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ABSTRACT: ZntA, a Rg-ATPase transporter frofscherichia colimediates resistance specifically to?Pb

Zn?*, and Cd* by active efflux. ZntA has a hydrophilic N-terminal domain that binds one metal ion.
This domain,~120 residues long, contains the GXXCXXC motif that has been shown to be the binding
site for metal ions such as Cwand Z#" in Pis-type ATPases, and an additional cysteine-rich motif,
CCCDGAC. We report here that binding of Pband Cd* to this domain produces changes in the
absorbance spectrum in the 25000 nm range indicative of metathiolate charge-transfer complexes.
The spectral changes indicate that only two cysteines are ligandstoid three or more cysteines are
involved in binding PB'; this confirms earlier results that the GXXCXXC sequence is not sufficient to
bind PBB*, which likely involves residues from the CCCDGAC motif. The absorbance changes were used
to measure metal binding kinetics of the N-terminal domain using stopped-flow techniques. Binding was
described by simple second-order kinetics with a rate constantf ~10F—10" M~1 s71, at 4°C. The
activation energy of binding is similar for both Ptand Cd*; however, the entropy change is greater for
PB?+. The surprisingly large rate constant for metal binding to the N-terminal domain of ZntA, compared
to its low turnover rate, indicates that this step is not rate limiting in the overall transport mechanism.
These results, in conjunction with earlier studies, suggest that metal binding to the transmembrane site in
ZntA or metal release from the transporter is the slow step in the reaction cycle.

P-type ATPases catalyze the ATP-dependent translocationZntA is ~120 amino acids long and binds a single soft metal
of positively charged substrates across membrak)e$lfeir ion (21). In addition to a single copy of tliREGXXCXXC62
name refers to the formation of an acyl phosphate intermedi- motif, it has the moti??CCX(D/E)XXC®; the latter motif
ate during the reaction cycle, when th@hosphate of ATP  is conserved in a few close homologues of ZntA, notably
is transferred to a conserved aspartate residygtyPe those fromSalmonella typhandKlebsiella pneumoniaéhe
ATPases, a subgroup of this family, transport soft metal ions NMR structure of part of the N-terminal domain of ZntA,
such as PY, zZn**, C#t, Co?", CW#t, Cuf, and Ag" (2— containing residues 46 to 118, was solved with and without
16). These transporters play important roles in maintaining Zn?>* bound to it; this protein contained tR&MDCAACS2
homeostasis of essential soft metals and also mediatemotif but lacked th&®CCX(D/E)XXC? sequence?3). The
resistance to purely toxic metals in bacteria and plants by Zn?* site was solvent-exposed; Znwas bound in tetrahedral
active efflux. Humans have two Guransporting s-type coordination to the two Cys residues and the carboxylate
ATPases, defects in which cause Menkes' and Wilson's oxygens of the Asp residue from tR%&MDCAAC®? motif.
diseasesg—8). ZntA, the focus of this study, is aftype We recently showed that while t88GMDCAAC®? motif is
ATPase fromEscherichia colithat confers resistance specif-  sufficient for binding Cé&" and Zi#" to the N-terminal
ically to toxic concentrations of Cd, P¥t, and Zrt*, by domain of ZntA, the binding of P requires, in addition,
transporting these metal ions out of the cytopladt11). the first forty-five residues of ZntA containing teCCX-

