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Abstract

The H'-translocating inorganic pyrophosphatase is a proton pump that hydrolyzes inorganic pyrophosphate. It consists of a single polypeptide
with 14—17 transmembrane domains (TMs). We focused on the third quarter region of Streptomyces coelicolor A3(2) H'-pyrophosphatase,
which contains a long conserved cytoplasmic loop. We assayed 1520 mutants for pyrophosphate hydrolysis and proton translocation, and
selected 34 single-residue substitution mutants with low substrate hydrolysis and proton-pump activities. We also generated 39 site-directed
mutant enzymes and assayed their activity. The mutation of 5 residues in TM10 resulted in low energy-coupling efficiencies, and mutation of
conserved residues Thr*®®, Val*!! and Gly*'* showed neither hydrolysis nor pumping activity. The mutation of six, five, and four residues in
TMI1, 12, and 13, respectively, gave a negative effect. Phe®™S, Thr*®®, and Val*®® in cytoplasmic loop i were essential for efficient H
translocation. Ala**® and Pro>®® in the periplasmic loops were critical for coupling efficiency. These low-efficiency mutants showed dysfunction
of the energy-conversion and/or proton-translocation activity. The energy efficiency was increased markedly by the mutation of two and six
residues in TM9 and 12, respectively. These results suggest that TM10 is involved in enzyme function, and that TM12 regulate the energy-
conversion efficiency. H'-pyrophosphatase might involve dynamic linkage between the hydrophilic loops and TMs through the central half

region of the enzyme.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Energy coupling; H'-pyrophosphatase; Random mutagenesis; Proton pump

1. Introduction

Proton pumps convert the energy of high-energy compounds
into the active transport of protons across biomembranes. They
play two physiological roles: pH regulation and the formation
of proton-motive forces in their membranes. The simplest of
these pumps is the H'-translocating inorganic pyrophosphatase
(H'-PPase), which consists of a single polypeptide of ~80 kDa
[1]. H'-PPases are found in plants, parasitic and free-living
protozoa, and some eubacteria and archaebacteria [2—7]. In
prokaryotes, such as Rhodospirillum rubrum [2,8,9], Pyroba-
culum aerophilum [10], and Agrobacterium tumefaciens [11],
the enzyme generates a proton gradient across the plasma

Abbreviations: DTT, dithiothreitol; H'-PPase, H'-translocating inorganic
pyrophosphatase; ScPP, S. coelicolor A3(2) H'-PPase; TM, transmembrane
domain; WT, wild type
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membrane and the membranes of acidocalcisomes. Its physio-
logical role has also been investigated in plants [12—16] and
other organisms [8,17—19].

The H'-PPase enzyme is an excellent model for research into
the coupling between pyrophosphate (PPi) hydrolysis and
active proton transport because it consists of a single protein and
has a simple substrate. Site-directed mutagenesis revealed
several functional motifs in the H'-PPases of Arabidopsis
thaliana [4,20,21], Vigna radiata [22-24], R. rubrum [25,26],
Carboxydothermus hydrogenoformans [27], and Streptomyces
coelicolor A3(2) [28-31]. Membrane topological analysis
showed that all the common functional motifs for Mg-PPi
binding and PPi hydrolysis are faced to the cell cytosol, which is
where the substrate is generated [28].

In the present study, we investigated how H"-PPase couples
the hydrolysis of PPi with the active transport of protons across
the membrane. As a model enzyme we used S. coelicolor A3(2)
H'-PPase (ScPP), which comprises 794 amino acids and 17
transmembrane domains (TMs) [28]. To examine the coupling
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Table 1
Summary of random mutants of S. coelicolor A3(2) H'-PPases
Mutant Mutation Result Mutant Mutation Result
F388L 1162T—C F—L P473L 1418C—T P—L
F388S 1163T—>C F—S S475P 1423T—-C S—P
T389A 1165A—G T—A A478T 1374G— A Silent
V396A 1187T—C VoA 1432G— A A—T
S402P 1204T—C S—P G480D 1439G— A G—D
1415T 1244T —-»C I-T L496P 1487T—C L—-P
L419P 1256T—C L—P D500G 1499A — G D—-G
S421G 1261A—>G S—G T5101 1529C—>T T—I
V4231 1267G— A V-1 KS511E 1531A—G K—E
Y424C 1218T—C Silent 1563A—G Silent
1271A—G Y—-C T5171 1550C—>T T—I1
A436P 1306G—C A—P A524V 1571C—>T A—-V
L438P 1313T—C L—P L5258 1574T—C L—S
1.448pP 1323A—G Silent Y529C 1586A—G Y—-C
1343T—>C L—P D556G 1667A—G D—-G
F449L 1345T—>C F—-L F574L 1242T—C Silent
L4538 1358T—>C L—S 1720T—>G F—L
T4601 1379C—>T T—I1 L575Q 1724T— A L—Q
D469G 1406A —G D—-G L579P 1736T—C L—-P
F471S 1412T—->C F—S

Random mutagenesis generated 1520 mutants of ScPP. In total, 34 mutants with
low PPase activity, low H'-pump activity or low energy-coupling efficiency were
selected from the random mutants (see text for details). DNAs for the mutants
were sequenced individually. Mutation sites including silent mutations are listed.

mechanism and the structural-functional relationship, we
separated the primary structure into four parts and constructed
ScPP mutant libraries for each part using random mutagenesis.
We focused on the third quarter, which consists of TM10 to
TM13 and two conserved motifs in a hydrophilic loop. We
prepared a random mutant library of H'-PPase, and surveyed
mutants with a low coupling efficiency between PPi hydrolysis
and proton pumping. We also prepared site-directed mutants of
H'-PPase and determined the effect of mutating residues in the
TMs and hydrophilic loops on enzyme activity and energy
coupling. The structural and functional significance of these
mutations is discussed in relation to the energy-transducing
mechanism.

