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ABSTRACT. Pmrl, a novel member of the family of P-type ATPases, localizes to the Golgi compartment
in yeast where it provides €aand Mr?t for a variety of normal secretory processes. We have previously
characterized Ca transport in isolated Golgi vesicles, and described an expression system for the analysis
of Pmrl mutants in a yeast strain devoid of background @amp activity [Sorin, A., Rosas, G., and

Rao, R. (1997). Biol. Chem. 2729895-9901]. Here we show, using recombinant bacterial fusions, that
an N-terminal EF hand-like motif in Pmr1 binds €alncreasing disruptions of this motif led to progressive
loss of pump function; thus, the single point mutations D51A and D53A retained pump activity but with
drastic reductions in the affinity for €atransport, while the double mutant was largely unable to exit
the endoplasmic reticulum. In-frame deletions of the*@ainding motif resulted in complete loss of
function. Interestingly, the single point mutations conferred differential affinities for transport?f Ca
and Mr?* ions. Further, the proteolytic stability of the catalytic ATP-binding domain is altered by the
N-terminal mutations, suggesting an interaction between these two regions of polypeptide. These studies
implicate the N-terminal domain of Pmrl in the modulation of ion transport, and may help elucidate the
role of N-terminal metal-binding sites of EuATPases, defective in Wilson and Menkes disease.

Cation pumps belonging to the ubiquitous P-ATPase extended N-terminus, which have been implicated in func-
superfamily share common structural and mechanistic fea-tioning either as a metal ion ‘sensor’ or in the delivery of
tures, including the formation of a catalytic phosphoenzyme ions to the translocating por&)( Progressive mutagenesis
intermediate and passage through at least two distinctof the six Cd*-binding motifs in the C&-ATPase defective
conformational states designated &d B. Well-known in Menkes disease resulted in a precipitous loss of function
members of this family include the €aATPases, N&/K™- following disruption of the third site, as judged by the assay
ATPases, and HK"-ATPases of mammalian cells, and the ¢ Cw*-dependent Fet3 oxidase activity in yeag; @nd a
H*-ATPases of fungi and pla_mts. For t_hese members of the |g5g of copper-induced traffic to the plasma membra& (
so-called Bsubtype 1), there is now evidence from crystal- o ever, in the absence of direct measurements of copper

lographic as well as mutagenic studies for 10 membrane-yansnort by mutant ATPases, it is difficult to assign a
spanning helices, of which 4 are clustered to form a putative specific role for the ion-binding motifs

transmembrane por2<4). The conserved ATP-binding and ) )
phosphorylation domains are located in the cytoplasm, _The yeast Golgi C&,Mn?"-ATPase Pmrl has a putative
between membrane spans 4 and 5. A smaller well-conservedc@ -binding EF hand-like motif within its N-terminal stretch
cytoplasmic domain, composed primarily of antiparallel Of polypeptide £0, 11). The EF hand is a helixloop—helix
B-strands, lies between membrane spans 2 and 3, and ignotif in which a central C¥ ion is chelated by oxygen
known to be important in the conformational changes from atoms arranged along thé Y, andZ coordinates (reviewed

E; to E; (5). The cytoplasmic amino and carboxy termini in 12, 39. Proteins containing EF hands may act as sensors
are widely divergent in sequence, with the latter having of intracellular calcium levels, such as calmodulin and

regulatory elements in a number of cation pumfs 7). troponin C, or may serve as calcium buffers, as exemplified
However, the specific function of the N-terminal stretch of by parvalbumin. Putative EF hands have also been identified
polypeptide, if any, is less clear. Strikingly, in the Ty in C&'-activated K and C&" channels, including the

Cd?*-, and Zrt*-transporting ATPases of the;-Bubtype,  ryanodine receptor, and the plant KCO1 chanid, (14,
there are tandem repeats of metal-binding motifs within an where they are thought to confer € asensitivity. A point
of caution, however, is that it is difficult to predict from
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In this study, we provide evidence that the N-terminal oligonucleotides were used: Asp5Ala (5-GAAAAACTG-
domain of Pmr1, fused to bacterial GS@pes indeed bind ~ GCCACTGACAAAAAC-3), Asp53—Ala (5-CTGGACAC-
C&". We then examine the effects of substitutions and TGCCAAAAACGGT-3), and Asp51,53-Ala (5'-GAA-
deletions in the Ca-binding motif on C&" pump expression ~ AAACTGGCCACTGCCAAAAACGGTG-3), in conjunction
and localization, polypeptide stability, and Tand Mr#* with the antisense primer oPMRY, described above. In
transport. The results suggest that the N-terminus of Pmrleach case, the amplified fragment was entirely sequenced
plays a hitherto unrecognized role in transport, perhaps viato rule out unwanted mutations. Reconstruction of the
conformational interactions with the catalytic domain. mutagenized fragments into plasmid YEpHisPMR1 was by

standard cloning techniques.

