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Abstract

A comparative genomic analysis predicted that many members of the under-characterized
COG0523 subfamily of putative P-loop GTPases function in metal metabolism. In this work we
focused on the uncharacterized Escherichia coli protein YeiR by studying both the physiology of a
yeiR mutant and the /n vitro biochemical properties of YeiR expressed as a fusion with the
maltose-binding protein (YeiR-MBP). Our results demonstrate that deletion of ye/R increases the
sensitivity of £. co/ito EDTA or cadmium and this phenotype in linked to zinc depletion. /n vitro,
the tagged protein binds several Zn2* ions with nanomolar affinity and oligomerizes in the
presence of metal. The GTPase activity of YeiR is similar to that measured for other members of
the group, but GTP hydrolysis is enhanced by Zn2* binding. These results support the predicted
connection between the COG0523 P-loop GTPases and roles in metal homeostasis.
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Introduction

GTPases are often referred to as molecular switches. The binding and hydrolysis of GTP
cause conformational changes that effectively turn “on” or “off” interactions with other
macromolecules.! As can be predicted by the commonality of the fold, a myriad of functions
are carried out by GTPases, such as regulatory roles in translation,? 3 signal transduction,*
cell motility,5 intracellular trafficking,® cell cycle regulation,” and membrane transport.®

The GTPase superclass can be divided based on shared structural and sequence features.?
One resulting subdivision is the G3E family of GTPases, which is defined by specific G
protein motifs: a glutamate residue that substitutes for the conserved aspartate in the Walker
B motif and an intact base recognition motif NKXD.? The G3E family is further divided into
four subfamilies, three of which are represented by HypB, UreG, and MeaB. These GTPases
are involved in metallocenter assembly, a process that often requires multiple accessory
proteins to generate catalytically active metalloenzymes.10-12 The production of the Ni2*-
containing enzymes [NiFe]-hydrogenase and urease depends on NTP hydrolysis by
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HypB13-15 and UreG,16. 17 respectively, and MeaB contributes to the assembly of Bq-
dependent methylmalonyl-CoA mutase.8 The fourth subfamily, composed of proteins
containing the COG0523 domain (referred to as COG0523), is far more ubiquitous than the
other subfamilies but as of yet remains predominately uncharacterized.

Only sparse reports are found on COG0523 proteins. The first member of this family to be
identified was found in Pseudomonas denitrificans and named CobW. Disruption of cobW,
which is located in a gene cluster with cobalamin synthesis genes, leads to a defect in the
production of cobalamin.1® Cobalamins are composed of a Co(I11) bound in an octahedral
configuration to a corrin macrocycle.29 The proposed role for CobW is in presentation of
cobalt to the cobaltchetelase component of the pathway, which is responsible for inserting
cobalt into the corrin ring.2! However, 20 years after its discovery, there is as of yet no
experimental evidence for this function. Since *“cobalamin biosynthesis protein” was the first
role assigned to a member of COG0523, this annotation has been propagated by sequence
similarity (e.g. BLAST) to nearly all COG0523 genes in current databases.

Other partially characterized members of COG0523 include the nitrile hydratase activators,
which are required for iron-type nitrile hydratase (NHase) activity.22 NHases employ either
an octahedral non-heme iron or non-corrin cobalt in the hydration of nitriles to amides.23
The active site residues of both NHase enzymes are highly conserved and the same
coordination geometry was determined for both metals.24 The metal specificity is thought to
be due to activator proteins.22: 25-28 |n the case of iron-type NHase, the corresponding
activator protein is a COG0523 protein and is referred to as Nha3. As with CobW, however,
even though the involvement of Nha3 in iron-type NHase activation is documented, its exact
role is not known.2

The most recently studied COG0523 protein is YciC from Bacillus subtilis. Several
observations led to the initial hypothesis that yc/C codes for a component of a low-affinity
zinc transporter,39 but subsequent work has suggested that this protein may play a chaperone
role.31 The gene, yciC, is repressed by Zur, a zinc-responsive transcription factor,3? and
deletion of yciCin combination with deletion of the high-affinity zinc transporter genes
results in an EDTA-sensitive growth defect and perturbed growth in zinc-deficient
medium.3% 32 As with CobW and Nha3, the mechanism responsible for these phenotypes
remains elusive.

Although experimental evidence has linked a few COG0523 proteins to various metal-
dependent processes, metal-binding and GTPase activities have not been confirmed. All
COG0523 proteins contain a CXCC sequence located between the Walker A and the Walker
B motifs of the GTPase domain (Figure S1). This sequence is proposed to contribute to a
metal-binding site because it aligns with the known metal-binding residues of HypB33: 34
and a similar motif is found in COX17, which uses this motif for transporting copper to
mitochondrial cytochrome oxidase in eukaryotic cells.3> The conservation of this putative
metal-binding motif suggests that metal binding could be a defining characteristic of this
family of putative P-loop GTPases and thus inform their function.

To test the hypothesis that proteins in the COG0523 family function in metal homeostasis,
this study focused on the physiology and metal-binding properties of Escherichia coli YeiR,
an uncharacterized member of COG0523. YeiR was previously assigned to subgroup 10 of
COG0523, which has an enrichment of genes that are downstream from putative Zur-
binding sites.36 However, unlike other members of its subgroup, the £. coli yeiR gene was
not predicted to be regulated by Zur. Its inclusion in this COG0523 subgroup led us to
analyze the effect of metal depletion on the growth of an £. coli yeiR mutant, while its
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homology to other metal-binding GTPases led us to characterize its ability to hydrolyze GTP
and bind metals.

