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Abstract. Zinc is an essential element for numerous cellular processes, therefore zinc homeostasis is regulated
in living organisms. Fluorescent sensors have been developed as important tools to monitor the concentrations of
readily exchangeable zinc in live cells. One type of biosensor uses carbonic anhydrase (CA) as the recognition
element based on its tunable affinity, superior metal selectivity, and fluorescence signal from aryl sulfonamide
ligands coupled to zinc binding. Here, we fuse carbonic anhydrase with a red fluorescent protein to create
a series of genetically-encoded Forster resonance energy transfer-based excitation ratiometric zinc sensors that
exhibit large signal increases in response to alterations in physiological-free zinc concentrations. These sensors
were applied to the prokaryotic model organism Escherichia coli to quantify the readily exchangeable zinc
concentration. In minimal media, E. coli BL21(DE3) cells expressing the CA sensor, exhibit a median intracellular
readily exchangeable zinc concentration of 20 pM, much less than the total cellular zinc concentration of ~0.2
mM. Furthermore, the intracellular readily exchangeable zinc concentration varies with the concentration of

environmental zinc. © 2011 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.3613926]
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1 Introduction

Zinc plays important catalytic, structural, and regulatory roles in
a wide range of fundamental cellular processes. More than 300
metalloenzymes require zinc as a catalytic cofactor or a struc-
tural element.!>? Various zinc binding motifs mediate the inter-
actions of proteins with other proteins, nucleic acids, lipids, and
small molecules, and these interactions play key roles in diverse
biological processes.>* Although zinc is an essential nutrient,
excess zinc is cytotoxic, at least partly due to the inhibition of
key enzymes and competition with essential copper ions.’

Zinc concentration is controlled within cells by mul-
tiple mechanisms, including zinc transporters and binding
proteins.®® Total zinc concentrations in cells have been mea-
sured at 100 to 500 uM by atomic absorption spectroscopy or
inductively coupled plasma mass spectrometry (ICP-MS) in var-
ious types of cells.® The majority of zinc binds to intracellular
ligands with affinities ranging from femtomolars to micromo-
lars. “Free zinc,” or “readily exchangeable zinc,” refers to the
portion of physiological zinc that is coordinated to very weak
ligands, such as water and chloride. The free zinc is buffered by
equilibration with a pool of physiological zinc that is coordinated
to proteins, nucleic acids, and small molecules [Eq. (1)], and/or
by transport of extracellular zinc. The free zinc concentration,

[Zn2+]free[L] +Ly+Lz+.... ]

KZn:
[Zn- Ly +7Zn-Ly+Zn-Ls+...... ]

; (1
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sometimes denoted as “pZn (= — log[Zn2+ ]),” is estimated to
be low because of the relatively high concentrations and affini-
ties of cellular zinc ligands. In E. coli, the free zinc level was
proposed to be in the femtomolar range based on the femtomolar
affinity of zinc-responsive transcription factors.” Measurement
of free zinc concentrations in cells has been challenging, with
published values ranging from picomolar to nanomolar levels in
eukaryotic cells.'®'* Additionally, the concentration and distri-
bution of intracellular free zinc may change in response to vari-
ous physiological and pathological conditions.” !> Quantitative
analysis of intracellular readily exchangeable zinc concentra-
tion under relevant conditions will facilitate the understanding
of zinc homeostasis and the potential role of zinc in regulating
a variety of cellular processes.

A portfolio of zinc sensors has been developed over the past
20 years, the majority of which are small molecule fluorescent
indicators. While these sensors are valuable tools for monitoring
changes in free zinc concentrations above the nanomolar range,
and have greatly facilitated the understanding of the roles of
zinc in neurobiology,'®!” few of the small molecule sensors are
capable of imaging and quantifying the low intracellular free
zinc concentration in resting cells, primarily due to low bind-
ing affinities and/or a nonratiometric response. Zinc sensors
that are based on metalloproteins have also been developed and
applied to various mammalian cell lines.'> 820 These sensors
bear the advantages of high affinity and selectivity, as well as
the versatility for molecular engineering. Genetically encoded
sensors have additional advantages that they can be expressed
in cells and targeted to subcellular organelles to study zinc
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compartmentalization. However, several of these protein-based
sensors use cysteine as a zinc ligand and have the potential
drawback of being sensitive to oxidation.