Most Pig-type ATPases have a highly conserved hydro- (D/E)XXC3 motif (21).
philic soft-metal binding N-terminal domain; this is a feature  while it is clear that the N-terminal domain ofPtype
that distinguishes them from other subgroups of P-type ATPases can bind soft metals with high affinity, its function
ATPasesZ—4, 17—21). This metal-binding site in f-type in the overall transport mechanism is yet to be unequivocally
ATPases that are specific for transporting"@g* or Zr?*/ determined. Full-length ZntA has two high-affinity metal
P?*/CcP* is made up of the cysteine-containing motif, pinding sites, one in the N-terminal domain, and one in the
GXXCXXC, repeated one to six times depending on the transmembrane domai@4). A mutant of ZntA lacking the
particular transporte6(-8, 22). The N-terminal domain of  N-terminal domainAN-ZntA, as well as a different mutant
in which the two cysteines of tf&GMDCAAC®? motif were
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the three substrate metals. Chimeric proteins, in which the ous metal salts; the estimated final metal content of buffers
N-terminal domain of ZntA was replaced by the correspond- was < 50 nM. Buffers were deoxygenated by flushing with
ing domain from the Wilson’s Cu transporter, showed argon.
similar behavior 26). The same result was also observed in  Purification of N1-ZntARecombinant N1-ZntA, contain-
vivo (21). A zntAdeleted strain carrying the mutaniN- ing residues +111 of ZntA, was expressed in the pET-16b
zntA gene on a plasmid was able to grow in a medium plasmid without any affinity tags and purified as described
containing PB", Zr?*, and Cd", but the growth rate was  before @1). The concentration of N1-ZntA was determined
rather slow, placing it at a significant disadvantage relative by using an extinction coefficient of 1.14 (mg/mit)at 280
to azntAdeleted strain carrying thetzntAgene on a plasmid  nm, determined from total amino acid hydrolys&l),
when exposed to toxic concentrations offRPbzn?*, and Direct and Competition Titration of N1-ZntA with Pb
Cc?t. Thus it appears that though the metal-binding site in and Cd*. UV —vis studies were carried out in a Varian Cary
the N-terminal domain is not essential for in vitro activity, 1E double beam spectrophotometer. Metal-free, reduced N1-
it confers a kinetic advantage on the transporter. ZntA and ZntA was prepared by treating—=2 mg of protein with 2
other Rg-type ATPases have overall catalytic rates that are mM DTT and 5 mM EDTA at £C for 1 h. DTT and EDTA
much slower than P and R-type ATPases1(5, 27). It is were removed by passage through two consecutive Sephadex
not yet known with certainty which individual step(s) in the G-25 columns. The reduced protein was stored under
overall mechanism of i8-type ATPases is intrinsically slow.  anaerobic conditions and used withir-2 h. The reduced
However, earlier work where we monitored the acyl phos- state of the protein was confirmed by measuring available
phate formation activity of ZntA suggested that metal binding free cysteines using a standard titration with' Sifhiobis-
to the transporter, and/or its release, is the slow s2& ( (2-nitrobenzoic acid) (DTNB) 29). Titration with lead

In this study, we measured the kinetics of metal binding acetate or cadmium chloride was carried out with deoxy-
to the isolated N-terminal domain of ZntA, N1-ZntAOur genated metal salt and protein solutions under argon at 4 or
hypothesis, supported by the results from thN-ZntA, 22 °C in 10 mM BisTris, pH 7.0. Aliquots of either lead
C59A/C62A-ZntA, and the chimeric mutants, is that the more acetate or cadmium chloride solutions were added from a
solvent exposed N-terminal site binds the metal ion to be gastight Hamilton syringe to reduced N1-ZntA in a sealed
transported by rapidly exchanging it from tightly bound cuvette. Following each addition, the solution was mixed
chaperones and chelators and subsequently passes it to theell and the spectrum of the metal-bound protein was
metal-binding site in the membrane. The metal-binding site collected from 200 to 750 nm. The same aliquots of the metal
in the membrane is able to bind metal ions directly from the salt solutions were also added to the reference cuvette in
cytosol, sinceAN-ZntA and C59A/C62A-ZntA both retain  which protein was omitted. The spectrum of apo-N1-ZntA
one intact high-affinity metal site, but the process may be was subtracted from each spectrum recorded; the latter was
less efficient. Thus, the N-terminal domain may act as a also corrected for dilution.
covalently attached metal chaperone that binds metal ions Kinetic Analysis of Metal Binding to N1-ZntAhe rate
from the cytosol and concentrates them locally for faster of metal binding to N1-ZntA was measured in a stopped-
transfer to the transport domain. The small enhancement offlow spectrophotometer (Applied Photophysics, SX 18.MV)
rate due to the N-terminal domain may be crucial for survival at 4 °C. Metal-free, reduced N1-ZntA was prepared as
of the organism at the metal ion concentrations in its native described above and loaded in one syringe. The second
environment and may have dictated why it has been syringe contained the appropriate concentration of the metal
conserved in many, but not all;gtype ATPases. salt solution prepared in metal-free and deoxygenated buffer.