We found that deletion of yeiR resulted in enhanced sensitivity of £. colito the metal
chelator ethylenediaminetetraacetate (EDTA). This growth defect can be suppressed by the
addition of Zn?* and is exacerbated by deletion of the genes encoding the high-affinity Zn*
transporter, ZnuABC. Our studies also show that purified YeiR-MBP binds Zn2* and that
metal binding modulates the quaternary structure of the protein. Finally, the GTPase activity
of YeiR is similar to that found for other members of the G3E group such as HypB and
UreG but it is accelerated by metal loading, in contrast to the characterized impact of metal
on the activity of the other proteins in this family.

Phylogenetically, YeiR is a member of a COG0523 clade that is distinct from groups
containing previously investigated COG0523 proteins.36 YeiR, however, is closely related
to putatively zinc-regulated COG0523 proteins from two Vibrio species, Reinekea sp.
MED297 and Hahella chejuensis (Figure 1). Therefore like YciC from B. subtilis, YeiR
could be involved in a response to zinc depletion. On the other hand, YjiA, a second
COG0523-domain containing protein encoded in the £. coli genome (Figure 1), is not
predicted to be involved in zinc homeostasis because this protein belongs to a COG0523
subgroup that does not contain zinc-regulated members.36

EDTA sensitivity of the yeiR mutant

The parent MG1655 (WT) and ye/R mutant £. coli strains were grown in a low-phosphate
(LP) minimal medium that is commonly used for the characterization of metal-related
physiology and was previously used to study low-affinity Zn?* transporters in £. coli3" In
order to create conditions of metal depletion, the non-specific metal ion chelator EDTA was
added to the medium at various concentrations (Figure S2).37: 38 Compared to MG1655, a
drastic growth defect was observed for the ye/R mutant when grown in the presence of 1.4
mM EDTA (Figure 2A). Deletion of yeiR was complemented by expressing yeiR in trans
from the P g4 promoter of pCHO11 (Figure 2A), whereas ye/R carrying a mutation of each
cysteine in the conserved CXCC motif were unable to rescue growth (Figure S2). A similar
growth defect was not observed with the WT strain until concentrations of EDTA above 2
mM were used (Figure S2). As EDTA is a non-specific chelator, various metal salts were
added one at a time to the growth medium supplemented with 1.4 mM EDTA. The A yeiR
strain growth defect was suppressed only by the addition of Zn?* whereas Ni2*, Cu2*, Co?*,
Mn2* and Fe3* did not rescue cell growth (Figure 2B and S2).

As previously noted,32 38 it is difficult to prepare zinc-limited medium for bacterial growth
because of efficient scavenging systems. Instead, zinc deficiency can be specifically
introduced by inactivating high-affinity zinc uptake, which aggravates growth defects
caused by Zn2* depletion.32 37 Therefore, to further evaluate whether the observed growth
phenotype of the ye/R mutant was due specifically to disruption of zinc homeostasis, the
ZnuABC transporter genes were deleted in the A yeiR strain background and the strains were
grown in the presence of EDTA (Figure S3). As shown in Figure 2C, the phenotype is
exacerbated in this strain and only 20 M EDTA was required to detect a growth defect
upon deletion of ye/R, which was rescued by expressing yeiR in trans from P g4 p. Higher
concentrations of EDTA were required to detect the same EDTA sensitivity in the
AznuABC::cam strain as compared to the A yeiR A znuABC:.cam strain (Figure S3). In
contrast to ye/R, deletion of yjiA, the second COG0523-encoding gene in £. coli, had no
effect on the growth of either the AznuABC::cam strain or the A yeiR AznuABC::cam strain
in the presence of EDTA (Figure S3).
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The first characterization of E. coli znuABC was performed in the strain MC4100, which
contains a deletion in yeiR.3° The authors found that growth of zuA::MudX and
znuB::MudX on rich solid medium was inhibited in the presence of 400 uM EDTA. A
repeat of those experiments with the MG1655-derived strains, A znuABC:.cam and
AznuABC:cam AyeiR, revealed that a 10-fold increase in EDTA concentration is required
to inhibit the growth of the AznuABC:..cam strain with yeiR present (data not shown).

Rescue of the AznuABC::cam A yeiR mutant growth defect in LP medium with exogenously
added metal was also performed. A distinct pattern of metal rescue was observed. As shown
above (Figure 2B), a molar ratio of 56:1 EDTA to Zn was sufficient to suppress the A yeiR
mutant phenotype and no other metals at that same concentration had a noticeable effect on
growth. However, with the genes encoding the high-affinity zinc transporter also deleted, a
molar ratio of 2:1 EDTA to Zn (10 uM zinc) was required to detect full suppression of the
phenotype (Figure 2D). In addition, 10 M cobalt appeared to suppress the growth defect of
the AznuABC:.cam A ye/R mutant in the presence of 20 uM EDTA to the same extent as 10
KM zinc. Nickel at 10 uM was able to restore growth to 65% of the strain’s growth in LP
medium without EDTA.

Cadmium sensitivity

To further probe the growth defect induced by deleting yeiR, WT and A yeiR strains were
grown in the presence of Cd2* (Figure S4). Cadmium is an environmental toxin and
although the exact mechanism of cytotoxicity is not understood it is thought to disrupt the
homeostasis of essential transition metals.38 40 The A yeiR strain exhibited a clear growth
defect in the presence of 40 wM Cd?* as compared to WT (Figure 3A and S4). As was
observed with EDTA, less Cd?* (2.5 wM) was required to detect the A yeiR strain phenotype
if the znuABC genes were also deleted (Figure 3B and Figure S5).

