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Abstract

Intracellular zinc homeostasis is regulated by an extensive network of transporters, ligands and
transcription factors. The zinc detoxification functions of three transporters and a periplasmic
protein regulated by the BaeSR two-component system were explored in this work by evaluating
the effect of single gene knockouts in the BaeSR regulon on cell growth rate, free zinc, total zinc
and total copper after zinc shock. Two exporters, MdtABC and MdtD, and the periplasmic protein,
Spy, are involved in zinc detoxification based on the growth defects at high cell density and
increases in free (>1000-fold) and total zinc/copper (> 2-fold) that were observed in the single
knockout strains upon exposure to zinc. These proteins complement the ATP-driven zinc export
mediated by ZntA in E. coli to limit zinc toxicity. These results highlight the functions of the
BaeSR regulon in metal homeostasis.

Introduction

Zinc plays important catalytic, structural and regulatory roles in the cell. Hundreds of
metalloproteins bind zinc as catalytic cofactors and/or structural elements®: 2. While zinc is
an essential nutrient, excess zinc is toxic to the cell, possibly through inhibition of key
enzymes and competition with other relevant metal ions?: 3. For these reasons, intracellular
zinc is normally maintained at low “free” or readily exchangeable concentrations (pM
levels) 45 and regulated by an extensive network of transporters, ligands and transcription
factors8. In E. coli, zinc detoxification is primarily achieved by exporters. ZntA, a P-type
ATPase, and ZitB, a cation diffusion facilitator, are two well-studied zinc transporters’.
Previous studies have shown that ZntA is up-regulated under high zinc stress to effectively
lower the intracellular zinc concentration, while ZitB is constitutively expressed to function
as a first-line defense against zinc influx’=9. Other transporters are also proposed to be
involved in zinc detoxification, as the zntA knockout cells retain the ability to decrease the
free and total zinc concentration, although more slowly®. Potential additional zinc
transporters that could function in zinc detoxification include the ZitB homolog Yiip and
several amphiphilic transporters1C. Transcriptional analysis of cells after zinc shock
demonstrated up-regulation of a number of transporter genes other than zntA, including
acrD, mdtA, mdtC, mdtD, yfiK, and amtB, etc1l. Among these transporters, acrD, mdtA,
mdtC and mdtD are all controlled by the BaeSR (bacterial adaptive response) two-
component system2, which suggests that the BaeSR regulon may play a role in zinc
regulation.
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The BaeSR two-component signal transduction system is one of three extra-cytoplasmic
stress response (ESR) systems in E. coli that control the adaptive response to changes in the
environment!3. Bae$S is a membrane-bound histidine kinase that senses environmental
changes and transduces the information to the cell by catalyzing phosphorylation of the
transcription factor BaeR 12. BaeR activates the expression of eight genes, which encode
three transporters, one periplasmic protein and both BaeS and BaeR 12 14 (Fig. 1). These
genes are involved in the envelope stress response, drug resistance, and metal resistance of
E. coli and Salmonella. The BaeSR regulon responds to a wide range of environmental
stresses, including spheroplasting, and exposure to indole, tannin, flavonoid, sodium
tungstate, and high levels of zinc or copper!!: 12, Previous studies have analyzed the role of
the BaeSR regulon in conferring drug resistance, while the function of these proteins in zinc
detoxification and homeostasis is still emerging?®. The transporters and the periplasmic
protein on the BaeSR regulon are up-regulated upon exposure of cells to high concentrations
of zinc!?, and Salmonella strains lacking genes on this regulon exhibit significant growth
defects under high zinc conditions!®. Here we analyze the effects of single gene knockouts
in this gene cluster on the cellular response to zinc toxicity.

BaeS is an inner-membrane-bound histidine kinase containing a periplasmic sensing
domainl®. BaeR is a cytoplasmic transcription factor that can be phosphorylated by BaeS,
which increases the affinity of BaeR for DNA, leading to initiation of transcription of the
entire regulon. Genetic studies revealed a consensus BaeR binding sequence, 5'-
TTTTTCTCCATDATTGGC-3’ (where D is G, A, or T), in the promoter regions of the
mdtABCD-baeSR operon, acrD gene and spy gene 14. The mdtABC and acrD genes encode
components of two RND (Resistance-Nodulation-Cell Division)-type transporters, mdtD
encodes a putative transporter that belongs to the major facilitator superfamily (MFS), and
spy encodes a small periplasmic protein. Activation of the BaeSR regulon results in a
positive feedback loop as the expression of the two-component system, BaeS and BaeR, is
also up-regulated.