We have been developing zinc sensors to quantify the con-
centration of readily exchangeable zinc using human carbonic
anhydrase II (CAII) as the sensor scaffold.?! Wild type CAII
binds zinc with high affinity (Kp?" ~1 pM at pH 7) and selec-
tivity; zinc binding is not affected by the micromolar concentra-
tions of Fe?* that are normally present in the cell, or millimolar
concentrations of Ca?>* or Mg?* 2> The metal binding affinity
and kinetics of various mutants has been extensively studied,
generating a series of CAII variants with zinc affinities ranging
from femtomolars to micromolars.?? In this sensor, zinc binding
is coupled to the binding of fluorescent aryl sulfonamide in-
hibitors to produce a zinc-dependent fluorescence signal. These
inhibitors selectively bind to zinc-bound CAII and exhibit a
large increase in quantum yield and a blueshift in the emission
spectra, for example, dapoxyl sulfonamide (DPS) undergoes
a >100-fold increase in quantum yield upon binding to holo-
carbonic anhydrase (CA).2* A Férster resonance energy transfer
(FRET)-based ratiometric zinc sensing scheme has previously
been developed by covalently labeling CAII with a second fluo-
rophore (AlexaFluor 594) that functions as a FRET acceptor to
CA-bound DPS.? This sensor was delivered into PC-12 cells
using a cell permeating peptide tag to measure the intracellular
free zinc concentration in this mammalian cell line.'?

In this work, we developed genetically encoded ratiometric
zinc sensors based on carbonic anhydrase-red fluorescent pro-
tein fusions, and applied these sensors to monitoring intracellu-
lar readily exchangeable zinc in the prokaryotic model organism
E. coli. These measurements are the first experimental tests of
the zinc level proposed from in vitro measurements of zinc-
sensing transcription factors.’ To this end, we established con-
ditions for carrying out in situ calibrations of the sensor in gram-
negative bacteria and demonstrated that the intracellular readily
exchangeable zinc concentration is in the range of tens of pico-
molars when cells are growing in minimal media. Furthermore,
dramatic, transient increases in the intracellular concentration
are observed in response to alterations in the extracellular zinc
concentration (“zinc shock™). These novel sensors are an impor-
tant new tool for analyzing prokaryotic metal homeostasis and
regulation, allowing the study of the response of the intracellular
free zinc concentration to environmental conditions, mutations,
and antibiotics. This information is particularly important for
emerging antimicrobial drug discovery efforts targeting metal
metabolism.

2 Results and Discussion

2.1 Construction of CA_Red Fluorescent Protein
Zinc Sensors

To develop a genetically encoded ratiometric zinc sensor, we
fused a fluorescent protein (FP) to the C-terminus of CAII, re-
placing the chemical fluorophore covalently attached to CAII
in the previously described sensor.!”> The fluorescent protein
serves as both a FRET acceptor and as an intrinsic marker to
track the location and concentration of the sensor. The CAIl_FP
zinc sensor is an excitation ratiometric sensor where fluores-
cence emission due to FRET between the donor (CAII-bound
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Fig. 1 Schematic illustration of CA-based ratiometric zinc sensor.
(a) The active site of human carbonic anhydrase Il (PDB ID: 2CBA).
(b) An RFP (shown as a barrel) is fused to CA (shown as the semicircle).
An aryl sulfonamide inhibitor of carbonic anhydrase, DPS (shown in
stick stucture) selectively binds to holo-CA through coordination of the
active site zinc (shown as a sphere). CA-bound DPS emits strongly at
530 nm and acts as a FRET donor to RFP in this case. The UV-excited
FRET signal is normalized to the emission from the directly excited RFP
only (FP channel, not shown). Free zinc concentration is proportional
to the ratio of FRET emission to directly excited RFP emission and can
be read from a suitable calibration curve (see Fig. 3) under equilibrium
conditions.

dapoxyl sulfonamide) and the acceptor (FP) (Igrer) reflects the
concentration of zinc-bound carbonic anhydrase, while the flu-
orescence emission from excitation of the FP (Igp) represents
the total concentration of the sensor (Fig. 1). The Iprgr/Irp ratio
reflects the zinc-bound fraction of carbonic anhydrase. The con-
centration of readily exchangeable zinc is then determined from
a calibration curve of the fluorescence intensity ratio /rrpr/Ipp
at various concentrations of zinc measured under equilibrium
conditions, as described in detail later.

The first step in developing a genetically encoded CAII_FP
sensor is to determine which fluorescent protein to fuse to CAIL
The following criteria were particularly important: 1. good spec-
tral overlap with CA-bound DPS (Em = 530 nm), which limits
the choice to orange-red fluorescent proteins (RFPs); 2. a high
extinction coefficient and quantum yield to allow for detec-
tion at low concentrations; and 3. a fast maturation under the
experimental conditions. After testing several red fluorescent
proteins fused to the C-terminus of CAII including DsRed2,
mRFP, mOrange, mCherry, and TagRFP,%’28 we chose TagRFP
as the FP with the best balanced set of properties for our ex-
periments. TagRFP is a bright, monomeric protein that matures
faster than DsRed?2 (Ref. 28) and has better FRET efficiency than
mCherry (Fig. 2). As shown in the FRET spectra of CA_DsRed2,
CA_TagRFP, and CA_mCherry in the presence of DPS (Fig. 2),
all three sensors respond readily to increases in free zinc con-
centrations with an enhanced FRET signal.

