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ABSTRACT

Ps-ATPases are membrane proteins that transport heavy metal ions across
biological membranes upon ATP-hydrolysis. These enzymes contribute to metal
homeostasis in archaeal, prokaryotic and eukaryotic cells. Typically, most Pjg-ATPases
have eight transmembrane segments, one or more metal binding domains in the
cytoplasmic N-terminal region and a series of amino acids conserved in all the members
of this family. By sequence homology analysis, the metal specificity for most ATPases
has been predicted. Here, we report studies on Pijg-ATPases from different organisms.

The first part of this work focuses in a group of ATPases from Arabidopsis
thaliana plants. Transcription levels of HMA3, 4 and 8 were analyzed in different plant
organs and in seedlings upon metal exposure. Tissue specificity was studied for HMAS
by generation of transgenic plants carrying a reporter gene downstream its promoter
region. Attempts to determine metal specificity of proteins expressed in yeast cells were
performed. Finally, in order to study the effects of removing the genes products from the
plants, HMA4 and 8 mutant plants were identified.

The second part describes a novel Pb-transport ATPase from a thermophilic
archaeabacterium, Aeropyrum pernix. This enzyme is predicted to have only six
transmembrane segments, no regulatory metal binding domains and unusual metal
specificity. PbTP was cloned, expressed in Escherichia coli and partially purified. The
enzyme retained its thermophilicity characteristics when isolated from its native lipid
environment. The metal dependent ATPase activity was determined in the presence of
different metals at 75°C. The enzyme was highly activated by Pb*" (Vmax: 23.6 pmol
Pi/mg/h) and to a lesser extent by Zn>", Hg*" and Cd*". Lead interacts with PbTP with
high apparent affinity (K;;: 4.6 uM). The enzymatic ATP hydrolysis was independent of
cysteine or glutathione, suggesting direct interaction of the metal ions with the

transmembrane transport sites.
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INTRODUCTION

Heavy metal homeostasis

Metal ions such as Cu2+, C02+, Zn2+, Fez+, Ni** and Mn*" represent essential
elements for living organisms. These ions are constituents of diverse protein molecules
and are required in trace amounts. For example, Cu®" is required for enzymes such as
superoxide dismutase, cytochrome ¢ oxidase and plastocyanin; Zn*" acts as a cofactor of
a number of enzymes and is also found in structural domains of several proteins (i.e. Zn-
finger domains) [1-3]. However, high concentrations of these metals as well as non-
essential ions such as Cd*", Ag" or Pb”>" have toxic effects in the cell. This toxicity is
conferred by the ability of some metals to form strong bonds with the side chains of
amino acids (for instance, with S and N atoms in Cys and His), or to cause oxidative
damage by generation of reactive oxygen species [1, 2]. Cells have evolved a series of
metal transport processes that prevent accumulation of metal ions in the free form and
simultaneously ensure the delivery of the ions to metalloproteins. Metallochaperones and

transmembrane transporters are involved in these processes [1, 4-15].

Chelation and trafficking of heavy metal ions

Metallochaperones mediate the intracellular metal ions distribution by binding the
metal and delivering it to specific target proteins. Chaperones form a family of soluble,
low molecular weight (~7 kDa) cytosolic proteins with key metal binding cysteines. It
has been proposed that, at least in yeast cells, there are no free copper ions [16],
suggesting that the cytosolic levels of this metal are tightly regulated. Cu" chaperones
have been identified both in eukaryotes and prokaryotes. These can be classified in three
main groups based on which protein they deliver the ion to: superoxide dismutase,
cytochrome oxidases or P-type ATPases. For example, in Saccharomyces cerevisiae CCS
delivers Cu” to Cu/Zn-superoxide dismutase [16-18]; Cox17 directs Cu  to the
mitochondria activating cytochrome oxidase [19, 20]; and Atx1 delivers the metal to a P-
type ATPase (CCC2) in Golgi [21]. The Atx1 human homolog, HAHI1, also delivers the
ions to the secretory system [22]. CCH and AtCox17 appear to be Cu-chaperones in
Arabidopsis thaliana [23, 24]. The prokaryotic homolog of Atx1, CopZ, has been



identified in Enterococcus hirae and Bacilus subtilis [25, 26]. Putative Atx1-like copper
chaperones are also present in archaeabacteria [27].

Several solution or crystal structures for apo- and metal-bound chaperones are
available [28-34]. All the Atxl-like chaperones show “ferredoxin-like” secondary
structures (BapPap) [29, 31, 33-35], containing a “MXCXXC” metal binding domain [29,
33, 36] which can bind copper with an stoichiometry of one metal ion per chaperone
molecule [21, 32, 37, 38]. Cu transfer from metallochaperones to metal binding domains
of target proteins and in some cases their interaction have been reported for HAHI, Atx1

and the bacterial CopZ [39-51].

Transport of heavy metals across biological membranes

A number of membrane proteins play a key role in heavy metal homeostasis by
transporting the ions across the cell membrane. ABC (ATP Binding Cassette), CDF
(Cation Diffusion Facilitator), Nramp (Natural resistance associated macrophage
proteins), ZIP (Zinc Regulated Transporter/Iron Regulated Transporter related Proteins)
and Pig-ATPases are among these gene families that transport heavy metal ions.

The ABC ATPases constitute a superfamily with a wide range of substrate
specificity that includes ions, antibiotics, sugars, peptides and lipids [14]. There is
evidence of Cd-phytochelatin complexes transport into yeast and plant vacuoles mediated
by ABC ATPases [52, 53]; also, some ABC proteins were suggested to participate in
plant iron homeostasis [54]. Members of the CDF family have been identified in bacteria,
archaea and eukaryotes. These 6 transmembrane fragments proteins transport Zn>", Co*"
and Cd*', and a role in Zn*" vacuolar sequestration has been suggested for plant
representatives [3, 14, 55-57]. Proteins of the ZIP family are involved in Fez+, Zn2+, Ni2+,
Mn®" and Cd** transport [3, 58-63]. The Nramp proteins have been involved in transport
of Fe**, Cu*", Co*", Mn”*" and Cd*" ions in prokaryotes and eukaryotes [14, 56, 64-68].

Pp-ATPases (also referred as heavy metal ATPases) are members of the P-type
ATPases superfamily, a large group of ATP-driven pumps involved in the transport of
various cations across biomembranes. P-type ATPases have been identified in archaea,
prokaryotes and eukaryotes, and some of them have been thoroughly studied [69-75].
Members of the P-type ATPase superfamily have been grouped in 5 subfamilies (I to V)



based on substrate specificity [76, 77] (http://www.biobase.dk/~axe/Patbase.html). For
instance, Py-ATPases include the well-characterized sarcoplasmic reticulum Ca*'-
ATPase, Na'/K'-ATPase, H' -ATPases and H' /K -ATPase [77].

