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Biochemistry

Table 2. Cu(I) and Zn(II) A nities (K¢, and K, Values, Respectively) and A nities of the Apo-Protein for the Zn(II)-Protein

(K., Values)®
Cu(D) Zn(1I)
protein Key (M_l) Kz, (M_l) K7z (M_l)
WT Atx1” (47 £07) x 10°¢ (72 £ 03) x 10° (1.5 + 02) x 10°
His61Tyr Atxl (1.8 £ 03) x 10'7% (2.8 £0.3) x 10 (1.9 + 04) x 10°
Atx]PacSy (56 +0.1) x 10" ¢ (2.5 +0.1) x 10° (3.6 £ 04) x 10°
Atx142A (14 £ 0.5) x 107 (2.5 £0.1) x 10"
WT PacSy” (7.8 + 0.7) x 10 (42 £ 04) x 107 (2.6 £0.3) x 10°
PacSy*™! (1.3 £ 02) x 107 (52 + 1.0) x 107 (87 £23) x 10°
PacSyZAx (8.5 £ 1.5) x 10% (1.7 £ 02) x 10°
ZiaAy® (6.5 + 1.0) x 10'° (1.1 + 0.1) x 10"

“Cu(I) affinities were determined in 20 mM Hepes pH 7.0 plus 200 mM NaCl, and Zn(II) affinities were determined in 25 mM Hepes pH 7.4 plus
100 mM NaCl. “From ref 14. “Values for the monomeric protein determined from titrating apo-protein into [Cu(BCS),]*” at multiple Cu(l)

concentrations.

Figure 5. Titration of [Cu(BCS),]*” with apo-Atx1™*¥ (A) and apo-Atx1“**~ (B) in 20 mM Hepes pH 7.0 plus 200 mM NaCl. In (A), the
[Cu(BCS),]*~ concentration ranges from 2.0 to 16.0 uM in the presence of an excess of BCS (46—168 uM). In (B), the [Cu(BCS),]*"
concentration is 14.0 #M with an excess of BCS (72 uM) present. The fit of the data in (A) to eq 6 using a dimerization constant (Kg,) of 5.7 X 10*
M gives a K, of (5.6 + 0.1) X 10'” M™", and the fit of the data in (B) to eq 5 gives a K¢, of (1.8 + 0.1) X 10" M™%,

protein concentration below 100 M, indicative of dimer
dissociation in this concentration range, and an equilibrium
constant (Kjy;,) of (5 = 2) X 10° M~! has been determined."?
The mutation of His61l into a Tyr, the residue in the
corresponding position on loop S in PacSy and ZiaAy (Figure
1), results in monomeric Cu(I)—Atx1 and a His residue at this
key location, whose side chain hydrogen bonds with the Cys
ligands (Figure 1), favors dimerization. All of the apo-variants
loaded with 1 equiv of Cu(I) elute as monomers on a gel-
filtration column (Figure 3 and Figure S3 and Table S3 in the
Supporting Information) except for Cu(I)—Atx1™*, which
elutes as a dimer (Figure S3A and Table S3 in the Supporting
Information). A dimerization constant of (6 + 1) X 10* M™!
was determined for Cu(I)—Atx1"™*** (Figure S4 in the
Supporting Information), ~10-fold lower than that of WT
Atx1."> This lowered dimerization constant for Atx17**N and
the absence of dimer formation for Atx1%** demonstrate that
residues in the native IACEAC motif of Atx] contribute to the
stability of the dimer formed in the presence of Cu(l).
Zinc(ll) and Copper(l) Affinities. Introducing the metal-
binding motif of Atxl into PacSy has almost no effect on
Zn(II) affinity (K,), whereas replacing the sequence of Atxl
with that of PacSy decreases the Zn(II) affinity 3-fold (Figure
4A and Table 2). The His61Tyr Atxl mutation decreases the
Zn(II) affinity by a similar amount (Table 2), and this loop S
residue is therefore not involved in Zn(II) binding. The affinity
of apo-protein for Zn(II)-protein (K,,) is enhanced 2- to 3-
fold in Atx17**N and PacS*™! but is almost unaltered by the
His61Tyr Atxl mutation (Table 2). The largest changes in
Zn(1I) affinity (up to 40-fold) result from introducing the
ZiaAy sequence into PacSy and Atx1 (Figure 4B and Table 2).
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Atx1“*~ has the highest Zn(II) affinity of all the proteins
studied, ~2- and 15-fold tighter than those of ZiaAy and
PacSy“**, respectively (Table 2).