MdtA, MdtB and MdtC form a RND-type trans-envelope efflux multiplex with the outer
membrane pore protein TolC in E. colil’. MdtB and MdtC form a heterotrimeric proton-
substrate antiporter across the inner membrane, which is connected to the outer membrane
protein TolC through the membrane fusion protein MdtAl?. Exposure of E. coli to 0.2 - 1
mM zinc resulted in a 2- to 3-fold increase in the transcription levels of mdtA and mdtC via
regulation of BaeSR1: 15, Over-expression of MdtABC confers resistance to drugs such as
novobiocin (16-fold) and deoxycholate (32-fold)18. MdtB is not necessary for drug
resistance as trans-expression of mdtA and mdtC are sufficient to induce this phenotype in E.
colil’. Under these conditions it is possible that the MdtB/MdtC heterotrimer may be
replaced by an MdtC homotrimer in the transmembrane channel as MdtB shares ~ 50%
amino acid sequence similarity with MdtC. Similar to all RND-type transporters in E. coli
(except the copper transporter CusABC), MdtABC requires TolC as an outer membrane
factor to functionl®. The fourth gene on the MdtABCD-BaeSR operon, mdtD, encodes a
putative transporter that belongs to the major facilitator superfamily (MFS) based on
sequence analysis'®. MFS transporters are single-polypeptide carriers capable of
transporting small solutes in response to chemiosmotic gradients20. They typically have 12 —
14 transmembrane domains. Similar to mdtA/B/C, exposure of cells to high zinc resulted in
an ~ 2-fold increase in mdtD transcription!l. The transport mechanism and biological
function of MdtD is unknown, including no evidence that MdtD is involved in multidrug
resistancel®19, acrD encodes an aminoglycoside efflux pump?2L: 22 that is a homologue to
the well-known multidrug resistance transporter, AcrB. Like AcrB, AcrD forms a trans-
inner-membrane homotrimer which complexes with the membrane fusion protein AcrA and
outer membrane channel TolC as an RND-type efflux pump23. Exposure to zinc caused a 4-
to 6-fold increase in acrD transcription, activated by BaeSR1%. Spy, another gene product
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modulated by the BaeSR system, is a small periplasmic protein that was first demonstrated
to be up-regulated during spheroplasting?4. Additionally, denatured proteins and metal stress
induce expression of Spy. Copper and zinc exposure lead to over-expression of Spy through
regulation by CpxA/R and BaeSR, respectively2®. The transcription of Spy is upregulated
20- to 50-fold upon exposure of cells to zinc. Although Spy has not been shown to bind zinc
with high affinity1: 26, homologues of Spy have been identified with bound metals?’: 28,
Recent findings suggest that Spy functions as a periplasmic molecular chaperone to suppress
protein aggregation and enhance protein folding under envelope stress conditions?®.
Therefore, Spy may protect against zinc-induced protein denaturation and aggregation in the
periplasm.

Although the BaeSR regulon is up-regulated upon high zinc exposure, the biological
functions of the individual proteins are not clear. The roles of the BaeSR-regulated
transporters in protecting cells against high zinc stress were first studied in Salmonella
enterical®. The mutant strains AacrDAmdAtABC and AbaeSR are much more sensitive to zinc
and copper stress than the wild type strain, while no changes in drug resistance were
observed. These results suggest that the BaeSR regulon may play an important physiological
role in metal homeostasis, similar to the function of the RND-type copper transporter,
CusABC, in copper resistance30. To test this, we investigated the function of each
component of the BaeSR regulon in the regulation of zinc homeostasis in E. coli. We
demonstrate that individual deletions of mdtC, mdtD and spy in E. coli both decrease the
growth rate at high cell density in the presence of high zinc and lead to a significant increase
in the total zinc concentration after zinc shock. Furthermore, the free zinc concentration
increases dramatically after zinc shock, as measured by an expressed carbonic anhydrase-
based excitation ratiometric fluorescence resonance transfer zinc sensor®. These data provide
clear evidence that multiple components of the BaeSR regulon are involved in the regulation
of intracellular zinc homeostasis, maintaining low cellular zinc concentrations upon
exposure to high extracellular zinc.

Methods and Materials

E. coli Strains and Growth Conditions

E. coli strains from the Keio Knockout Collection were obtained from the E. coli Genetic
Stock Center of Yale University3l. The parent strain of this single knock-out collection,
BW25113 {F, 4(araD-araB)567, dlacZ4787(::rrnB-3), 17, rph-1, 4(rhaD-rhaB)568,
hsdR514} was derived from E. coli K-12, and is considered “wild type” in this work. The
mutant strains in this collection (4mdtA (JW5338-1), AmdtB (JW2060-1), AmdtC
(JW2061-3), AmdtD (JW2062-1), AacrD (JW2454-1), AbaeS (JW2063-1), AbaeR
(JW2064-3), and Aspy (JW1732-1)) were constructed from BW25113 by replacing the target
gene with a kanamycin insert 3. E. coli cells were cultured in MOPS minimal medium
supplemented with thiamine (1 pg/ml) and uracil (20 pg/ml) at 25°C 32, The doubling time
(Tg) for growth of these cells was determined by a fit of Equation 1 to the growth curves
(ODgqg versus time).