August 2011 * Vol. 16(8)



Wang et al.: Genetically encoded ratiometric biosensors to measure...

—_
4
=g
—_
=
—
—_
(2]
—

Increasing
[2n2+ free

Fluorescence Intensity (AU)
Fluorescence Intensity (AU)
Fluorescence Intensity (AU)

M L L n s

50 550 600 650 450 500 550 600 650 450 500 550 600 650
A (nm) % (nm) % (nm)

Fig. 2 FRET emission spectra of CA_RFPs under various zinc concentrations: (a) CA_DsRed2; (b) CA_TagRFP; (c) CA_mCherry. 1 uM of apo-CA_RFP
was incubated with NTA-chelated zinc buffers at various free zinc concentrations ([Zn]gee from 0.002 pM to 5 nm). 2 uM DPS was added to the
solution and emission scans were taken using an excitation wavelength of 350 nm. Emission peaks for CA-bound DPS and the fused DsRed2, TagRFP,

and mCherry are 530, 587, 584, and 610 nm, respectively.

To cover a wider dynamic range of zinc concentrations and
select the sensor with the appropriate affinity, a series of four
CA_TagRFP variants containing mutations in CAIl (E117A,
Q92A, T199A, or H94N) that were previously shown to alter
the zinc binding affinity and/or kinetics,?®3° were individually
engineered. We also prepared a CA_TagRFP variant where the
single glycine residue linking the CAIl and TagRFP proteins
was replaced with three glycine residues to test whether altering
the linker length could tune the apparent affinity and/or spectral
properties.

2.2 In Vitro Calibration of CA_RFP Sensors

The apparent zinc affinities of the engineered CA_RFP sensors
were measured in vitro by equilibration with nitrilotriacetate
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(NTA)-buffered zinc solutions to maintain an exchangeable zinc
pool with known free zinc concentrations.' After equilibration
of apo-CA_RFP with the zinc buffers, dapoxyl sulfonamide
was added and the ratio of the emission intensity measured
at 620 nm after excitation at either 530 nm (/gp, FP channel,
575 nm for mCherry) or 350 nm (/grgr, FRET channel) was
calculated. The fluorescence intensity ratio (Iprgr/Irp) has a
hyperbolic dependence on the zinc concentration (Fig. 3) which
is well-described by a single binding isotherm [Eq. (2)] where R
= Irrer/Ip, Riin is determined in the absence of zinc, and Ryax
is measured at saturating free zinc concentrations

(Rmax - Rmin)>< [Zn] Tee
R @

R = Ryjin +
e [Zn]free + KD,app

1 T T T T T T T T

—4— wt CA_TagRFP
_oaA
-O— T199A CA_TagRFP MAA
L / p
08 A~ H94N CA_TagRFP A

10™ 10
[Free Zn®'] (M)

Fig. 3 In vitro calibration curves of CA_RFP sensors. 1 uM apo-CA_RFP sensor was pre-equilibrated with NTA-chelated zinc buffers (pH 7.0) and
2 uM DPS, and then the excitation fluorescence intensity ratio was measured with filter sets detailed in Table 2 using 96-well plates on a Nikon
TE2000U inverted fluorescence microscope. (a) in vitro calibration curves of CA_DsRed2 (filled circle), CA_mCherry (filled square), and CA_TagRFP
(filled diamond). The calibration curve of CA_TagRFP with a Glys linker is similar to that of CA_TagRFP with a single Gly linker, but with a slightly
higher Ké” (Table 1). (b) Examples of in vitro calibration curves of CA_TagRFP sensors with mutations in CA, including T199A (open circle) and

H94N (open triangle) CAll. The in vitro Kéf’app values for all of the sensors are listed in Table 1.
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Table 1 Zinc dissociation constants for CAll and CA_RFP sensor variants.

Reported K3" of CA

variants® (pM)

In vitro K[Z)f'qpp

pH 7.0 (Fig. 3) [pM)

In situ KEZ)_”GPP

pH 7.0 (Fig. 6) [pM)

In situ Kéf’qpp

pH 7.6 (Fig. 7) (pM)

wt CA_mCherry 1 24 +1 130+55 N.D.

wt CA_DsRed?2 31+5 N.D. N.D.

wt CA_TagRFP 4445 140450 32+20

wt CA_TagRFP - 3G linker 99 +2 150+70 N.D.
Q92A CA_TagRFP 18 76+9 150+ 80 7+5
E117A CA_TagRFP 40 44+ 6 N.A. N.A.
T199A CA_TagRFP 60 60+4 200+ 67 11+6
H94N CA_TagRFP 40,000 12,000+2,000 300,000+ 90,000 9,000+ 6,000

9Hunt & Fierke et al. 1997; Kiefer et al. 1995.