The Cu(I) affinity (Kc,) of monomeric WT Atxl is
approximately an order of magnitude greater than those of
WT PacSy and ZiaAy at pH 7 (Table 2).'* Some of this
difference is due to the presence of His61 on loop S of Atxl
because replacement with a Tyr, the residue found in this
position in both PacSy and ZiaAy, results in a ~2.5-fold
decrease in Cu(I) affinity (Table 2)."* The introduction of the
metal-binding motif of PacSy has almost no effect on Cu(I)
affinity of Atxl, but K¢, decreases ~2- to 3-fold in Atx1%*~
(Figure S and Table 2). The introduction of the Atx1 loop into
PacSy (in PacSy*™') does increase the Cu(I) affinity ~3-fold
(Table 2), whereas the Cu(I) affinity of PacSy“™» is very
similar to that of PacSy (Table 2). The non-Cys residues in the
loop can influence the Cu(I) affinity by a similar amount as that
seen upon mutating the loop S residue. These mutations all
change the second-coordination sphere, which has a small effect
on the Cu(I) affinity of copper-trafficking proteins, with the
most important contribution being from residues that can
influence the pK, values of the Cys ligands.”>*°

Crystal Structures of Zn(ll)—Atx1%® and Zn(ll)—
PacSyZeM, To gain insight into the structural causes of the
large changes in Zn(II) affinity, Zn(II)—Atx1“** and Zn(II)—
PacSy“**~ have been crystallized. Atx1“** loaded with 1 equiv
of Zn(1I) crystallizes as a Zn(II)-bridged dimer (Figure 6), an
arrangement that is probably relevant for all the ZnP, forms
that we have observed in solution (Table S3 in the Supporting
Information). This arrangement (contact area ~450 A?) is
remarkably similar to that of the side-to-side Cu(I),—Atxl
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Figure 6. Structure of Zn(II)—Atx1%**~ showing the Zn(II) site at the
dimer interface. The introduced Aspll residue is not involved in
coordinating Zn(II) but makes an intermolecular hydrogen bond with
Serl4 (not shown). The zinc ion is shown as a gray sphere with the
anomalous density (orange mesh) contoured at 126.

dimer'® (rmsd for C* atoms of ~0.6 A for each of the two
monomers) even though the tetranuclear Cu(I) cluster is
replaced by a single Zn(II) ion. This dimer is also very similar
to that observed for WT Zn(II)—Atx1,>' though some of the
monomer-monomer interactions are different [oligomeric
(mainly dimeric) forms are commonly observed in crystal
structures of metalated forms of this Atx1'>*']. The Zn(II) site
in the Atx1%**v dimer is coordinated by Cys12 and Cys15 from
each monomer in a tetrahedral arrangement, with Zn(II)—S’
distances of ~2.3—2.4 A and S"—Zn—$" angles of 101—121°.
The O% atom of Asp11 on the mutated motif is involved in an
intermolecular hydrogen bond with Ser14 (O), also from the
mutated region. A further intermolecular hydrogen bond is
present between Asn25 (N®) and Ala57 (CO) as in the
[Cu(I),—Atx1], structure. The dimer arrangement of Zn(II)—
Atx12* with monomers linked by a single metal ion, is also
similar to those seen in crystal structures of metal-bound forms
[Cu(1), Hg(1I), Cd(I1), or Pt(II)] of human Atxl (HAHI)."”**

Different metal site structures are found in two crystal forms
of Zn(I)—PacSy“* (Figure 7). In crystals obtained from

Figure 7. Structures of the Zn(II) sites in the two different crystal
forms of Zn(I)—PacSy“*~. The monodentate carboxylate ligand in
(A) is replaced by a water ligand in (B), and Asp13 has moved away
from the Zn(II) ion. The anomalous density for zinc is shown (orange
mesh) contoured at So.

condition 1 (a monomer in the asymmetric unit), Zn(Il) is
bound by Cysl4 and Cysl7 from the MDCTSC motif with
Zn(I1)—S’ distances of ~2.3 A. Coordination is completed by
Asp13 (monodentate) from the same chain, as well as by His48
from an adjacent monomer, with Zn(II)—O% and Zn(IT)—N*'
distances of 1.95 and 2.0S A, respectively (Figure 7A). The
bond angles range from 104 to 120°, consistent with tetrahedral
coordination.