ODgoo,t=0 D00, initial < 2t/Te) Eq.1

Measurement of Intracellular Total Zinc

E. coli cells transformed with the plasmid pTH_H94N_CA_TagRFP (see 2.3 for plasmid
construction) that encodes a carbonic anhydrase-based zinc sensor were diluted 1:50 from an
overnight culture grown in MOPS minimal media with 100 pg/ml ampicillin into MOPS
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medium without antibiotics®, and grown at 25°C to ODggg ~ 0.3 before a final concentration
of 50 pM ZnSO,4 was added to the flask. An aliquot (1 ml) of the cell culture was
centrifuged (15,000 x g, 1 min) at various time points after addition of Zn. The pellets were
washed twice with 500 pl ice-cold MOPS medium without additional zinc and once with 1
ml ice-cold ddH,O. The pellets were then dissolved in 200 .l of 35% ultra pure nitric acid,
and incubated at 37°C overnight. The total metal content in these samples was measured
using inductively coupled plasma mass spectrometry (ICP-MS), and the total zinc
concentration per cell was calculated by dividing the total metal content by the total cell
volume. The total cell volume was derived by multiplying the estimated average cell volume
for E. coli (0.5 x 10718 m3) by the total number of cells, as measured by ODggg. The number
of cells per ODgqp (~ 1.3 x 109) was calibrated by plating the cells and counting the
colonies. The volume per cell of 0.5 x 10718 m3 was derived from the average dimensions of
an E. coli cell of 2 um length and 0.5 pm diameter32 (all of the strains have similar cell
dimensions as observed by light microscopy).

Measurement of Intracellular Free Zinc

The intracellular free zinc concentration was measured using carbonic anhydrase-based zinc
sensors as described previously with slight modifications®. The sensor expression vectors
pTH_CA_TagRFP and pTH_H94N_CA_TagRFP were constructed by inserting the DNA
sequence of wild type CA_TagRFP or H94N CA_TagRFP fusion genes between the
restriction sites Ncol and Kpnl after the trc-lac promoter on the vector pTrcHisa
(Invitrogen). The CA_TagRFP genes were sequenced at the University of Michigan
Sequencing Core facility. E. coli cells chemically transformed with one of these expression
vectors were grown in MOPS minimal medium with 100 pg/ml ampicillin to ODggg ~ 0.3 at
30°C then induced by addition of 1 mM isopropyl p-D-1-thiogalactopyranoside (IPTG). The
induced cultures were incubated at 30°C overnight allowing expression and maturation of
the sensor. The culture was then diluted 1:20 into fresh MOPS medium without antibiotics
and incubated at 30°C allowing the cells to recover and grow to log-phase. At ODggg ~ 0.3,
samples (2 pl) of the culture were placed on a poly-L-lysine-coated 96-well glass bottom
plate (Matrical) and incubated with 100 pl 2 {M dapoxyl sulfonamide (DPS)3* in MOPS
medium for 20 min at room temperature. Then excess DPS was removed and 100 pl MOPS
medium was added. Before imaging, 11 pl of various 10x ZnSQ, stock solutions were
added to the imaging medium to make the final total zinc concentrations (0, 10, 50, and 100
M) for the zinc shock experiments. Each culture sample was repeated in 5 separate wells,
and a maximum of 2 images was taken from each well to limit photobleaching. Images were
acquired at room temperature on a Nikon TE2000U inverted fluorescence microscope from
two channels: FRET channel (Ex 350 nm/Em 620 nm, exposure time 500 ms) and FP
channel (Ex 530 nm/Em 620 nm, exposure time 200 ms). The average Igret/Igp ratio was
compared to the in situ calibration curve of the sensor to calculate the intracellular free zinc
concentration. In situ calibrations of the sensors were carried out by incubating the cells with
NTA-chelated zinc buffers plus digitonin and DPS, as described previously®.

MRNA Preparation and Quantification

E. coli cells with the plasmid pTH_H94N_CA_TagRFP were grown to ODggg ~ 0.3 in
MOPS medium without antibiotics at 37°C, cooled for ~ 20 min to room temperature (~
25°C), and then various concentrations of ZnSQOy4 (0, 10, 50, and 100 M) were added. A 0.5
ml sample of the cell culture was collected at various times, and diluted into 1 ml of RNeasy
Bacteria Protect (Qiagen) solution. The mixture was vortexed for 5 s, incubated at room
temperature for 5 min, and centrifuged for 10 min at 5,500 x g. The cell pellets were flash
frozen in a dry ice-ethanol bath, and then stored at —80°C. Total mMRNA was extracted from
the cell pellets using the RNeasy Mini Kit (Qiagen) according to the manufacturer’s
instructions. On-column DNase | treatment was conducted to eliminate the residual DNA
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during the extraction. The purified total RNA was then re-incubated with DNase | for 30
min using the DNA-free DNase treatment and removal reagents (Ambion). The total mMRNA
concentration was measured using the NanoDrop spectrophotometer (Thermo Scientific)
and an extinction coefficient of 27 (ng/ml)~lem™1.

MRNA transcripts of the mtdC, baeR, acrD and spy genes were quantified by RT-PCR.
Template cDNA was synthesized using the SuperScript 111 Reverse Transcriptase Kit
(Invitrogen) with total mMRNA as the template and random hexamers as the primers. ~ 50 ng
of the synthesized first strand cDNA was used as template in the 20 ul RT-PCR reaction.
The PCR primers for the target genes and the housekeeping gene rrsD (16S ribosomal RNA
of rrnD operon) were designed using the software Primer3. These primers clone a ~ 200 bp
DNA sequence within each gene (listed in Table 1). The RT-PCR experiments were set up
in triplicate and conducted using the SYBR Green gPCR SuperMix (Invitrogen) on a
Mastercycler® ep realplex real time PCR machine (Eppendorf).