EXPERIMENTAL PROCEDURES Fusion of the N-terminal 75 amino acids of Pmrl with

Media, Strains, Growth Assay¥east strains were grown  Schistosoma japonicumglutathione Stransferase was ac-
in defined media containing yeast nitrogen base (6.7 g/L; complished using the vector pPGEX-4T-2 (Pharmacia Biotech)
Difco), dextrose (2%), and supplements as neeBdiR 1k as follows. Wild-type or mutanPMR1 sequences were
containing plasmids were introduced into strain K616)( amplified using the following pair of oligonucleotides:-5
which carries null alleles of calcineurin ENBY) and two ~ GTTCCGCGTGGATCCCCGGGTATGAGTGACAATCC-
C&*-ATPases PMR1 and PMCY), resulting in low basal ~ ATTT-3 and 3-CGCTCGAGTCGACCCTCATTCATTGG-
Ca* pump activity, as previously describetllj. Growth GGCCATAAAG-3. The PCR product was digested with
assays were performed by inoculating 1 mL of YNB medium BanmHI andSal, and cloned into pGEX-4T-2. Note that the
in a multiwell plate with 2-5 L of a saturated seed culture. Pmrl sequences lacked a His tag. Plasmids were introduced
MnCl, was added at the concentrations indicated, and growthinto E. coli strain BL21.

was monitored by measuring absorbance at 600 nm after Cell Fractionation, Preparation of Membranes, and GST-
culturing for 48 h at 30°C. Fusions.Preparations of total membranes, subcellular frac-
Plasmids and Mutagenesi¢$EpHRL1, a yeast2 plasmid tionation by sucrose gradient centrifugation, and isolation
carrying the PMR1 coding sequence under control of a of Golgi vesicles from yeast were exactly as described earlier
tandem repeat of a yeast heat shock element, has beefill). Isolation of recombinant GST-fusion proteins was done
described previouslyl@). A series of in-frame deletions were  essentially as per manufacturers’ protocols (Pharmacia).
introduced within the N-terminal sequenceRi¥IR1in this Briefly, bacteria were cultured to mid-logarithmic phase at
plasmid, as follows. A 300 base paHindlll—BanH]I 37°C and induced with IPTG (0.1 mM) f&@ h before being
fragment ofPMR1was introduced into pUC19 and linearized harvested. Cells were lysed by sonication in phosphate-
at thexbad site immediately proximal to the region encoding buffered saline (PBS) containing protease inhibitdk$).(
the EF hand motif. Digestion with exonuclease Il was used Following removal of cell debris by low-speed centrifugation,
to generate limited deletions at the termini, following which the lysate was incubated with glutathier®@epharose 4B (10
the termini were repaired with mung bean nuclease andmin), washed with PBS, and eluted with 50 mM Tris-HCI
ligated. Four in-frame deletions of 48, 60, 108, and 132 basebuffer, pH 8.0, containing 10 mM reduced glutathione. To
pairs, respectively (Figure 1), were verified by sequencing minimize proteolysis of the fusion proteins, all steps were
the Hindlll—BanHI fragment, and introduced into the conducted at 84 °C for minimal times.
expression vector YEpHR1 using standard cloning tech-  4scg+ Transport and @erlay AssaysATP-dependertt-

niques. To insert a polyhistidine tag at the N-terminus of ¢4 fransport assays of sucrose gradient fractions and pooled
Pmrl, the initiation ATG codon was replaced with a unique  Go|gi membranes were done by rapid filtration as described
Miul site using the primers BSATAAGATAATTACGCGT- previously (L1). Concanamycin A (Sigma; 10 nM) and CCCP
GACAATCC-3 and S-AGTGTGATACTAACAGC-3 (0P- (25 M) were added to eliminate the activity of vacuolar
MR1~7), in conjunction with the polymerase chain reaction +/c+ exchange. Titrations of calcium were conducted in
(base substitutions underlined). The amplified product (350 p ffer containing 10 mM Hepes/NaOH, pH 6.7, 0.15 M KCI,
base pairs) was digested withiul and BanHl, and joined 5 mM MgCl, 0.5 mM ATP, 5 mM NaN, 25 M CCCP,

to aBanHI—Sad| fragment of PMR1 (2.2 kilobase pairs) 50 nm concanamycin A, antfCaCb at a concentration of
and aMlul—Sadl fragment of plasmid pSM1052 (7.6 15 20 ,M and specific activity of 2.Ci/mL. Free calcium
kilobase pairs; gift of Susan Michaelis, Johns Hopkins \ a5 varied by addition of EGTA, as calculated by the
University) via a three-part ligation. To complete reconstruc- computer program of Fabiato and Fabiat8)( In assays of

tion of the 3 region of thePMR1 gene, aSadl—Sad MnZ+* competition,**Ca was at 0.4Ci/mL (nominally, 0.8
fragment (1.2 kilobase pairs) was cloned into the above uM) and MnCh was added as indicated.

