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Zinc is an essential trace nutrient. In bacteria, its import into the cell is largely mediated by ATP binding cassette
(ABC) transporters, which rely on extracellular solute binding proteins (SBP) to bind the metal with high affinity and
specificity. In some cases, the SBPs work with other extracellular zinc binding proteins known as
metallochaperones. The mechanisms of zinc transport in these systems is of interest because zinc ABC
transporters have been shown to be essential for virulence in a number of pathogenic bacteria. This entry
describes several structural features of a zinc SBP and related metallochaperone and their role in zinc binding and

transfer.

zinc transporter protein structure

| 1. Introduction

Transition metals such as zinc, iron, manganese, and copper provide essential cellular functions, yet are highly
toxic in their “free” forms or bound to incorrect targets. Thus, all living things must carefully maintain metal
homeostasis. In general, this is accomplished by regulating the uptake and efflux of metals from the cell as well as
by proteins that bind, store, and/or shuttle metals to their appropriate destinations. Proteins of the latter description
are known as metallochaperones. Well-studied examples include the Atox1, CCS, and Cox17 metallochaperones
that deliver copper to specific targets in eukaryotes &, and the metallothioneins that buffer zinc concentration in
eukaryotes [ and a few bacteria 2. A new family of intracellular zinc-binding GTPases called COG0523 has been
identified in bacteria. These are often upregulated by =zinc starvation MEBIE and may function as
metallochaperones. However, direct evidence of metal transfer to target proteins has never been demonstrated,

and their physiological functions are often unclear.

Metal binding proteins outside the cell are also important for bacterial metal homeostasis. ATP binding cassette
(ABC) transporters are critical for high affinity uptake of transition metals and other nutrients. In addition to dimeric
membrane permease and cytosolic ATPase proteins, bacterial ABC transporters rely on periplasmic (Gram-
negative) or cell surface (Gram-positive) solute binding proteins (SBP) &l The SBP is essential to bind the
substrate with high affinity and specificity and deliver it to the membrane permease for transport into the cell. SBPs
have been categorized according to structure and substrate specificity [, with members of group A-I mediating
transport of zinc, manganese, or iron. The presence of a flexible loop rich in His/Asp/Glu residues near the metal
binding site is indicative of zinc specificity 22, These proteins have garnered considerable interest as potential
antibiotic targets as they are required for high affinity zinc import and survival under the extremely zinc-limited

conditions imposed by animal hosts [11112],
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The cluster A-I SBPs are not the only extracellular bacterial zinc metallochaperones. In a surprising number of
cases, metal may be transferred to them by other metallochaperones. Examples of such chaperones include ZinT
(L3I14]15)16]A7I8]19]  the polyhistidine triad protein PhtD 22122 and AztD [23], Direct zinc transfer to an SBP has

only been demonstrated for the latter two, and the mechanistic details of this process are unclear. This is typically

the case despite the importance of zinc transfer processes in biology due to the lack of a convenient spectroscopic
handle for this element. However, the kinetics of transfer from AztD to AztC can be easily followed by a roughly 2-
fold increase in intrinsic protein fluorescence of AztC upon zinc binding 24. This combined with crystal structures of
both AztC [24l25] and AztD 28] make this system ideal for detailed mechanistic investigations of direct, protein-to-

protein metal transfer as well as zinc binding/dissociation from solution.

Our previous work culminated in a docking model showing the possible transfer complex formed between AztC and
AztD (Figure 1). This model highlights several important structural features. First, the flexible loop of AztC that we
refer to as the D-Loop projects into the central pore of the AztD beta-propeller structure. This loop and each of its 3
His residues are essential for transfer (221, Secondly, AztC (residues 222-229) referred to as the Z-loop must be
displaced away from the zinc binding site in order for the complex to form. This is true in the apo AztC structure,
but this loop closes down over the zinc site in the holo structure. This was suggested to provide a means for
dissociation of the complex after transfer. Finally, the 6 N-terminal residues after cleavage of the periplasmic
targeting sequence of AztD (residues 22—-27) are not observed in the crystal structure, but would be positioned at
the interface with AztC according to the model. Residues 23-29 form a DHDHDHE motif that may bind zinc and/or
facilitate transfer to AztC. Zinc binding to this N-terminal motif (NTM) was suggested by the observation of a third,

relatively low-affinity binding site in addition to the two high-affinity sites in AztD 23],
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Z-Loop

Figure 1. Docking model of the AztC-AztD transfer complex. AztD is shown in green with zinc binding residues
shown as sticks colored according to element and zinc as a gray sphere. The first modeled N-terminal residue of
AztD (His 28) is indicated by an asterisk. Apo AztC is shown in magenta with zinc binding residues labeled and
shown as sticks colored according to element. Holo AztC superimposed on the apo form is shown in yellow,

illustrating how the position of the Z-loop in this structure would block zinc transfer.