A common feature to all P-type ATPases is the formation of a phosphorylated
intermediate during their catalytic cycle; and the existence of at least two conformations,
E; and E,, which are associated with ion translocation. The phosphorylation occurs
invariably in the aspartic acid residue present in the cytoplasmic DKTGT consensus
sequence. There is evidence supporting that Pig-ATPases enzymatic cycle is similar to
the cycle undergone by the P;-ATPases [78-82]. The proposed catalytic cycle for a heavy
metal ATPase is illustrated in Fig. 1. Briefly, ATP-Mg”" are bound to the enzyme in E,
state, the intracellular metal ion binds to the protein and the phosphorylation occurs. The
E; conformational state has intracellular facing cation binding sites and exhibits high
affinity for the metal ion and ATP. The E;P form can be dephosphorylated by ADP in the
reverse reaction. In the forward reaction, ADP is released and the metal ions are now
occluded. The ions leave the protein in the extracellular face upon a new conformational
change (E,.P). The protein is then dephosphorylated. Upon ATP binding to a low affinity
binding site the enzyme returns to the E; state initiating the cycle again [70, 80]. Another
common feature to all the P-type ATPases is the inhibition by vanadate. This compound

binds to the enzyme in the E, conformation, arresting the cycle in an E,.vanadate form

[83].

E, ‘7, E2.P47-> E, P(Me")
+

Pi Me',

Fig. 1. Scheme of Pig-ATPases catalytic cycle. E; and E, are the two conformational
forms of the enzyme. Subscripts i and o represent intracellular and extracellular
respectively; occluded ions are shown in parenthesis. Me": metal ion.



Ps-ATPases share the mentioned features of P-Type ATPases and they also show
novel ones: (a) Pig-ATPases contain six to eight transmembrane fragments (TMs); (b) the
sixth TM has a CPC, CPS, SPC, TPC or CPH (“xPx sequence”) upstream the
phosphorylation site (DKTGT); and (c) a variable number of putative metal binding
domains (CXXC or His-rich) in the amino terminal region [9, 84], although in some Pjz-
ATPases these domains are in the C-terminus or completely absent. A scheme of the

general topology of Pig-ATPases is shown in Fig. 2.
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Fig. 2. General topology of Piz-type ATPases. The transmembrane fragments are
represented as grey boxes. The concensus sequence containing the phosphorylation site is
indicated in the long cytoplasmic loop. xPx sequence in the sixth fragment and metal
binding domain in N-terminus are also indicated.

It has been proposed that the side chains of the residues in the CPC in the sixth
transmembrane fragment (TM6) would participate in the metal coordination and transport
[9]. This has been supported by experimental evidence for some Cu-ATPases [80, 85].
However, this motif would not be sufficient for metal specificity, as proteins with the
same xPx sequence in TM6 transport different metal ions. For instance, both the human

ATP7B and the E. coli ZntA proteins contain CPC in TM6, but they transport Cu'/Ag"



and Zn>"/Cd*"/Pb*" respectively [78, 86]. To investigate metal specificity determinants in
Ps-ATPases, Argiiello proposed a subdivision of these proteins based on signature
sequences present in TM7 and TMS8 [84]. These transmembrane fragments are
structurally equivalent to the fragments TM5 and TM6 of the Py-ATPases, which were
shown to be responsible for ion binding during transport [74, 83, 87, 88]. By alignment of
234 Pp-ATPases sequences, proteins were divided in groups IB-1 to 4 predicted to
transport: Cu'/Ag", Zn*"/Cd*'/Pb*", Cu*"/Cu'/Ag" or Co®" respectively; while other
proteins fell in two definite groups with non-predicted metal specifity (IB-5 and IB-6)
[84].

The role of the N- or C- terminus metal binding domains (MBD) is not
completely clear, but it has been postulated to be regulatory rather than required for ion
transport [80, 82, 89-92]. In our laboratory, it has been shown that mutations in the C-
MBD of CopA from A. fulgidus, had no effect on the enzymatic activity,
phosphorylation, E;-E, equilibrium or apparent binding affinities [80]. On the other hand,
mutations in its N-MBD did not affect E;-E, equilibrium, nor metal or ATP binding
apparent affinities, but decreased the E,.P dephosphorylation rate and therefore the
enzyme turnover (~40%) [80]. Similar results were obtained in our laboratory for the
Cu'*-ATPase, CopB, from A. fulgidus [82]. Removing the N-MBD of CopB affected the
enzyme activity by lowering the dephosphorylation rate [82]. Also in support of a
regulatory role, isolated N-MBDs from Wilson’s disease protein were shown to interact
with the ATP binding domain in a Cu-dependant manner [89]. Finally, some Pg-ATPases
do not have any metal binding domain in the cytoplasmic regions, suggesting that MBDs
are not essential for metal transport.

The relevance of Pp-ATPases in metal homeostasis is well illustrated when
analyzing the role of the human ones. Only two Pg-ATPases have been identified in
humans and both transport Cu’ outwards from the cytoplasm. Defects in ATP7A protein
lead to Menkes’ disease while defects in ATP7B protein results in Wilson’s disease. The
former one is associated with Cu’ deficiency in peripheral organs and central nervous
system due to reduced transport of dietary Cu’ across the basolateral membrane of
enterocytes. Menkes’ disease is usually lethal at an early age. On the other hand,

Wilson’s disease is characterized by intracellular accumulation of Cu' in liver, reduced



excretion through the bile and accumulation in other tissues, including brain. The
different clinical effects observed in Menkes’ and Wilson’s diseases are explained by
differences in tissue-specific expression of these proteins (ATP7A is predominantly
expressed in enterocytes and endothelium of the blood barrier; ATP7B is mainly
expressed in liver and to a lesser extent in brain, kidneys, placenta and heart) [86].

Here, we report studies on P-ATPases from different organisms. The work is
divided in two parts. The first one focuses in a group of ATPases from Arabidopsis
thaliana plants. The second part describes a novel Pb-transport ATPase from a

thermophilic archaeabacterium, Aeropyrum pernix.



PART I: PLANTS P13-ATPASES

Pig-ATPases in Arabidopsis thaliana

Eight putative Pjg-ATPases (HMA1-8) have been identified in A. thaliana by
sequence analysis. Four of them, HMAS5-8, are predicted to transport Cu’ and Ag';
HMAZ2, 3 and 4 are proposed to be Zn*"/Cd*"/Pb*"-ATPases; and HMA1 would be a
Co*"-ATPase [84]. The presence of Zn*'-ATPases in Arabidopsis is particularly
interesting since plants are the only eukaryotes with representatives from this group of
proteins.

Experimental evidence of a role of HMA6 and HMAS in Cu’ transport was
obtained by analyses of mutant plants [93, 94]. These plants exhibited a high chlorophyll
fluorescence suggesting that the photosynthetic electron transport was defective. It was
shown that in both mutants the Cu levels were normal in shoots but reduced in
chloroplast, and that the phenotype could be rescued by adding external Cu. The presence
of a functional chloroplast targeting sequence was also shown for HMA6 and HMAS
proteins. It has been suggested that HMAG6 localizes to the envelope and HMAS to the
thylakoids. Altogether, these results suggested that HMAG6 and 8 are implicated in Cu”
transport from the cytosol into the chloroplast [93-95]. From sequence analysis [84],
yeast complementation assays [96] and studies with mutant plants [96-98] HMAS and
HMA?7 have been proposed to transport Cu'. HMAS was proposed to have a role in Cu
detoxification in roots [98], while HMA7 is hypothesized to deliver Cu” to ETR1 (Cu
dependant ethylene receptor) in post-Golgi vesicles [96, 97]. Two proteins from subgroup
IB-2, HMA3 and HMA4, have been partially described. In mutant yeast cells, HMA3
expression rescued the Cd*"/Pb*"-hypersensitivity phenotype. In addition, the Cd** levels
in wild type and HMA3-expressing cells were similar. With this, a role in intracellular
Cd*" sequestration was proposed for HMA3 [99]. A similar approach was used to analyze
HMAA4, where complementation assays performed with mutant bacteria and yeast cells
suggested a role of this ATPase in Zn*" and Cd*" transport [100]. For HMA3 and HMA4
transcription levels in various organs were analyzed by RT-PCR showing different
patterns for these genes [99, 100]. HMA3-GFP fusions were observed at vacuoles [99]

