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We have solubilized and purified the histidine-tagged
yeast secretory pathway/Golgi ion pump Pmrl to near
homogeneity in one step, using nickel affinity chroma-
tography. The purified pump demonstrates both CaZ*-
and Mn®*-dependent ATP hydrolysis and phosphoen-
zyme intermediate formation in forward (ATP) and re-
verse (P;) directions. This preparation has allowed us to
examine, in detail, the properties of mutations D778A
and Q783A in transmembrane segment M6 of Pmrl. In
phenotypic screens of Ca?* chelator and Mn2* toxicity
reported separately (Wei, Y., Chen, J., Rosas, G., Tomp-
kins, D.A., Holt, P.A., and Rao, R. (2000) J. Biol. Chem.
275, XXXX-XXXX), D778A was a loss-of-function mutant
apparently defective for transport of both Ca2?* and
Mn2*, whereas mutant Q783A displayed a differential
sensitivity consistent with the selective loss of Mn2Z*
transport. We show that mutant D778A isdevoid of cation-
dependent ATP hydrolytic activity and phosphoenzyme
formation from ATP. However, reverse phosphorylation
from P, is preserved but is insensitive to inhibition by
Ca%* or Mn?* ions, which is evidence for a specific in-
ability to bind cations in this mutant. We also show that
Ca?* can activate ATP hydrolysis in the purified Q783A
mutant, with a half-maximal concentration of 0.06 pum,
essentially identical to that of wild type (0.07 um). Mn2*
activation of ATP hydrolysis was half-maximal at 0.02
pM in wild type, establishing a normal selectivity profile
of Mn2* > CaZ*. Strikingly, Mn2*-ATPase in the Q783A
mutant was nearly abolished, even at concentrations of
up to 10 pum. These results were confirmed in assays of
phosphoenzyme intermediates. Molecular modeling of
the packing between helices M4 and M6 suggests that
residue GIn"®® in M6 may form a critical hydrophobic
interaction with Val®?*® in M4, such that the Ala substi-
tution modifies the packing or tilt of the helices and
thus the ion pore. The data emphasize the critical role of
transmembrane segment M6 in defining the cation bind-
ing pocket of P-type ATPases.

In recent years, there has been a growing awareness of Mn2"
as an effective surrogate for Ca®" in supporting cell growth
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(1, 2). The ionic radius and coordination chemistry of Mn2?* is
closer to that of Ca®" than other physiological cations, and both
Ca®* and Mn?" bind to oxygen- and nitrogen-based ligands on
proteins (3—6). Support for speculation that Mn2" and CaZ*
can function interchangeably in signal transduction comes
from observations that Mn2* can replace Ca®" in a number of
well established signaling systems, including calmodulin acti-
vation (7), cyclic nucleotide metabolism (8), and secretion (9). In
yeast, free Mn?" was shown to be 500—1000-fold more effective
than free Ca®" in supporting bud development and cell cycle
progression (1). Manganese is believed to be abundantly avail-
able in the natural habitat of yeast, at an estimated concentra-
tion of 100 uM in rotting vegetation (6, 10), and may well play
a physiologically relevant role in mediating cell growth. Thus,
the mobilization and transport of Mn?* are likely to emulate
that of Ca2* (11).

The yeast ion pump Pmrl, which localizes to the medial
Golgi, has been implicated in the delivery of both Ca®* and
Mn2* to the secretory pathway (2, 12), where they have distinct
roles in sustaining protein sorting (Ca%") or protein glycosyla-
tion (Mn2"). Cytosolic Mn%* accumulates in pmr1 mutants and
can serve as an inorganic scavenger of superoxide radicals,
thus bypassing the requirement for cytosolic superoxide dis-
mutase in aerobic growth (12). Consequently, pmrl mutants
also display hypersensitivity to the growth toxicity of millimo-
lar concentrations of extracellular Mn2", indicating that deliv-
ery into the secretory pathway by Pmrl, and subsequent exo-
cytosis, must be a major route for cellular detoxification of
Mn2". In earlier work, we have demonstrated that Mn2" is a
potent inhibitor of Pmrl-mediated “®Ca®* transport in isolated
Golgi vesicles, consistent with competition for transport sites
(13).

