-kDa proteolipid. For the tions should give rise to some resistance against both
V-ATPase, a tightening of the interactions between the rotor inhibitors.

(c, ¢, andc") and stator &) units (see Figure 1) could give To test the above, equivalent mutations, F135L and
rise to decreased rotational mobility. Y142H, were introduced into th8. cereisiae form of the
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Table 2: ATPase Activity of Vacuolar Membranes Isolated from Vatc Cells Expressing the Wild-Type or Mutant 16-kDa Préteolipid

strain no inhibitor concanamycin A INDOLO DCCD
Vatc with wild-type HA1 0.140+ 0.009 0.06G+ 0.002 0.05Q+ 0.003 0.01G+ 0.002
Vatc with F135L HAl 0.10Gt 0.003 0.08Gt 0.005 0.07Gt 0.007 0.030t 0.002
Vatc with Y142H HA1 0.133+ 0.006 0.10Gt 0.005 0.060+ 0.013 0.02G+ 0.010
Vatc with an empty vector 0.008& 0.0008 0.008t 0.0003 0.008t 0.0003 0.00A 0.0006

a ATPase activity is shown as micromoles qfrBleased per minute per milligram of protein. Final inhibitor concentrations are as follows: 25
nM concanamycin A, kM INDOLO, and 0.2 mM DCCD.
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Ficure 9: Inhibitor profile of ATPase activity in yeast vacuolar membranes expressing the wild-type or rButaeteisiae 16-kDa
proteolipid. Activity is shown as the percentage of that in the absence of inhibitors.

16-kDa proteolipid and expressed in the VMA3 null mutant mutations also give rise to resistance to bafilomycin, to an
(W303-b vatc) ofS. cereisiae.(The corresponding residues even greater extent than to concanamycin.
in the Nephrops16-kDa proteolipid are F138 and Y145.)
Vatc cells lack the proteolipid and do not assemble the CONCLUSIONS
V-ATPase, giving rise to themaphenotype of conditional » ) )
lethality that allows growth at pH 5.5 but not at neutral pH  The specifically spin-labeled residues C54 and E140 of
or at high extracellular calcium concentration. The mutant theéNephropsl6-kDa proteolipid are situated on transmem-
and control wild-type 16-kDa proteolipids were tagged at brane segments 2 and 4, respectively, of the putative
their C-termini with an HA1 epitope. All three rescue the {ransmembrane four-helix bundlé, @1). On SDS gels, the
VMA phenotype in vatc cells, giving growth of the vatc cells V-ATPase is the principal protein of EDTA-washed yeast
at pH 7.5 and in high extracellular calcium (data not shown). Vacuolar membranes. Because substitution of the wild-type
Table 2 and Figure 9 show inhibitor profiles of the ATPase Proteolipid by a polypeptide carrying an E140G mutation
activity in vacuolar membranes. As expected, the ATPase fesults in an approximately 90% decrease in vacuolar
activity in vacuoles isolated from vatc cells expressing either Meémbrane protein labeling with a fluorescent carbodiimide
the wild-type or the mutant 16-kDa proteolipid is inhibited analogue Z6), we can be confident that this is the main site
to =75% by covalent modification with DCCD. However, Of labeling by DCCD. The sites that are selectively labeled
the resistance to concanamycin A and INDOLO is increased bY 5-MSL and NCCD in the 16-kDa proteolipid are therefore
considerably in the F135L mutant compared to that in the €xpected to make a major contribution to the EPR spectrum
wild-type control p < 0.005 for concanamycin A angl < from the vacuolar membr.ane._ Reaction with maleimide
0.001 for INDOLO), indicating a common binding site. knocks out the ATPase activity in vacuolar membranes, but
Interestingly, the degree of resistance to INDOLO con- also probably labels other membrane-domain cysteines.
ferred by the Y142H mutation is smaller than that to  The effects of the INDOLO inhibitor on the conventional
concanamycin A, at concentrations that inhibit the wild-type EPR spectra of 5-MSL-labeled membranes are consistently
proteolipid to comparable extents € 0.5 for INDOLO and greater, at equivalent nominal molar concentrations, than
p < 0.001 for concanamycin A). This could indicate those of concanamycin A. This difference might not arise
overlapping, but not necessarily totally identical, binding sites solely from intrinsically larger perturbations by INDOLO.
for the two inhibitors. There are parallels with the spin-label There are possibly also differences in the degree of incor-
data, in that INDOLO mostly induces greater immobilization poration into the membrane, for the two inhibitors. The
than does concanamycin, particularly of the NCCD-labeled relatively large decreases in segmental mobility induced by
essential glutamate in vacuolar membranes. The yeastiINDOLO suggest a direct interaction with both spin-labeled
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residues, although effects of a conformational change cannot
be excluded. In the model of the 16-kDa proteolipid of
Harrison et al. 1) that is based on cysteine replacement
mutagenesis and cross-linking (cf. Figure 1), residues C54
and E140 are situated in close proximity on adjacent helices
that are accessible from the lipid bilayer milieu. This is
consistent with both residues being involved in, or close to,
the inhibitor binding site. Although the perturbations of
segmental mobility are smaller in certain cases, the results
with concanamycin A are also consistent with this interpreta-
tion. Both bafilomycin {4) and concanamycin2f) have
been found to interact with the proteolipedsubunit. It is
worth noting that in vertebrate tissues, the presence of
specific subunitisoforms (see Figure 1) confers differential
sensitivity to these inhibitors, implying that additional
interaction with subunift may also be important3g, 33).

The large reduction in the rotational mobility of the
hexameric 16-kDa proteolipid assembly by INDOLO suggests
a potential mechanism of inhibitory action. It is possible that
this inhibitor may interrupt the ATP-driven rotation of the
proteolipid assembly that powers proton transport, as does
concanamycin34). The similar effects that concanamycin
has on the ST-EPR spectra support this interpretation for
INDOLO, and the mutational analysis supports a common
binding site and mode of action for both classes of inhibitors.
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