The measured values of K gf’app (apparent K, for zinc) for the
wt CA_FP sensors are 24 to 44 pM, depending on the identity of
the red fluorescent protein (Table 1). When the linker between
the CA and TagRFP proteins is increased from 1 to 3 glycine
residues, the apparent zinc dissociation constant increases to
100 pM. These apparent affinities are significantly weaker than
the previously reported zinc affinity of CAII (~1 pM),** per-
haps due to subtle structural alterations of the zinc site caused
by fusion of the red fluorescence protein to the C-terminus. Ad-
ditionally, the apparent zinc affinities may also be affected by the
optical properties of the microscope, as previously reported.'?
The K gf’app values measured in vitro for the CA_TagRFP vari-
ants containing mutations in the second shell ligands in CAII
increase <twofold compared to that of wt CA_TagRFP. These
changes in affinity are significantly smaller than expected (18 to
60-fold),?® consistent with a subtle alteration in the structure of
the zinc site in the CA_FP fusion protein. Mutation of a direct
zinc binding ligand, H94N, in CAII reduces the apparent zinc
affinity of the CA_TagRFP by >250-fold, comparable to the
effect of this substitution in CAIL3°

The zinc-dependent increase in the Irrpr/Ipp ratio is 3.5-
and 4.5-fold for wt CA_TagRFP and H94N CA_TagRFP, re-
spectively. These responses are significantly larger than the
50% increase observed for the previously described CA_AF594
sensor> due mainly to a reduction of fluorescence from direct
excitation of the acceptor at 350 nm. The magnitude of the sig-
nal change observed for the CA_TagRFP sensor is also larger
than the eCALWY zinc sensors (twofold change in signal),'?
making it the most sensitive genetically-encoded zinc sensor
with an affinity in the picomolar range. This improvement in the
signal amplitude substantially enhances the sensitivity and accu-
racy of the measurement of zinc concentrations using CA-based
fluorescent sensors.

2.3 Applying CA_RFP Zinc Sensors in E. coli

Although the level of free zinc in E. coli has been estimated,’
the readily exchangeable zinc concentration has not yet been

Journal of Biomedical Optics

087011-4

directly measured in this organism or any other prokaryote.
Therefore, we chose to use our expressible sensors to mea-
sure zinc levels in E. coli BL21(DE3) using the controllable
T7 expression system to optimize the sensor concentration and
maturation. Since it is not yet known how the intracellular
free zinc concentration varies with environmental factors and
nutritional constraints, we used a chemically defined minimal
medium to provide stringent control and reproducibility of these
parameters.>> The total zinc concentration in this medium is
~40 nm, measured by inductively coupled plasma emission
mass spectroscopy (ICP-MS), and >90% of the zinc is not
chelated by components of the medium, calculated using the
MINEQL+ program (Environmental Research Software).

One obstacle to using fluorescent protein-based sensors to
measure analytes in E. coli is that the doubling time is compara-
ble to or shorter than the half-time for maturation of the fluores-
cent proteins. In rich media, wild-type E. coli cells can divide as
rapidly as every 30 min at 37 °C,>* while TagRFP and mCherry
require 3 and 1.5 h, respectively, to achieve 90% maturation
at 37 °C.%"?8 To tackle this issue, we developed an expression-
dilution strategy. After growing BL21(DE3) cells containing a
plasmid encoding the CA_FP sensor to mid-log phase in chemi-
cally defined medium, the expression of the sensor was induced
by addition of isopropyl B-D-1-thiogalactopyranoside (IPTG),
and the cells were incubated overnight at 30 °C to allow suffi-
cient time for the red fluorescent protein to mature. The cells
were then harvested, washed once with fresh medium, diluted
into fresh medium without IPTG, and incubated at 30°C for
several doubling times before imaging. Under these conditions,
little additional recombinant CA_FP is synthesized after dilu-
tion. However, the bacterial cells retain sufficient CA_FP sensor
with mature red fluorescent protein to measure the readily ex-
changeable zinc concentrations. Allowing sufficient time for
maturation of the fluorescent protein is an essential step since
sensors containing immature red fluorescent protein have altered
optical properties. This procedure also provides time for cells to
adjust their zinc concentrations to accommodate the expressed
zinc sensors.