2. Materials and methods
2.1. Random mutagenesis of the third quarter of sScPP

A ScPP gene was isolated from DNA of laboratory strain of S. coelicolor
A3(2) as described previously [31] and a synthetic ScPP gene was prepared
without changing its amino acid sequence as described previously [28]. A hexa-
histidine (Hiss) tag was added to the carboxyl-terminus to detect the ScPPs
protein by immunoblotting. ScPP constructs in pYN309 were introduced into
Escherichia coli strain BLR(DE3)pLysS (Novagen, Madison, WI) [31].

A random mutant library of sScPP was constructed using PCR-based
random mutagenesis (error-prone PCR) according to the method described
previously [22, 31]. Briefly, the third quarter region of ScPP (amino acids Leu*®*
to Arg>*®) was subjected to random mutagenesis. PCR was carried out in a 50-p

solution containing 10 ng pYNO025 plasmid, 10 mM Tris—HCI [pH 8.3], 50 mM
KCl, 0.001% gelatin, 2.5 mM MgCl,, 0.1 mM dATP, 0.1 mM dCTP, | mM
dGTP, 1 mM dTTP, 2.5 U AmpliTaq DNA polymerase (Perkin Elmer, Wellesley,
MA), and 250 nM primers (forward primer, 5'-AGTCTGGTGATCCTCG-
TATCCTTGC-3’; reverse primer, 5'- CCATAATACCTGGACGTTCGCG-
GAA-3’). The PCR conditions were 18 cycles of 30 s at 95 °C, 60 s at 55 °C,
and 3 min at 72 °C. The resulting PCR fragments were digested and inserted
into the Munl—Pstl site of pYN316. The plasmids generated were amplified
in E. coli DH5a and used as a random mutant library (total transformant
number=9.7 x 10%). The mutation frequency of the library was determined to be
0.4 nucleotide change per clone by DNA sequencing. The amplified library
DNA was purified and introduced into an E. coli expression host BLR(DE3)
pLysS K1281 [28].

2.2. Site-directed mutagenesis of ScPP

Mutant derivatives of ScPP were generated with a QuikChange site-directed
mutagenesis kit (Stratagene, La Jolla, CA) according to the method of Kirsh and
Joly [32] as described previously [22,28,31]. The nucleotide sequences of the
mutants were confirmed by DNA sequencing.

2.3. ScPP expression and preparation of E. coli membrane

Expression of ScPP in E. coli cells and preparation of membrane from the
cells were carried out described previously [31]. The obtained membrane
fractions were suspended in 10 mM Tris—Mes [pH 7.3], 1 mM DTT, | mM
MgCl,, 100 mM KCI, 0.15 M sucrose, and 0.5 mM phenylmethanesulfonyl
fluoride, and used for enzyme assay and immunoblotting.

2.4. Protein and enzyme assays

The protein content was quantified using the Bradford method [33]. PPi
hydrolysis was measured at 30 °C as described previously [5,34] with the
exception that the concentration of NayPPi was 0.4 mM. The actual substrate for
H'-PPase is the Mg,PPi complex [35] and the concentration of Mg,PPi under
the assay condition was calculated to be 71 uM, which is sufficient for
expression of full activity of ScPP [34]. PPi-dependent H'-transport activity was
measured as the initial rate of fluorescence quenching of acridine orange at
25 °C as described previously [5,36,37]. The enzyme reaction was initiated by
adding 0.4 mM Na,PPi [31].

2.5. SDS-PAGE and immunoblotting

Proteins were separated by SDS-PAGE on 12% gels and transferred to a
polyvinylidene difluoride membrane (Millipore, Billerica, MA). Immunoblot-
ting was carried out using horseradish peroxidase-linked protein A and ECL
Western blotting detection reagents (GE Healthcare, Bio-sciences, Piscataway,
NJ). The polyclonal antibodies against a hexahistidine tag (anti-His, antibodies;
MBL Co., Nagoya, Japan) were used for quantitation of ScPP mutant proteins in
the E. coli membrane fractions.