The effect of supplementation with various metals in equimolar concentration to Cd2* on the
growth of the MG1655 and A yeiR strains was also tested. The presence of Zn2* was able to
partially suppress the effect of Cd2* on the growth of the A yeiR mutant, as was Mn2* to a
lesser extent (Figure S6). In contrast to the mutant, the growth defect that was observed with
the WT strain was not affected by the presence of Zn2* or Mn2* (Figure S6). The presence
of Co?*, Ni2* or Fe3* did not lead to suppression or further exacerbation of the Cd2*-
induced growth defect of the mutant or WT strain, while the addition of Cu2* further
exacerbated growth of both strains (Figure S6).

In vitro metal binding to YeiR

Initially, £. coli'YeiR was overexpressed without a tag, purified and used for metal-binding
experiments. However, the wild type protein (YeiR) tended to aggregate and the addition of
metal to the protein exacerbated precipitation. To increase the solubility and expression
levels of YeiR, an N-terminal maltose-binding protein (MBP) fusion was constructed and
purified (Figure S7), and all subsequent experiments were performed with YeiR-MBP. As
isolated, YeiR-MBP contained trace amounts of metal bound to the protein (~ 10%) as
determined by metal analysis, so all protein preparations were treated with 10 mM EDTA,
along with 1 mM TCEP in an anaerobic glovebox to minimize disulfide bond formation.
Following gel filtration chromatography to remove the small molecules, no metal bound to
the protein was detected.

To determine if Zn2* can bind to the protein, apo-YeiR-MBP was incubated with excess
metal overnight inside an anaerobic glovebox followed by passage through a PD10 gel
filtration column to eliminate unbound metal. The samples were then analyzed by using
inductively coupled plasma atomic emission spectroscopy (ICP-AES) or buffer exchanged
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into ammonium acetate and examined via electrospray ionization mass spectrometry (ESI-
MS). In the latter method, most of the protein detected was loaded with two Zn2* ions
(Figure 4 and S8), but 3.3 + 0.6 Zn?* ions were detected per protein by using ICP-AES.
These data suggest that YeiR can bind up to three zinc ions, but only two remain bound to
the protein following the ionization process in the ESI-MS. As a control, this experiment
was also performed with isolated MBP. Only the apo-MBP form was detected via ESI-MS
(Figure 4), indicating that the tag does not bind Zn2* under these experimental conditions,
which was confirmed via ICP-AES.

As an alternative method to monitor zinc binding to YeiR-MBP, the metal was titrated into a
protein solution containing the fluorometric metal chelator Mag-Fura-2 (MF-2), and the
formation of the Zn(11)-MF-2 complex was monitored by the decrease in emission at 500 nm
following excitation at 366 nm. At least 15 WM Zn2* was needed to quench the fluorescence
of 0.5 uM MF-2 when 5 uM YeiR-MBP was present, consistent with a stoichiometry of
three Zn2* ions per YeiR-MBP (Figure 5A). Furthermore, an initial plateau region was
detected in which the signal of apo-MF-2 did not change until 5 WM Zn2* was added to the
solution (Figure 5A), suggesting that there is one site on the protein that is significantly
tighter than the ~ 100 nM binding affinity exhibited by the competitor MF-2.41:42 To
determine the binding affinities for the remaining two Zn2* sites, the curve starting after the
addition of 5 LM metal was analyzed with the program DYNAFIT#3 by using a two binding
site model. This experiment yielded Zn2* affinities of Ky, 43 + 6 and K3 408 + 18 nM
(Figure 5B). As a control, zinc was titrated into an MF-2 solution containing MBP, and the
change in signal was the same as when the protein was absent, confirming no strong zinc
binding by the tag (data not shown).

Given that several other G3E P-loop GTPases are implicated in nickel delivery during
metallocenter assembly of nickel-containing enzymes,!! we also examined nickel binding to
YeiR. Upon addition of Ni2* to YeiR-MBP a broad peak with a maximum around 325 nm
became apparent in the electronic absorption spectrum (Figure S7B, e3y5 = (3.43 £ 0.3) x
103 M~lem™1). Both the intensity and position of the peak suggest that it originates from a
Cys-S™—Ni2* ligand-to-metal charge transfer (LMCT).4* Control Ni2* titrations were
conducted with the MBP protein and no changes in the electronic absorption spectrum of the
apo-protein were detected (data not shown), suggesting that the LMCT arises from nickel
binding to YeiR. This interpretation is supported by experiments with a mutant YeiR-MBP
protein in which the three cysteines in the Cg3XCCgg motif were mutated to alanine, serine
and serine, respectively (referred to as the ASS mutant). Following incubation of this mutant
protein with Ni2* no change in the electronic absorption spectrum compared with apo-
protein was observed (Figure S7B), suggesting that the nickel-binding ligands include
cysteines from that motif. To determine if zinc also binds to the amino acids that make up
this motif, Zn?* was titrated into the Ni2*-loaded WT protein, resulting in a decrease in the
electronic absorption signal, indicating that Zn?* also binds to YeiR-MBP in a site that at
least partially overlaps that of a Ni2* site (Figure S7C). However, when the ASS mutant was
incubated with excess Zn2* followed by gel filtration chromatography, the amount of zinc
ions detected by ICP-AES only decreased to 2.6 + 0.4, suggesting that a zinc binding site
has not been completely disrupted by the mutations.