August 2011 * Vol. 16(8)
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Fig. 4 Fluorescence signal of the CA_TagRFP sensor in E. coli. Top
row: Bright field images; middle row: FP channel: Ex 530/ Em 620,
exposure time 200 ms; bottom row: FRET channel: Ex 350/Em 620,
exposure time 500 ms; (a), (b), and (c) E. coli with a void pET24a vector
plus DPS; (d), (e), and (f), E. coli expressing CA_TagRFP without added
DPS; (g), (h), and (i) E. coli expressing CA_TagRFP with added 2 uM
DPS. (f), (k), and (I) E. coli expressing CA_TagRFP plus 2 uM DPS and
30 uM ethoxzolamide, a ligand that competes with DPS for binding to
the active site of carbonic anhydrase.

E. coli cells were imaged using a fluorescence microscope,
as described in Sec. 4. We first carried out a number of control
experiments to demonstrate that the Igrgr/Irp ratio measures
zinc-bound CA_FP with bound DPS. First, images of E. coli
cells expressing the parent vector only (pET24a) in the pres-
ence of DPS exhibit minimal background fluorescence in the
FRET channel [Fig. 4(c)], mainly caused by the long wave-
length tail of membrane-bound DPS emission which peaks at
450 nm. This minor background fluorescence was averaged and
subtracted from the FRET intensity measured in cells express-
ing the CA sensor. This background signal correction altered
the ratio measurements by less than 5%. Second, we imaged E.
coli cells expressing the CA_RFP sensor in the absence of DPS
and observed significant fluorescence in the FP channel [Fig.
4(e)] with a low baseline in the FRET channel [Fig. 4(f)]. The
Irrer/Ipp ratio in cells expressing CA_TagRFP is 0.19 4+ 0.03,
which is comparable to the Igrpr/Ipp ratio observed in the in
vitro calibration at very low zinc concentrations [0.18 £ 0.01;
Fig. 2(a)]. A significant increase in the FRET channel emis-
sion was observed when DPS was added to cells expressing
CA_TagRFP [Fig. 4(i)]. To verify that the signal increase was
specifically caused by DPS binding to holo-CA, ethoxzolamide,
a nonfluorescent inhibitor with a much higher affinity for holo-
CA affinity (dissociation constant of 1.6 nm compared to 0.1
uM for DPS?*3%) was added to the DPS-treated cells. Upon ad-
dition of ethoxzolamide, the FRET channel emission decreased
and the Igrgr/Ipp ratio returned to the baseline level (0.19 +
0.03) [Fig. 4(1)], validating the specificity of the FRET signal to
the DPS-bound CA_RFP sensor.

To further examine the behavior of the CA_RFP express-
ible sensor in E. coli, the intracellular free zinc concentration
was altered (Fig. 5). First, E. coli cells expressing the sen-
sor were incubated with the transition metal-specific chelator
N,N,N',N'-tetrakis(2-pyridylmethyl)ethylenediamine (TPEN).
The Irrer/Ipp ratio decreased to the baseline level (0.19 4+ 0.04)
within 10 min after addition of 50 M TPEN, indicating that the
sensor rapidly re-equilibrates with the lower intracellular zinc
concentration. In contrast, incubation with the membrane imper-
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Fig. 5 Fluorescence ratio changes with alterations of the intracellular
zinc level. E. coli cells were grown in minimal media, as described
in Sec. 4, and the cells imaged after a 10 min incubation in either:
(@) minimal medium; (b) 50 uM TPEN, or (c) 30 uM Digitonin +
100 uM ZnSQOy4. The fluorescence in the FP and FRET channels were
determined as described in the legend of Fig. 4. The lrret/lfp ratio
images are shown in RGB color and the average values are shown in
the bar graph in panel (d).

meable chelator ethylenediamine tetra-acetic acid (EDTA) did
not alter the fluorescence ratio (/rrgr/Ipp ratio = 0.53 + 0.06
after a 20 min incubation with 1 mM EDTA). Incubation of the
E. coli cells expressing the sensor with the membrane perme-
abilizing compound digitonin'* and 100 uM ZnSO, increases
the Irrpr/Irp ratio to ~0.8, slightly higher than the ratio at the
high end of the in vitro calibration curve of wt CA_TagRFP,
suggesting that the sensor is saturated with zinc under this con-
dition. The modest discrepancy in the endpoint values between
the in vitro and in vivo experiments could be explained by either
differential effects of the aqueous solution and intracellular en-
vironment on the fluorescent properties and FRET efficiencies,
or the presence of a small amount of immature red fluorescent
protein, which could lower the FP intensity relative to the FRET
intensity, thus increasing the Igrgr/Ipp ratio. These data demon-
strate that in E. coli, the CA_RFP sensor responds readily to
changes in the cellular zinc concentration and is therefore suit-
able for monitoring dynamic processes in these cells.