3. Results
3.1. Screening of the random ScPP mutant library
We examined the effect of amino acid replacement in the

third quarter of ScPP, which comprises 203 residues from
Leu*® to Arg®®®. This region contains four hydrophilic loops

Fig. 1. Expression levels and enzyme activities of random mutants of ScPP. Membrane vesicles were prepared from E. coli cells expressing WT ScPP and mutants with
single-residue replacements. (A) Membranes (5 pg per lane) were subjected to immunoblotting with anti-Hise antibodies (upper panel). The intensities of the
immunostained bands were quantified and are expressed relative to that of WT (lower panel). (B) PPase activity of the mutants is expressed relative to that of WT
(87 nmol PPi/min/mg protein). (C) H'-pump activities of WT and mutants were measured and are expressed relative to that of WT (103%AF/min/mg protein).
(D) Coupling efficiency was calculated as the ratio of H'-pump activity to PPase activity, and is expressed relative to that of WT. Mutant ScPPs are categorized into
“no activity” (black circles), “pump-less” (open circles), and “loose-coupling” mutants (grey circles; see text for details).
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individually assayed for PPi hydrolysis (PPase) and PPi-
dependent H'-pump activities. Most mutants had full PPase

activity, although some had low or negligible activity.

with conserved segments and four TMs (TM10-TM13). The

accumulation of ScPP protein and enzyme activity were

assessed in 1520 ScPP mutants. Membrane fractions were
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We selected mutants that had low activity (less than 70% of
the WT enzyme) of PPase and H"-pump for functional analysis.
Mutants that had a decreased energy-coupling efficiency (that is,
the relative ratio of H -pump activity to PPase activity) were also
selected. The latter included mutants with normal PPase activity
but decreased H' -pump activity and mutants with decreased
PPase activity and no H'-pump activity. Totally 162 mutants
with dysfunction were selected and sequenced. These mutants
had various types of mutation: namely, single-site mutation
(34 mutants), multi-site mutation (two sites, 40 mutants; three
sites, 8 mutants, and more than four sites, 2 mutants), and silent
mutation (5 mutants). The others were mutants with a frame shift
caused by single-base deletion or with no mutation. A few
mutants were overlapped. The presence of clones with no
mutations is reasonable, since the mutation frequency of the
library was 0.4 nucleotide change per clone. In this experiments
we did not sequence the DNA of mutants except for 162 mutants
mentioned above. Probably, other mutants with relatively high
enzyme activity had silent mutations or non-effect mutations.
We therefore selected 34 single mutants for further analysis,
some of which contained silent mutations (Table 1).

3.2. Mutant ScPP expression and enzyme activity

The protein levels of mutant ScPPs were determined by
immunoblotting with an anti-Hisg antibody. Addition of the C
terminus Hisg tag to wild-type (WT) ScPP has previously been
shown to have no effect on PPase and H"-pump activities [28].
All of the mutants, except for L438P, accumulated in E. coli
membranes at a level similar to the WT enzyme (Fig. 1A).
Bands of 80 kDa were detected for all of the mutant and WT
enzymes, suggesting that no proteolytic cleavage or covalent
modification had occurred in the mutants.

Fig. 1B and C shows the activities of PPase and H"-pump of
the mutants. We also calculated the ratio of H'-pump activity to
PPase activity, in order to evaluate the energy-coupling
efficiency of the mutants, and expressed it as a percentage of
the value for the WT enzyme. The mutants could be divided
into three groups; the “loose-coupling” group comprised of 11
mutants (F388L, F388S, T389A, V396A, 1415T, S421G, V4231,
Y424C, A436P, A524V, and F574L) which retained relatively
high PPase activity but H'-pump activity that was not in parallel
with their PPase activity and coupling efficiency 13—54% of that
of the WT enzyme, the “pump-less” group comprised of the
F471S mutant which had only 18% of the PPase activity of the
WT enzyme and no H'-pump activity, and the “no activity”
group comprised of 22 mutants having PPase activity less than
10% of that of WT and no H"-pump activity. It should be noted
that there was no marked difference in proton leakiness among
the membrane vesicles prepared from cells expressing mutant
ScPP such as V396A and the original E. coli cells. Thus the
proton pump activity reflects the actual activity of proton
translocation of each mutant enzyme.

Each mutation site of the random mutants is mapped in the
membrane topology model (Fig. 2). The sites of 16 of 34
mutants were distributed throughout TM9 to TM13. The other
mutation sites were located in hydrophilic loops. Several resi-
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Fig. 2. Mutation sites of ScPP mutants in the topology model. Mutation sites of
the third quarter of the ScPP sequence (TM9 to TM13) are mapped in the
membrane topology model of ScPP [28]. Two boxes in the loop 4 indicate
highly conserved motifs (see Fig. 3). Mutant ScPPs are categorized to three
groups and marked separately. The numbers beside the residues show the
positions of the mutation sites. Highly conserved residues are shown in red.
L438P mutant marked with an asterisk was not accumulated in E. coli cells.
Residues of the site-directed mutants are shown in yellow boxes (see text for
details).

dues in the TMs of the third quarter of ScPP are conserved in the
H'-PPases of various organisms (Fig. 3). Random mutagenesis
revealed that the conserved residue Leu’” in TM10 and the
eight conserved residues in the cytoplasmic loops, Ser*’?,
Asp*®, Pro*”?, Ser*”®, Ala*"®, Gly*™, Asp®®, and Lys”', are
essential for function. Our findings revealed that mutations at
the other five conserved residues and 18 non-conserved residues
affect the coupling ratio (Fig. 2). Thus, screening of random
mutants is useful to identify unexpected residues that participate
in enzyme functions.