In the accompanying work (14), we have taken advantage of
the hypersensitivity of the pmrI1 null strain to BAPTA! and
Mn?" toxicity and screened for mutants defective in cation
transport and selectivity (14). The identification of the muta-
tion Q783A in transmembrane segment M6 of Pmrl, which
conferred hypersensitivity to Mn2" toxicity but retained nor-
mal “°Ca transport characteristics, provided a preliminary in-
sight into the molecular basis of ion selectivity in transport
ATPases (14). Several loss-of-function mutants, resembling the
null strain in both BAPTA and Mn?" hypersensitivity, were
also identified. One such mutant, D778A, again in M6, retained
normal biogenesis and ATP binding ability but had no detect-
able transport activity (14). This residue is conserved in all
Pmrl homologues sequenced to date and likely contributes

! The abbreviations used are: BAPTA, 1,2-bis(2-aminophenoxy)-
ethane-N,N,N',N'-tetraacetic acid; PAGE, polyacrylamide gel electro-
phoresis; SERCA, sarco/endoplasmic reticalum Ca**-ATPase; Ni-NTA,
nickel-nitrilotriacetic acid.
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directly to cation binding, analogous to the proposed role of the
equivalent aspartate in SERCA and the Na*/K"-ATPase (15,
16). Here, we describe the solubilization and purification of
His-tagged Pmrl, by nickel affinity chromatography. The pu-
rified preparations were used to assay cation-dependent ATP
hydrolysis and phosphoenzyme formation in wild type and
mutants D778A and Q783A. The data support a critical role for

Asp”™® in the cation-binding pocket and demonstrate a striking

reversal in ion selectivity for the Q783A mutant. The pheno-
type of additional substitutions at residue 783 have led us to
hypothesize a role for this residue in M4-M6 helix packing,
which is supported by molecular modeling simulation.

EXPERIMENTAL PROCEDURES
Media, Strains, and Plasmids

Cultures were grown in defined minimal media containing yeast
nitrogen base (6.7 g/liter; Difco), dextrose (2%), and supplements
as needed. Growth assays in BAPTA- and Mn?"-supplemented me-
dium were done exactly as described (14). Yeast strain K616
(Apmr1ApmeclAcnbl) was used as host and has been described before
(17). Plasmid YCpHRI1 is a centromeric yeast plasmid carrying the
PMR]1 gene under heat shock control (14). Mutations Q783A and D778A
were made earlier (14); additional substitutions of Gln"®® with Leu, Glu,
Thr, Asn, Ser, and Cys were made by the “inverse polymerase chain
reaction” method using a pair of oligonucleotides in each case (18).
Mutations were confirmed by DNA sequencing and introduced into
plasmid YCpHR1 by standard cloning techniques. Plasmid YEpHis-
PMR1 is a 2u plasmid expressing the N-terminal His,-tagged Pmrl
behind the constitutive PGK promoter and has been described earlier
(13). Briefly, it was constructed by replacing the initiator ATG codon in
PMR]1 with a unique Mlul site and cloning into the expression vector
pSM1052 (gift of Susan Michaelis, Johns Hopkins University). This
construct results in a 15-residue N-terminal extension of Pmrl having
the sequence RGSQHHHHHHHHHTR following the initiating Met.
Mutations Q783A and D778A were introduced into YEpHisPMR1 by
cloning a 3-kilobase pair BamHI fragment containing the mutation
from the YEpHRI1 construct (14) and verifying correct orientation by
restriction analysis.

Solubilization and Purification of Histidine-tagged Pmrl

Isolation of Golgi membranes by sucrose density gradient centrifu-
gation of clarified yeast lysates was exactly as described earlier (19). A
crude detergent extract was prepared by suspending 1 mg of Golgi
membranes in 1 ml of solubilization buffer S containing 20 mm Hepes/
Tris, pH 7.0, 20% glycerol, 0.5% Escherichia coli total lipid extract, 1.5%
n-octyl-B-D-glucopyranoside, 6 mM [ mercaptoethanol, and protease
inhibitors (20). The resulting suspension was mixed for 2 h on a rotary
motor at 4 °C. The mixture was cleared of unextractable materials by
centrifugation at 100,000 X g for 1 h at 4 °C.