suggesting a role in Cd/Pb detoxification. HMA4 tissue localization was analyzed by



fusion with a reporter gene, and shown to be expressed in vascular tissue of roots, stems
and leaves[101]. In our laboratory, characterization of HMA2 has been done [102].
ATPase activity was stimulated by Zn>" and Cd*" and to a lesser extent by other divalent
metal ions. Phosphorylation of the enzyme and characteristic inhibition by vanadate were
also shown. The direction of the transport was determined in yeast vesicles expressing
HMAZ2, suggesting a role of this protein in the efflux of Zn*" from the cytosol. This was
supported by the observation of Zn®" accumulation in Ama2 mutant plants. This
publication represents the first work where transport and activity assays were performed.
Furthermore, this represents the first experimental evidence for a Zn*'-ATPase in

eukaryotes.

Goals of this study

As it was mentioned above, Arabidopsis thaliana has eight genes encoding Pys-
ATPases. This number is strikingly high when compared, for instance, with human Pig-
ATPases. In addition, the plant transporters present more variety of substrates as there are
representatives of subgroups IB-1, 2 and 4 [84]. The questions that arise then are: why
does Arabidopsis have such a large number of heavy metal ATPases and why does it
have more than one that seems to transport the same metal ions (i.e. HMA2-4 and
HMAS-HMAS)? One possible answer to these questions is that different Pig-ATPases are
expressed in different parts of the plants and/or the cells, having distinctive functions
according to their localization. In this direction, this part of the work was focused on the
functional characterization of three of these proteins: HMA3, HMA4 and HMAS. To

accomplish this aim, individual goals were proposed:

e Determine metal specificity and biochemical parameters by expressing the
proteins in heterologous systems and determining ATPase activity in the presence
of different metals.

e Check for transcript levels of the genes in different organs and in plants exposed
to various metals by semiquantitative RT-PCR analysis and using reporter genes.

e Analyze the effects of removing the genes from Arabidopsis.



RESULTS

Bioinformatic analysis
The gene, cDNA, and protein sequences of HMA3, HMA4 and HMAS were

obtained from a database (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi). The gene
coding for HMA3 (At4g30120) is 3102 bp long, the resulting mRNA is 2283 bp long
distributed in 9 exons (Fig. 3). The protein length is 760 aminoacids and its molecular
weight is 81,950 Da. HMA4 gene (At2g19120) is 6778 bp long and encodes for a 9 exons
mRNA of 3519 bp long (Fig. 3). The protein length is 1172 aminoacids and its molecular
weight is 127,208 Da. HMAS8 gene (At5g21930) is 5593 bp long and encodes for a 2571
bp long mRNA of 17 exons (Fig. 3). The protein length is 856 aminoacids and its
molecular weight is 90,843.2 Da.

The general exon-intron distribution for HMA3 and HMA4 is similar, i.e. equal
number of exons, relatively long exon 9 and most of the introns are short compared with
exons length. The main difference between these two genes maps is the length of introns
1 and 2. It has been proposed that this similarity could have resulted from ancestral gene
duplication with subsequent additions or deletions [103]. On the other hand, the number

of exons in HMAS8 gene is larger and most of them are shorter than 100 bp (Fig. 3).
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Fig. 3 Exons-Introns map. Schematic representation of exons (black boxes) and introns
(gray boxes) for At4g30120 (HMA3), At2gl9120 (HMA4) and At5g21930 (HMAS)
genes.



A series of web-based prediction software is available to analyze putative
topology of membrane proteins, subcellular localization, secondary-tertiary structures,
etc. (http://au.expasy.org/). Here, we used two of these tools to predict the topology of
HMAZ3, HMAA4 and HMAS proteins: TMHMM
(http://www.cbs.dtu.dk/servicess TMHMM-2.0) and TMpred
(http://www.ch.embnet.org/software/TMPRED form.html). The three proteins were
predicted to have eight transmembrane fragments. Both HMA3 and HMA4 have a
relatively short N-terminus with no metal binding domains in them. While their C-
terminus is long compared to HMAS8 and contain putative metal binding domains
(CCSGCC for HMAZ3, 11 histidines stretch for HMA4). On the other hand, HMAS8’s N-
terminus is longer and has a CGGC sequence.

As mentioned before, Argiiello [84] has subdivided the Pjg-ATPases according to
the proposed transported metal based on consensus sequences in the transmembrane
fragments 7 and 8 (TM7 and TM&). These conserved residues contain side chain atoms
with ability to coordinate metals. Therefore, they are hypothesized to determine the
metal-specificity. Fig. 4 shows the sequence alignment of these fragments from HMA3
and HMA4 with representatives of Zn>*/Cd*'/Pb**-ATPases and HMAS with Cu'/Ag’-
ATPases. Zn>"/Cd*"/Pb>"-ATPases possess the signature sequence NX7KX020DXGX;N;
while in Cu+/Ag+-ATPases the conserved sequence in TM7 and TMS is NXsYNX4PXs.
25PXsMX5SSXeS.
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TM7 TM8

HM A2 VENVVI ST TMKGAI LALAFAGHPLI WAAV- LADVGTCLLVILNSMLLLSDK
HM A3 I ENVVLSVSI KGAI MVLGFVGYPLVWAAV- LADAGTCLLVI LNSMMLLRDE
HM A4 VENVCLSIILKAGI LALAFAGHPLI WAAV- LVDVGTCLLVI FNSMLLLREK
026511 RVNTGLTVAVKLSLAVLSVAGLVPLWVAVAVGDMGLSLFVI TNSLLLAR
P20021 KANI TFAI GI KITALLLVIPGWLTLWI AI - LSDMGATI LVALNSLRLMRVK
P37617 RQNI TI ALGLKGI FLVTTLLGMTGLWLAV- LADTGATVLVTANALRLLRRR
P94888 KQNI TFSLGI KLLALLLVI PGWLTLWI AI - VADMGATLLVTLNGLRLMKVK
Q59998 VQNI VLALGI KALFI ALGTI GLATLWEAV- FADVGVALLAI LNATRI - - AK
Q8R7E7 WENI LLALGVKI VVLALGALGVATMWEAV- FADVGVALLAVLNSLRLLNKK
P30336 KANI TF AT AT KFI ASLLVI PGWLTLWI AI - LSDMGATLLVALNGLRLMRVK
TM7 TM8
HMAS8 - QNLAWAIT AYNVI ST PI AAGVLLPQYD---FAMTPSLSGGLMALSSI FVVSNSLL
P18398 RQNFALAI GYNVI AVPI A----1LGYAT--- - - - PLVAAVAMSSSSLVVVFNALR
P32113 KQNLF WAFI YNTI GI P- - - - - FAAF---GF--LNPITAGGAMAFSSI SVLLNSL
029777 KQNI FWALI YNVILI PAAAGLLYPI FGVV---FRPEFAGLAMAMSSVSVVANSLL
P35670 RI NLVLALI YNLVGI PI AAGVFMPI - --GI V- LQP WMGSAAMAASSVSVVLSSLQ
P38995 KLNLFWALCYNI FMI PI AMGVLI PW---GIT-LPPMLAGLAMAFSSVSVVLSSLM
P77881 LI NLFWAFI YNVI GI PVAAGI FSAL---GFT-LSPELAGLAMALSSITVVLSSLL
Q04656 RI NFVFALI YNLVGI PI AAGVFMPI - - - GLV-LQP WMGSAAMAASSVSVVLSSLF
Q59467 KENLFWAFCYNSVFI PLACGVLYKA---NIM-LSPAI AGLAMSLSSVSVVLNSQR
Q9HJ30 KQNI T WATI SYNSALI PVAAGVLVPI FGAGI YSFLPMLAAFAMGMSSSTVVLNSIR
Q9S7J8 RLNYVFAMAYNVVSI PI AAGVFFPV---LRVQLPP WAAGACMALSSVSVVCSSLL