plasmid, resulting in a new expression plasmid, named
YEpHisPMRL1. This is a 2-based plasmid with th&/RA
selectable marker, in whidAMR1gene expression is directed
from the constitutivePGK promoter. Amino acid substitu-
tions within the EF hand motif were introduced into
YEpHisPMR1 by the polymerase chain reaction, using the
megaprimer methodl@) as modified 17). The following

Calcium binding to recombinant GST-fusion proteins was
measured using&Ca overlay assay essentially as described
(19), with the following modifications. Approximately equal
amounts of immunoreactive fusion protein, purified as
described above, were slot-blotted onto nitrocellulose (0.45
um, Schleicher & Schuell). Membranes were briefly dried
and rinsed in a solution of 145 mM NaCl and 5 mM sodium
phosphate, pH 7.4, and then in a solution of 10 mM

! Abbreviations: GST, glutathion&transferase; SERCA, sarco/ ;. ; ;
endoplasmic reticulum CaATPase; PMCA, plasma membrane’?Ga imidazole, 100 mM KCl, pH 6.8. FoIIowmg a 10 min

ATPase; CCCP, carbonyl cyanide-chlorophenylhydrazone; SDs, ~ incubation in the latter buffer supplemented witaCl at
sodium dodecy! sulfate; PAGE, polyacrylamide gel electrophoresis. 1 uCi/mL (6.72 uCi/ug; ICN Biomedicals), the membrane
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] ] i N-terminal 75 amino acids of Pmrl with GST (GST-WT), probed
Ficure 1: EF hand-like motif of Pmrl. (ATopological model of  with anti-GST antibody, as described under Experimental Proce-
the C&*-ATPase with both N- and C-termini and the major dures. (B) Autoradiograph of a slot blot in which equimolar amounts
extramembranous loops located in the cytoplasm. The region of (1.5 nmol) of the purified proteins shown in panel A were deposited
the EF hand motif (in gray) and the site of the aspartyl phosphate on nitrocellulose, in duplicate, and overlaid witt€aCh (1 uCi/
reaction intermediate (*P) are shown for reference. (B) SequencemL) as described under Experimental Procedures. One of several
of the N-terminal region, with the EF loopoxed Consensus  independent experiments, showiti§a binding by the Pmr1 fusion,
residues and their loop positions are shown below the box. The pyt not the control, is shown.

substitutions (B~A) and four in-frame deletions used in this study

are shown. important to directly assess the Lainding ability of the

was rinsed with water, dried thoroughly, and exposed to film N-terminal motif in Pmr1.
for autoradiography. Initial attempts to express the first hundred amino acids
TrypsinolysisPooled Golgi membranes (1 mg/mL) were ©of Pmrl, extending from the N-terminus to a unidgearH|
incubated at 25C in buffer containing 20 mM Tris-HClI, restriction site in the middle of the first predicted transmem-
pH 7.0, 0.1 M KCI, 5 mM MgC}, and treated with trypsin brane segment, as a C-terminal fusion with glutathione
(TPCK treated, Sigma) at a trypsin:protein ratio of 1:8,Na  Stransferase resulted in a proteolytically labile polypeptide.
ATP (pH 6.7) was added at 5 mM, when specified. At the This seemed likely due to the destabilizing effects of the
indicated times, the digests were terminated by addition of hydrophobic residues at the end of the fusion protein. The
trichloroacetic acid to 10%. Samples were incubated on ice Presence of a stable proteolytic polypeptide of ca. 35 kDa
(30 min) and collected by microcentrifugation (30 min), and in the initial preparations was indicative of a smaller,
the resulting pellets were resuspended in gel loading bufferindependently folded domain. This observation led to the
(21) for electrophoresis. design of a stable fusion protein, containing the first 75 amino
Protein Assays, Gel Electrophoresis, and Western Blotting. acids of Pmr1, that could be readily purified to homogeneity.
Protein concentration was determined by a modified Lowry We used a nonequilibrium filter-binding assay to detect'Ca
assay 20) following precipitation of samples containing binding by the putative EF hand-like motit§). Equimolar
sucrose by 10% trichloroacetic acid, and using bovine serumamounts of purified fusion protein and the control GST were
albumin as standard. Samples were prepared for electro-deposited on nitrocellulose filters and incubated wita\®
phoresis by precipitating with trichloroacetic acid as de- “*CaCb, as described under Experimental Procedures. Figure
scribed (1). SDS-PAGE and Western blotting were per- 2 demonstrates the ability of the purified GSPmr1 fusion
formed as described previouslg1). Western blots were ~ protein to bind“°Ca, relative to the control glutathione
scanned and quantitated using MacBAS (v. 2.31). Antibodies Stransferase polypeptide. Addition of molar excess ofMn
against the C-terminal one-third of PMR1 have been (5 mM) to the binding assay abolishedCainding, while
described previouslyld); anti-GST antibodies were pur- Mg®" (5 mM) was less effective (not shown).