Meanwhile, 0.1 ml of bed volume of Ni-NTA-agarose (Qiagen) was
placed in a 2-ml microcentrifuge tube and washed twice with 0.5 ml of
cold water and washed twice with 1 ml of buffer S plus 10 mm imidazole.
The detergent extract was added to the equilibrated resin and incu-
bated at 4 °C for 2.5 h with gentle shaking. The mixture was then
transferred to a 2-ml Micro Bio-Spin column (Bio-Rad), and unbound
material was collected by gravity elution. The column was washed with
20 column volumes of Wash Buffer (Buffer S plus 200 mm NaCl and 50
mM imidazole) to release nonspecifically bound material. Hisq-Pmrl
was eluted following incubation with 0.2—0.3 ml of elution buffer (Buff-
er S plus 300 mM imidazole) for 5 min. The eluted material was collected
by centrifugation at 1000 X g for 30 s in a refrigerated microcentrifuge,
immediately frozen in a dry ice/ethanol bath, and stored at —80 °C until
further use.

[v-**PJATP Hydrolysis

The method of Ghosh et al. (21) was followed, with some modifica-
tions. Here, the assay mixture was reduced to 0.1 ml and contained 50
mM Hepes/Tris, pH 7.0, 100 mm KCI, and 1 mm MgCl,. Cations (Ca®*
and Mn?") were added as the chloride salts and buffered with EGTA as
specified in the figure legends; free cation concentration was deter-
mined by the WinMaxChelator computer program (22). Ni-NTA eluted
Pmrl (1 png) was preincubated in the reaction mixture at room temper-
ature, and ATP hydrolysis was initiated by the addition of 5 ul of 1 mm
[vy-32P]ATP (3000 Ci/mmol; Amersham Pharmacia Biotech) to a final
concentration of 50 uM (500—600 cpm/pmol). After the desired incuba-

Manganese Selectivity of Yeast Pmr1 ATPase

tion period, the reaction was terminated with 10 ul of 25% trichloro-
acetic acid, followed by the addition of 10 ul of 100 mm KH,PO,. Then
0.1 ml of a suspension of activated charcoal (1:1 in water; Sigma) was
added. After mild stirring for 10 min, the charcoal was precipitated by
centrifugation in a microcentrifuge. The process was repeated once, and
finally an aliquot from the supernatant was transferred to 10 ml of
scintilation mixture (Ecolume; ICN), and the radioactivity was deter-
mined by scintillation counting.

Enzyme Phosphorylation

Phosphorylation with ATP—Formation of the aspartyl-phosphate
reaction intermediate was assayed as described (23), with some modi-
fications. The 0.2-ml reaction mixture contained 25 mm Hepes/Tris, pH
7.0, 100 mMm KCl, and 1 pg of purified Pmrl. To test cation dependence,
EGTA was added to a final concentration of 1 mM such that the free
Ca?* concentration was less than 1 nm. Then 1 mm CaCl, or MnCl, was
added to give free cation concentrations of 27 or 6 uM, respectively. The
reaction was started by the addition of 10 uCi of [y-*>P]ATP, to a final
concentration of 10 nmol/reaction, on ice. The reaction was terminated
after 30 s by adding 0.2 ml of 50 mm NaH,PO,, 2 mm ATP, and 20%
trichloroacetic acid. The resulting precipitate was pelleted by microcen-
trifugation and washed twice with a solution containing 25 mMm
NaH,PO,, 1 mMm ATP, and 10% trichloroacetic acid. The pellet was
finally resuspended in 20 ul of sample buffer and subjected to SDS-
polyacrylamide gel electrophoresis at pH 6.0 according to the method of
Weber and Osborn (24). The gel was dried, and the radioactivity was
detected on a PhosphorImager (Fuji).

Phosphorylation with P—Reverse phosphorylation of Pmr1 was per-
formed according to Hawkins et al. (25). The reaction mixture of 0.2 ml
contained 50 mM Hepes/Tris, pH 7.0, 100 mm KCI, 5 mm MgCl,, 20%
(v/v) dimethyl sulfoxide, and one of the following: EGTA (5 mMm) or CaCl,
or MnCl, (100 um). Phosphorylation was initiated by the addition of 200
uM 22P; (1500-2000 cpm/pmol) at 25 °C for 5 min. The reaction was
terminated by addition of 15% trichloroacetic acid and 2 mm KH,PO,
and incubated on ice for 15 min. After microcentrifugation, the pellet
was treated as described for ATP-dependent (forward) phosphorylation
and subjected to acid gel electrophoresis and autoradiography.