2.4 In Situ Calibration of CA_RFP Sensors

Differences in the cellular milieu and optical properties could
cause discrepancies in the Iprgr/Ipp ratio between the calibra-
tion curve measured in buffers and the measurement of zinc in
the cells. Thus, an in situ calibration curve is desirable to deter-
mine the response of CA_RFP sensors to alterations in readily
exchangeable zinc concentrations in the cell. E. coli is a gram-
negative bacterium that has an outer membrane acting as an extra
barrier against the perfusion of divalent ions. To equilibrate the
zinc buffers across the cell membranes, first the outer membrane
is weakened through a brief incubation with EDTA to destabi-
lize the lipopolysaccharide structure3® and facilitate permeabi-
lization by chelating divalent ions bound to lipopolysaccharide.
After washing, the cells are incubated with the membrane per-
meabilizer digitonin'* and zinc buffers. Since the zinc affinity
of CAII is pH dependent,” it is important to carry out the in situ
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Fig. 6 In situ calibration of CA_RFP zinc sensors at pH 7.0 (a) and pH 7.6 (b) E. coli cells treated with membrane disruptors (EDTA and digitonin, as
described in Sec. 4) were incubated with NTA-chelated zinc buffers with various free zinc concentrations at pH 7.0 and pH 7.6. The lrret/lrp value

averaged over all of the cells on the ratio images was determined at various concentrations of [Zn?* ]5ee and the apparent K

in Table 1.

calibrations at a pH close to the physiological pH of the E. coli
cytosol. Previous data indicate that in minimal medium with an
extracellular pH of 7.4, the intracellular pH in E. coli is ~7.6
(Ref. 38).

The in situ calibrations were carried out using BL21(DE3)
cells containing a mature CA_RFP sensor, which were first
briefly incubated with EDTA, and then incubated for 20 min
with NTA-chelated zinc buffers plus digitonin and DPS to equi-
librate. Doubling the incubation time with the zinc buffers had
no effect on the fluorescent ratio, indicating that the system read-
ily equilibrates within this time frame. Consistent with this, the
measured fluorescent ratio in the in situ calibration cell samples
at both low and high concentrations of free zinc are comparable
to the values measured for the in vitro calibration. It is worth
noting that the response time of the expressed CA_TagRFP sen-
sor to changes in the free zinc concentration under both in vivo
and in situ conditions is faster than predicted from the mea-
sured in vitro zinc equilibration rate constants (kex ~kon[Zn]free
+ kotr) for wild-type CAII; the zinc dissociation rate constant
has been estimated as 8x10~8 s~!.32 However, the CA_FP
fusion proteins likely have faster dissociation rates consistent
with the higher values of K lZ)f/Lapp' Zinc exchange in vitro can be
enhanced by the addition of small molecule chelators, such as
dipicolinate® and in vivo CAII zinc equilibration may also be
catalyzed.

In situ calibrations were carried out using buffered solutions
at both pH 7.0 and pH 7.6. The cells were imaged to measure
the Irrpr/Irp ratio at various free zinc concentrations maintained
using NTA buffers (Fig. 6) and the values for the in situ K zzfapp
were calculated by fitting a binding isotherm to these data, as
summarized in Table 1. At pH 7.0, the values determined for
in sitw K", are similar for all of the CA_RFP variants (133
to 200 pM) except H94N CA_TagRFP (300 4+ 90 nm). In all
cases, the value of in situ K gf’app is larger than the value deter-
mined from the in vitro calibrations for reasons that are unclear.
At pH 7.6, the value of K gf‘app for wt CA_RFP decreases to
32 pM, consistent with the pH dependence of the zinc affin-
ity of wt CAIL37 Two sensors, containing the Q92A or T199A

Zn

Diapp values are listed

mutations, have higher apparent zinc affinities (K gf“app =7 and
11 pM, respectively) than wild type at pH 7.6, consistent with the
higher zinc-water pK,, values for these mutants.*’ These varia-
tions in the affinity of these sensors allow both measurement of a
wider dynamic range of intracellular free zinc concentrations (5
pM to 50 nm) and confirmation of the zinc concentration using

sensors with different values of K gf’app.