Fig. 4. Alignment of the TM7 and TMS8 of HMA3, HMA4 and HMAS with other
Zn**/Cd* /Pb**- or Cu'/Ag'-ATPases. Protein accession numbers are shown in the left
column. Horizontal bars indicate the spanning of TM7 and TMS8. Vertical bars highlight
conserved residues with potential metal coordinating side chains.

Isolation of cDNAs and cloning in bacteria and yeast expression vectors
In order to start the experimental analysis of HMA4 and HMAS, the cDNAs

coding for these proteins were cloned in bacteria and yeast expression vectors. HMA4
cDNA had been previously cloned in a bacterial expression vector (pBAD-TOPO) in our
laboratory.

To clone HMARS, total RNA was extracted from 4-weeks-old leaves, first strand
cDNA was obtained by reverse transcription and the cDNA was amplified by PCR with
specific primers (Fig. SA). In this amplification, restriction sites (Kpnl and Xhol) were
added at both sides of the sequence for further cloning in yeast expression system. HMAS8
cDNA was purified, ligated to pBAD-TOPO vector and TOP-10 E. coli cells were
transformed. The right size and orientation of the insert was checked by restriction

digestion (Fig 5B). To verify the absence of mutations that could have occurred during

11



the PCR as well as, the absence of shifts in the open reading frame HMAS8 cDNA was
fully sequenced using specific primers annealing to the sequence every 400 bp.

HMA4 and HMAS8 cDNAs were released by restriction digestion from the
HMAs-pBAD-TOPO constructs and subcloned in pYES2/CT vector at Kpnl/EcoRI and
Kpnl/Xhol sites respectively. These constructs were initially introduced in TOP-10 E.
coli cells and checked for right orientation by PCR and restriction digestion (Fig 5C and
5D). For this PCR screening, short fragments of the cDNA were amplified (about 1.5 kb
and 1.3 kb for HMA4 and HMAS respectively). Digestion of HMA4-pYES2/CT with
HindIII enzyme yielded two fragments of 3 kb and 6.4 kb, while digestion of HMAS-
pYES2/CT with Spel yielded fragments of 1.3 kb and 7.2 kb, as expected. Yeast cells
were transformed with the constructs by electroporation and transformants were selected

in media without uracil.
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Fig. 5. Cloning of HMA4 and HMAS8. HMAS8 cDNA (~2.5 kb) was amplified by RT-
PCR from leaves (A). Restriction digestion of HMAS8-pBAD-TOPO (B). HMA4 and
HMAS were subcloned in pYES2/CT vector, PCR screening and restriction digestion are
shown (C and D respectively). 1% agarose gels stained with ethidium bromide are
shown.
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Expression in heterologous systems
Expression assays were performed in TOP10 E. coli cells carrying the HMAS-

pBAD-TOPO contruct. This vector has an arabinose-inducible promoter and a
polyhistidine (6xHis) tag in the 3’ of the cloning site for immunodetection and
purification. The expression was induced for 2 and 4 hours by adding different
concentrations of arabinose at room temperature or at 37°C. The presence of HMAS
protein (~90kDa) was checked by western blot using an antibody against the His-tag. No
expression was detected in any case (not shown). HMA3 and HMA4 expression in
bacteria had been previously checked in the lab with similar results. So, expression of
these proteins was attempted in yeast. Both HMA4 and HMAS8 were successfully
expressed in this system (Fig. 6). A single band was detected for HMAS8 protein, while
for HMA4 extra bands of lower size were observed. These could be HMA4 degradation
products. Membrane enriched fractions were prepared for both proteins. ATPase activity
was measured in these fractions, but no activities over the background could be detected
(not shown). This result could be explained by the low levels of expression of each
protein and the high number of other ATPases present in yeast membranes. Attempts to

purify the proteins were unsuccessful (not shown).
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Fig. 6. Expression of HMA4 and HMAS8. HMA4 and HMAS were expressed in yeast
cells. Protein lysates from Uninduced or Induced cells were separated in 10% SDS-
PAGE, immunostained with AntiHis antibody. The bands corresponding to HMA4 or
HMAS are indicated by an arrow.

Organ specific expression
The presence in the plants of several proteins transporting the same metal ions

could be explained by different functions in planta. This could be a result of distinct
expression patterns at the tissue or subcellular level. Other possible explanation could be
that the transporters are differentially regulated, i.e. their expression varies upon diverse
stimuli. To investigate the expression pattern of the genes in the plant tissues,
semiquantitative RT-PCR was performed using total RNA from seedlings, roots, stems,
leaves and flowers.

The pattern observed for the three genes was different among them and from
other Zn**-ATPases and Cu'-ATPases analyzed in our lab, supporting the starting
hypothesis of differential expression in the plant. HMA3 transcript was detected only in
seedlings, while HMA4 was detected mainly in roots and to a lesser extent in seedlings,
leaves, stems and flowers (Fig. 7). HMAS8 was detected in all the tested organs, with
higher transcript levels in seedlings and leaves (Fig. 7). Similar results were obtained for

HMAS8 when the expression pattern was analyzed by northern blot (not shown).
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Fig. 7. HMA3, HMA4 and HMAS organ specific expression. Semiquantitative RT-
PCR was used to determine transcript levels of HMA3, HMA4, HMAS or the
transcription factor eEFla in the indicated organs of 6-weeks-old plants. 1% agarose gels
stained with ethidium bromide are shown.

To further investigate specific expression of HMAS protein, the promoter of its
gene was cloned upstream the reporter gene [B-glucurodinase (GUS) in the vector
pDESTG2. pDESTG2 is a GUS expression vector adapted to the Gateway cloning
technology. This system uses bacteriophage lambda-based site-specific recombination
instead of cloning with restriction enzymes and ligase. Genes are first cloned into the
“entry vector” and then subcloned (by recombination) into the “destination vector”.

In this work, a stretch of 2050 bp upstream the start codon of HMA8 mRNA was
amplified by PCR using the BAC T6G21 as a template (Fig. 8A). HMAS promoter region
was first cloned in the entry vector pENTR-D/TOPO. TOP10 E. coli cells were
transformed and checked for the construct by PCR and restriction digestion with BsrGI
enzyme that cuts at both sides of the insert (Fig. 8B). Then, the promoter was subcloned
into pDESTG2 by recombination reaction, TOP10 E. coli cells transformed and the
construct analyzed by PCR screening and restriction digestion with the BsrGI enzyme
(Fig. 8C). Finally, Agrobacterium tumefaciens cells (GV2260) were transformed with the
construct by electroporation and the colonies were screened by PCR to check for the

presence of the promoter sequence (Fig. 8D).