Growth Rates of Bae Regulon Knockout Strains

To evaluate the role of the Bae regulon in zinc homeostasis we first examined whether
single gene knockouts affect the growth rate of E. coli in the presence or absence of high
zinc. Overnight cultures of the wild type (WT) and single gene knockout E. coli strains
(AbaeR, AbaeS, AmdtA, AmdtB, AmdtC, AmdtD, AacrD, and Aspy) were diluted to ODggg ~
0.1 into MOPS minimal medium without additional zinc or with 300 pM ZnSQOy4, and the
average doubling time was calculated from the time-dependent increase in ODggg using Eq.
1.

The wild type and knockout BW25113 E. coli strains exhibit biphasic growth in MOPS
minimal media (as shown in Fig 2(a)); the doubling time at low cell density (ODggg < 0.8) is
~ 50 min which increases to ~ 130 min at higher cell density. Under these conditions, no
significant difference in growth rate was observed between WT and any of the single
knockout strains in either the early or late growth phase (Fig. 2(b)). This is not surprising
given that the Bae regulon is primarily responsible for the cell’s adaptive response to
environmental stress conditions and therefore may not be essential under normal growth
conditions. Addition of 300 1M zinc to the medium decreases the growth of both the wild
type and the deletion strains in the early growth phase by ~2-fold. Furthermore, in the late
growth phase addition of zinc leads to slower growth rates compared to WT (Tg = 142 £ 19
min) for the following single knockout strains (Fig. 2(b)): AbaeR (Tg = 205 £ 34 min),
AbaeS (Tg = 243 + 35 min), AmdtA (Tg = 253 + 26 min), AmdtC (Tg = 264 + 33 min),
AmdtD (Tg = 263 £ 43 min) and Aspy (Tg = 209 £ 17 min). These results indicate that the
proteins encoded by the Bae regulon enhance cell viability under zinc stress exacerbated by
nutrition and energy constraints. One explanation for these results is that these proteins may
alleviate zinc stress by complementing other energy-dependent zinc detoxification
mechanisms that are less functional at this growth stage.

The single knockouts AmdtB and AacrD do not exhibit significant growth defects relative to
the wild type strain even upon addition of 300 1M zinc. Previous experiments have
demonstrated that MdtB can be replaced by an MdtC in the transmembrane heterotrimer?®.
Therefore, AmdtB may not exhibit a growth phenotype due to this functional
complementation by MdtC. The lack of a growth defect observed with the strain AacrD
suggests that AcrD does not play a significant role in protection against metal stress.
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Free Zinc Changes after Zinc Shock in Bae Regulon Deletion Strains

To examine whether the BaeSR regulon components play a role in regulating intracellular
zinc concentration, we monitored the intracellular free zinc changes upon zinc shock in
these single knockout strains using the expressible H94N CA_TagRFP sensor. This sensor
quantifies intracellular free zinc concentrations in the range of 1 — 200 nM&, Consistent with
previous observations®, the readily exchangeable zinc concentration in wild type E. coli in
MOPS minimal medium is below the detection limit of this sensor (< 1 nM). However, after
zinc shock a transient increase in the intracellular zinc concentration is observed where the
maximal free zinc concentration varies with the extracellular zinc concentration, peaking at
~10 nM and ~ 50 nM intracellular zinc for addition of 10 uM and 50 1M zinc, respectively,
to wild type E. coli (Fig. 3). The maximal concentration of intracellular zinc after the 50 uM
zinc shock is dramatically increased (to > 200 nM which is beyond the dynamic range of the
sensor) in the single knockout strains AmdtA, AmdtC, AmdtD, and Aspy, but not in the
AmdtB, AbaeS, and AbaeR strains. The initial high zinc concentration dropped significantly
within 20 — 40 min, and then gradually subsided to a level below the detection limit within 1
hr. The magnitude of the increase in free zinc depends on the concentration of the external
zinc concentration, as the free zinc peak is lower at 10 pM ZnSOy, (15 — 70 nM) for all of the
strains except Aspy where the duration of the elevated zinc concentration is decreased. These
data clearly indicate that all three transporters (MdtABC, MdtD and AcrD) and the
periplasmic protein (Spy) are involved in limiting the intracellular free zinc concentration to
various extents under zinc stress, although the elevated free zinc does not always translate
into growth defects as in the case of AcrD. The temporal patterns for intracellular free zinc
changes for the AmdtA, AmdtC, and Aspy strains after zinc shock are comparable to the
changes previously measured for deletion of ZitB8, a cation diffusion facilitator important
for zinc detoxification.

The transporter MdtABC plays a role in alleviating the free zinc spike in the cell after zinc
shock, consistent with the growth effects of the single MdtA and MdtC knockouts in the
previous section. At the 10 uM zinc shock, the increase in the free zinc concentration is
higher in the AmdtA strain compared to the AmdtC, although differential effects of zinc
stress on the growth rates were not observed for these strains. The free zinc concentrations
in the AmdtB strain after zinc shock are comparable to those observed for the wild type
strain, consistent with the previous observations that the function of MdtB can be
compensated by MdtC17 and no growth defects were observed in AmdtB. These results
indicate that MdtABC participates in zinc detoxification by lowering the initial intracellular
free zinc concentration when the cells encounter zinc stress, possibly by exporting zinc from
the periplasm and/or the cytosol. Similarly, the increase in free zinc in the AmdtD strain
indicates that MdtD is involved in zinc detoxification upon zinc shock. These data are
consistent with the growth defects of the mdtD knockout, implicating MdtD as playing a role
in zinc transport.