Gel Electrophoresis, Western Blotting, and Other
Biochemical Assays

SDS-PAGE and Western blotting were performed as described pre-
viously (26). Samples were prepared for electrophoresis by precipitating
with trichloroacetic acid to a final concentration at 10% by volume,
followed by microcentrifugation at 4 °C. Antibodies against the C-ter-
minal one-third of Pmrl have been described previously (19). Silver
staining was performed according to Blum et al. (27). Protein concen-
tration was determined by a modification of the method of Lowry et al.
(28).

Ab Initio Molecular Modeling of M4 and M6

A recently developed algorithm (29) was used to simulate packing of
the M4 and M6 helices of Pmr1. Briefly, a reduced representation of the
two helices was used in the first stage of modeling to simplify the search
space. Each amino acid in a helix was considered to be a sphere with an
empirically assigned volume that captures its packing attributes (30).
The ball-helix representation used a simple model for the membrane
bilayer, with the interior based on the Goldman-Engelman-Steitz trans-
fer scale (31) and the interface based on the Wimley-White scale (32).
Over 350,000 independent helix-pair combinations were explored to
eliminate sterically “impossible” combinations. In the next stage, a
more realistic representation of the membrane environment was ap-
plied, along with a more detailed protein representation. Finally, con-
straints were imposed based on experimental data from Cys cross-
linking in SERCA (33) and mutagenesis of cation-coordinating residues
in M4 and M6, as depicted in Fig. 8.

RESULTS
Purification of Histidine-tagged Pmrl

A 15-residue extension of the N terminus of Pmrl, having
the sequence RGSQH,TR immediately following the initiating
Met, was constructed in earlier work (13). We showed that
introduction of this polyhistidine tag had no effect on the
biogenesis and Golgi localization of Pmrl, as determined by
subcellular fractionation of yeast lysates, and on the overall
protein conformation, as evidenced by the pattern of ATP-
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Fic. 1. Solubilization and purification of histidine-tagged
Pmrl. Crude Golgi membranes were prepared from sucrose density
gradients of yeast lysates solubilized with octylglucoside, and the su-
pernatant was subjected to Ni-NTA chromatography, as described un-
der “Experimental Procedures.” 10-ug samples of crude, pellet, super-
natant, column flowthrough, and wash and 1 pg of column eluate were
separated by SDS-PAGE. Molecular mass markers are shown on the far
right. A, silver-stained gel. B, Western blot probed with polyclonal
anti-Pmr1 antibody.

protectable tryptic cleavage (13). Furthermore, V., and K,
for “°Ca transport were identical to that reported earlier for
untagged Pmrl (13, 19). Here, we describe the purification of
His-tagged Pmr1 by nickel affinity chromatography, in essen-
tially one step. Golgi membrane fractions, derived from sucrose
density gradient centrifugation of yeast lysates (19), were
pooled and treated with the detergent n-octylglucoside, result-
ing in the solubilization of up to 70% of Pmrl (Fig. 1). The
supernatant was allowed to interact with Ni-NTA resin, as
described under “Experimental Procedures.” The inclusion of
10 mM imidazole during this incubation was found to greatly
reduce nonspecific protein interactions with the resin while
preserving complete retention of His-Pmrl. After washing the
resin with salt and additional imidazole (“Experimental Proce-
dures”), His-Pmr1 was eluted at >95% purity in buffer contain-
ing 300 mM imidazole, as judged from silver stains and Western
blots of SDS-PAGE (Fig. 1). Yields of Pmr1 protein averaged 30
ng/liter of culture (approximately 600 OD units), consistent
with an estimated expression level of about 5% in Golgi
membranes.

Cation Dependence of Pmrl1 Activity

ATP Hydrolysis—The availability of a purified preparation
of Pmrl allowed an unambiguous demonstration of cation-de-
pendent ATP hydrolyis, using a sensitive isotope-based method
(“Experimental Procedures”). ATPase activity was strictly de-
pendent on the presence of either Mn2" or Ca2" and was linear
within the first 30 s (Fig. 2). The presence of 500 uMm vanadate
(not shown) or 100 um La®* (Fig. 2) nearly abolished ATP
hydrolysis, similar to the effect of these inhibitors on ATP-de-
pendent #°Ca transport in Golgi vesicles (19). No ATPase ac-
tivity was observed with 10 uM concentrations of either Ba2",
Sr?*, Zn%*, Cd?*, Ni®", or Cu®", demonstrating the narrow
cation selectivity profile of the pump.