15



NG
A . s
§
]
. e
= , l
promoter — - promoter — i = '—2kb - .
. . promoter »n
C . s .
¥
- promoter — i __2kb
°e
promoter—» . —2kb promoter— == == __2kb

Fig. 8. Cloning of HMAS8 promoter in pDESTG2 vector. HMAS promoter was
amplified (2050 bp) by PCR (A). PCR screening and restriction digestion of promoter in
pENTR-TOPO (B) and pDESTG?2 (C) vectors. PCR screening of promoter-pDESTG2 in
Agrobactrium tumefaciens (D)

Arabidopsis thaliana plants were transformed with Agrobacterium tumefaciens
holding the construct HMAS8-promoter-pDESTG2 by floral dip as described in
Experimental Procedures. Two transgenic plants were identified in agar selective plates,
transplanted to soil, grown and checked for B-glucurodinase activity. As shown in Fig. 9,
both transgenic lines showed GUS activity in leaves, cauline leaves and flowers. These

results are in agreement with the pattern observed in RT-PCR studies (Fig. 7).
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Fig 9. GUS staining of transgenic plants. Leaves (upper panel) and cauline leaves
(middle panel) from plants untransformed (left) or two HMAS8-promoter-pDESTG2
transgenic lines (middle and right) are shown. A 20X magnification of a flower from a
transgenic line is shown (bottom panel).

Expression regulation by metals
As all the mRNAs were detected in seedlings, we further tested the effects of

exposing seedlings to different metals. In order to do this, seeds were plated in media in
the absence of metals (control) or in the presence 0.1 mM CuSO,, 0.5 mM ZnSO,, 0.25
mM CdCl,, 0.25 mM NiSO,, 0.25 mM CoCl,, 0.1 mM AgNO; or 0.5 mM MnCl,. Total
RNA was extracted from seedlings and RT-PCR was performed. HMA3 transcription
was induced upon treatment with Ag’, Co™ and Mn"*; HMA4 levels were increased by
Zn™, Cd™ and Ni™?; and HMAS transcription was up-regulated in seedlings grown in
Cu"*-containing media (Fig. 10). The effects observed for HMA8 and HMA4 are in
accordance with the metal selectivity proposed for these two ATPases (Cu'/Ag™ and

Zn**/Cd*"/Pb*>" respectively). However, it should be noticed that from this kind of
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experiments no conclusions about metal specificity can be drawn. To further demonstrate

metal specificity of these proteins biochemical determinations should be carried out.

C Ag' Cu? Co?* Zn?* Cd®* Mn?* Ni2*

A e

Fig 10. Expression regulation by metals. Semiquantitative RT-PCR was used to
determine transcript levels of HMA3, HMA4, HMAS or the transcription factor eEFla in
seedlings grown in plates with no metal (C); 0.1 mM Ag"; 0.1 mM Cu*"; 0.25 mM Co*";
0.5 mM Zn*"; 0.25 mM Cd*'; 0.5 mM Mn*" or 0.25 mM Ni*",

Screening of mutant plants
One approach to study protein function in an organism is to remove its gene

expression (also called, knock-out). In order to do this, seeds containing ~4.3 kb T-DNA
insertions (T3 generation) in the Pjg-ATPases genes under study were obtained from the
Arabidopsis Biological Resource Center (ABRC).

Seeds from line SALK 050924, with an insertion in the exon 4 of At2gl19110
gene (HMA4) or line SALK 037789 containing an insertion in the exon 8 of At5g21930
gene (HMAS) were studied. Seeds were grown in soil and homozygous plants for the
insertion were identified by PCR screening using genomic DNA as a template (Fig. 11).
Seeds (T4 generation) were obtained from these homozygous plants. The seeds were
grown in soil for 4 weeks, total RNA was obtained and semiquantitative RT-PCR was
performed using primers encompassing the region of the T-DNA insertion to confirm the

absence of HMA4 or HMAS transcripts (Fig. 11).
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Fig. 11. Exon-intron map and PCR screening of SALK lines. Upper panels show the
localization of the T-DNA insertion in the exon-intron map for HMA4 gene in the line
SALK 050924 (A) and HMAS gene in the line SALK 037789 (B). The annealing
position of the primers (a, b, ¢) used for PCR screening is also indicated. In bottom
panels left, 1% agarose gel stained with ethidium bromide shows PCR screening for WT,
heterozygous and homozygous plants. The pair of primers used in each lane is indicated.
In right bottom panels, RT-PCR from knock-out and WT plants (1 to 4 represent four
different plants from same line) using primers for HMA4 or HMAS.
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Mutant plants for both HMA4 and HMAS showed a similar macroscopic morphology to
wild type plants when grown in soil under normal conditions (i.e. no metal additions or
other treatment) (not shown). Further studies should be performed to determine how the
absence of these genes affects the plants under different treatments and at a microscopic

level.
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PART II: PbtP: a novel lead-ATPase from A. pernix

As mentioned in the Introduction section, typically, most Pig-ATPases have eight
transmembrane segments (TMs), one or more metal binding domains in the cytoplasmic
N-terminal region and a series of amino acids conserved in all the members of this
family. By sequence homology analysis of the last three TMs of Pjg-ATPases, the metal
specificity for most of these enzymes has been predicted [84]. Here we report a
thermophilic Pig-ATPase from Aeropyrum pernix with a novel metal specificity. Our
laboratory has been very successful with the characterization of other thermophilic
ATPases [80-82]. We have named the protein under study as PbTP (gene APE2571).
The interest in this enzyme arises from its particular structural features, as it is smaller
than other Pig-ATPases, it is predicted to have only six transmembrane segments and no

metal binding domains in N- or C-termini as represented in Fig. 12.
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Fig. 12. Predicted topology of PbTP. The transmembrane fragments are represented as
grey boxes. The consensus sequence containing the phosphorylation site is indicated in
the long cytoplasmic loop. CPS sequence in the sixth fragment is also indicated.

Another peculiarity of this enzyme is that when comparing PbTP amino acid
sequence with other reported ATPases, no metal selectivity can be assigned because it
lacks the characteristic conserved residues responsible for metal selectivity in the last

TMs [84]. As an example, the partial alignment of nine Zn/Cd/Pb-ATPases from different
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organisms together with PbTP is shown in Fig. 13. Only a few consensus amino acids in
the Zn/Cd/Pb-ATPases subgroup are present in TMs 5 and 6 of PbTP (compare with Fig.
4). Interestingly, two Asn residues (indicated with red dots in Fig. 13) which have been
shown to be critical for activity of a Cu-ATPase [104], are replaced by a Gly and Ala in
TM7 and TMS8 respectively. Another peculiarity of PbtP is the presence of a CPS
sequence in TM6. Altogether, it suggests that PbTP has an unusual metal specificity.