chased from Pharmacia Biotech and used at a dilution of o . . . .
1:1000. Substitutions and Deletions in the EF Hand-like Motif of

Pmrl Cause Progresg Loss of Function

RESULTS To probe the function of the Gabinding EF hand-like
Fusion of the N-Terminal Domain of Pmrl with Glu- domain of Pmrl, we made individual and combined
tathione S-Transferase Binds €alnspection of the pre-  substitutions of the aspartate residues at putative loop
dicted secondary structure of the N-terminal sequence ofpositions 1 and 3 to alanine (D51A and D53A, respectively).

Pmrl revealed a helixloop—helix region having several of =~ These substitutions were incorporated into a (Hiayged

the consensus residues characteristic of the EF hand motif Pmrl polypeptide, for future purification of the ATPase. In
as shown in Figure 1. In a typical EF hand, residues at addition, we examined the effects of four in-frame deletions
positions 1, 3, 5, 7, 9, and 12 are known to contributé'€a  within the N-terminal Pmrl sequence, extending into the
liganding groups that lie along theX, +Y, +Z, —X, —Y, EF hand motif, as indicated in Figure 1. Wild-type, His-
and —Z coordinates, respectively. Aspartate, glutamate, or tagged, and mutant Pmrl ATPases were expressed in a yeast
asparagine residues occupy most of these positions in Pmristrain devoid of background &apump activity (K616;

In EF hands of known structure, the glutamate residue at ApmrlApmclAcnbl), as described earliel{). The effects
position 12 resides on the-helix following the loop, and  of the substitutions and deletions are summarized below.
provides a bidentate ligand for the calcium ion. A notable (i) Expression Leels. Quantitation of Pmrl expression
difference in the Pmrl sequence is the insertion of an levels in preparations of yeast total membranes provided an
additonal glycine in the loop, resulting in the displacement initial estimate of the stability of the mutant polypeptides.
of the consensus glutamate to position 13. It was thereforeOn average, all mutants were expressed at levels of 60% or
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polypeptides. 10ug of total membrane protein isolated from 2 io0000]
ApmcIApmrlAcnblyeast transformed with wild-type or mutant =
Pmrl was separated on SBBAGE, immunoblotted, and probed S n | i ;
with polyclonal anti-Pmr1 antibody as described under Experimental ko) TTE R R R R oS B oR ok ow o
Procedures. (A) Lane 1, wild-type Pmr1; lane 2, host strain with I 2AXIIRLE SR
-l

no Pmrl; lanes 36, deletion mutantd16, A20, A36, andA44, T 4 A
respectively. (B) Lane 1, (Higtagged Pmrl; lane 2, host strain WT | e DO OE OB et e o o |
with no Pmrl1; lanes-35, (Hisy-tagged mutants D51A, D53A, and

D51,53A, respectively. EFALG L e et bl Sl e 0 S S
greater, relative to wild type, as quantitated by densitometric .
scans of the Western blots. A representative set of membrane EFA20 [ e o o én.....[
preparations is shown in Figure 3. -, T
(ii) Golgi Localization. Mutant polypeptides that fail to EFA36 l - . e = o o - - —~|
pass cellular quality control are retained in the endoplasmic -
reticulum, presumably due to folding defects. The subcellular EFA44 [ . — --uud ‘n -—]
localization of the Pmrl mutants was determined by frac-
tionating yeast lysates on a 10-step sucrose density gradient. Fraction

We have previously demonstrated that the lighter Golgi
membranes (2634% sucrose) are well separated from the
endoplasmic reticulum, which is distributed in the denser
half of this gradient (4254% sucrose; refl). Here we show
that both wild-type and His-tagged Pmrl are correctly
localized to the Golgi, as are the D51A and D53A point
mutants, whereas the double point mutant and the deletion
mutants are partly retained in the endoplasmic reticulum
(Figure 4). However, in each case, there was sufficient Golgi
expression to be able to evaluate the transport activity of
the pump (see below), suggesting that exit of the mutant
polypeptides from the endoplasmic reticulum was delayed, M .
rather than arrested. WT - o . —