GTPase activity

The sequence of YeiR includes the four canonical motifs of G-proteins: the phosphate
binding Walker A motif, the guanine recognition motif NKXD, the Walker B motif, and the
invariant N3g and Ezg residues in the switch | region that bind the y-phosphate of the
NTP.45-47
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The GTPase activity of the YeiR-MBP was monitored by using the Malachite Green
colorimetric assay for free phosphate at varying GTP concentrations, revealing saturation
behavior (Figure 6). The experiment was carried out with either 1 .M apo-protein inside the
anaerobic glovebox or with protein first incubated overnight with either Ni2* or Zn2*. The
GTPase activity of the apo-protein was low, displaying a Ky, of 220 + 81 uM and a K4 of
0.19 + 0.03 min~1 (Table 1). This activity is similar to that observed for other P-loop
GTPases such as £. coli HypB (Kegt = 0.17 min™1, Ky, = 4 uM),*8 Bacillus pasteurii UreG
(Keat = 0.04 min~1) 49, Methlobacterium extorquens MeaB (Kcat = 0.039 min~1)18 and even
the human P-loop GTPase protein AMMAA (ke = 0.15 min~1, Ky, = 24 uM).%0 Nickel-
bound protein exhibits a slight improvement in GTPase activity over the apo-protein, with a
K of 177 = 50 wM and a keg 0f 0.33 £ 0.05 min~L. The catalytic efficiency of the protein
increased further when Zn2* was added to apo-YeiR-MBP, yielding a reaction turnover
number only slightly higher than that of the apo-protein with a ke of 0.32 + 0.03 min1, but
displaying a Ky (49 = 22 M) four times lower than that of the apo-protein (Table 1),
resulting in an 8-fold increase in Keai/ K.

Metal-dependent quaternary structure

A property of many SIMIBI (signal recognition particle, MinD, BioD) NTPases is a
dynamic equilibrium between monomeric and dimeric states.? To investigate the oligomeric
state of YeiR-MBP in solution, protein samples were analyzed by size exclusion
chromatography (Table S1 and Figure S9). These experiments revealed a variable amount of
protein eluting after the monomer protein peak (Figure S9), which was attributed to a small
fraction of protein degradation. YeiR-MBP eluted as a monomer and the addition of GTP
did not appear to have any significant effect on the quaternary structure of YeiR-MBP
(Figure S9). On the other hand, when either Ni2* or Zn?* was added to the samples in the
absence of nucleotide, peaks corresponding to larger oligomeric species were apparent. This
type of metal-dependent dimerization has been observed in other members of the family
such as H. pylori UreG, which dimerizes in the presence of Zn%* but not Ni2* ions.?1 Protein
samples incubated with a metal as well as nucleotide elute as oligomers that cannot be
resolved.

Discussion

YeiR belongs to the G3E family of P-loop GTPases,® 36 and experimental information
collected for other subfamilies including HypB,*2 48 UreG,14: 16. 17 and MeaB, 18 52 indicate
that they are GTPases involved in cofactor loading. By analogy, we propose that YeiR and
other members of the COG0523 group could have similar properties. However, while all
HypB and UreG proteins studied are involved in nickel homeostasis and all MeaB proteins
studied are involved in cobalamin homeostasis, the members of the COG0523 subfamily are
linked to different metals: CobW2° to cobalamin (cobalt-containing cofactor), the NHase
activator to iron22 28 and YciC to zinc.32 The phenotypes caused by deleting ye/iR from the
E. coli genome have led us to propose that like YciC of B. subitlis, the role of YeiR in £.
coliis also linked to zinc.

The yeiR mutant has an EDTA-sensitive phenotype, which we suggest was due to
competition for zinc by the chelator. The growth defect was specifically rescued by the
addition of exogenous zinc and deletion of the high-affinity, highly-specific zinc transporter
(ZnuABC) increased the efficacy of EDTA to cause the phenotype. Several other
transporters have been shown to participate in the uptake of zinc under growth conditions of
zinc sufficiency,3”- 53 but the high-affinity zinc transport system is expressed in response to
zinc limitation.3% ZnuA structural changes induced specifically by zinc are thought to be
responsible for the high selectivity of this transporter.>* Not only was the ye/R mutant more
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sensitive to EDTA with this transporter missing, but zinc no longer rescued the growth
defect to the same extent as when the transporter was present.

As suggested previously,>® the results presented here imply that ZnuA is able to compete
with EDTA for binding to zinc in the medium. As such, approximately 60-fold less EDTA is
needed to observe a growth defect of the A ye/R mutant if the transporter is absent. The
different metal suppression profiles collected for the A yeiR and AznuABC:.:cam AyeiR
mutants could also be a direct result of the competition between the transporter and EDTA.
With znuABC present on the chromosome, only 25 wM zinc was needed to suppress the
impact of 1.4 mM EDTA (Figure 2B). However, with znuABC deleted, 10 wM zinc was
required to suppress the effects of 20 .M EDTA (Figure 2D), a much higher ratio of metal
to chelator.