TMS5/7 TM6/8
o ®

PbTP AGLKAGLVAATI VKLAVITLGI GGSI PLWLVALLGDDGSTII GSVAAVAVILLT
HMA2 ---VENVVI SI TMKGAI LALAFAGHPLI WAAV- LADVGTCLLVI LNSMLLLSDK
HMA3 ---1TENVVLSVSI KGAI MVLGFVGYPLVWAAV- LADAGTCLLVI LNSMMLLRDE
HMA4 ---VENVCLSIILKAGI LALAFAGHPLI WAAV-LVDVGTCLLVI FNSMLLLREK
026511 ---RVNTGLTVAVKLSLAVLSVAGLVPLWVAVAVGDMGLSLFVI TNSLLLAR

P20021 ---KANITFAI GI KITALLLVIPGWLTLWI ATl - LSDMGATI LVALNSLRLMRVK
P37617 ---RQNITI ALGLKGI FLVTTLLGMTGLWLAV-LADTGATVLVTANALRLLRRR
P94888 ---KQNI TFSLGI KLLALLLVI PGWLTLWI AT - VADMGATLLVTLNGLRLMKVK
Q59998 ---VQNI VLALGI KALFI ALGTI GLATLWEAV-FADVGVALLAI LNATRI - - AK
Q8R7E7 ---WENILLALGVKI VVLALGALGVATMWEAV-FADVGVALLAVLNSLRLLNKK

Fig. 13. Alignment of the TMs 7 and 8 of Zn**/Cd**/Pb**-ATPases and TMs 5 and 6
of PbTP. Protein accession numbers are shown in the left column. Horizontal bars
indicate the spanning of TMS5 or 7 and TM6 or 8. Vertical bars highlight conserved residues
with potential metal coordinating side chains. @ Indicates non conserved residues in PbTP.

Goals of this study

The aim of this part of the work was to characterize PbTP. Identifying the metal
selectivity and catalytic activity of this small representative of Pig-ATPases could shed
light on the general mechanism of this family of proteins. In this direction, individual

goals were proposed:
e Express PbTP in E. coli.

e Determine metal specificity and biochemical parameters by measuring ATPase

activity in the presence of different metals.
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RESULTS

PbTP expression and purification
In order to characterize this enzyme, the cDNA coding sequence was cloned into

the bacterial expression vector pBAD-TOPO. The 67kDa protein was expressed in
Escherichia coli as described in the Experimental procedures section. Fig. 14A shows a
SDS-PAGE stained with Coomassie brilliant blue and the immunodetection of PbTP
using a specific antibody against the His-tag. PbTP was partially purified in an affinity
column (Fig. 14B).
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Fig. 14. PbTP expression and purification. PbTP was expressed in E. coli and partially
purified by affinity chromatography. Protein lysates from Uninduced or Induced cells
were separated in 10% SDS-PAGE, stained by Coomassie blue (A, left) or
immunostained with AntiHis antibody (A, right). The band corresponding to PbTP is
indicated by an arrow. CopA-His protein was used as a positive control for
immunostaining. Proteins from purification fractions were separated and stained as
before (B). Fractions: flow through (FT), washes 1 to 4 with 20mM imidazole and
elutions 2-6 with 150mM imidazole are shown (B).
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Both the levels of expression and purification were low. In order to improve them,
subcloning into different expression vectors was performed and expression was

attempted. No expression was obtained in any case (data not shown).

Metal dependent ATPase activity

To determine the metal specificity of PbTP, the ATP hydrolysis by the enzyme
was determined in the presence of various metals (Fig. 15). Interestingly, the enzyme
retained its thermophilicity characteristics when isolated from its native lipid
environment. The metal dependent ATPase activity was determined at 75°C. The enzyme
was highly activated by Pb*" (Vmax: 23.6 pmol Pi/mg/h) and to a lesser extent by Zn”",
Hg”" and Cd*". Another interesting feature is the activation by Hg*", to date no Pjs-

ATPase has been reported to transport this metal ion.
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Fig. 15. Activation of PbTP ATPase activity by different metals. ATP hydrolysis was
determined at 75°C using partially purified protein in the presence of the indicated metals
(10uM).
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The ATPase activity was also measured in membrane enriched fractions, in the
presence of different concentrations of Pb>" (Fig. 16). Lead was shown to interact with

PbTP with high apparent affinity (K;: 4.6 uM).

ATPase activity (nmol Pi/ug/hr)
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Fig. 16. Pb>" dependent-ATPase activity. ATP hydrolysis was determined at 75°C
using membrane enriched fractions in the presence of the indicated Pb** concentrations.

It has been previously shown that milimolar levels of thiolates such as cysteine or
gluthatione can activate some heavy metal ATPases [79, 81]. In order to determine if a
similar effect occurs with PbTP, the Pb**-stimulated ATPase activity was measured in the
presence of 20 mM cysteine (data not shown). The enzymatic ATP hydrolysis was
independent of cysteine, suggesting direct interaction of the metal ions with the

transmembrane transport sites.
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DISCUSSION

Plant heavy metal transport ATPases

The presence of numerous members of the Pig-ATPases family in Arabidopsis
thaliana makes it a very interesting system of study. Identifying the physiological role of
each of these proteins can provide information about evolution of these proteins in plants
as well as tools for future applications such as bioremediation. In this work we presented
evidence of distinct expression patterns and regulation by metals for HMA3, 4 and 8 by
RT-PCR (Fig. 7). Based on different localization, yeast complementation assays and
phenotypes in mutant plants, it has been proposed that HMA2 and HMA4 participate in
Zn transport from roots to shoots, HMA7 and HMAS8 in Cu delivery to
metallochaperones and HMAS in Cu detoxification in roots [93, 102, 105, 106].

HMAA4 transcription was observed mainly in roots and to a lesser extent in
seedlings, leaves and stems while HMA3 was only detected in early stages of
development. Using the same approach, other authors reported a similar pattern for
HMA4 [107] [99]. Interestingly, the same research group reported later that HMA4
expression was higher in flowers than other organs and HMA3 could be detected in
leaves and roots [105]. A plausible explanation for these contradictory results would be
that they studied HMA4 in two different A. thaliana ecotypes (Col-0 and Ws
respectively) and HMA3 from Ws ecotype. Distinct effects were observed on both Zn-
ATPases levels when the seedlings were grown in the presence of metals (Fig. 10) while
for HMAZ2 little or not effect was reported [102].

HMARS8 expression was detected in all the analyzed organs. These results were
confirmed by northern blot (not shown) and by the GUS expression pattern observed in
transgenic plants (Fig. 9). Recently, HMAS transcription was reported to occur in shoots
but not roots [93]. In agreement with other Cu-ATPases [98], we observed increased
transcription levels of HMAS in seedlings exposed to copper.

Finally, there is also evidence for different subcellular and tissue localization for

some of the Pig-ATPases in A. thaliana [93, 101, 105]
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Altogether, these results support the starting hypothesis of different roles in planta
determined by the specific spatial and/or temporal distribution. Similarly, the two human
Cu-ATPases differ in tissue-specific expression and therefore they show different
functions [86].

To date, actual metal specificity and transport has been shown only for HMA?2 in
our laboratory [102], in this direction protein expression in heterologous systems is the
first step towards the biochemical characterization of these enzymes. Here we obtained
expression of HMA4 and HMARS in yeast cells. So far, our attempts to measure enzymatic
activity were unsuccessful. This is not surprising if we consider the large number of
research groups who are working with eukarytic Pig-ATPases and the lack of reports on

biochemical characterization. Further efforts will be performed to study these proteins.

Archaeal heavy metal transport ATPases

Studies on enzymes from extremophilic organisms can provide insight into
determinants of protein thermostability. Aeropyrum pernix is an aerobic hyper-
thermophilic archaeon. It has been isolated from a thermal vent located in an island off of
Japan where it grows at temperatures around 90°C. PbTP shows particular features when
compared to other Pp-ATPases: it is a small protein with only six predicted
transmembrane fragments, it has a CPS sequence in its fourth TM, it shows no cytosolic
metal binding domains and its metal specificity could not be predicted by sequence
analysis [84].