In the alternate crystal form (condition 2), the asymmetric
unit contains a dimer with the monomer-monomer interface
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distal from the metal site. Zn(II)—PacSy“** is a monomer in
solution (Figure 3B and Table S3 in the Supporting
Information), and this crystallographic dimer is therefore an
artifact. The metal site structure in this form of Zn(II)—
PacSy“*Nis similar to that found in the condition 1 crystal
structure except that Asp13 is replaced by a water ligand with a
Zn(II)—O distance of ~2.1 A (Figure 7B). The carboxylate
group of Aspl3 points away from the metal site, is solvent
exposed, and is not involved in any interactions.

Attempts to crystallize ZiaAy have been unsuccessful, and
NMR studies could not determine the structure of the high
affinity Zn(II) site.'> NMR has also been used to investigate the
MBD of the related Zn(II)-exporting ATPase from E. coli
(ZntA)."® In this case a (Cys),Asp Zn(II) site has been
suggested, but because of the limitations of NMR data, neither
the precise Zn(II) coordination number nor the geometry of
the site could be resolved. This NMR study also suggested the
possibility of a water ligand completing the coordination
environment because of the solvent exposure of the Zn(II) site.
Surprisingly, a recent NMR study of cyclic peptides that mimic
Cu(I)- and Zn(1I)-binding CXXC motifs (MTCSGCSRPG and
MDCSGCSRPG, respectively) has found that the Asp residue
(underlined) coordinates Cu(I) but not Zn(II).>* The crystal
structures of Zn(II)—PacSy?* are the first of a Zn(II) site
bound by a CXXC motif involved in zinc transport. These
structures provide strong evidence that the Asp residue
preceding the CXXC motif binds Zn(II) in a monodentate
fashion and that a water ligand can occupy the fourth
coordination position of a tetrahedral site in the MBDs of
Zn(II)-transporting proteins.

Insight into Zn(ll) Trafficking Provided by the
M/IXCXXC Motif Variants. The sequence of the metal-
binding motif has a much more significant influence on Zn(II)
than Cu(I) affinities, and introducing the ZiaAy sequence into
Atx1 and PacSy increases the Zn(II) affinity by up to ~40-fold.
This is due to the side chain of Asp13 coordinating Zn(II), as
seen in a Zn(II)—PacSy“™» crystal structure (Figure 7A),
which must also be the cause of the higher Zn(II) affinity of
ZiaAy. The two crystal forms of PacSy“** have Zn(II) sites
with Cys,His coordination, with either the carboxylate of Asp13
or a water molecule as the fourth ligand. A carboxylate group
has a lower affinity for Zn(II) than Cys and His,>* consistent
with replacement of Asp13 and not the other ligands by water.
The coordination of Zn(II) by Asp18 in ZiaAy tunes its Zn(II)
affinity so that it is tighter than those of the Cu(I)-trafficking
proteins (with two Cys ligands) but below that of the Zn(II)
sensor (His,Asp, coordination for SmtB from the cyanobacte-
rium  Synechococcus).*>*® 1t has been suggested that Asp18
prevents ZiaAy from forming a stable complex with Cu(I)—
Atx1.*” A negatively charged residue close to the CXXC motif
appears to be conserved in ATPases for metals (divalent) other
than copper, and repulsion has been suggested as a common
mechanism to prevent the binding of Cu(I). The presence of an
Asp adjacent to the first Cys of the CXXC motif has almost no
effect on Cu(I) affinity, as it is not required for coordination
but is important for Zn(II) binding. With Zn(II) bound to
ZiaAy, the negative charge of Asp13 will no longer contribute
to repulsing Atx1. As observed in our crystal structures, this Asp
can readily dissociate, which may occur as Zn(II) is
subsequently trafficked, allowing the negative charge to help
prevent unwanted interactions (vide infra). The increase in
Zn(II) affinity due to the introduction of an additional Zn(II)
ligand appears to be sufficient to allow the MBDs of zinc and
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copper transporters that have very similar structures'>" to