(i) “Ca Transport Individual fractions from the O S WS ST
sucrose gradients described above were assayed for ATP- D51A ——— e
dependent®Ca transport activity in the presence of proto- o
nophores and inhibitors of vacuolar'KCa&" exchange. In D53A - —— e @ R
the absence of endogenous?Caumps in the host strain S S
(ApmciApmrlAcnbl, K616), C&" pumping activity is D51,53A e e e
entirely dependent on the activity of plasmid-borne Pmr1,
and is restricted to the Golgi-containing fractions. As shown Fraction
in Figure 4, there was ntfC&* transport activity detected  Ficure 4: Calcium transport activity and subcellular localization
above the vector-transformed control in any of the deletion of Pmrl polypeptides. Yeast lysates were fractionated on a 10-
mutants, indicative of a complete loss of transport function. Step sucrose gradient (384%), and the individual fractions were

- . ... assayed for Pmrl pump activity and expression as described under
His-tagged Pmrl (Figure 4B) was found to have activity Expe¥imenta| Progedur;es. Gglgi merr?branes peak at3266

comparable to the untagged version (Figure 4A), suggestingsycrose, while the endoplasmic reticulum is found between 42 and
that pump function was uncompromised by introduction of 54% sucrosel(1). 20 ug of each fraction was separated on SDS
the N-terminal nine histidine residues. Golgi fractions PAGE, transferred to nitrocellulose, and probed with polyclonal

Fi _thirq anti-Pmrl antibody. Each panel shows data from fractionation of
containing the D51A and D53A mutants had about one-third control and Pmr1 mutant strains, as indicated. (A) Wild-type Pmr1,

of normal activity; however, after compensation for the ejetion mutants, and thepmrl host strain. (B) (Hisytagged Pmrl
decreased expression levels, greater than 50% activity wasand the corresponding tagged point mutations.
found to be retained. The drastic loss of Golgi expression positions 51 and 53 did not abolish Taransport activity

of the D51,53A double mutant made it difficult to quantitate of the pump, although the double mutant had a more severe
residual activity (Figure 4B). effect.

We conclude from this initial analysis that deletion of part ) ) )
or all of the helix-loop—helix region results in complete ~ Différential Effects of the Point Mutations DS1A and
loss of function, indicating either a structural requirement D53A on Cation Affinity
for this domain or a strict requirement for N-terminal’Ca Substitution of the aspartates at positions 51 and 53 had
binding, in transport. Loss of the individual aspartates at similar effects on the biogenesis of the ATPase, and on the
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Ficure 6: Calcium dependence of the transport activity of Pmrl.
GST-D51,53A  GST Pooled Golgi membranes were assayed @a transport as a

FiGURE 5: Isolation and calcium-binding ability of PmrGST function of free [C&'], buffered with EGTA, as described in the

fusions. (A) 5ug of purified wild-type (GST-WT) and mutant  text. Symbols are as followsO, (His)-tagged Pmrlf], D51A;
Pmri-GST fusions was separated by SEFAGE and stained with anpl<>, D53A. O_ne of three mde_pendent experiments is shovyn. Data
Coomassie Blue. At the extreme left are molecular mass markers,Points were fit to the equationv = VpnaS(Kw + § using

as indicated, and at the extreme right is purified GST. (B) Equimolar Kaleidagraph, and had arvalue of 0.98 in each case. The derived
amounts (0.8 nmol) of purified GST or GST fusion proteins were Values forKy are reported in the text.

deposited in duplicate on nitrocellulose, by slot-blotting, and
overlaid with*5CaC}, (1 uCi/mL) as described under Experimental
Procedures. Blots were washed, dried, and subjected to autorad-
iography.

transport activity measured in the sucrose gradient fractions
(Figures 3 and 4B). However, upon further analysis, the two

mutations were found to have large and distinctly different

effects on the affinities for G4 and Mr#* ions, as inferred

by the experiments described ahead.