| 2. Zinc Dissociation

Apo WT or mutant AztC was diluted to 1 uM in binding buffer in a stirred cuvette at ambient temperature. Protein
was titrated with up to 3 equivalents of ZnCl, and the fluorescence intensity monitored to ensure saturation.
Dissociation was initiated by the addition of EDTA to 1.0 mM and the decay in emission intensity at 315 nm was

monitored. Data was fit by a single exponential function using DYNAFIT [22120],

| 3. Zinc Binding and Transfer by Intrinsic Fluorescence
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All fluorescence measurements were made using a Varian Cary Eclipse fluorescence spectrophotometer as
previously described. Titration experiments were performed with AztC proteins at 10 uM in binding buffer. These
were titrated with ZnCl, or AztD reconstituted with 2 equivalents of ZnCl, followed by desalting into binding buffer
using Zeba™ spin desalting columns (Pierce Biotechnology™, Rockford, IL, USA). In titrations of apo-AztC with
holo-AztD, 5-15 min of equilibration was allowed between measurements. After addition of holo-AztD to 14 uM, 20

MM of ZnCl, was added to determine AztC saturation.

Kinetic experiments were performed as previously described 28 with minor modifications. Apo AztC at 0.5 uM in
binding buffer containing 1 mM EDTA was placed in a stirred cell at ambient temperature. Transfer was initiated by
addition of varying concentrations of AztD reconstituted as above but omitting the desalting step. Fluorescence
emission at 315 nm (Agxc = 278 nm) was recorded over time. Slit widths were varied to optimize signal to noise and
avoid saturation at high protein concentration. First order fits to the data were generated using the onboard Cary
Eclipse software. Inhibition experiments were performed similarly to those above but included varying
concentrations of H138/204A or AD-loop AztC in addition to WT AztC at 0.5 uM. Transfer was initiated by addition

of 0.5 uM reconstituted WT AztD and monitored as above.

| 4. Zinc Binding and Dissociation

The zinc binding affinity of WT AztD, WT AztC, AD-Loop AztC, and AZ-Loop AztC were previously determined by
competition assay with the fluorophore MagFura-2 (MF2) (Table 1). Here we apply this technique to H138/204A
AztC and a deletion of the N-terminal motif (residues 23-29) in AztD (ANTM AztD) (Figure 2). The former binds
approximately one equivalent (0.85) of zinc with a Kd below the detection limit of this assay (<0.1 nM), making it
indistinguishable from WT. ANTM AztD binds two equivalents of zinc with very high affinity. Previous work with WT
AztD indicated some negative cooperativity between high affinity binding sites. Intriguingly, this appears to be
largely eliminated in the ANTM mutant. Further, the third binding site in WT AztD is not observed, consistent with
relatively low affinity zinc binding by this motif. We also evaluated zinc binding to H138/204A by intrinsic protein
fluorescence (Figure 2C,D). Like WT, this mutant exhibits a roughly 2-fold increase in fluorescence emission

intensity saturating at one equivalent of added zinc consistent with high affinity binding.
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Figure 2. Zinc binding by AztC and AztD mutants. Intensity change of MF2 at 330 nm with increasing zinc in the
absence (solid circles) and presence (empty circles) of apo H138/204A AztC (A) and AN-terminal motif (NTM) AztD
(B). (C) Fluorescence emission spectra of H138/204A AztC (Aeyc = 278 nm) and (D) magnitude of the fluorescence
intensity change with increasing zinc concentration. Titrations containing protein were performed in triplicate and
error bars represent the standard deviation between measurements. Least squared fits are shown as solid lines for

(A) and (B) and a dotted line for the linear fit in (D) with slope and R? values indicated.

Table 1. Zinc binding affinity and stoichiometry of WT and mutant AztD.

. . +S.D. Ko £ S.D. - -
Protein Site Kd(nl\?)D ((,ﬁmin'l) kr (M1 x s71)

1 0.7+0.3

WT AztD [ 2 54 +8
3 340 + 110
2 1.3+0.7

AS1 AztD 28]
3 248 + 81
1 0.1*

AS2 AztD [28]
3 158 + 35

ANTM AztD 1 0.1* 1.50 x 1073
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. . Kgq * S.D. Koff  S.D. k -1 -1
i M xs
Protein Site (M) (min?) T( )
2 0.2+0.1
1.33 x 1073 [28];
WT AztC 124 1 0.3+0.1 1.2+01x107° 1.55 x 1072 (this
work)
AD-Loop AztC (231 1 0.2+0.1 0.9+0.1x1073 nd
AZ-Loop AztC 231 1 0.2* 7.0+0.1x1073 2.92x 1073
H138/204A AztC 623.4+ 0.5 x
2] 1 0.1* 103