In the present work, we cloned the coding sequence for PbTP into a prokaryotic
system, expressed and partially purified the functional protein (Figs. 14-16). Although the
lipid environment was changed (archaecon vs prokaryote), the enzyme conserved its
thermophilicity as it showed ATPase activity at 75°C. The highest PbTP ATPase activity
was observed in the presence of Pb>" (Vmax: 23.6 pumol Pi/mg/h). Lower levels of
activity were measured in the presence of other divalent ions (Zn®>Hg>>Cd*").
Comparable values have been reported for Pb**, Zn*"and Cd** for the E. coli Zn-ATPase,
ZntA [108].

In vivo, metal ions delivery to ATPases may be mediated by metallochaperones.

The chaperone role in vitro can be simulated by addition of thiolates in the reaction
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media. It has been shown that other studied P-ATPases require thiolates such as
cysteine or gluthathione to be fully active [81] [108]. In our case, PbTP did not show
changes in activity upon incubation with cysteine suggesting that the metal ions interact
directly with the transport site.

To our knowledge this is the first Pb>"-ATPase reported in archaebacteria, and the

first Hg”"-activated ATPase.
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EXPERIMENTAL PROCEDURES

Plant Growth
Arabidopsis thaliana (Ecotype Col-0) and T-DNA insertional mutant plants seeds

were surface sterilized for 1 min in 70% (v/v) ethanol followed by soaking for 5 min in
1.25% (v/v) bleach solution supplemented with 0.02% (v/v) Triton-X100. Vernalization
was induced by keeping the seeds at 4°C for 48 h before placing them in a plant growth
chamber at 22°C, 10,000-14,000 lux cool-white fluorescent light intensity under a cycle
of 14/10 h day/night. Seedlings were grown vertically on 2% agar, Murashige and Skoog
salt mixture with vitamins (GIBCO BRL, MD) supplemented with one of the following
metals: 0.5 mM ZnSOy4; 0.5 mM MnCl,; 0.25 mM CdCl,; 0.25 mM NiSOy; 0.25 mM
CoCly; 0.1 mM CuSOy; 0.1 mM AgNO; or no metal (control). Seedlings were collected
13-15 days after germination. Leaves, roots, stems and flowers were harvested from 6
weeks-old plants. For experiments with T-DNA insertion lines, leaves were harvested
after 2 or 3 weeks of growth for genomic DNA (gDNA) extraction or after 4 weeks for
RNA extraction.

HMAS cloning
Total RNA was obtained from 100 mg of 4-weeks-old leaves using the RNAeasy

Plant Mini kit (QIAGEN Inc, Valencia, CA) according to the manufacturer’s
specifications. The RNA integrity was verified with formaldehyde agarose gels [109].
First-strand cDNA was synthesized with Superscript Il reverse transcriptase (Invitrogen,
Carlsbad, CA) using oligodT(;s) primer and 2 pg total RNA. Second strand synthesis was
performed by polymerase chain reaction (PCR) using the first strand cDNAs as template
and forward and reverse primers corresponding to 5’ and 3’ ends of HMAS predicted
coding sequence (http://www.ncbi.nlm.nih.gov/entrez; Gene Bank Accession #:
AL589883). Forward primer: 5’-CCGGGTACCCCAATAATGGCGAGCAATCTTCTC-
3’; Reverse primer: 5’-GGCTCGAGCAAGCTATTTTTACTTGTTTCAG-3’. Using
these primers, the stop codon was removed, Xhol and Kpnl restriction sites were added in
57 and 3’ ends respectively and a yeast concensus sequence (AATA) was added upstream
the initiation codon for further cloning into yeast expression vector. The PCR conditions

were: 94°C 2 min; 15 cycles of 94°C 15 sec, 47°C 30 sec, 68°C 4 min followed by 25
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cycles of 94°C 15 sec, 47°C 30 sec, 68°C 4 min + 20 sec/cycle. The resulting cDNA was
purified and cloned into pBAD-TOPO vector (Invitrogen, Carlsbad, CA).

HMAS8 ¢cDNA was then sub-cloned into Xhol and Kpnl sites of pYES2/CT vector
(Invitrogen, Carlsbad, CA). This vector has a GAL1 promoter inducible with galactose,
for high level protein expression in Saccharomyces cerevisiae; C-terminal peptide
encoding for a polyhistidine tag (Hisg) for detection and purification of the expressed

fusion protein and URA3 auxotrophic marker for selection in yeast.

HMA3 and HMA4 cloning
HMA3 and HMA4 cDNAs had been previously cloned into pPBAD-TOPO in our

laboratory. Posterior sub-cloning into pYES2/CT vector was done using Kpnl/EcoRI
sites for HMA4. This construct was verified by PCR screening.

Cloning of HMAS promoter into pDESTG2 vector
A stretch of 2050 bp upstream the start codon of HMA8 mRNA was amplified by

PCR using the BAC T6G21 (kindly provided by the Arabidopsis Biological Resource
Center) as a template and specific primers (Forward: 5’-
CACCTGCTTGTCATCCTCATCCTTCTTGTT-3; Reverse: 5’-
GGCGAGACAGACGACGATAGTCAC-3’). The PCR conditions were: 94°C 2 min;
and 30 cycles of 94°C 1 min, 50°C 1 min, 68°C 4 min. HMAS8 promoter region was first
cloned in the entry vector pENTR-D/TOPO (Invitrogen, Carlsbad, CA) and then into
pDESTG2 by recombination reaction following the manufacturer’s directions
(Invitrogen, Carlsbad, CA). pDESTG2 vector was kindly provided by Dr. Elsbeth Walker
(University of Massachussets, Amherst, MA.). Competent Agrobacterium tumefaciens
cells (GV2260) were transformed with 100-500 ng DNA by electroporation (http://www-
yeastlab.vbiol.slu.se/WCN/elporAgro).
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Yeast transformation and expression of HMA4 and HMAS8
Yeast strain INVSc1 (genotype: MATa his3A1 leu2 trp1-289 ura3-52; Invitrogen,

Carlsbad, CA) was transformed with HMA4- and HMAS8-pYES2/CT constructs by
electroporation. The transformants were selected in uracil depleted SD media (6.7 g.I"
yeast nitrogen base, 1.92 g.l'1 yeast synthetic drop-out media without uracil (Sigma)
supplemented with 20 g.I' glucose). For expression assays, the cells were grown
overnight at 30°C in SD medium without uracil and the expression was induced by
addition of 2% galactose. Different expression times were studied. Protein concentration
was estimated by Bradford method [110]; equal amounts were loaded in 10%
polyacrylamide gels and separated by electrophoresis [111]. The gels were stained with
Coomasie Brilliant Blue or blotted onto nitrocellulose for immunostaining with Anti-His
antibody as the primary antibody (Santa Cruz Biotechnology) and horseradish peroxidase

conjugated antibody as the secondary one (Affinity Bioreagents, CO).