3.3. Site-directed mutation of ScPP

We further examined the effects of amino-acid replacements
at single sites in the region from TM9 to TMI13 with
consideration of conserved residues as shown in Fig. 3, which
shows sequence alignment of 12 organisms. We selected 32
sites for site-directed mutagenesis (Fig. 2), which included the
conserved acidic residues in TMs (Glu**® and Asp™') and
conserved proline residues in hydrophilic loops (Pro*** and
Pro°®®). Also, the remaining residues, except for Tyr***, are
conserved among H'-PPases. We examined the role of Glu**’

and Asp>*', which were excluded from the random mutagenesis
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Vigna 421 VIEN[YISNAYSP TGANTNVIFGLALGYKSVIIPIFATIAISIFVSFTLAA- - - - - - MYGI 482
Cucurbita 423 VIEYYISNAYSP TGANTNVIFELALGYKSVIIPIFATAVSIFVSFTFAR- - - - - - MYGI 484
Nicotiana 420 VIEYYISNAYSP TGANTNVIFELALGYKSVIIPIFATATAIFVSFSFAR- - - - - - MGYT 481
Arabidopsis 425 VIEYYISNAYSP TGANTNVIFELALGYKSVIIPIFATAISIFVSFSFAR- - - - - - MYGV 486
Beta 416 VIEY[¥ISNAYSP TGANTNVIFGELALGYKSVI IPIFAIAVSIFVSFSFAA----- - MYGV 477
Oryza 426 VIEY[YISNAYSP TGANTNVIFGELALGYKSVI I PIFAIAFSIFLSFSLAA- - -~ - - MYGV 487
Vitis 414 ITENNISNAYSP TGANTNVIFGLALGYKSVIIPIFATATATYVSFSMARA - - - - - - MYGI 475
Chara 440 TIEYFISHQFTP TGANTNVIFGLALGYKSVI I PILATAFTVFVSHTLAA - - - - - - MYGI 501
Chlamydeomonas 409 QIENFISNRYKPV| TGANTDI IFGLALGYKSCIIPTIVIIGVAI YVGTSLAG- - - - - - MFGI 470
Rhodospirillum 385 V[IEX[Y[IGTNFRPV| TGHEINV IQGLALI SMEATALPALIICAAI ITTYQLSG- - - - - - LFGI 410
Agrobacterium 353 I[EN[YIGTNKRPV] ITGHEINV IQGLAVSLESTALPAIVIIVGGI IGTYQLGG- - - - - - LFGT 414
Streptomyces 384 L[[GYFIETTRRPY] S TGRATVVLAGT SLGLEBAVY TALLTGLGVYGAFLLGGTS IMLALFAV 451
TM9 loop i TM10 loop j TM11
Vigna 483 A MLSTIATGLATNAYGHI SDNAGG I AEMAG -MSHR I RERTDALDA, ANTGBKGFAIGSRAA 549
Cucurbita 485 |A MLST IATGLATINAYGHI SDNAGGIAEMAS -MSHR I RERTDALD. A BKGFAIGSAA 551
Nicotiana 482 |A ML IATGLATINAYGHI SDNAGGIAEMAG -MSHRIRERTDALD. | BKGFAIGSHA 548
Arabidopsis 487 |A MLSTIATGLATNAYGHI SDNAGGIAEMA-MSHR I RERTDALDA, ) BKAFAIGSAA 553
Beta 478 |A MLSTIATGLATNAYGHI SDNAGGIAEMA -MSHR I RERTDALDA, ) BKAFAIGSAA 544
Oryza 488 |A MLSI IATGLAINAYGHI SDNAGGIAEMASG - MSHR I RERTDALD. A BKGHAIGSAA 554
Vitis 476 |A MLS[I IATGLAINAYGHI SDNAGGIAEMASG - MSHK I RQRTDALD. A BKGHAIGSAA 542
Chara 502 |A MLSIILSTCLAINAYGHI SDNAGGIAEMAE - MGPAIREKTDALD. A BKGHAIGSAA 568
Chlamydomonas 471 |3 MLSTLATGLATNAYGPT SDNAGG I AEMA - MGEDI RERTDALD A BKGFAIGSAR 537
Rhodospirillum 411 |AT| MLALAG AYGPVIDNAGGIAEMAN- LPEDVRKTTDALD E MKGYAIGSSG 477
Agrobacterium 415 |GIHV GLAGMI VRALOAFGPVIIDNAGG IAEMAG(- LDPDVRKATDALD, KAVITKGYALGSAG 481
Streptomyces 452 ALAGTGLLIIIVGVIVAMITEGPVISDNAQGIAEMSEDVEGAGAQVLTDLD, AATTKQIAIATAV 519
™11 loop k ™12
Vigna 550 [LVSLHLFGAFVSRASITTVD----------------~ VLTHKVF IGLIVEAMLPYW TMKSMGS 599
Cucurbita 552 D e L EE TR VLTHKVF IGLIVEAMLPYW TMKSMGS 610
Nicotiana 549 D R L EE TR VLTPQVF IGLIVEAMLPYW TMKSMGS 598
Arabidopsis 554 [LVSLALFGAFVSRAGIHTVD - - - ------——------ VLTHKVI IGLLVERMLPYW TMKSMGS 603
Beta 545 D--=-==mmmmmmmmmam VLTPHKVF IGLIVEAAML PYW TMKSMGS 594
Oryza 555 D----===mmmmmmmm VLTPHKVF IGLIVERML PYW TMKSNGS 604
Vitis 543 [LVSLPLFBAFVSRAGIETVD-~--------~=----~ VLTHKVF IGLIVAAMLPYW TMKSMGS 592
Chara 569 Dl-======mmmmmm - - VILPKEFVGLIVAAMLPYW TMKSMGK 619
Chlamydomonas 538 HS--------------- SILDPRVFAGLILAAMLPYW TMKSMGK 589
Rhodospirillum 478 NIV-DAYPAFAGV-DVNFSLSSPEYVVVGLEIGALLPYLFESMGMTAMGR 542
Agrobacterium 481 NG-DTYPYFKDIGEISFSLANFYVVAGLLFRALIPYLFEGIAMTAMGK 547
Streptomyces 520 PVGEKLSGEGAPMTLMMDI SQENNLVGLIIARBAVVFLFBGLAINAVMSR 586
TM12 loop / TM13