We took advantage of charge-transfer complexes that areThe buffer used in all stopped-flow measurements was 10
formed when PB and Cd* bind to N1-ZntA, to measure MM BisTris, pH 7.0. Special care was taken to ensure that
metal binding rates in a stopped-flow spectrophotometer. the syringes and tubing were completely metal-free before
These complexes, with distinct absorbance spectra in thethe start of the experiment. The binding of metal to N1-
250-400 nm range, as well as peaks with high extinction ZntA was measured by monitoring the increase in absorbance
coefficients, provide an extremely useful intrinsic tool to at 339 or 255 nm for PY and at 253 nm for Cdt. The data
measure metal binding kinetics using stopped-flow tech- were fitted to single and double exponential fits when the
niques. By measuring the formation of the charge-transfer conditions were pseudo-first-order with the concentration of
peaks with time when metal is added to N1-ZntA, we one reactant greater than 5-fold that of the other. The data
determined that metal binding is described by simple second-were also fitted by numerical integration to a simple second-
order kinetics and the rate constant for metal binding is order equation using the Pro/K software supplied by Applied
surprisingly fast, especially in comparison to the low overall Photophysics.

catalytic rate of ZntA. The dependence of initial rates on the concentration of
metal salts was measured by varying the metal salt solution
EXPERIMENTAL PROCEDURES at a fixed protein concentration. Similarly, the dependence

Materials. Standard metal stock solutions were purchased of initial rates on the concentration of N1-ZntA was measured

from Sigma. Buffers and water used in these experiments by varymg'the prqtem concentration at a fixed metal sa.lt

were passed through Chelex 100 (Sigma) to remove extrane Soncentration. Initial rates were calculated from the data in
the range where the concentrations of both protein and metal

ion were constant, and no significant amount of the complex

1 Abbreviations: DTNB, 5,5dithiobis(2-nitrobenzoic acid); EDTA, had accumulated

ethylenediaminetetraacetic acid; N1-ZntA, residuesl1l of ZntA,; ’ -

SDS-PAGE, sodium dodecy! sulfate polyacrylamide gel electrophore- 1 he temperature dependence of the binding of metal salts

sis. to N1-ZntA was measured by varying the temperature from
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Ficure 1: (A) Absorbance spectrum of the complex between N1-ZntA and lead acetate in 10 mM BisTris, pH 7.0°@xd &6 spectrum

due to metal-free, reduced N1-ZntA alone has been subtracted. (B) Spectra obtained during titratipgsMoN2ZntA with increasing
concentrations of lead acetate in 10 mM BisTris, pH 7.0 and@0The spectrum of metal-free, reduced N1-ZntA was subtracted from

each spectrum. The inset shows the absorbance changes at 339 nm as a function of the added lead salt concentration. The data were fitted
to eq 1.

4 °C to 20°C. The same protein and metal concentrations this value was used to calculate the freé'Rtoncentration
were used at the different temperatures; the metal concentrain the fit of the data in Figure 1B (inset3§). An association

tion was~5-fold the protein concentration. constant of 2.8+ 0.9 x 10°® M~! was calculated for the
binding of N1-ZntA to PB", in 10 mM BisTris, pH 7.0, and
RESULTS at room temperature.

Binding of Cd" to N1-ZntA also produces U¥vis
spectral changes with a peak centered-a63 nm (Figure
2A). By titrating N1-ZntA with increasing concentrations
of CcPt, we measured an association constant for the binding

Pk?*-Thiolate and Cé"-Thiolate Charge-Transfer Com-
plexes on Metal Binding to N1-ZntAl1l-ZntA can bind a
variety of heavy metal ions, including Ph with a stoichi- . L

. : of C?* to N1-ZntA, 6.4+ 4.3 x 10° M~1in 10 mM BisTris
ometry of one 21). When PB' binds to N1-ZntA, intense ' . D
lead—thiolate charge-transfer bands are observed at 255 andOH 7.0, at room temperature (Figure 2B). The association

it . constant for the binding of Cd for BisTris, 295 M™%, was
?sg_gg that reflect the N1-ZntR™ complex (Figure 1A) used to calculate the free &dconcentration in fitting the

data in Figure 2B (inset)36).