Although deletion of acrD does not affect cell growth in high zinc, the free zinc
concentration in this strain increases significantly after zinc shock indicating that AcrD
contributes to lowering free zinc content under these conditions. However, the transient
intracellular zinc spike has the shortest duration for the AcrD knockout strain (<20 min)
perhaps contributing to the lack of an effect of deletion of AcrD on the growth rate. These
data suggest that AcrD may play a minor role in the cellular response to zinc toxicity.

Interestingly, Spy plays a remarkable role in regulating the intracellular free zinc
concentration, even though there is no evidence that this protein is directly involved in zinc
transport. The intracellular free zinc concentration is the highest (>200 nM) in the Aspy
knockout strain, even at 10 pM ZnS0O,4 (Fig. 3(g)) and the zinc remains elevated for a longer
time than any of the other knockout strains tested here. The effects on free zinc are
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consistent with the growth defects seen at high zinc. Two possible explanations for the free
zinc changes in the Aspy strain are: (i) Spy may function as a molecular chaperone to
enhance the activity of some of the zinc exporters so in the absence of Spy the constitutive
metal transport system is less effective, resulting in higher initial zinc; and (ii) Spy may bind
to and thereby decrease the free zinc concentration in the periplasm, reducing the initial zinc
influx catalyzed by zinc transporters in the plasma membrane.

Although the expression of mdtABC, mdtD, acrD, and spy are upregulated under zinc
stress1! (see Fig. 5), the baeS and baeR knockouts have a minimal effect on the intracellular
free zinc concentration after zinc shock (<10 nM) (Fig. 3(h)) compared to the wild type
strain, even though the growth rates of the AbaeS and AbaeR strains are slower in high zinc
medium. This result suggests that the basal level of expression of the various components of
the BaeSR regulon is sufficient to serve as the first line of defense against the transient,
environmental zinc shock. Alternatively, deletion of baeS and baeR may result in
overexpression of other protective mechanisms against metal stress, such as increased
expression of zntA or zitB, that compensate for the impairment of the Bae regulon function.

Total Metal Changes after Zinc Shock in Bae Regulon Deletion Strains

We then measured the total metal changes upon zinc shock at 50 M ZnSO, using ICP-MS
in the wild type and knockout strains that exhibited both late stage growth defects and
substantial intracellular free zinc increases upon zinc shock, including AmdtC and Aspy.

AmdtC and Aspy showed increases in both total zinc and copper compared to the wild type
strain after zinc shock (Fig. 4). No significant alterations in total iron, calcium and
magnesium contents were observed in these strains (data not shown). Previous studies have
demonstrated that the Bae regulon can be up-regulated by addition of Cu(ll) as well as zinc,
and that the AmdtABCAacrD and AbaeSAbaeR mutants grow much more poorly than wild
type in the presence of high copper in the medium®. However, it is interesting that exposure
to external zinc can cause a significant increase in the intracellular copper homeostasis in
these single knock-out mutants, perhaps due to competition between zinc and copper for
binding to metal transporters and buffering proteins. The increased intracellular total copper
levels may contribute to the growth defects observed under zinc stress conditions.

In the AmdtC strain, the total zinc concentration increased by 2-fold at ~ 20 min which then
subsided to a level similar to that of wild type at 30 min (Fig. 4(a)). This increase in total
zinc is much smaller than the increase in free zinc (< 1 nM to > 200 nM) reflecting the
larger zinc buffering capacity of the cell8. In the WT cells, a modest increase in total copper
(~50%) is observed after zinc shock, which then decreases to the initial level at 90 min. In
contrast, in the AmdtC cells the intracellular total copper content increases by 2- to 3-fold
and remains ~ 2-fold higher than the baseline level even after 90 min (Fig. 4(b)). It is worth
noting that the copper efflux system, CusABC, a RND-type transporter, was previously
reported to be significantly up-regulated upon exposure to zincll, implying that the cells
need to export copper under high zinc stress. The elevated copper levels in the MdtABC
knockout suggest that this protein may export both zinc and copper.

In the Aspy knockout strain, dramatic increases in both total zinc (~ 10-fold) and copper (~
12-fold) were observed at ~ 20 min (Fig. 4(d)(d)) with a similar temporal pattern. These data
indicate that the loss of Spy affects both copper and zinc homeostasis, but not other metals
such as Ca and Mg (data not shown). As suggested previously, Spy could functions either
(or both) as: (i) a molecular chaperone to protect the membrane and periplasmic proteins
against zinc and copper stress to limit uptake or enhance export and/or (ii) a metal binding
protein to decrease the concentration of zinc and copper in the periplasm and limit metal
uptake.
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Transcriptional Response to Zinc Shock of Bae Regulon Deletion Strains

The Bae regulon had previously been shown to be up-regulated upon exposure to high zinc
stress!: 15, Here we monitored the time course of the transcription of mdtC, acrD, spy, and
baeR genes on the regulon to gain further insight into their functions. Two genes on the
mdtABCD-baeSR operon, mdtC and baeR, are moderately up-regulated (2- and 7-fold,
respectively) 30 min after exposure to high zinc. Interestingly, the time course of the
changes in the mRNA levels does not correspond to that of free zinc changes. The maximal
intracellular zinc peak occurs at ~20 min and then decreases while the mRNA levels
increase after 30 min. The observed increases in transcription are consistent with previously
published results!l: 1> where the increase in transcription was shown to be primarily through
regulation of BaeR, as the transcriptional response was abolished in a AbaeSR strainl®.