Fig. 3. Multiple alignment of the third quarter of ScPP with H'-PPases from various organisms. TMs (TM9 to TM13) and loops (i to /) are shown as thick and thin bars,
respectively, under the sequences. The accession numbers of sequences are: Vigna radiata (AB009077), Cucurbita moschata (BAA33149), Nicotiana tabacum
(Q43798), A. thaliana (P31414), Beta vulgaris (AAA61609), Oryza sativa (BAA08232), Vitis vinifera (AAF69010), Chara corallina (AB018592, BAA36841),
Chlamydomonas reinhardtii (CAC44451), R. rubrum (AAC38615), Agrobacterium tumefaciens (AAK86977), and S. coelicolor A3(2) (Q9X913). Identical residues
are boxed and shaded. Highly conserved residues (identity with more than 75%) are boxed.

analysis, since acidic residues in the TMs are generally thought
to play essential roles in proton transport. Although this Tyr***
is not conserved among H'-PPases, the mutation Y424C, like
S421G, resulted in imbalanced activity with relatively high
PPase activity (Fig. 1). In total, 26 residues selected for the site-
directed mutagenesis are in the TMs, three (Phe388, Pr0395, and
Gly*°®) are in loop 7, one (GIn*®®) in loop k, and one (Pro”®") in
loop / (Fig. 4).

3.4. Enzyme activities of site-directed ScPP mutants

In total, 31 residues were replaced individually by alanine or
a related amino acid. We finally produced 39 site-directed
mutant ScPPs and expressed them in E. coli. The mutant ScPP
proteins were expressed in E. coli, as detected by immunoblot-
ting (Fig. 4A). All mutants were expressed sufficient level for
enzyme assay.

Fig. 4B and C shows the effect of amino-acid substitutions
on PPase and H' pump activities, respectively. In total, nine

mutants (P395A, G406A, T409A, V411A, G414A, D469A,
D469E, D469N, and G569A) lost PPase activity, and the PPase
activity of L525A was reduced to 24% of that of the WT. These
results suggest that at least five residues (Thr*?, Val*!'!, Gly*'*,
Leu™, and Gly®*) are strictly required for PPi hydrolysis,
even though they are located in the TMs. The mutation of two
residues in the cytoplasmic loops (Gly*°® and Asp*®®) also
resulted in a complete loss of activity. These residues were
positioned near TMs.

Judging from the results shown in Figs. 1 and 4, the
substitution of Thr’!7, Gly565, Leu’®®, and Val’® did not
markedly affect enzyme activity. The effect of a substitution
depends on the type of amino-acid residue substituted. This is
relevant for Gly*®® (alanine or glutamic acid), Phe*®® (alanine,
serine or leucine), Glu**® (alanine, glutamine or aspartic acid),
Ser*?! (alanine or glycine), Tyr*** (cysteine, alanine, phenylal-
anine or isoleucine), Asp*® (alanine, asparagine or glutamic
acid), Thr’'” (alanine or serine), Leu®* (alanine or serine) and
Phe™ (leucine or alanine), and is discussed further later.
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“pump-less” (1), and “loose-coupling” (6) mutants, as described
for the random mutants. Nine mutants (F388A, E420Q, Y424A,

Y424F, T517A, T517S, G565A, L566A, and V584A), with

The energy-coupling efficiencies of ScPP mutants were
calculated as shown in Fig. 4D. Sixteen of the 39 site-directed

mutants were classified into the “no activity” (9 mutants),
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PPase and H'-pump activities that were not affected were
designated as “no effect” mutants. Five mutants (T385A,
A450G, L458A, A518G, and F526A) that had low PPase and
H'-pump activities although their coupling efficiencies were
normal were categorized as “low activity” mutants. The
remaining nine mutants (G386A, G386E, Y387A, G512A,
A514G, 1515G, A516G, L520A, and D531A) that had a
relatively high ratio of H" pump activity to PPase activity (the
coupling ratio, >120%) were categorized as “high-pumping”
mutants.