Formation of the Phosphoenzyme Intermediate—A hallmark
of P-type ATPases is the formation of a transient aspartyl-
phosphate reaction intermediate, at an invariant aspartate
located in the large hydrophilic domain closely following mem-
brane span M4. Consistent with an obligatory role for this
residue, we have shown that replacement of Asp?>”! in Pmrl
with asparagine or glutamate completely inactivates transport
(19). Here, we demonstrate phosphoenzyme formation in the
purified, His-tagged enzyme. In the forward reaction, forma-
tion of the E~P intermediate from ATP requires activation by
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Fic. 2. Time course of cation-dependent ATP hydrolysis. Ni-
NTA eluted Pmrl (1 pg) was incubated with [y-*2PJATP (50 um; 500
cpm/pmol) at room temperature for the indicated times, and the re-
leased PO, was quantitated as described in the text. CaCl, and MnCl,
were at 950 uM each and buffered with 1 mm EGTA to give free cation
concentrations of 6 uM each. Where indicated, LaCl; was added to a
final concentration of 100 um. [, Mn?*; O, Ca®?*; e, Ca®* plus La®".
Lines are the best fit of the data to the Michaelis-Menten equation.
Averages of duplicate determinations are shown, and data are repre-
sentative of one of three independent experiments.
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Fic. 3. Formation of the phosphoenzyme intermediate. A,
Cation-dependent phosphoprotein formation from [y-*2P]JATP. Ni-NTA
eluted Pmr1 (1 pg) was incubated on ice for 30 s with 10 nm [y-*>P]ATP
in 20 mMm Hepes/Tris, pH 7.0, 100 mm KCI, 1 mm EGTA, and 1 mMm
divalent cation, as indicated, to give a final free concentration of 27 um
Ca®" and 6 uM Mn?". The reaction was stopped by acid quench and
analyzed by SDS-PAGE and autoradiography. Where indicated, LaCl,
was added to a final concentration of 100 uMm. The E~P intermediate
can be completely chased with unlabeled ATP (10 mMm). B, cation-
inhibitable phosphoprotein formation from P;. The reaction differed
from A, in having 250 um [**P]H,PO, plus 20% dimethyl sulfoxide and
was incubated at 25 °C for 5 min. Divalent cations were at 1 mm
concentrations, as indicated.
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FiG. 4. Loss of cation dependence of phosphoenzyme forma-
tion in the D778A mutant. Wild type (WT) and D778A mutant Pmr1l
were His-tagged, purified, and assayed for phosphoenzyme formation
from [y-*2P]ATP (A) or [*?P]PO, (B) as described under “Experimental
Procedures” and the legend to Fig. 3. Ca®* and Mn?" fail to activate
forward phosphorylation from ATP in the mutant or inhibit reverse
phosphorylation from P,, indicative of a defect in binding cations.

either Ca®* or Mn2" (Fig. 3A4). Addition of La®* resulted in only
modest increases in the accumulation of phosphoenzyme, un-
like the large effect documented for plasma membrane type
Ca%'-ATPases (34). The aspartyl-phosphate intermediate
could be completely chased with excess unlabeled ATP (Fig. 3A4)
and nonenzymatically cleaved with hydroxylamine (not
shown). Conversely, in the reverse reaction, formation of
E-P from inorganic phosphate (P;) was inhibited by Ca®" and
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Fic. 5. Selective loss of Mn?*-dependent ATPase activity in the Q783A mutant. His-tagged wild type (WT; O) and mutant Pmr1 (Q783A;
[) were purified by Ni-NTA chromatography and assayed for [y->>P]ATP hydrolysis in the presence of the free cation concentrations shown, as
described in the text. Symbols are the average of duplicate determinations, and the lines represent the best fit of the data to the equation v =
Ve S/IK,, + S) using Kaleidagraph, version 3. Derived values for K, are reported in the text. Note the loss of Mn?*-ATPase activity in the mutant,

as predicted by the loss of Mn?* tolerant growth (14).

Mn?" (Fig. 3B), which shift the equilibrium toward the E,
conformation.