The transcription levels of spy and acrD increase more significantly (up to 50-fold and 17-
fold at 30 min), and interestingly exhibit two distinct peaks. The transcript levels peak at ~
10 min after zinc shock, and then decline afterwards at 15 min., coinciding nicely with the
increases in intracellular free zinc levels (Fig. 3 and Fig. 5). Therefore, it is possible that the
BaeSR system directly senses and responds to changes in intracellular free zinc levels.
However, unlike the transcription of zntA that plateaus or decreases as the free zinc level
subsides® a second phase of increasing transcript level is seen with spy and acrD, increasing
to the highest level at 30 min. Two possible explanations to this second phase of
transcriptional increase are: (i) the BaeSR two-component system may sense tertiary stress
signals that escalate overtime under prolonged exposure to high zinc concentrations to
trigger the stress response transcription; and (ii) the second phase of transcriptional increase
could result from the intrinsic positive feedback loop of the BaeSR system, in which BaeS/
baeR are up-regulated to amplify the stress signal and activate additional transcription14.
However, since the transcript level of baeR did not significantly increase until after 20 min
(Fig. 5(b)), it is unlikely that the positive feedback loop was responsible for the second
phase of transcription increase.

Discussion

The BaeSR regulon is responsible for envelope-related stress responses’3; however, the
functions of each of its components remain unclear. Past explorations of the function of
MdtABC has focused on its role in multidrug resistancel? 17: 19, However, over-expression
of MdtABC only provides a minor enhancement in drug resistance compared to other drug
resistance associated transporters, and the AmdtABC knockout strain did not alter the cellular
drug resistance profilel®. On the other hand, in Salmonella knockout of mdtABC/acrD or
BaeSR dramatically reduced the cells viability under zinc and copper stress 1°. This
observation, together with the fact that BaeSR regulon is up-regulated under exposure to
zinc, led to the proposal that the BaeSR regulon may play important roles in the cellular
resistance to metal stress. Here we explored the functions of these transporters and
periplasmic protein in zinc homeostasis by analyzing the effects of single knockouts of the
genes of the BaeSR regulon in E. coli on the cellular response to zinc shock. These results
demonstrate that the RND-type transporter MdtABC plays an important role in the cellular
response to metal stress, especially under energy constraint and zinc shock conditions. The
three knockout strains AmdtA, AmdtB, and AmdtC, exhibit different patterns in growth rates,
and free and total zinc changes, coinciding with the proposed function of each component
based on previous studies!’: 19. MdtC is the trans-inner-membrane antiporter that drives
efflux of a substrate into the periplasmic space through proton exchange®. The AmdtC
knockout produced a growth defect in the late phase (Fig. 2) and a significant transient
increases in cytosolic free zinc (Fig. 3(d)), total zinc and total copper levels (Fig. 4(a)(b)).
This indicates that loss of mdtC leads to accumulation of zinc and copper in the cell which
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presumably accounts for the lower doubling time under higher energy constraints when it is
more difficult for the cell to alleviate the metal stress by other mechanisms. MdtA is a
membrane fusion protein that links the trans-inner-membrane trimer with the outer-
membrane pore, TolC, to facilitate efficient extrusion of substrates to the outside of the
cells”- 19 Growth defects and increases in cytosolic free zinc in AmdtA were similar to that
of AmdtC (Fig. 2(b) and Fig. 3(b)). Loss of MdtA could potentially reduce the cells’ ability
to lower the zinc concentration in the periplasm, as MdtC cannot form a trans-envelope
complex with TolC to efficiently extrude zinc ions to the outside. This build-up of
periplasmic zinc can be toxic by interfering with periplasmic metalloproteins or osmotic
levels. Additionally, higher periplasmic zinc levels correlate with higher intracellular zinc
levels due to enhancement of zinc influx via transporters and the cytosolic zinc could limit
cell growth. No significant growth defects or changes in cytosolic free zinc were observed in
AmdtB (Fig. 2(b) and Fig. 3(c)), which is consistent with the previous proposal that the
MdtB-MdtC heterotrimer can be substituted with MdtC homotrimer without significant loss
of functionl’.

Bioinformatic analysis indicates that the function of MdtABC may be different from both
other E. coli drug efflux and metal efflux RND-type transporters. Although MdtABC is
classified as a hydrophobic and amphiphilic efflux RND-type (HAE-RND) transporter,
MdtC does not share high sequence identity with other known RND-type multidrug
resistance transmembrane proteins (except for MdtB) in E. coli, including AcrB, AcrF, and
MdtF (28%, 29%, and 30%, respectively)18. In contrast, the sequence similarities among
AcrB, AcrF, AcrD and MdtF are fairly high (60 — 80%). Additionally, MdtC also has low
sequence homology with the heavy metal efflux RND-type transporter CusA (23%), which
transports Cu(l) into the cell employing a stepwise shuttle mechanism via a series of
methionine pairs 3°. Interestingly, MdtC shares 73% identity with a putative cation/protein
antiporter, CvrA, that is proposed to be involved in coping with osmotic pressure changes
and regulation of cell volume?, These analyses indicate that MdtABC may employ a
different transport mechanism than other types of RND transporters.