3.5. Enzymatic properties of “high-pumping” mutants

A total of 73 mutants with a single amino acid replacement
by random or site-directed mutagenesis were examined for their
activities and estimated coupling efficiency (Figs. 1 and 4). In
several mutant categories, we focused on the “loose-coupling”
and “high-pumping” groups, which showed a less and enhanced
coupling ratio, respectively. We prepared typical mutants,
V396A and F574L from “loose-coupling” and D531A from
“high-pumping” mutants, and determined their activities. These
proteins were reproducibly accumulated and expressed PPase
activity, which were equivalent to that of the WT (data not
shown). There were no marked differences in the levels and
activity with the culture. We examined the WT and the mutants
for PPase activity at different substrate concentrations. As
shown in Fig. 5, the WT and mutant ScPPs showed sigmoid
curves, but do not follow the hyperbolic Michaelis—Menten
relationship. This might reflect cooperative interaction between
subunits in the homodimer of H'-PPases at low concentrations
of substrate [1, 29]. The substrate concentrations giving half-
maximal velocity, Kys values, of WT and D531A mutant
enzymes for Mg,PPi, which is the actual substrate for H'-PPase
[35], were 13 and 17 puM, respectively. Thus, there was no
marked difference in the values between WT and the mutant.

4. Discussion

To elucidate the proton transport pathway of H'-PPase, and
the coupling mechanism between PPi hydrolysis and H"
translocation, we performed a series of random mutagenesis
analysis of the H'-PPase of S. coelicolor A3(2) H'-PPase. Site-
directed mutagenesis has successfully determined the essential
residues for the binding and hydrolysis of the substrate, and has
provided critical information on the structure—function rela-
tionship of the cytoplasmic catalytic domain and a few TMs
[3,4,20,22—-28,38—40]. Site-directed mutagenesis is effective
for evaluating specific residues and random mutagenesis is also
effective for finding unexpected functional residues. In the
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Fig. 5. Affinity of mutant enzymes for Mg,PPi. Membrane preparations from
two independent cultures of each E. coli strain expressing WT or mutant ScPP
were assayed for ScPP protein level and enzyme activity. PPase activities of WT,
F574L (“loose-coupling” mutant), and D531A (“high-pumping” mutant) were
129, 110, and 102 nmol PPi/min/mg protein, respectively. H'-pump activities of
WT, F574L, and D531A were 55, 20, and 66% A F/min/mg protein, respectively.
Coupling efficiency was calculated as the ratio of H'-pump activity to PPi
hydrolysis activity (F574L, 42%; D531A, 152%). Then PPase activity was
measured at different concentrations of Mg,PPi. The Mg,PPi complex
concentration was calculated from the total concentration of NasPPi, 1 mM
Mg?*, and 100 mM K" at pH 8.0 [35].

present study, we focused the third quarter region (Leu*®* to
Arg®*®) of ScPP and analyzed by random and site-directed
mutagenesis. The third quarter region has highly conserved
motifs in cytoplasmic loop &, which have been demonstrated to
be essential for PPase activity by site-directed mutagenesis
[3,4]. Random mutagenesis revealed several unexpected
residues that were involved in active proton transport and
energy transfer. The results of the random and site-directed
mutagenesis are summarized in the helical wheels (Fig. 6) and
the membrane topology model (Fig. 7). These functional
residues were found in the cytoplasmic loops, periplasmic
(intravacuolar) loops, and TMs. We discuss them separately
below.

4.1. Residues in the cytosolic loops

Fig. 7 summarized the results of functional analysis on
73 mutants in 53 sites in the membrane topology model. The loop
k has two motif sequences conserved in H'-PPases:
GPVSDNAQGIAEM and GNTTKAITK [3,4]. Two other
conserved residues in this loop (Asp*®® and Lys®'!) were
demonstrated to be essential for enzyme function as reported
previously [21,26]. There is a possibility that these two
charged residues form an ionic pair to maintain the structure as

Fig. 4. Expression levels and enzyme activities of site-directed mutants of ScPP. (A) Membrane vesicles were prepared from E. coli cells expressing WT and site-
directed mutants as indicated. Membranes (5 j1g) were subjected to immunoblotting with anti-His, antibodies (upper panel). The intensities of immunostained bands
were quantified, and are expressed relative to that of WT (lower panel). (B) PPase activities of WT and mutant ScPPs are expressed relative to that of WT (81 nmol PPi/
min/mg protein). (C) H'-pump activities of WT and mutants are expressed relative to that of WT (85%A F/min/mg protein). (D) Coupling efficiencies were calculated
as the ratios of H'-pump activities to H'-pump activities, and are expressed relative to that of WT. Mutant ScPPs are categorized as “no activity” (black circles),
“pump-less” (open circles), and “loose-coupling” mutants (grey circles) as for the random mutants shown in Fig. 1. Mutants with coupling efficiencies of >70% are
categorized as “low activity” mutants (black squares) and of <70% are categorized as “loose-coupling” mutants. Mutants with normal activities are designated “no
effect” mutants (open squares). Mutants with coupling efficiencies of >120% are designated as “high-pumping” (grey squares).
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Fig. 6. Helical wheel models of the TM9 to TM13 segments. Amino-acid residues located in TMs are plotted on helical wheels. Conserved residues are shown in red.