(i) Ca?* Binding by GST-Fusiondhe single and double
point mutations were introduced into fusions of the N-
terminal domain with glutathion&-transferase, which were Faosie T e B ®
purified to homogeneity (Figure 5 A). Slot blots of equimolar
amounts of the control and mutant fusion proteins were
overlaid with 4°Ca to provide a qualitative estimate of
calcium binding (Figure 5B). It was apparent that under the Mn?*(mM)
binding conditions used, calcium binding was retained in the Ficure 7: Manganese-tolerant growth in yeast strains expressing
D51A mutant but reduced below the level of detection by Wild-type or mutant Pmrl. Yeast growth, in medium supplemented

; with the indicated amounts of Mng&lwas monitored after incuba-
the overlay assay in the D53A and D51,53A mutants. tion at 30°C until saturation was reached (48 h), as described under

Al.thoggh this assay 1S not amen_abl_e to quantitative deter- Experimental Procedures. The Rrsensitive growth of the EX16
mination of affinities, the results indicate that the aspartate mutant closely followed that of th&pmrl host strain (K616), and

at position 53 is critical for C& binding, but that of position ~ was representative of all deletion mutants. Data are representative
51 is not. of one of three independent experiments, which agreed closely.

Growth (Absorbance at 600 nm)
@
n

(i) K for #°Ca TransportPeak Golgi-containing fractions (iii) Mn2" Toxicity. Pmrl has been proposed to function
from sucrose density gradients were pooled and collectedas a MiA™ pump based on observations tipahrl mutants
by centrifugation as describedll). “°Ca transport into  accumulate cytosolic M and show M#t-related glyco-
isolated Golgi vesicles was assayed as a function of frée Ca sylation defects42, 23. Manganese is an essential ion for
concentration, and the half-maximal concentration of'Ca  yeast growth, but becomes toxic at higher concentrations
required for transport was determined as described in Figure(31). Becausgomrl mutants are hypersensitive to & it
6. TheKy for C&" in the His-tagged Pmrl control was 0.07 appears that the major route of Kindetoxification is
+ 0.01uM, essentially as reported earlier for untagged Pmrl transport into the Golgi and exit via the exocytic pathway
(12). The affinity for C&" was shifted nearly 8-fold to 0.52  (22). We reasoned that growth in Micontaining media
+ 0.1 uM in the D51A mutant, and 11-fold to 0.7# 0.2 would be a measure of the Mintransport activity of Pmr1.
uM in the D53A mutant. The large decreases in thé™Ca  Titration of Mr?* toxicity in strains expressing wild-type or
affinities are striking, considering that the mutations are in mutant Pmr1 is shown in Figure 7. The deletion mutants, as
the cytoplasmic N-terminal domain, and quite distal in exemplified by theAEF16 mutant in Figure 7, showed no
primary structure from the transmembrane segments involvedimprovement in MA" tolerance above thépmrl back-
in C&* transport. ground. This suggested a loss of Mrransport in these
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FicURE 8: Manganese inhibition of calcium transpdfCa transport @ e WT DSIA DS3A
in peak Golgi fractions of sucrose density gradients was measured N 104 ;_* — + _;*
in the presence of the indicated amounts of Mn@k described b
under Experimental Procedures. Control samples contained no - _ _
MnCl,. Symbols are as in Figure 6. Data points are averages of : : . 1
duplicates; one of two independent experiments is shown. Data were o " = 0 = q

fitted as described in the legend to Figure 6, and had\alue of
0.99 in each case. The derived values gk are reported in the
text.

mutants, similar to the loss of &atransport observed in
Golgi fractions (Figure 4A). The D51A substitution caused
a significant decrease in Mh tolerance, suggesting a
reduction in Mi&" transport consistent with a reduction in
C&" transport (decreasednax and affinity) in this mutant.

In contrast, the D53A and D51,53A mutants were indistin-
guishable in MA*-tolerant growth from the wild-type control.
This was surprising, particularly for the double mutant, which
had only low levels of CH transport activity. It is possible
that the double mutant may be active in sequestering"™Mn
in the endoplasmic reticulum, where it is largely retained,
despite our inability to detect €apumping activity in ER-

Time (min)

Ficure 9: Trypsinolysis of Pmrl polypeptides. (Panel A) Golgi
membranes, containing (Hislagged Pmrl, were subjected to
limited digestion with trypsin for the times shown, under the
conditions described under Experimental Procedures. The topmost
panel indicates the addition of 5 mM ATP, prior to trypsin addition.
Membranes were separated by SEFSAGE and immunoblotted
using polyclonal anti-Pmrl antibodies, raised against a fusion of
the C-terminal one-third of Pmrl and bacterial TrdH)( The arrow
points to the ATP-protectable fragment at a molecular mass of 52
kDa, as judged by the migration of molecular mass markers,
indicated on the extreme right. (Panel B) Time course of digestion
of the 52 kDa Pmrl fragment in the presence of ATP. Western
blots showing the tryptic fragments generated by digestion of wild-
type (panel A) or mutant membranes (not shown) were scanned
and quantitated using MacBAS v2.31. Amounts shown are ex-
pressed as a percentage of the undigested full-length control Pmr1

containing fractions of the sucrose gradient. The data suggespPelypeptide, and data points were fitted by linear regression.

that the D53A substitution retains or enhances ?Mn
transport, despite a diminution in &atransport.