Additionally, at such a high ratio of metal to EDTA, cobalt and to a lesser extent nickel were
able to partially suppress the EDTA-dependent growth defect exhibited by the
AznuABC::.cam A yeiR mutant. At this ratio of EDTA:metal (2:1), it is possible that cobalt
and nickel are displacing zinc from EDTA, which is then available for uptake through low-
affinity transporters.3 The stability constants between EDTA and Co?* and EDTA and Zn2*
are roughly the same (log K equals 18.1 and 18.3, respectively).56 The stability constant
between EDTA and Ni2* is roughly two orders of magnitude higher (log K equal to 20.4).56
A remote possibility is that cobalt and nickel are also able to directly rescue the
AznuABC::.cam A yeiR mutant growth defect. However, this prospect remains to be
explored.

The yeiR mutant also has a Cd2*-sensitive phenotype. Intracellular zinc limitation induced
by cadmium has been postulated to be responsible for cadmium toxicity.38: 57 Accordingly,
we observed that the AznuABC::cam mutant, which is unable to transport zinc in a high-
affinity capacity,3° is more sensitive to cadmium than the isogenic parent and the
AznuABC::cam A yeiR mutant is more sensitive still. Zinc was able to partially rescue the
cadmium-phenotype of the A ye/R strain, although not as specifically as with the EDTA-
experiments.

These results point to a link between YeiR and zinc as has been found for YciC from B.
subtilis, but YeiR and YciC are members of distinct COG0523 clades of the COG0523
superfamily.36 The YeiR clade, however, does contain putatively zinc-regulated
proteobacterial COG0523 proteins (Figure 1). As observed for yeiR, deletion of yc/iC also
leads to an EDTA-dependent growth defect when znuA is deleted,3%: 98 and the yciC
phenotype was later confirmed to be due specifically to zinc depletion.32 While the
involvement of yciC in zinc homeostasis in supported by its regulation by Zn2* through
Zur3L, Zur regulatory sites are not predicted to exist upstream of yeiR.36: 59 Furthermore,
yeiR has not been identified in any of the studies that examined the response of £. colito
zinc depletion.38 60 Thus, it is unclear whether expression of yeiR is influenced by the metal
requirements of the cell.

In this study, we also sought to characterize metal binding to YeiR, which is predicted from
its sequence similarity to the known nickel-binding proteins UreG and HypB, and to confirm
GTPase activity, a characteristic of G3E family proteins that has not been investigated for
the COG0523 subgroup. Several different methods were used to establish that YeiR-MBP
binds multiple zinc ions. Although we can not rule out a contribution from the MBP tag to
metal binding, the observation that zinc impacts the biochemical activities of this protein
supports at least one specific metal-binding site on YeiR. Zinc influences the GTPase
activity of YeiR-MBP, which could provide a mechanism for linking the activity of the
protein to zinc homeostasis. In contrast, a physiological connection between Ni2* and YeiR
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in vivo was not established and less stimulation of the GTPase activity of YeiR-MBP was
observed in the presence of Ni2*. It was previously shown that the activity of several HypB
homologs are also affected by metal binding,*2 61 but in those cases metal inhibits GTPase
hydrolysis, so YeiR is the first example to display GTP hydrolysis acceleration upon metal
loading. Mutation of the cysteine residues of the CXCC motif embedded in the GTPase
domain abrogates the ability of the protein to complement the EDTA sensitivity of the yeiR
strain of £. coli, supporting a functional role, but whether this is due to direct zinc binding at
this site is not clear. Our experiments suggest that Zn?* is able to compete with Ni2* bound
to the cysteine ligands in this motif, but mutation of these cysteines does not dramatically
diminish zinc binding /n vitro. Furthermore, it is clear that there are multiple metal-binding
sites on the protein, including the poly-histidine motif (HxHxH) found in the C-terminal
section of the protein (Figure S1). Further work will be necessary to establish the function of
this CXCC motif and the detailed coordination environments of the metals. Nevertheless,
taken together these results support a functional link between the GTPase and metal-binding
activities of this family of proteins.

Ensuring proper metal allocation to the active sites of metalloenzymes is critical for the
survival of any organism. Studies involving the maturation of [NiFe]-hydrogenase and of
urease have provided detailed pictures of metallocenter assembly.11: 62 The mechanism and
function of each accessory factor required for maturation of these enzymes is still not fully
understood, but in both cases the G3E P-loop GTPase is involved in the incorporation of the
Ni(Il) ion into the enzyme’s active site. By analogy, YeiR could have similar roles in the
activation of a target enzyme(s) whose function becomes essential when the cell is faced
with metal stress such as that induced by either EDTA or cadmium. Whether the affect of
zinc binding on GTPase activity is an indication that the target protein requires a zinc
cofactor remains to be determined.

Materials and Methods

Materials

Restriction endonucleases and T4 DNA ligase were obtained from New England Biolabs.
PruDNA polymerase was purchased from Stratagene. Kanamaycin, TCEP and IPTG were
obtained from BioShop (Toronto, ON). Phusion High-Fidelity DNA polymerase was
purchased from Finnzymes. High Flow Amylose resin was acquired from New England
Biolabs and all other chromatography media were purchased from GE Healthcare. Pure
metal salts and analytical grade metal solutions were purchased from Sigma-Aldrich. All
studies were prepared with Milli-Q water, 18.2 MQ-cm resistance. Buffers for all metal
assays were treated with Chelex-100 (Bio-Rad) to minimize trace metal contamination.
Primers (Table S2) were purchased from Sigma Genosys or Integrated DNA Technologies.
Metal salts used for suppression of the EDTA-dependent growth defect (ZnSOg4, CoCly,
CuCly, MnCls, NiCl,, FeCl3) were Puratronic® grade from Alfa Aesar.