Screening of T-DNA insertion lines
Seeds carrying a 4393 bp T-DNA insertion in exon 4 of the HMA4 gene or in

exon 8 of the HMAS gene (lines SALK 050924 and SALK 037789 respectively) were
obtained from Arabidopsis Biological Resource Center (ABRC, Ohio). Genomic DNA
was extracted from one leaf of 2-3 weeks-old plant [112]. Briefly, a leaf disc was
macerated with plastic grinders (Scienceware, NJ) and 400 pl of extraction buffer were
added (200 mM Tris-HCI pH 7.5, 25 mM EDTA, 250 mM NaCl, 0.5 % SDS). This
homogenate was centrifuged for 1 min at 13000 rpm in a bench microcentrifuge, 300 pl
of isopropanol were added to 300 pl of the supernatant, left for 2 min at room
temperature and spun down for 5 min at 13000 rpm. The pellet was air-dried and
resuspended in 40 pl of TE buffer. 2 pl of this solution were used for PCR screening.
Homozygous and heterozygous plants for the insertion were identified by PCR
screening using two combinations of primers: a+b or a+c (schematic location of these
primers 1s shown in Fig. 11). Primers sequences a: 5’-
CCATACAAAGTCATGTGAATCCAA-3’ and b: 5’-
TGGTTATGTCTTTGCTTACCTGGA-3 for line SALK 050924; and a: 5’-
TGTGGGTTTCCGAAAAGAGTTATGA-3’; b: 5°- CAGCTATTGCATCTGCCAGCC-
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3’ for SALK 037789 line; ¢: 5°-GCGTGGACCGCTTGCTGCAACT-3’ for both lines.
The PCR conditions were: 94°C 2 min; and 30 cycles of 94°C 30 sec, 60°C 1 min, 72°C

1 min and 30 sec.

Semi-quantitative RT-PCR
Total RNA was extracted from seedlings and 6-week-old plants (leaves, stems,

roots and flowers) with the RNAeasy Mini Kit (QIAGEN, Valencia, CA). The RNA
integrity was verified with formaldehyde agarose gels [109]. First-strand cDNA was
synthesized with Superscript II reverse transcriptase (Invitrogen, Carlsbad, CA) using
oligodT ;) primer and 2 pg total RNA. Equal amounts of these cDNAs were used as a

template in the PCR reactions. Gene-specific primers were used for HMA3 (Forward: 5°-

GTCATCGTTCCTTCTAGAACCGTCATC-3’; Reverse: 5’-
GGATAAGACCAGCGGGACAACCAC-3), HMA4 (Forward: 5’-
CACCAGTTGCTACTTTCTGTGCAC-3’; Reverse: 5’-
CCGGTTTGTTTTTCATCGCTGC-3), HMAS (Forward: 5’-
AGACTCGCTATTGGTTTTGCCTGG-3’; Reverse: 5°-
TTCCAGCTTCACCATGTCCGA-3’) and the ubiquitous transcription factor eEFla
(Forward: 5’-AGGAGCCCAAGTTTTTGAAGA-3’; Reverse: 5’-

TTCTTCACTGCAGCCTTGGT-3’). The PCR conditions were: 94°C 2 min; 30 cycles
of 94°C 15 sec, 55°C 30 sec, 72°C 3 min; and a final extension of 3 min at 72°C. The
number of cycles was chosen after an optimization step where 20, 25, 30 and 35 cycles
were assayed. In the RT-PCR for T-DNA insertion lines the same PCR conditions were

used.

Generation of transgenic plants
Arabidopsis thaliana plants were transformed with Agrobacterium tumefaciens

holding the construct in pPDESTG2 vector by floral dip as previously described [113].
Briefly, Agrobacterium tumefaciens strain carrying HMAS8 promoter in pDESTG2 vector
was grown overnight, spun down and resuspended to ODgy¢~0.8 in 5% sucrose solution.

Silwet L-77 (Lehle Seeds, Round Rock, TX) was added to a concentration of 0.05% and
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above-ground parts of plant were dipped in the Agrobacterium solution for 2 to 3 seconds
with gentle agitation. For 24 h the plants were placed under a plastic dome to maintain
high humidity and then grown normally. Seeds were harvested, placed in agar selective
plates (containing 50 ug/ml Kanamycin), cold treated for 48 h and grown in plant
chamber for 7-10 days. Putative transformants plants were then transplanted to soil,

grown and checked for the presence of the expression product (GUS activity).

GUS staining
Arabidopsis thaliana transgenic plants showing B-glucurodinase activity under

HMARS8 promoters were generated. The histochemical assay to screen for the expression
of GUS activity was carried out as previously described [114]. Briefly, plant tissue was
incubated in the reaction buffer containing 50 mM NaH,PO4 pH 7, 0.01 % Tween 20, 10
mM NaEDTA, 0.5 mM Kj3Fe(CN)s, 0.5 mM K4Fe(CN)s and 0.3 % w/v 5-bromo-4-
chloro-3-indolyl glucuronide (X-gluc) as a substrate for the enzyme. After incubation
overnight at 37°C the tissues were briefly discolored with ethanol and screened for blue

staining (GUS activity indicator).

PbTP Cloning
The DNA coding sequence for PbTP from Aeropyrum pernix was previously

cloned into pBAD-TOPO vector (Invitrogen, Carlsbad, CA) in our laboratory; using
specific primers. The sequence was confirmed by automated DNA sequence analysis

(Macrogen Inc., Korea).

PbTP expression
E. coli cells transformed with PbTP-pBAD-TOPO were grown in 2XYT media

containing 100mg/l ampicillin at 37°C. Protein expression was induced with 0.02%
arabinose at an optical density (OD 600nm) of 0.6. After 3 hours induction at 37°C, the
cells were harvested by centrifugation at 5000xg for 15 min, washed with 25mM Tris-

HCI pH 7, 100mM KCI and the pellet stored at -80°C until further processing. Expression
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was detected by immunostaining using specific anti-His (Affinity Bioreagents, CO)

antibody after separating the proteins in 15% polyacrilamide SDS-page gel.

PbTP purification
The frozen cells were resuspended in Buffer A (25mM Tris-HCI pH 7, 100mM

sucrose, ImM PMSF) to 0.4g cells/ml and disrupted in a beads beater (6-8 cycles 30sec
ON/ Imin OFF). The cell lysates were incubated with 0.02mg/ml DNAse I and 2mM
MgCl, for 30min at 4°C and centrifuged at 9600xg for 30min. Then, the supernatants
were ultracentrifuged at 229000xg for lh. The resulting pellet (membrane enriched
fraction) was resuspended in buffer A and the proteins solubilized by gentle stirring for
1h with 0.75% DDM at 4°C. The soluble fraction was separated from the pellet after a
new round of ultracentrifugation. PbTP was purified in a Ni-NTA column (Invitrogen,
Carlsbad, CA) following the manufacturers’ indications. The imidazole was removed by
size exclusion chromatography (Sephadex G-25) using buffer B (25mM Tris-HCI pHS,
50mM NaCl, ImM DTT)

PbTP ATPase activity assays
Metal dependant ATPase activity was measured in 10pg of membrane enriched

fractions or 2-2.5ug purified protein for 10 minutes at 75°C. Briefly, the reaction mix
contained 50mM Tris-HCl pH7.5 (at room temperature), 3mM MgCl,, 3mM ATP,
400mM NaCl and the indicated amount of metal. For Pb"™ determinations, nitrate salts
were used instead of chloride ones to avoid PbCl, precipitation. For purified protein
determinations, the reaction also contained 0.01% asolectin and 0.01% DDM. P1i release

was measured using the malachite green method as previously described [115].
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