To further explore the ion specificity of the mutants, we
assessed the ability of Mh ions to compete with**Ca
transport in Golgi fractions (Figure 8). In wild type, Kin
was a potent inhibitor of°Ca transport, with half-maximal
inhibition occurring at 0.«M free Mr?*, under conditions
where**Ca was approximately 10-fold in excess of g

Inset: Western blot of membranes from wild type or mutant, as
indicated, in the absence-J or presence-) of ATP and trypsin,
incubated for 2.5 min.

raised against the C-terminal third of Pmrl, including the
ATP-binding domain 11). The 105 kDa Pmrl polypeptide
undergoes rapid cleavage to a 52 kDa intermediate that is
significantly stabilized in the presence of ATP (Figure 9 A).
The trypsin-sensitive site in Pmrl is likely to be in the

for Ca" (0.8 uM,; see Experimental Procedures). These data vicinity of the T, cleavage site described for the related

suggest that Pmrl is selective for Rnions over Ca&'.
Under identical conditions, the D51A mutation displayed a
Kos for Mn?* ions of 1.7uM, an 8-fold increase similar to
the change in th&y for C&" transport. In contrast, the
D53A mutation slightlydecreasedhe K, s for Mn?" ions to
0.09 uM, strongly suggesting that this mutant has an
increased affinity for transport of Mhions, relative to CH.
N-Terminal Mutations Alter the Stability of the C-Terminal
Half of the PolypeptideLimited trypsinolysis can be used
to probe polypeptide folding, and to monitor conformational

SERCA pump, approximately halfway within the protein
sequencedd). Trypsinolysis of the single and double point
mutants (Figure 9B), and of th®EF16 deletion mutant (not
shown), revealed an identical pattern of cleavage, including
ATP stabilization of the 52 kDa intermediate, indicating that
the gross conformation of the polypeptide was unaltered by
the mutations. Substitution of either of the aspartates had a
destabilizing effect on the 52 kDa polypeptide, suggestive
of long-range conformational coupling between the two distal
parts of the protein. However, it was noteworthy that the

changes upon substrate binding. Golgi membranes fromD51A mutation had a much greater destabilizing effect on

control orpmrl mutant strains were subjected to digestion

the ATP-binding proteolytic intermediate, relative to the

by trypsin, as described under Experimental Procedures, inD53A mutation (Figure 9B). This is striking, since both
the absence or presence of ATP. Western blots of the mutations had similar effects on biogenesis and trafficking
digested membranes were probed with polyclonal antibodies,to the Golgi, suggesting an overall similarity in protein



14540 Biochemistry, Vol. 38, No. 44, 1999 Wei et al.

folding and stability. Furthermore, because the D51A muta- protein resulted from the substitution of the phosphorylated
tion had a significantly smaller effect on th&, for Ca&" aspartate in the related yeast4ATPase, Pmal, as judged
(Figure 6), a general, nonspecific destabilizing effect of this by a dominant negative phenotype, complete retention of the
mutation on protein stability seems unlikely. We propose, mutant polypeptide in the endoplasmic reticulum, hypersen-
from these experiments, that the N-terminal domain of Pmr1 sitivity to trypsin, and absence of ligand-protectable tryptic
interacts with the C-terminal ATP-binding regions of the fragments 83).

protein to influence proteolytic stability, and that alterations  Introduction of the D51A and D53A mutations within the
within the N-terminal C& -binding motif are transmitted to  N-terminal EF hand-like motif had distinct functional effects

the catalytic domain. that were both novel and mechanistically intriguing. First,
mutations within the N-terminal C&binding motif increased
DISCUSSION the apparenky, for C&" transport substantially: 8-fold for

the D51A mutation and 11-fold for the D53A mutation. It
s particularly noteworthy that all of the mutations in SERCA
that significantly altered the affinity for Ca(>3-fold) were
located within transmembrane domains. Thus, over 200 point
mutations in the extramembranous regions of SERCA were
reported that did not alter the affinity for €atransport. In
this context, the observed effects of the Pmrl mutations
appear to be both specific and significant. Second, the two