) + o N1 DIt The affinity of PE" and Cd" for N1-ZntA was also
N1-ZntA + Pt N1-ZntA-PY determined at 4C by direct titration. We obtained associa-
The charge-transfer peaks at 255 and 339 nm were usefufion constants of 2.3 10°and 5.1x 10" M~ for the binding
for measuring the relative affinity of Pbfor N1-zntA. A~ ©f P and Cd", respectively, at 4C; these values are not
titration of N1-ZntA with increasing concentrations of lead Significantly different from those at 2€C. _
acetate is shown in Figure 1B. The data were fitted to the The Rate of Binding of Metal lons to N1-ZntA Using
following equation that assumes a 1:1 binding model (inset, Stopped-Flow KineticsUsing the changes in absorbance

Figure 1B): produced when P and Cd' bind to N1-ZntA, we
measured the rates of metal binding using stopped-flow
[Nl—ZntA-Pb”] kinetics. Figure 3A shows the changes in absorbance
Pb— or 1) produced at 255 nm upon addition of a 5-fold molar excess
[N1-ZntAree][PD™ (ree) of PI?* to N1-ZntA at 4°C in 10 mM BisTris, pH 7.0. The

o data fit well to a two-exponential equation describing pseudo-
whereKp, = association constant of N1-ZntA and®and first-order kinetics; however, the amplitude of the smaller

[N1-ZntA-PB*] = concentration of the complex obtained injtial rate was such that it accounted for less than 3% of

from the increase in absorbance and extinction coefficient he total absorbance change. It was, therefore, not considered

at 255 nm following each addition of Ph significant. The fit of the data yielded an observed rate of
481 st

Figure 3B shows the change in absorbance produced at
" N N 253 nm upon addition of 5 equiv of €dto N1-ZntA at 4
[PK? (free) = [PB* e — INL-ZNtA-PIF ] — °C in 10 mM BisTris, pH 7.0. As the figure indicates, these
[BisTris-Pb2+] data also fit well to a two-exponential equation; the amplitude
of the smaller initial rate was such that it accounted~$&26
BisTris was chosen as a buffer because it forms a stable ancPf the total change in absorbance. The fit yielded an observed
soluble complex with PY and prevents formation of lead  rate of 299 s*.
oxide and other insoluble specie84). The association Dependence of Initial Rates on Protein and Metal lon
constant for the binding of Pb to BisTris is 20 893 M?1; ConcentrationsThe initial rates for binding of metal ion to

[NL-ZNtA gee] = [N1-ZNtA] oy — [N1-ZNA-PE]
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Ficure 2: (A) Absorbance spectrum of the complex between N1-ZntA and cadmium chloride in 10 mM BisTris, pH 7.0 @dT2@
spectrum due to N1-ZntA alone has been subtracted. (B) Spectra obtained during titratiQqeddNABZntA with increasing concentrations

of cadmium chloride in 10 mM BisTris, pH 7.0 and 20. The spectrum of N1-ZntA was subtracted from each spectrum. The inset shows
the absorbance changes at 253 nm as a function of the added cadmium salt concentration. The data were fitted to eq 1.

0.35 0.35
0.3 0.3
£ E
0 0.25 = 0.25
& I & I
Iy &
S 0.2 S 0.2
c c
© [
£ £ I
S 0.15 S 0.15
0 7]
2 -}
< <
0.1 0.1
0.05 . . .
0.001 0.01 04 005 0.61 0.1
Time, s Time, s

Ficure 3: Changes in absorbance with time when 5 equiv of (A)

binding kinetic data can be described by a simple second-
order equation:

N1-ZntA + M?* %— N1-ZntA-M** (2)

The rate constant,,, for the binding of PB™ and Cd*
were determined from the initial rate data in Figure 4. In
addition, k., was also determined by fitting the kinetic data
to eq 2 directly, using numerical integration software (Pro/
K) supplied by Applied Photophysics. The numerical inte-
gration method also gave rise to excellent fits as judged by
plots of residuals (data not shown). The values obtained for
kon for P*t and Cd™ were ~6 and 4 x 10° M1 s

lead acetate or (B) cadmium chloride was added to reduced, metal-respectively.

free N1-ZntA under anaerobic conditions in 10 mM BisTris, pH
7.0, at 4°C. The concentration of N1-ZntA used was (A) 12M

or (B) 11.2uM. The lines represent two-exponential fits to the data

starting from 2 ms.