Loss of Cation Binding in the D778A Mutant

Substitution of Asp””® conserved in all known Ca®"-AT-
Pases, with either alanine, asparagine, or glutamate, resulted
in a complete loss of transport activity consistent with the
loss-of-function phenotype in screens of BAPTA and Mn2" tox-
icity (14). However, to demonstrate a role for this residue in
cation binding, it was necessary to examine cation-dependent
formation of the catalytic intermediate. We first showed that
mutant D778A was normal with respect to biogenesis, traffick-
ing, and overall protein conformation (14). Next, mutant
D778A was tagged with polyhistidine and purified, as de-
scribed for wild type Pmrl. As expected, there was a complete
absence of ATP hydrolysis in the purified mutant (not shown).
Fig. 4 demonstrates an inability of this mutant to form the
cation-activated phosphoenzyme intermediate from ATP,
whereas reverse phosphorylation from inorganic phosphate is
retained. Strikingly, reverse phosphorylation is insensitive to
inhibition by cation (Ca?* and Mn?"), indicative of a loss of
cation binding (15).

Loss of Manganese Selectivity in the Q783A Mutant

In the phenotypic screens reported earlier, mutant Q783A
appeared similar to wild type in BAPTA tolerance but was
indistinguishable from the pmrI null strain in Mn2?* tolerance,
suggesting a selective loss of Mn2" transport (14). Further-
more, Mn2" inhibition of 5Ca transport in Golgi vesicles was
decreased by 60-fold, suggestive of a severe defect in Mn2*
binding or transport in this mutant (14). Here, we demonstrate
a dramatic change in ion selectivity of the mutant pump by
direct assay of cation-dependent ATPase activity in histidine-
tagged and purified preparations of wild type and Q783A en-
zymes. Wild type Pmr1 displayed a K, of 0.07 um for Ca®*-de-
pendent ATP hydrolysis, identical to the K,,, for °Ca transport
reported earlier (13). Both K,, and V,_ .. of Ca®"-dependent
ATPase activity in the Q783A mutant were essentially indis-
tinguishable from wild type, as expected from the growth re-
sponse to BAPTA in this mutant (Fig. 5A). Mn2"-dependent
ATPase activity in wild type had a K, of 0.02 um, indicative of
a normal selectivity of Mn2* > Ca2?" for the Golgi/secretory
pathway pump. In striking contrast, Mn?*-ATPase in the mu-
tant was nearly abolished (Fig. 5B). We also show normal levels
of Ca%*-activated phosphoenzyme formation from ATP in this
mutant, whereas Mn?" was required in excess (10 uM) to detect
the catalytic intermediate (Fig. 6). Taken together, the data
strongly indicate that residue 783 in M6 can define ion selec-
tivity in Pmrl.
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Fic. 6. Selective loss of Mn?*-dependent phosphoenzyme for-
mation in the Q783A mutant. Purified, His-tagged Q783A mutant
Pmrl (1 pg) was assayed for phosphoenzyme formation from
[y-*2P]ATP in the presence of EGTA (1 mM) or the free cation concen-
trations shown, as described in the text. Mn**-dependent E~P forma-
tion was detected only under the higher concentration of Mn?* (10 um),
as shown.

Phenotypic Consequences of Amino Acid Substitutions at Res-
tdue 783 in M6

To further explore the effect of amino acid substitutions at
position 783 on ion selectivity of the pump, additional muta-
tions of GIn"®2 to Leu, Glu, Thr, Asn, Cys, and Ser were gen-
erated in the PMRI gene. These substitutions were chosen to
test the effect of side chain size, hydrophobicity, or charge.
Mutants were expressed from the low copy vector YCpHRI1 in
the pmripmcIcnbl null strain K616 and screened for tolerance
to BAPTA and Mn®" as a test of Ca®" and Mn?" transport,
respectively (14). As shown in Fig. 7, only the Ala substitution
resulted in a differential response to BAPTA and Mn2* toxicity,
indicative of a change in ion selectivity. Substitutions to Leu,
Glu, or Thr showed substantial and parallel growth in both
phenotypic screens, whereas substitutions to Asn, Ser, or Cys
showed a hypersensitivity to BAPTA and Mn2* toxicity indis-
tinguishable from the pmrl null strain. Western analysis of
total membrane preparations revealed that expression of the
Leu, Glu, and Thr substitutions were similar to wild type,
whereas substitutions to Asn, Ser, and Cys showed a signifi-
cant decrease in abundance, suggestive of structural perturba-
tions (not shown). These data reveal the importance of a bulky
side chain (Gln, Leu, Glu, or Thr) at position 783 in M6 for
effective transport of both Ca?* and Mn2?" ions. Charge ap-
pears to be unimportant because both Leu and Glu can effec-
tively substitute for Gln at this site. Conversely, introduction of
a small, polar side chain at this site appears deleterious to
pump structure and function. Interestingly, the small nonpolar
side chain of alanine maintained normal pump structure but
apparently altered pore characteristics such that Mn?* trans-
port was selectively lost.