427 461

demonstrated for the pair of Glu™’ and Lys™ " of Arabidopsis
enzyme [41]. The present random mutagenesis study showed
that seven residues in loop &, Pro*”?, Ser*’?, Ala*’®, Gly*®,
Leu*®, Asp®®, and Thr’'®, were essential for PPase activity
(Fig. 2). In addition, amino acid substitution of Pro**°, Ser**
and Gly**® in loop i resulted in “no activity” enzyme, suggesting
these were involved in PPi hydrolysis. Eight of these 10 residues
in cytosolic loops i and k are conserved among H'-PPases.
Thus, we concluded that these common residues play a key role
in enzyme catalysis.

It should be noted that at least three mutations (F388S,
T389A, and V396A) in the loop i are critical for enzyme
function, especially H' transport and/or energy transfer. These
three “loose-coupling” mutants retained >50% of PPi-hydroly-
sis activity and only 26% of proton-transport activity. Three
residues (Pro”?>, Ser**?, and Gly**®) in loop i were involved in
the PPi hydrolysis as mentioned above. The energy-transfer
mechanism from PPi hydrolysis might be impaired in these
three “loose-coupling” mutants (F388S, T389A, and V396A).
The present study revealed the functionality of loop 7 including
five conserved residues (Phe388, Thr*®, Pro*?, Val*®®, Ser*®,
and Gly*°®).

4.2. Residues in the periplasmic loops
In the periplasmic loops, which correspond to the intra-

vacuolar loops of plant H'-PPases, three amino acid residues
(Ala*®, Asp™®, and Pro’®’) affected enzyme activity by re-

placement. PS60A mutant retained >70% of PPase activity and
only 40% of proton-pumping activity (Fig. 3). Because it is hard
to assume direct effect of residues in periplasmic loops on PPi
hydrolysis, this residue is related to energy conversion and/or
proton translocation at a minimum and the replacement resulted
in impairment of these functions. Pro>®® of ScPP is a conserved
residue and its location is common in plants and R. rubrum H'-
PPases [21,22,26]. Thus, this residue might play a common
role, especially for accurate formation of the structure of this
loop. In addition to conserved Pro°®, replacement of non-
conserved residues, Ala**® and AspSS(’ of ScPP, had critical
effect on the PPase activity. From this result and previous
observation on Pro'®’, Lyslgo, Asngl, Val*>!, and Ala*¥ [31]
(summarized in Fig. 7), it is estimated that the periplasmic loops
are involved in the energy-coupling process and/or proton
translocation including the release of proton from the enzyme.

4.3. Functional residues in TMs

Amino-acid substitution in the TMs impaired proton trans-
location and energy coupling. Sixteen residues (Thr*®, Val*!!,
Gly*™*, Leu*'?, Leu™®, Phe™, Leu®™?, Thi*®®, The’'7, AlaS'S,
Leu®, Phe™®®, Tyr?°, Gly*®’, Leu®”® and Leu®”®) proved to be
essential for PPi hydrolysis and proton-pump activity (Fig. 1
and 4). These residues except for threonine are non-polar
neutral amino acids. Therefore, these residues may be essen-
tial for correct interaction between transmembrane helices.

Furthermore, it is thought that five aromatic residues (Tyr**,



M. Hirono et al. / Biochimica et Biophysica Acta 1767 (2007) 1401-1411 1409

®DDPRN[AA
P33
I 242

T
i @‘
@229 @ 244
E N
v @ 246
K G
G @ 228
v N
223 v
220 G
A e @ |252 g
3 g 313
Cytosol @ a woRB e
2] @ B
A A R
X A
210 @ 20
211 262%1' v A
207 @ 263 |G I
205 aAY A
202 T
200 [ V LA a 4@V
183| 108 L 201 @2
v | 1951 kG
a¥ 194 vl 287 F
A 191 F—o7g LA
D T™6 G e}
™Dy o ® TMs @r
189~ 190 281
d f

A conserved residue
QO loose-coupling [] high-pumping
@ no activity W low activity
O pump-less [ no effect

Fig. 7. Topological arrangement of mutation sites and effects of the mutations on enzyme activities. The results from the present analysis of the third quarter (Leu

vEGA
o a
Q
&l v
= @ 206
A kT
T D
L
g 480 @5
[ N
N v
D G
@ 45 =
v T
@ 3 e
G K
r— A
® 4 :
1y

=@~
3
g

Dmr‘?&‘tﬂﬁ)<ubﬂ>‘®4

EgaP

384 to

Arg*®®) are shown with the results of the previous study on the second quarter [31] in the membrane topology model of ScPP [28]. Mutant ScPPs are categorized as “no
activity” (black circles), “pump-less” (open circles), “loose-coupling” (green circles), “low activity” (closed squares), “no effect” (open squares), and “high-pumping”
mutants (light blue squares). Highly conserved residues are shown in red, and the highly conserved motifs in loop e and & are boxed. The numbers beside each residue

shows the position of the mutation site.

Phe**, Phe®?®, Tyr529, and Phe®”*) interact with other aromatic
residues and are involved in strengthening the helix—helix
interaction between TMs.