Bacterial strains and growth conditions

E. coli strains were routinely grown at 37°C in LB-Lennox medium (LB) or a low-
phosphate Tris-buffered minimal medium (LP)53 that contained 0.2% glycerol and 0.3%
casamino acids. The ferric citrate in this medium was replaced with FeSO,4 at 3 mg/L. When
required, growth media were solidified with 15 g of agar/liter for preparation of plates.
Kanamycin (kan, 50 pg/ml), ampicillin (amp, 100pg/ml) and chloramphenicol (cam, 30 pg/
ml) were added as required. £. coli K-12 MG1655 was used as the wild type strain in all
experiments. The yeiR::kan allele from the Keio collection (JW2161)%* was transferred to
MG1655 by P1 transduction.5® The kan marker was excised from the chromosome by FLP-
recombinase-mediated recombination.®® The A znuABC::cam allele from E. coli GR352%7
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was transferred to MG1655 and A yeiR by P1 transduction. For EDTA and CdSOy4
sensitivity experiments, overnight cultures of strains grown in LB were washed once with
LP medium then normalized to an optical density at 600 nm of 1.0. Normalized cultures
were then diluted 1/500 into fresh LP medium. Growth curves were generated with a
Bioscreen C (Growth Curves USA, Piscataway, NJ) at 37°C with intensive shaking. All
growth experiments were repeated independently at least three times. Strains were routinely
checked by PCR amplification with primers external and internal to the deleted gene (Table
S2).

Construction of Expression Vectors and Mutants

For yeiR rescue experiments, ye/R was amplified by polymerase chain reaction (PCR) using
Phusion High-Fidelity DNA polymerase according to the manufacturer’s guidelines from
MG1655 genomic DNA using the YeiR_pBAD24™ and YeiR_pBAD24"™V (Table S2) that
were designed with restriction sites for Alcal (forward) and Xbal (reverse). PCR-amplified
yeiR was then cloned into pPBAD?24 resulting in pCHO11. For site-specific mutagenesis of
yeiR used in rescue experiments, the overlap extension method®’ was employed with
primers listed in Table S2 and pCHO11 as template.

For overexpression, the coding sequence for YeiR was amplified from £. co/i DH5a and
cloned into a pET24b(+) vector. The yeiR gene was then amplified from this vector using
the primers YeiR™ and YeiR'™V (Table S2) that were designed with restriction sites for Nde/
(forward) and X#o/ (reverse), cut with those enzymes, and ligated into the plADL-16 vector
to produce the plasmid expressing YeiR-MBP with an N-terminal MBP tag.® The triple
mutant (ASS) was generated from the YeiR-MBP parent vector by using QuikChange PCR
mutagenesis with Pfu polymerase followed by Dpn/ digestion. Plasmids were transformed
into XL-2 Blue competent cells and isolated using the Qiagen plasmid mini-prep kit. All
plasmids were sequenced in the forward and reverse directions (ACGT, Toronto, ON or the
UF ICBR sequencing core, Gainesville, FL) to verify the cloned sequences and mutations.

Protein Expression

For expression of wild type and mutant YeiR-MBP, the plasmids were transformed into
BL21(DE3) cells (Novagen). An overnight culture of 50 ml of the transformed cells was
grown at 37° C and 15 ml of it was used to inoculate 1.5 L of LB medium, supplemented
with 50 pg/ml kan. The cells were grown aerobically at 37° C until the OD measured at 600
nm reached 0.6, at this point the temperature was set to 15° C and the cells were induced
with 0.25 mM IPTG. After 3—4 hours of incubation, the cells were harvested by
centrifugation and resuspended in 50 ml of 20 mM Tris, pH 7.5, containing 100 mM NacCl.
The cells were frozen with liquid nitrogen and stored at —80° C until needed.

Protein Purification

Two chromatography steps were required to produce protein that was >95% pure, as
evidenced by a band at approximately 79 kDa in reducing SDS-PAGE analysis (Figure
S7A). Thawed cells were treated with 5 mM TCEP, 1 mM PMSF and supplemented with a
Complete Mini EDTA-free protease inhibitor cocktail tablet (Roche Applied Sciences). The
cells were then sonicated on ice, followed by centrifugation at 4° C and 18,000 rpm (RC5B
PLUS SORVALL, using an SS-34 rotor) for 40 min. The supernatant was filtered through a
0.45 pm syringe filter before being loaded onto an Amylose column. The column was
washed with 50 column volumes of Buffer A (20 mM Tris, pH 7.5) containing 0.2 M NaCl
at 4o C. The protein was then eluted with column buffer plus 10 mM maltose. Fractions
were screened by SDS-PAGE (12.5%), and fractions containing the protein of interest were
pooled together and dialyzed against Buffer A. Samples were loaded onto a MonoQ 10/100
GL (GE Healthcare) column equilibrated with buffer A and eluted with a NaCl gradient,
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with the protein eluting at ~150 mM NaCl. Following SDS-PAGE, protein fractions were
pooled and concentrated using Amicon Ultra 3K MWCO centrifuge concentrators
(Millipore) to final concentrations of at least 250 M. Protein concentration was determined
by using the calculated extinction coefficient of 113,580 M~1cm=1 for YeiR-MBP at 280
nm. The molecular mass of the purified proteins was determined by ESI-MS (Department of
Chemistry, University of Toronto); the predicted molecular weight for the wild type fusion
protein is 78,896.9 Da, assuming loss of the N-terminal methionine, and the observed MW
was 78,898.0 Da. Protein samples were stored at —80° C until use. All experiments
described in this report were performed with the fusion protein YeiR-MBP.