DISCUSSION

Of the five polar or charged residues in transmembrane
segment M6, three (Asn”"*, Asp”’®, and GIn"®3) were found to
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be critical for pump function (14). The importance of M6 is
underscored by a striking conservation of sequence among
Pmrl homologues, which include representatives from four
other fungi and one each from C. elegans, rat, and human; with
the exception of an Ile substitution for Leu, there is complete
identity within the predicted M6 segment. Of the three CaZ*-
liganding residues (Asn”®®, Thr™®, and Asp®%°) in M6 of
SERCA, originally identified by Clarke et al. (15), two (Asn”"*
and Asp”"®) are conserved and sensitive to substitution in the
Golgi/secretory pathway ion pump. Replacement of the equiv-
alent residues in the plasma membrane Ca%" pump (plasma
membrane Ca?"-ATPase) have also been reported to inactivate
transport and prevent phosphoenzyme formation from ATP
(34, 35). Together with the conserved glutamate in M4 (Glu??®
in Pmrl), these three residues are likely to contribute to the
binding of one Ca®" ion in all three Ca®*-ATPase subtypes. In
SERCA, this site would be equivalent to binding site II, the
more cytoplasmic of two stacked sites (36, 37). A subset of these
residues also appear to contribute to ion binding in P-type
ATPases of different ion selectivities. Thus, Asp®®* and Asp®*®
in M6 of the Na*/K*-ATPase have been proposed to play a key
role in cation transport and in binding K" ions in particular
(16). These observations have been corroborated by the mu-
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Fic. 7. Phenotypic effects of substitutions at GIn”** on BAPTA
and Mn?* tolerance. The host strain K616 (ApmrI1ApmclAcnbl) was
transformed with vector alone (A) or low copy plasmids expressing wild
type (WT) or mutant Pmrl carrying the indicated substitution at posi-
tion 783. Cultures were grown to saturation in media supplemented
with BAPTA (A, 1.5 mM) or Mn?* (B, 3 mM), as described (14). Growth
(ODg,,) was normalized to wild type. Only the Ala (column A) substi-
tution showed differential sensitivity to BAPTA and Mn?*. Substitu-
tions to Leu (column L), Glu (column E), and Thr (column T) showed
substantial and similar growth in both screens, whereas substitutions
to Asn (column N), Cys (column C), and Ser (column S) showed no
growth above the null background (A).
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tagenesis of equivalent residues in the H*/K*-ATPase (38).
The differential contribution of other residues to this common
cation binding pocket may alter ion binding characteristics and
account for the widely different ion selectivities among the
P-ATPases. Thus, replacement of Ser””® in M5 of the Na*/K™*-
ATPase had a profound effect on K* binding (39), but mutation
of the equivalent residue in Pmrl (S774A) had no effect on
Ca%' or Mn?" transport (14). Identifying the residues that
contribute to ion selectivity remains a challenge in the field.

We report here that substitution of GIn"® with alanine re-
sults in a dramatic and selective loss of Mn®"- but not Ca®"-
dependent ATPase activity and phosphoenzyme formation. We
show that glutamine can be effectively replaced with either Leu
(the equivalent residue in plasma membrane Ca?"-ATPase) or
Thr (the equivalent residue in SERCA), suggesting that MnZ*
transport may be a common feature of all Ca®* pump subtypes.
The restoration of Mn?* tolerance to a pmrl mutant by heter-
ologous expression of a plant homologue of SERCA, ECA1 (23),
is consistent with this possibility. Curiously, introduction of an
acidic residue (Glu) at this site preserved wild type phenotype,
whereas small polar residues (Cys, Ser, or Asn) appeared to be
deleterious to pump structure, based on the large reduction of
Pmrl expression levels. Because a helical representation of M6
placed GIn"®3 on the opposite face from the cation coordinating
residues, we considered the possibility that this residue may be
important in helix packing. Therefore, we simulated the pack-
ing interactions between transmembrane segments M4 and M6
(“Experimental Procedures”), using data from cysteine cross-
links (33) to impose constraints on the models. Fig. 8 is an
alignment of Pmrl sequence with that of SERCA, showing the
excellent conservation in the regions identified by strong cross-
links between engineered Cys in transmembrane segments M4
and M6 of SERCA.