In general, pairs of GXXXG sequences permit close packing
of transmembrane helices because hydrogen bonds are formed
between backbone carbonyls and the Ca hydrogens of glycine
residues [42, 43]. ScPP has a total of four GXXXG sequences in
TMS (GFGLG), TM10 (GISLG), TM13 (GLIAG), and TM14
(GFTLG). At least the two glycines of the GFGLG sequence in
TMS are essential for efficient coupling [31]. The present study
revealed that Gly*'* and Gly*'® of GISLG in TM10 and Gly**’
of GLIAG in TMI13 are conserved residues and critical for
enzyme function. However, mutation of Gly>®> in TM13 with
alanine residue had no effect on enzyme activity. The GFGLG
sequence in TM5 might therefore interact with TM10 (GISLG)
or TM14 (GFTLG).

ScPP has four acidic residues in TMs (Glu'??, Glu?®?,
Glu**, and Asp®"). Amino acid replacement of Glu'®? and
Glu®®? had been reported to be critical for enzyme function [31].
These two residues are not conserved among H'-PPases,
however glutamate or aspartate residue exists near these sites.
Therefore Glu'?? and Glu”®* may be directly involved in proton
translocation as common residues in TM5 and TM6s. The other
two residues, Glu*** and Asp531 , are conserved in H -PPases of
only R. rubrum and A. tumefaciens (Fig. 3). There is no acidic

residue around these sites of plant H'-PPase. Nevertheless, their
amino-acid replacement changed the activity markedly (Fig. 4).
E420A and E420D had low activity, and E420Q had full
activity. Thus, the side-chain structure of glutamic acid,
probably carbonyl oxygen, might be important than its negative
charge. D531A was a “high-pumping” mutant. Thus, it is
suggested that Glu**® and Asp>' are characteristic residues of
R. rubrum, A. tumefaciens, and S. coelicolor A3(2) H'-PPases
and play a role in the regulation of proton transport and/or
energy transduction in TMs.

4.4. “High-pumping” mutants

Site-directed mutagenesis generated eight “high-pumping”
mutants (Fig. 4). These mutation sites, except for Asp™>', were
located in the cytoplasmic half of TM9 and TM12 (Fig. 7). Four
residues (Glysu, 1e’"3, Ala®'®, and Leuszo) are clustered on a
half side of the helical wheel of TM12 (Fig. 6), and linked to the
conserved motif in loop £. In these mutants, the residues were
replaced with small side-chain residue, alanine or glycine.
TM12 including these residues may participate in hydrophobic
interaction between helices to support the functional loop &
and is essential for determination of the stoichiometry of H' to
PPi during the reaction. The H'/PPi ratio of plant vacuolar H'-
PPase has been reported to be 1:1 [44]. For “high-pumping”
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mutants, the H'/PPi stoichiometry possibly increases from 1 to
2. If it is the case, the energy-coupling efficiency may be two-
fold of the WT enzyme. In case of mutant ScPPs, both PPase
and proton pump activities might be affected by amino acid
substitution and the energy-coupling values varied with the
mutants. This is the first observation of the mutant H'-PPase
with enhanced ratio of proton pump activity to PPase activity.
Especially TM9 and TM12 play crucial role on the energy-
coupling efficiency. Further detailed analysis will be needed to
obtain the H'/PPi stoichiometry of the mutant ScPPs.

The PPase activity of G386E was only 65% of that of the WT
enzyme and the coupling efficiency was 176% (Fig. 4). The site
of Gly*®® in TM9 is occupied by the glutamic-acid residue in
H'-PPases of all organisms except for Streptomyces (Fig. 3).
For example, Glu**” of Arabidopsis enzyme is located to the
site of Gly>™® of ScPP. In the case of Glu**” of Arabidopsis H'-
PPase, E427D had the same PPase activity as the WT and
enhanced H' -pump activity (135% of the WT enzyme) [21].
Therefore, this position corresponding to Gly**® of ScPP and
Glu**" of Arabidopsis enzyme is a topological key site for
energy coupling. In relation to the exchange of amino acid
residue of ScPP with the other one conserved in other H'-
PPases, we obtained a “high-pumping” mutant of AS516G.
Ala”'® in TM12 is unique to ScPP and this site is occupied with
glycine in other PPases (Fig. 3). Substitution of Ala®'® with
glycine increased the H" pumping activity. An artificial H'-
PPase with high energy-coupling efficiency could be generated
by replacing the ScPP-specific residue with another residue
conserved in other H -PPases, as in G386E and A516G. The
presence of “high-coupling” artificial variants suggests a pos-
sibility that the H'/PPi stoichiometry of H'-PPase in living
organisms might be suppressed to 1.

In conclusion, we identified essential residues in the
transmembrane helices from TM9 to TM13 and in loops i and
k. Three functional residues were also found in the periplasmic
loops j and /. These residues are essential for efficient H"
translocation and energy coupling not only in the TMs but also
in the hydrophilic loops. At present, it is difficult to distinguish
the direct and indirect effects of amino acid substitution and to
determine the topological arrangement of mutation sites in the
tertiary structure of H'-PPase. From the results of present and
previous studies, we made a distribution map of essential
residues in the central half region of ScPP (404 of 794 residues).
Furthermore, the present study revealed that substitution of
several residues in the TMs had a positive effect on the energy
coupling efficiency. How the H'-PPases in living cells are kept
at the H'/PPi ratio of 1 remains an issue for the future.
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