Whether MdtABC exports zinc in the form of free ions or in a ligand complex is unclear.
This exporter transports several structurally unrelated amphiphilic molecules (novobiocin,
SDS, doxycycline and cholates, etc.), as extrapolated from the observed drug resistance in
cells over-expressing MdtABC12 17-19 This is similar to other drug resistance RND-type
transporters that have nonspecific substrate binding sites36. Therefore, it is possible that
MdtABC exports zinc in a ligand-complex form from the cytosol and/or the periplasm to
lower the total zinc content. Nonetheless, the observation of a dramatic increase in
intracellular free zinc content in the AmdtC and AmdtA knockout strains suggests that
MdtABC reduces the intracellular free zinc concentration by a net extrusion of zinc ions
from the cytosol. Overall, these results reveal that the MdtABC transporter lowers the
cellular zinc content after zinc shock, and therefore plays an important role in cell survival
under high zinc stress.

MdtD is an uncharacterized member of the major facilitator superfamily (MFS) of
transporters®. MFS members are functionally diverse, transporting a wide range of
molecules from inorganic phosphate to organic drug compounds2°. Although proposed as a
putative multidrug transporter, neither deletion of mdtD nor over-expression affect cellular
drug resistance!® 1718 Here we showed that MdtD is involved in the zinc stress response in
E. coli. The mdtD knockout moderately decreased the growth rate in the presence of zinc at
higher cell density (Fig. 2(b)), and dramatically increased the intracellular free zinc
concentration after zinc shock (Fig. 3(e)). These results indicate that MdtD is involved in
zinc homeostasis under metal stress conditions. Since no known MFS family members
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transport divalent cationsZ0, it is likely that zinc is co-transported in a complex with other
ligands that are substrates of MdtD.

AcrD may also be implicated in alleviating zinc stress in addition to its function in drug
resistance. AcrD shares 66% and 63% sequence identity with the well-known drug
resistance transporters, AcrB and AcrF18, Furthermore, AcrD transports aminoglycosides in
vitro in the presence of the membrane fusion protein AcrA22: 37 Qur results showed that
intracellular free zinc concentration is higher in the AacrD knockout compared to the wild-
type strain upon zinc stress (Fig. 3(f)); however, this increased concentration is not sufficient
to cause negative effects on the cell growth rates (Fig. 2(b)). The transcription of acrD
increases in a biphasic manner up to 17-fold after zinc shock, a more dramatic increase than
the transcription level of mdtC (7-fold) (Fig. 5(a)). The implication of this increase in
transcription is unclear. One speculation is that up-regulation of AcrD may be a response to
secondary effects caused by elevated zinc level. One clue is that AcrD is involved in L-
cysteine efflux from the cell38, and exposure to high zinc could lead to over-production of
cysteine, as shown in a previous study®. Therefore, up-regulation of AcrD could be
responding to a high cellular cysteine level.

Spy, an ATP-independent molecular chaperone in the periplasmic, is also implicated in a
cellular response to metal-associated stresses. The Aspy knockout strain exhibited a slower
growth rate under high zinc stress (Fig. 2(b)), and large temporary increases in free zinc
(Fig. 3(g)), and total zinc/copper upon zinc shock (Fig. 4(c)(d)). Spy is also aggressively up-
regulated upon zinc exposure, mediated by the BaeSR system?2>, However, the specific
function of Spy in zinc homeostasis is unclear. Spy shares structural homology with Zrap, a
periplasmic zinc-dependent molecular chaperone that requires zinc for its activity and is up-
regulated upon zinc exposure?’- 39, Spy also shares superficial structural similarity of helix
bundles to the copper-binding transcriptional regulator Mycobacterium tuberculosis CsoR
(copper-sensitive operon repressor) and CnrX, the periplasmic metal sensing domain of an
ECF-type sigma factor involved in cobalt and nickel resistance*C. Both proteins have been
reported to bind transition metals and involved in metal resistance. However, unlike these
proteins, there is no evidence that Spy binds zinc with high affinity; previous data
demonstrated that Spy does not bind tightly to iminodiacetic acid agarose equilibrated with
zinc?8. Also, the crystal structure of Spy revealed a long kinked hairpin-like structure of four
a-helices that form an antiparallel dimer with no identifiable signature zinc binding
motifs#1. Previously published data indicate that Spy functions as a periplasmic molecular
chaperone®2. Therefore, the role of Spy in relieving zinc stress may be to facilitate the
folding and to protect the integrity of transmembrane and periplasmic transporters that
function in zinc export.

Overall, we have shown that the BaeSR regulon plays an important role in E. coli’s defense
against high zinc stress. The MdtABC and MdtD transporters are involved in the initial
efflux of zinc, possibly in the form of a small molecule-zinc complex. Spy possibly acts as a
periplasmic chaperone to facilitate the folding of the newly synthesized zinc detoxification
machinery. Deletion of key components of this regulon renders the cells more sensitive to
zinc toxicity, especially under high cell density with energy constraints, highlighting their
functions in defense against zinc that are complementary to the ATP-driven exporters, such
as ZntA.