Apo-proteins were generated by incubating the purified protein with 10 mM EDTA and 1
mM TCEP for at least 48 hours in an anaerobic glovebox at 4° C, after which the samples
were passed through two sequential PD10 gel filtration columns equilibrated with 25 mM
HEPES, pH 7.6,100 mM NacCl in the glovebox. The free thiol content of the fractions was
quantified by monitoring the absorption signal at 412 nm after reaction with DTNB in the
presence of 6 M guanidinium hydrochloride; p-mercaptoethanol was used as a standard.

CD Spectroscopy

Mutant and wild type YeiR-MBP samples (30 .M) were analyzed on a Jasco J-170
spectropolarimeter using a cuvette with a 1 mm path length over a wavelength range of 190-
350 nm at room temperature. Each experiment was the average of five scans.

Metal Titrations

NiZ* binding was assessed by electronic absorption spectroscopy using the observed signal
at 325 nm. Ni2* titrations were prepared by incubating 400 nM apo-protein with varying
amounts of Ni2* and monitoring the metal binding by using a GBC Cintra 404 spectrometer
and a 1-cm path length cuvette.

Mag-Fura-2 Competitions

To confirm Zn2* binding to the protein, the metal-binding competitor Mag-Fura-2 was used,
which has a reported mid-nMK.5° The zinc-binding affinity of Mag-Fura-2 to Zn2* was
previously determined to be 101 nM using the same buffer system used in these studies.*?
Stocks of Mag-Fura-2 (Invitrogen) were prepared in MilliQ water and quantified by using
the reported extinction coefficient of 22,000 M~1cm™1 at 369 nm.®9 Stoichiometry was
determined by incubating 5 M protein with 0.5 uM Mag-fura-2, after which the samples
were titrated with 0 to 40 wM Zn2* and left overnight at 4°C inside a glovebox. Mag-fura-2
was excited at 366 nm, and the decreasing fluorescence upon metal addition was monitored
at 500 nm. The data were analyzed by using DYNAFIT43 using a script describing the
competition between the protein and the Mag-fura-2 for Zn2*. All fluorescence experiments
were conducted on a JY HORIBA Fluorolog-3 spectrofluorimeter.

Mass Spectroscopy

Apo-protein was incubated overnight with excess nickel or zinc acetate. The samples were
then passed through a PD10 column equilibrated with 25 mM HEPES, pH 7.6, 100 mM
NaCl in the glovebox to remove unbound metal. The most concentrated protein sample was
then passed through a second PD10 column equilibrated with 10 mM ammonium acetate
(pH 7.5). The samples were capped under anaerobic conditions to minimize oxidation prior
to ESI-MS measurements. The mass spectra were acquired on an AB/SciexQStarXL mass
spectrometer equipped with an ion spray source in the positive mode. lons were scanned
from 1000-3000 /m/z with accumulations of up to 10 min per spectrum. The instrument
parameters are as follows: ion source gas 50.0 psi, curtain gas 45.0 psi, ion spray voltage
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4,200.0 V, declustering potential 150.0 V, focusing potential 210.0 V, collision gas 3.0, and
MPC (detector) 2,200 V. The spectra were deconvoluted using the Bayesian protein
reconstruction program over a mass range of 78,000 — 80,000 Da.

Analytical Superdex

Samples of 150 pl of 100 M YeiR-MBP were incubated in an anaerobic glovebox at 4° C
overnight with 3 equivalents of Ni2* or Zn2*, Samples that included GTP were incubated an
hour before injection with 600 .M nucleotide. The samples were loaded on to an Analytical
Superdex 200 10/300 column (GE Healthcare) equilibrated with 25 mM HEPES, pH 7.5,
200 mM NaCl and 1 mM TCEP. The column was calibrated with thyroglobulin (670 kDa),
y-globulin (158 kDa), ovalbumin (44 kDa), myoglobin (17 kDa), and vitamin B12 (1.4 kDa)
(BioRad).

GTPase Activity

The GTPase activity was determined using the Malachite Green (MG) assay for free
phosphate.”%: 71 A variation of this assay uses Tween 20 to stabilize the dye complex so
smaller concentrations (up to 20 M) of phosphate are detected.’2 The MG reagent was
prepared with 10 ml 0.045% malachite green in water with 0.1 N HCI, 2.5 ml of 7.5%
ammonium molybdate in water and 200 .l of 11% Tween 20; the mix was allowed to stand
for 30 min. The reaction mixture consisted of 1 wM protein, 50 mM Tris, pH 7.5, 50 mM
KCI, and 5 mM MgCl,. Samples with varying concentrations of GTP were incubated at 37°
C for 2.5 hours. After this, 160 .l of each reaction was plated on a 96 well plate and 40 .l
of the MG reagent was added to each sample. After 3 minutes of gentle shaking, sodium
citrate was added to a final concentration of 3.5%. The plate was mixed again by shaking
and then incubated for 30 minutes at room temperature. The absorbance was measured at
630 nm with an EL808 Ultra microplate reader (Bio-Tek Instruments). Buffer and GTP only
controls were run to determine background signals. The amount of phosphate released was
calculated on the basis of a standard curve from phosphate standards (Molecular Probes).
The data were analyzed using OriginPro 7.5 to fit the data to the Michaelis-Menten
equation. To determine the effects of metal, 10 wM protein samples were incubated
overnight with 30 M of either Zn?* or Ni2* before dilution to 1 M, and control samples in
the absence of protein contained the same amounts of metal ion.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Phylogenetic tree of selected COG0523 proteins including the two hypothetical
members from E. coli, YeiR and YjiA