P-type ATPases have been subjected to extensive mu
tagenesis, as exemplified by th00 site-directed mutations
in the sarco/endoplasmic reticulumTaATPase (reviewed
in refs4, 25. Major advances stemming from this work have
been the identification of cation-binding residues and inhibi-
tor sites within the transmembrane domains. Notably, mu-
tagenesis of the cytoplasmic N-terminal segment of SERCA

has not yielded information relevant to a functional role for mutations had differential effects on transport oPCéas
this domain in C&" transport. However, the identification measured by thi, for C&"), versus MA" (as inferred from
of metal-binding sites within the N-terminus of the soft Mn2* tolerant growth and I\/HT inhibition of C&* transport)

i + 2+ + :
metal-trans_portl!ng ATF;;'?‘SGS (QH .an_'r’] Hg™, Cldz ) Thus, replacement of the aspartate at position 51 was less
ATPases) implicates this region in either modulating or yejeterious to G4 transport than the corresponding substitu-
participating in ion transport. The presence of a putative yjon ot position 53. On the other hand, the DS1A mutant
Ca*-binding motif within the N-terminus of Pmr1, the yeast showed reduced tolerance to Krions. whereas the D53A
Golgi C&"-ATPase, provided an opportunity to investigate 1 iation did not. We conclude that the mutations have

the role of ion binding sites distal to the transmembrane pore. e rential effects on ion selectivity. Third, the two EF hand
Yeast mutant strains, with low endogenous pump activity, 1, tations altered the stability of the C-terminal half of the

have proven to be ideal for transport studies of Pnld),( Atpase, to widely different extents. While it is recognized
as well as for the heterologous expression of Gaumps that a point mutation may exert a nonspecific destabilizing
from plants and animal2g, 27. effect on the entire polypeptide, it is remarkable that
The canonical EF hand motif, originally described by mutations separated by one residue could have such strikingly
Kretsinger and colleagues2®), has two cooperatively  different effects. The similarities in expression levels, Golgi
interacting domains, each of which consists of two perpen- targeting, andVm,a for C&" transport between the two
dicularly placedo-helices (termed E and F) connected by substitutions argue against nonspecific effects of the D51A
an ion-binding loop. The unpaired EF hand motif, as seen mutation on the stability of the ATP-binding proteolytic
in Pmrl, although less well studied, is not without prece- fragment of the pump. Taken together, the data suggest that
dence. For example, €abinding by an unpaired EF hand-  the N-terminal domain interacts with the C-terminal half of
like motif has been reported for the HIV-1 envelope protein the ATPase, and that this interaction mediates the effects on
gp4l @9 and the vitronectin receptoB@). We note that ion transport observed in this study.
sequence analysis of more than 160 binding loops demon- To explain the modulatory effects of the N-terminal
strates that there is no Simple relationShip between |00p domain on ion transport, we propose a Working model in
sequence and the affinity or specificity of ion binding, and which high-affinity cation (calcium or manganese) binding
that the structural context and variability of noncoordinating by the EF hand-like domain is required for activation of the
residues must also be taken into acco@®.(Thus, visual ~ pmr1 pump, likely via interaction with the catalytic nucle-
inspection of a sequence is not a reliable prediction 3fCa  otide-binding domain. The complete loss of transport ob-
binding. The first question we considered, therefore, was served in the deletion mutants is consistent with this model,
whether the EF hand-like motif of Pmrl has’Gainding although we cannot rule out structural perturbations in these
ability. Here, we provide direct evidence that the N-terminal muytants. We suggest that substitution of the aspartates at
75 amino acids of Pmrl fused with glutathioB¢ransferase  positions 51 and 53 alters the affinity and ion selectivity of
bind C&", and that a mutation at Asp53 within the predicted the N-terminal site, resulting in concomitant changes in
EF hand-like motif alters Ca binding. activation of the pump. Thus, the observed shifts in the
A second question fundamental to this study was whether affinity for calcium or manganese transport might be a
the N-terminal C&'-binding motif in Pmrl is essential for  reflection of the titration of the N-terminal ion binding site,
C&" transport. The complete loss of transport activity in and of pump activation, rather than a titration of the transport
the four deletion mutants would suggest that it is, although site. This model predicts that the D51A mutation does not
it is difficult to rule out a nonspecific effect caused by alter the selectivity of the site, while the D53A mutation
structural derangements. However, it is clear that the overallincreases the selectivity for Mh over C&". The double
structure of the mutant proteins was preserved, since wemutation would be expected to be intermediate in ion-binding
observed ATP-protectable tryptic fragments identical to that properties. In the wild-type pump, the affinity of the
of wild type. In contrast, we note that grossly misfolded modulatory site for C& and Mr#" would be predicted to
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be higher than that of the transport site.

In conclusion, we show here that an N-terminal EF hand-

like

motif in Pmrl binds C& and that alterations to this

cation-binding site modulate pump activity and ion affinity.
A clarification of the mechanism of this modulation will

require a quantitative analysis of the properties of the

N-terminal ion-binding site.
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