The MF2 assay does not reveal any significant differences between the affinities of the various AztC mutants, likely
because each Kd is near or below the detection limit. Thus, we developed an intrinsic fluorescence assay to
monitor the zinc off-rate for each (Table 1). Briefly, protein is saturated with zinc as determined by fluorescence
emission (Figure 3A). Each of the AztC proteins investigated here is similar in terms of the magnitude of
fluorescence intensity change upon zinc binding. Next, a large excess of EDTA is added to capture metal as it
dissociates, and the decrease in fluorescence intensity is monitored over time as a direct measure of zinc loss. As
expected, the zinc off-rates for WT and AD-Loop AztC are comparable and extremely slow (Figure 3B,C). However,
deletion of the Z-loop causes a more than 5-fold increase in off-rate (Figure 3D), consistent with the function of this
feature in closing down over the zinc site. Mutation of the two zinc ligands His138 and His204 causes a dramatic
increase in off-rate, approximately 600 times faster than WT (Figure 3E). Assuming an upper limit to the Kd of 0.1
nM as indicated from the MF2 assay, this suggests that zinc binding to this mutant is near the diffusion limit, around
108 M1 x 571,
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Figure 3. Zinc dissociation from WT and mutant AztC. (A) Fluorescence emission spectra of WT (black), AD-Loop
(blue), AZ-Loop (green) and H138/204A (red) AztC before and after addition of saturating ZnCl,. Upon addition of
excess EDTA, the emission intensity at 315 nm was tracked over time for WT (B), AD-Loop (C), AZ-Loop (D), and
H138/204A (E) AztC. Dissociation experiments were performed in triplicate and error bars represent the standard

deviation between measurements.

| 5. Zinc Transfer from AztD

Transfer of zinc from AztD to AztC can be followed by the increase in AztC fluorescence upon zinc binding [23123]
(28] previous work indicates that this process requires the presence of the D-Loop, but transfer was still observed
to AZ-Loop AztC. However, the kinetics were not previously evaluated. Here we demonstrate that the rate of
transfer from WT AztD to AZ-Loop AztC is increased approximately two-fold relative to WT AztC under the same
conditions (Table 1, Figure 4). In contrast, deletion of the NTM from AztD appears to have no effect on the rate of
transfer to WT AztC.

https://encyclopedia.pub/entry/1697 7/12



AztABCD Zinc Transporter System | Encyclopedia.pub

0 2 4 6 8 10
Time (min)

y=0.175x+0.131

e R*=0.989
- y=0.093x+0.043
12 R?=0.992
E

208

~

04 y = 0.090x + 0.054

R!=0,981
D I
0 2 a4 6 8 10 12
[WT AztD] (uM)

Figure 4. Kinetics of zinc transfer between mutants of AztD and AztC. (A) Representative kinetic data from
standard fluorescence emission experiments for WT AztD to WT AztC (circles), ANTM AztD to WT AztC (triangles),
and WT AztD to AZ-Loop (squares) with fits to a first order kinetic scheme (blue, green and red, respectively). (B)
Observed first order rate constant versus AztD concentration for standard fluorescence data under pseudo-first
order conditions. Error bars represent standard deviations from duplicate experiments (n = 2) except for the WT
AztD to WT AztC experiment, which was run a single time to confirm previous data under current conditions.

Symbols and linear fit colors are as for (A).

The rate of transfer to H138/204A AztC could not be evaluated because of the rapid off-rate of zinc for this mutant.
To determine if zinc transfer to this mutant from AztD was possible, it was titrated with holo AztD in the absence of
EDTA (Figure 5). Although the fluorescence changes were smaller than for WT, they were nevertheless greater
than for AD-Loop AztC. These changes also did not reach saturation after 1.4 equivalents of AztD were added and
appear to have a roughly hyperbolic rather than linear dependence on AztD concentration. Cumulatively, these
data suggest that zinc can be transferred to H138/204A AztC, but the rapid off-rate from this mutant allows an

equilibrium to be established between zinc binding to it and AztD. This is in contrast to the virtually unidirectional
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transfer of zinc to WT AztC, which serves as a kinetic trap for zinc. This also differs from the behavior of AD-Loop

AztC, which cannot access zinc from AztD at all.
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Figure 5. Zinc transfer by intrinsic fluorescence. Reconstituted WT AztD was titrated into apo WT (A), H138/204A
(B), or AD-Loop (C) AztC. Fluorescence emission spectra (Aqyc = 278 nm) were recorded after each addition of
AztD and the intensity change at 315 nm plotted as a function of AztD concentration (D) with equations for linear
fits indicated where appropriate. A saturating concentration of ZnCl, (1.1 mM) was added after the titration to

assess whether transfer from AztD was complete (dotted line, A, B, and C).
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