2.5 Measurement of Intracellular Free Zinc
Concentration in E. coli

The intracellular free zinc concentration of E. coli cultured in
the 4-morpholinepropanesulfonic acid (MOPS)-buffered mini-
mal medium at log phase was measured using wt CA_TagRFP
based on the in situ calibration at pH 7.6 [Fig. 7(a)]. The av-
erage Irrpr/Ipp ratio within single E. coli cells was measured
to calculate the intracellular free zinc concentration. The stan-
dard deviation of the Igrgr/Irp ratio from single pixels within
a single cell (300 to 500 pixels/cell) was less than 5%, which
is well within the normal error range of fluorescence imag-
ing. These data indicate that there is no significant differential
distribution of readily exchangeable zinc concentration within
a cell. However, some variability in the readily exchangeable
zinc concentration was observed among the cell population. An
analysis of a sample of ~500 cells revealed that the majority
of the cells (~80%) had intracellular free zinc concentrations
within the 10 to 30 pM range (Fig. 7). Around 10% of the
cells exhibited higher intracellular free zinc concentration (40 to
80 pM) and ~1.5% of the cells had zinc concentrations higher
than 100 pM. We speculate that the cells with the significantly
higher concentrations may be damaged or dying and therefore
unable to regulate their zinc concentration. The median intracel-
lular readily exchangeable zinc concentration among this pop-
ulation of cells was 20 pM. This number was confirmed by
measuring the intracellular free zinc concentration using the
Q92A and T199A CA_TagRFP expressible sensors. For both
mutants, the average Irrgr/Ipp ratio for the cell population was
higher than that observed for wt CA_TagRFP, consistent with
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Fig. 7 Measurement of E. coli intracellular readily exchangeable zinc concentrations. (a) Distribution of intracellular readily exchangeable zinc
concentration among E. coli cells. Average Igret/Ipp ratio within a single cell was measured to calculate the corresponding intracellular free zinc
concentration based on the in situ calibration at pH 7.6. ~500 E. coli cells were imaged and analyzed. The percentage of cells with each intracellular
free zinc concentration is shown in (a). The intracellular readily exchangeable zinc concentrations of the majority of the cells (>80%) fall within the
10 to 30 pM range with the median at 20 pM. (b) Average occupancies of CA_TagRFP sensors in E. coli cells and the corresponding average free
zinc concentrations calculated from the in situ calibration curves are shown. The average sensor occupancies of wild type, Q92A and T199A CAll
are 46 & 8%, 74 £ 5%, and 64 + 8%, respectively, corresponding to the free zinc concentration of 15 to 40 pM. The range of the measured free zinc
concentration is shaded in gray.

the higher zinc affinity of these sensors. The measured average exchangeable zinc pool in the cell chelated by numerous metal
occupancies of the three sensors are placed on the in situ cali- ligands, including proteins, nucleic acids and small molecules,
bration curves in Fig. 7(b), demonstrating that all three sensors that function as a zinc buffer. The expressed CA sensors form a
report an intracellular free zinc concentration in the range of portion of the zinc buffering capacity in the cell and equilibrate
15 to 40 pM. The comparability of the results using different with the readily exchangeable zinc pool, as indicated by the lack
sensors with altered zinc affinities and zinc equilibration rates of dependence of the fluorescence ratio on the sensor concentra-
also provides evidence that the zinc sensors readily equilibrate tion. This principle is general for all fluorescent indicators used
with the intracellular zinc concentration. to measure analyte concentrations in cells. A similar analogy is

One important assumption of this method is that the binding
of zinc to carbonic anhydrase does not change the intracellular
readily exchangeable zinc concentration significantly. For mea- T T T
surements in the cells, the sensor concentration is maintained
at a low level compared to the capacity of the total zinc pool
by inducing expression of the sensor (incubation with 50 uM
IPTG), harvesting the cells and then incubating in fresh medium
(without IPTG) for several doubling times. We estimated by
fluorescence and gel quantification that the sensor concentra-
tion is 10 to 20 uM, which is only a small fraction of the total
zinc content of 200 uM as measured by ICP-MS. Furthermore,
we altered the sensor expression level more than 10-fold by
changing the concentration of IPTG used to induce expression
(Fig. 8). The Igrgr/Irp ratio was independent of the sensor con-
centration even when the concentration approaches the total zinc
content (measured in cells without overexpressed CAII). Here,
we hypothesize that in contrast to a closed system, E. coli can
actively import zinc from the medium to meet the need of newly
synthesized metalloproteins and maintain cellular zinc levels.

A value of 20 pM readily exchangeable zinc concentration in
an E. coli cell corresponds to <1 free zinc ion per cell (calculated Fig. 8 Irrer/Irp ratio is independent of the sensor concentration; E. coli
using a cell volume of 1.0x 10~ " liter); the intracellular free cells transformed with wild type CA_TagRFP were induced with vari-
zinc concentration has to be at least 1 nm to ensure 1 free zinc ous concentrations of IPTG overnight, then diluted into fresh medium

ion in each cell.” However, since the total zinc concentration in and grown for 1.5 h at 30 °C. When ODgoo~0.6, samples were taken
: > for both imaging and protein analysis. The SDS-PAGE gel shows the

these: cells is ~200 uM (measurF:d by ICP'MS): t}_le intracellu- varied CA_TagRFP expression levels; the arrow denotes the CA_TagRFP
lar zinc measurements are consistent with the existence of an protein band. The Igrer//fp ratio is constant as the sensor level varies.