0.002 0.002

0.0015

0.001

Initial rate, M/s

0.0005

80 120 0 20 40 60 80
[M*'], uM [N1-ZntA], pM
FIGURE 4: (A) Dependence of the initial rate of binding®H®)
and Cd*™ (O) on the metal ion concentration at 4C. The
concentration of N1-ZntA was kept fixed at 12.7 and 1AN2 for
P+ and Cd*, respectively. (B) Dependence of the initial rate of
binding PB* (®) and Cd* (O) on the protein concentration at 4
°C. The concentrations of Pbhand Cd" were kept fixed at 7.8
uM in both cases.

0 40

N1-ZntA increased linearly with metal ion concentrations
at a fixed protein concentration (Figure 4A). The initial rates

Temperature Dependence of the Reaction RAi@sbtain
activation energy parameters for the binding of metal ions
to N1-ZntA, we measured the rates ofPland Cd" binding
to N1-ZntA at different temperatures ranging from 4 to 20
°C. For these experiments, the metal was in 5-fold excess
over the protein concentration. The data were fitted either
to a two-exponential equation, assuming pseudo-first-order
conditions, or directly to the second-order eq 2, as described
above. Both fits yielded similar values &f,. As shown in
Figure 5A,kon increases with temperature for the binding of
both PB™ and Cd". The data from Figure 5A was replotted
as InK/T) versus 1IT (Figure 5B) and fitted to a linear form
of the Eyring equation,

k., = (ka/N)T expAS/R) exp(—AH/RT)

where kg, the Boltzmann constant, equals 1.38 10716
ergK™% h, Planck’s constant, equals 6.62410 % ergs;

and R is the gas constanAS' and AH*, the changes in
entropy and enthalpy, were calculated from the intercept and
slope of the INK/T) versus 1T plot, respectively. The
activation energyAG¥, at 25°C, was calculated from the
relationship

AG" = AH* — TAS

also showed a linear dependence on protein concentration
at fixed metal concentrations (Figure 4B). Thus, binding of At 25 °C, AH* andAS' for ko, were 18.1 kJ/mol ane-48.4

P** and Cd" to N1-ZntA is simple first order in each

J/(K-mol), respectively, for the binding of Pbto N1-ZntA.

protein and metal ion concentration. Therefore, the metal The corresponding\H* andASf for the binding of Ca" to
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ZntA are likely to be involved in binding Pb. The signature
metal-binding motif of Ps-type ATPases, GMDCAAC,
contains only two cysteine residues. The only other cysteine
residues in N1-ZntA are part of tBeCCCDGAC® sequence.
We have recently shown that the first forty-five residues of
ZntA including this sequence are required for binding of'Pb

to N1-ZntA, but not ZA" or CcP* (21). Taken together, these
results strongly suggest that one or more cysteines from the
2%CCCDGAC® sequence acts as ligands foPPm addition

to the cysteines in the GMDCAAC motif.

The binding of Cé" to thiolates in peptides also produces
charge-transfer complexes, though with single absorbance
peaks at wavelengths around 250 nm. Binding of"Ci
N1-ZntA resulted in an absorbance spectrum with a peak

BisTris, pH 7.0. The protein concentrations used in this experiment centered at~253 nm. The extinction coefficient of this peak

were 20.4 and 24.2M for Pk*"™ and Cd*, respectively; the
concentrations of Pty and Cd* were 100 and 120M, respectively.
(B) Replot of the data from panel A as ki{) vs 1T.

N1-ZntA were 27 kJ/mol ang 20.7 J/(kmol), respectively.
From these values, we calculat&ds* values of 32.5 and
33.2 kd/mol for the binding of P and Cd*, respectively,
to N1-ZntA at 25°C.

DISCUSSION

The function of the N-terminal metal-binding site ingP

(~12 000 Mt cm™) suggests that only two sulfurs are
directly coordinated with Cd; it has been observed that
the extinction coefficient due to each €8 charge-transfer
complex is 5008-6000 Mt cm™! and that the effect is
additive 33, 38, 39). The NMR structure of residues 46
118 of ZntA showed that the ligands for the boundZare

the two cysteines and the aspartate of the GMDCAAC motif
(23). It appears that Cd is bound in an identical manner to
N1-zZntA, while the ligands and perhaps coordination ge-
ometry of PB" binding to N1-ZntA are somewhat different.
We did not observe any changes in the difference absorbance

type ATPases in the mechanism of metal transport is not spectrum on binding Zi to N1-ZntA at>220 nm; gener-

yet clear. It may have a regulatory role insRype ATPases
that have multiple metal binding sites in the N-terminal
domain, for example, the Wilson's CtATPase 86).
However, a negative regulatory role is unlikely for ZntA and
homologues with a single metal-binding site in the N-
terminal domain, given that when this domain is deleted,
the in vitro activity becomes slightly less while the specificity
is unchanged, as shown by th&l-ZntA mutant £5). Rather,

ally, Zn?* forms charge-transfer complexes with thiolates
with peaks at wavelengths220 nm.