In a hierarchical approach to ab initio structure prediction,

PMR1 315-MFQISVSLAVAAIPEGLPIIVIVTLAL-341

M4 SERCA 295-YFKIAVALAYAAT LPAVITTCLAL-321

SERCA 788-IPVQLL LV’ LPATALGF-809

M6 pMR1766-NAMQILWINILMDGPPAQSLGY-787

Fic. 8. Alignment of Pmr1l and SERCA sequences in transmem-
brane segments M4 and M6. Circled residues are proposed to coor-
dinate cation in both SERCA and Pmrl. Lines show the locations of
strong cross-links between engineered Cys in SERCA, as reported by
Rice et al. (33). GIn"®3, a residue that alters ion selectivity in Pmrl, is
indicated as a white letter with black outlines. Note the excellent se-
quence conservation between SERCA and Pmrl sequences in these
segments.

Asn774

Asp778 bl

Glu329

Val33s

Fic. 9. Molecular modeling of the packing interactions between transmembrane helices M4 and M6 of Pmrl. A minimum energy
conformation of the two helices is shown, modeled as described in the text. A, side view of the helices, shown labeled at their N termini, in which
the side chains of Glu®?® (M4), Asn”"* and Asp””® (M6), proposed to form the cation binding pocket, are shown pointing away from the viewer. GIn"%?
(M6) is shown extending toward the viewer and appears to make a hydrophobic contact with Val®3® (M4). B, top view of the helices showing GIn"®?
extending in a direction opposite to the proposed cation coordinating side chains, in close proximity to Val®*®, Mutation Q783A is proposed to alter
helix interaction and change the selectivity properties of the ion “pore” as described in the text.
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we began with a reduced representation of the helices in which
each amino acid was empirically assigned a spherical volume,
characteristic of its packing attributes. Likewise, a reduced
representation of the membrane environment was used (“Ex-
perimental Procedures”) to simplify the search space. This al-
lowed over 350,000 candidate conformations to be tested in the
first stage, resulting in the elimination of all sterically impos-
sible combinations. Following a second modeling stage that
employed a more detailed protein and membrane representa-
tion, we imposed experimental constraints from Cys cross-
linking and orientation of cation coordinating residues (Fig. 8).
Of the dozen or so plausible models that emerged, Fig. 9 rep-
resents the minimum energy structure and has several inter-
esting features. The helices interact with a right-handed twist,
consistent with the interpretation of electron diffraction densi-
ties reported by Zhang et al. (40). Neither M4 nor M6 are
uniform helices; both display a significant unraveling in the
vicinities of the prolines, followed by a change in backbone
direction. Of particular interest to this work is the location of
GIn"®2 in the model. Fig. 9 suggests that GIn"®3 (M6) may form
a hydrophobic contact with Val®3® (M4), possibly stabilizing the
helical interaction.

It should be emphasized that although our tertiary structure
prediction does not take into account other transmembrane
helices or consider significant deviations from helical structure,
it does satisfy our currrent experimental observations and
therefore provides a testable model for future experiments.
Thus, it suggests that the hydrophobic interaction with Val33®
may be maintained by the longer methyl- or methylene-con-
taining side chains of Glu, Leu, or Thr but would be disrupted
by introduction of shorter side chains carrying the polar amine
(Asn), sulfthydryl (Cys), or hydroxyl (Ser) groups. Alanine sub-
stitution may maintain the hydrophobic interaction but with
likely alterations in helix packing. We suggest that these
changes would have repercussions on the architecture of the
ion pore and hence on ion selectivity. The arrangement and tilt
of the helices may be expected to have a profound effect on ion
selectivity, as suggested by the recent structure of the KesA K*
channel (41). In experiments currently underway in our labo-
ratory, we are engineering reciprocal alterations in M4 in an
attempt to suppress the Mn?"-sensitive phenotype of Pmrl
mutant Q783A.
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