discriminate between these metals. It is therefore likely that the
Zn(II) affinity of ZiaAy (107" M) is in the range of
physiological free zinc concentrations in Synechocystis, although
this has not been determined. This is supported by the
observation that in E. coli up-regulation of ZntA expression
occurs at nanomolar levels of intracellular free Zn(II),”® which
matches the Zn(Il) affinities of both the MBD and the trans-
membrane site of ZntA (~10° M~1).*°

The His residue (His48) involved in Zn(II) coordination in
the PacSy“* structures belongs to an adjacent molecule. The
recruitment of this His ligand only occurs at the high protein
concentrations required for crystallization [Zn(II)—PacSy“*~
is monomeric in dilute solution (Figure 3B and Table S3 in the
Supporting Information)] and is probably replaced by a water
ligand in solution. However, in ZiaAy, His residues from the
unstructured C-terminus interact in solution with Zn(II) bound
to the CXXC site."® These interactions were proposed to either
aid metal transfer or alter intramolecular interactions. The
observation that the side chain of Aspl3 can be replaced by
water when a His ligand is present highlights the fluxionality of
this Zn(II) site, which will assist Zn(II)-trafficking. Our
structures suggest two possible intermediates involving one of
the His residues from the unstructured region of ZiaAy, which
could be important for zinc transfer. The coordination of
Zn(I) by two His residues from the C-terminal region of
ZiaAy (as well as by two Cys residues) would result in loss of
the Asp ligand, enabling it to maintain a repulsive interaction
with Atx], to potentially hinder Cu(I) binding.

When the CXXC site of Atxl binds 1 equiv of Zn(II), an
exposed Zn(1l) site with Cys,(H,0), coordination will be
present, which will be susceptible to ligand exchange reactions.
This form may play a role in Zn(Il) trafficking as it has been
suggested that Atxl can bind zinc in Synechocystis.'® The
unsaturated nature of such a Zn(II) site also makes it prone to
coordinating additional ligands, such as Asp18 in ZiaAy. Two
additional Cys ligands can also be recruited from a second
protein molecule, as seen in the crystal structure of Zn(II)—
Atx1%*~ (Figure 6), and as indicated for other proteins in this
work, and also WT Atx1,'**! by studies in solution (Figures 2
and 3, and Figures S2 and S3 and Table S3 in the Supporting
Information). These tetrathiolate sites are reminiscent of
Zn(II) structural sites,” and their buried nature suggests they
have limited functionality for Zn(II) trafficking but may play a
role in storing the metal. However, given the fact that these
dimers are relatively weak, there is likely fast dimer-monomer
exchange so that Zn(II) can be easily accessed for the supply of
endogenous Zn(II)-binding proteins. We have recently
shown®' that heterodimers between partner proteins (e.g,
Atx1 and PacSy) are formed in the presence of Zn(II) and are
more stable than the corresponding homodimers, and may have
a role in regulating the activity of copper-transporting ATP-
ases.

B CONCLUSIONS

The Zn(Il) affinity of the MBD of a cyanobacterial zinc
transporter is greatly enhanced by the presence of an Asp in the
metal-binding motif due to the ability of the carboxylate group
of this residue to coordinate the metal. The Zn(II) site in the
MBD seems highly fluxional, which must be important for
trafficking this metal and for other potential roles that the
ligands, and particularly the Asp residue, may need to perform.
The residues in the M/IXCXXC metal-binding motif of copper
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and zinc trafficking proteins have little influence on Cu(I)

affinity.

B ASSOCIATED CONTENT
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Figures showing CD spectra, Zn(II) titrations, gel filtration
profiles and the dependence on protein concentration of the gel
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