We took advantage of the changes in absorbance upon
binding PB* and Cd*" to N1-ZntA to obtain quantitative
information about the affinity and kinetics of metal binding.
The affinity of the protein for P or C* could be
measured by monitoring the changes in the 2800 nm
range following direct titration of N1-ZntA with these metals.

the presence of this domain increases the overall activity of The association constants obtained fot'Pdnd Cd* in this

the transporter. In the related-Bpe Ca&"-ATPase from
sarcoplasmic reticulum, SERCAL, there are twé'CGanding
sites, both located in the transmembrane domai. Ca"

binds to site 1 first and then moves to site 2. It is possible

that the N-terminal metal-binding site in ZntA mechanisti-
cally corresponds to sitel in SERCAL: the metal ion would
bind rapidly to the N-terminal site and then be transferred
to the transmembrane site.

study are similar to those we obtained earlier using a
competition titration method with a metal indicator, mag-
fura-2, though the affinity for PB is slightly higher.

More importantly, the spectroscopic signals produced upon
binding of PB* and Cd&" to N1-ZntA were useful for
measuring metal-binding kinetics. Binding of metal to N1-
ZntA was described by simple second-order kinetics, yielding
values of the second-order rate constégt, of ~10F—107

Metal—thiolate charge-transfer spectra are produced uponM~! s* for both metals at 4°C. Thesek,, values are

metal binding to N1-ZntA. A comparison of the spectrum
of Pi?*-bound N1-ZntA reported here to those reported for

surprisingly large, given that the highest overall catalytic rate
of ZntAis 1 s at 37°C; other Rg-type ATPases have been

model four-residue peptides containing two to four cysteine reported to have rates that are even slova®, (5). It is

residues suggests that, in theePbN1-ZntA complex, PB"

is coordinated to more than two cysteine resid@&}. P*
bound to the model peptide CCHH, in a\s coordination,
showed absorbance maxima a253 and 310 nm; the
extinction coefficient at 253 nm was7000 Mt cm™ (30).

On the other hand, Pbbound to the model peptides CCHC
and CCCC, in 8N and S coordination, respectively, showed
absorbance maxima at255 and 335 nm; the extinction
coefficient at 255 nm was 14 000-16 000 Mt cm. The
Pt —N1-ZntA complex shows peaks at 255 and 339 nm;
also, the extinction coefficient at 255 nm-sl4 375 Mt
cmL. Thus the spectrum of Pb—N1-ZntA resembles that
of the PB*-bound CCHC and CCCC peptides, and not the

CCHH peptide. Therefore, three or more cysteines in N1-

possible that the rates may be slower when the N-terminal
domain is part of the full-length ZntA, this possibility will
be tested in the future. However, given the lakgevalues,

it seems unlikely that the rate-limiting step for the transporter
is metal binding to the N-terminal site, even when it is part
of the full-length ZntA. The rate-limiting step for ZntA and
related transporters could possibly be metal binding to the
transmembrane site, either by metal transfer from the
N-terminal site or by direct binding from the cytosol when
the N-terminal domain is missing; it is also possible that
metal release from the transporter may be rate-limiting. The
observation that the overall catalytic rate AN-ZntA, a
mutant of ZntA lacking the N-terminal domain, is-3-fold
lower compared to full-length ZntA suggests that the rate
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of metal transfer from the N-terminal site to the transmem- change. The large rate constant for metal binding to the
brane site is 2 3-fold faster relative to the rate of direct metal N-terminal domain of ZntA indicates that this step is not
binding to the transmembrane site from the cyto28).(This rate limiting in the overall transport mechanism; rather,
implies that though metal binding to the N-terminal site is binding and/or release of metal to the transmembrane site
extremely fast, metal transfer from this site to the trans- may be quite slow.

membrane site is slow by many orders of magnitude. Metal
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