The MdtABC and MdtD transporters are not the primary transporters important for metal
detoxification since deletion of these genes do not have as significant an effect on cell
growth after zinc shock as deletion of zntA, an inducible ATP-dependent zinc exporter.
However, the impact of deletion of these transporters on cell growth and zinc content is
more substantial that the impact of deleting ZitB8, a known constitutive metal transporter.
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Therfore, these data demonstrate that MdtABC and MdtD are an important part of a a first-
line, constitutive defense network that functions to lower the intracellular metal contents
upon zinc shock, similar to the function of ZitB. Furthermore, these transporters are also up-
regulated upon zinc exposure, making them responsive to metal stress, similar to ZntA.
Overall, these attributes contribue to their functions in zinc detoxification.
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Fig. 1. Schematic illustration of the BaeSR regulon

The BaeSR regulon encodes three transporters and one periplasmic protein. The membrane-
bound Bae$S senses environmental signals and transduces them to the transcription activator
BaeR, which up-regulates the expression of eight genes on this regulon including baeR and
baeS. MdtABC forms a RND-type trans-envelope efflux complex with TolC. MdtD belongs
to the major facilitator family for metal transport. AcrD forms another RND-type efflux
system in complex with AcrA and TolC. Spy is a periplasmic protein that exhibits ATP-
independent chaperone activities in vitro. The regulator BaeS and BaeR are also up-
regulated, forming a positive feedback loop to amplify the transcriptional response.
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Fig. 2. Growth curves and doubling time of BaeSR regulon single gene knockout strains

(a). Representative growth curves with the wild type and AmdtC strains. Cultures of E. coli
strains were diluted into MOPS minimal medium without added zinc (left panel) or with 300
M zinc (right panel). ODggg Was monitored over time and Eq. 1 was fit to these data to
calculate early and late stage average doubling time. (b). Doubling time of E. coli cells with
300 pM zinc (bottom chart) and without (top chart) zinc. Under exposure to 300 1M zinc,
the AbaeR, AbaeS, AmdtA, AmdtC, AmdtD and Aspy strains (labeled with stars) exhibit
slower growth rates (Tg > 200 min) than WT (Tg ~ 140 min) in the late stage.
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Fig. 3. Intracellular free zinc changes after zinc shock
E. coli cells transformed with the plasmid pTH_H94N_CA_TagRFP were grown in MOPS
minimal medium to log phase (ODggg ~ 0.3 — 0.4), incubated with dapoxyl sulfonamide and
imaged using a fluorescence microscope as described in Methods and Materials 2.3. 10 pM
(open circles) or 50 pM ZnS0O4 (solid circles) was added to the imaging medium and
intracellular free zinc concentrations were measured over time from the Igget/Igp ratio
compared to the in situ calibration curve of the H94N CA_TagRFP sensor (in situ apparent
Kp for zinc ~ 9 nM).
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Fig. 4. Total zinc changes after zinc shock
E. coli cells grown at log phase were exposed to 50 M ZnSQOy, and total cellular metal

concentrations were measured by ICP-MS, as described in Section 2.2. Both total zinc (a)
and copper (b) levels are much higher in the AmdtC strain than that of WT. Total zinc (c)
and copper (d) also increased dramatically (>10-fold) in the Aspy strain compared to WT,
highlighting its importance in metal homeostasis.
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Fig. 5. Transcriptional response of BaeSR regulon upon exposureto zinc
Wild type E. coli cells were exposed to 10 uM and 100 pM ZnSQy, and the transcript levels
of each gene were measured by RT-PCR at various time points after zinc exposure. The

transcription level of mdtC (a) and baeR (b) increased to 7-fold and 2-fold at 30 min,
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respectively. The mRNA of spy (c) and acrD (d) exhibited biphasic increases up to 48-fold
and 17-fold at 30 min, respectively.
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Table 1

Primers for quantification of gene transcripts by RT-PCR.

rrsD-5: CTCAAAGGAGACTGCCAGTGATAA

rrsD-3": ACGATTACTAGCGATTCCGACTTC

mdtA-5": TTAATAATCAGGATGATGCGCTGT

mdtA-3': CACCACTTTCTGACTGTCCTGAAT

mdtB-5": CGGTTATGGTGTTTCTCGATTTTT
mdtB-3: AGGTCAGCGAGATAATGGTAAAGC

mdtC-5": TCCAGACCAATGATGAGCTAAAAA
mdtC-3": TGTCAACCGTCTGGATAATATTGG
mdtD-5": AGATTGACGGTGATGAAAATCGTA

mdtD-3": GTAGTTCGGCATTAACAGCAATGT

baeR-5": GAGTTACCAATCGACGAAAACACA
baeR-3": CAGGGAGCATCAGATCTAACAGG
acrD-5": ACTTCACCCATGAAAAAGACAACA
acrD-3": CGATAACGCGAGCTTCTTTAATTT
spy-5": AGGACATGATGTTCAAAGACCTGA
spy-3": ATGTTAGCTTTGCGCTGTTCTTC
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