Protein sequences were downloaded from the SEED database (http://theseed.uchicago.edu/
FIG/) and aligned with the MUSCLE program.”2 The neighbor joining tree was constructed
using the PHYLIP package.’* Predicted repression of the corresponding gene by Zur36 is
indicated by a dotted line. Typical gene organization involving COG0523 from each of the 5
subgroups is shown. CobW refers the COG0523 proteins proposed to be involved in
cobalamin biosynthesis. NHase activators are COG0523 proteins involved in Fe-type nitrile
hydratase activation and YciC refers to COG0523 proteins shown to be involved in survival
during zinc depletion.”®
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Overnight cultures of E. coli derivatives grown in LB at 37°C were washed once in LP
medium and normalized to an ODgggnm Of 1.0. Cells were then diluted 1/500 into fresh LP
medium. Growth curves were measured using a Bioscreen C at 37°C. For each panel, error
bars represent + the standard deviation of 3 replicates. (A) £. coli MG1655 (WT) pBAD24
(squares), A yeiRpBAD?24 (circles) and A yeiR pCHO11 (Pgap::yelR) (triangles) in LP
medium were grown in the absence (grey line) or presence (black line) of 1.4 mM EDTA.
(B) Growth of the A yeiR strain in LP medium in the absence of EDTA (LP) or presence of
1.4 mM EDTA +/- the indicated metals at either 25 — 75 .M metal. (C) AznuABC::cam
pBAD24 (squares), AznuABC:.cam A yeiR pBAD24 (circles) and AznuABC:.cam A yeiR
pCHO11 (Pgap::yeiR) (triangles) were grown in the absence (grey line) or presence (black
lines) of 20 wM EDTA. Error bars represent + the standard deviation of 3 replicates. (D)
Growth of the AznuABC::cam A yeiR mutant in LP medium in the absence of EDTA (LP)
or presence of 20 wM EDTA +/- the indicated metals at either 2.5 wM or 10 .M metal.
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Figure 3. Cadmium sensitivity phenotypes

E. coli derivatives were grown as described for Figure 2 except Cd?* was added to the
appropriate cultures instead of EDTA. (A) £. coliMG1655 (WT) pBAD24 (squares), A yeiR
pBAD?24 (circles) and A yeiR pCHO11 (Pgap::yeiR) (triangles) in LP medium were grown
in the absence (grey line) or presence (black line) of 40uM Cd2*. (B) AznuABC::cam
pBAD24 (squares), AznuABC:.cam A yeiR pBAD24 (circles) and AznuABC:.cam A yeiR
pCHO11 (Pgap::yeiR) (triangles) were grown in the absence (grey line) or in the presence
(black line) of 2.5 wM Cd2*. Error bars represent + the standard deviation of 3 replicates.
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Figure 4. Zinc binding to YeiR-MBP and MBP

YeiR-MBP or MBP was incubated with EDTA and TCEP for 48 hours at 4°C in an
anaerobic glovebox followed by gel filtration chromatography to yield apo-YeiR-MBP.
Samples of 150 .M protein were incubated with at least four molar equivalents of zinc, after
which they were passed through a gel filtration column and buffer exchanged into 10 mM
ammonium acetate, pH 7.5 before analysis by ESI-MS. The predicted masses of YeiR-MBP
and MBP are 78,896.9 and 46359.8 Da, respectively.
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Figure 5. MF-2 competitions of zinc binding to YeiR-MBP

(A) Zn2*(0 to 35 M) was titrated into samples containing 5 M protein and 0.5 uM Mag-
fura-2, after which the samples were incubated at 4°C inside a glovebox. Mag-fura-2 was
excited at 366 nm, and the decreasing fluorescence upon metal addition was monitored at
500 nm. The data points are averages from three experiments, and the error bars represent 1
standard deviation. (B) The data were re-zeroed at 5 .M metal added, and then the modified
data set was analyzed by using DYNAFIT 43 using a script describing the competition
between the protein and the Mag-fura-2 for Zn?*, assuming two metal sites on YeiR-MBP.
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Figure 6. GTPase Activity of YeiR-MBP

Apo-protein (1 M) or protein first incubated with nickel or zinc was incubated with the
indicated concentrations of GTP for 2.5 h at 37°C, followed by quantification of the released
phosphate. Representative data sets and fits to the Michaelis-Menten equation are shown and

the calculated kinetic constants are listed in Table 1.
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Table 1
GTPase Activity of YeiR-MBP

Protein Km (BM) ke (MIin™D) kel Ky (sec™t MY
Apo-YeiR 220+81 0.19+0.03 14+6

YeiR + Ni2* 17750  0.33+0.05 31+10

YeiR + Zn2* 49 + 22 0.32+0.03 110+ 21

The GTPase activity was determined for 1 M protein by using the Malachite Green (MG) assay for free phosphate. Holo protein samples

contained a 3-fold excess of either Zn2* or Ni2*. Samples with varying concentrations of GTP were incubated at 37° C for 2.5 hours prior to
analysis. Control samples without protein were analyzed to determine the rate of background hydrolysis. The data were fit to the Michaelis-Menten
equation. Experiments were performed at least in triplicate and errors represent one standard deviation.
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