08 .

Journal of Biomedical Optics 087011-7 August 2011 * Vol. 16(8)



Wang et al.: Genetically encoded ratiometric biosensors to measure...

the measurement of pH; pH indicators equilibrate with various
proton-binding species in the solution to reach a steady level of
protonation, and to provide a readout of the ensemble proton
level in the system. Similarly, we are measuring the pZn level
using the expressed CA sensors.

Previous in vitro measurements have shown that the tran-
scription factors that regulate the zinc transporter expression in
response to changes in zinc concentration, ZntR and Zur, have
femtomolar affinity for zinc,”*' leading to the proposal that
cellular free zinc levels were in the femtomolar range. One pos-
sible explanation for the apparently paradoxical higher cellular
concentrations reported by the CA sensors (20 pM) is that the
zinc occupancy of these transcription factors may not rapidly
equilibrate with the readily exchangeable intracellular zinc pool
when the concentration is in the picomolar range, consistent with
their slow zinc dissociation rates.*> However, high extracellular
zinc concentrations that lead to rapid induction of Zn-dependent
transcription*®? also increase the intracellular zinc concentration
to the nanomolar range (see Sec. 2.6). This increase in the read-
ily exchangeable zinc concentration will accelerate the cellular
response to zinc stress that is slow at lower zinc concentrations.
For example, the dissociation constant of the transcription fac-
tor ZntR is 1071 M (Ref. 41), and reasonable assumptions
for the association and dissociation rate constants for Zn?>* are
10" M~ s~ ! and 103 s~ !. Therefore, zinc equilibration is
estimated to have a half-time of ~1 h at 20 pM zinc and ~5 s at
20 nm zinc.

Many native Zn?>* enzymes typically have KpZ" values of 1
to 10 pM (measured in vitro),*' so they should be saturated at
20 pM zinc. Other metalloproteins have lower affinities for zinc
suggesting either that the readily exchangeable cellular zinc con-
centration can vary depending on cellular demand and growth
conditions (as proposed by Eide),® or that the zinc occupancy
of these proteins does not equilibrate readily with the free zinc
pool (as proposed by Outten and O’Halloran).’ Recent results
also demonstrate that some metalloenzymes alter their native
metal cofactor in response to changes in metal availability.**

2.6 Measurement of Intracellular Free Zinc
Concentration in E. coli After Zinc Shock

To investigate whether the intracellular exchangeable zinc con-
centration is sensitive to the extracellular zinc concentration, we
used the H94N CA_TagRFP sensor to measure real-time alter-
ations in intracellular zinc concentration after the addition of
2.5 uM total ZnSQOy4 to the medium (>90% of which is free).
Under these conditions, the intracellular readily exchangeable
zinc concentration increases to a maximum of 35 to 40 nm within
20 min and then decreases over the next 1.5 h to a final value
that is elevated (1000 pM) in comparison to the starting value
(see Fig. 9). These data demonstrate that the readily exchange-
able zinc concentration in E. coli varies significantly with the
extracellular zinc concentration.

Similarly, exposure of yeast to high environmental zinc (zinc
shock) leads to an increase in the cytosolic free zinc concen-
tration, which then falls back to near base-line level as the cell
sequesters the excess cytosolic zinc into the vacuole.¥ E. coli
may exploit its own unique regulatory machinery to adapt to
the high extracellular zinc. Previous genomic and proteomic
data*>4647 suggest the involvement of both zinc transporters
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Fig. 9 Intracellular free zinc concentration changes in response to ex-
tracellular free zinc concentration. E coli live cell imaging samples
expressing H94N CA_TagRFP were prepared, as described in Sec. 4.
Attime zero, 5 ul of 50 uM ZnSO4 was added to the imaging medium
to a final total zinc concentration of 2.5 uM (squares). 5 ul of MOPS
medium was added to the control well (no zinc; diamonds). Live cell
images were then acquired at various time points. Parallel samples
were imaged to avoid excessive photobleaching. A transient increase
in intracellular free zinc concentration up to 40 nm was observed after
addition of 2.5 uM ZnSQOy.

and intracellular ligands in the cellular response to zinc shock.
These data demonstrate that the CA_TagRFP sensor is able to
measure the kinetics of changes in the zinc concentration and
will be a valuable tool for examining the determinants of zinc
homeostasis in bacteria.

3 Conclusions

In this work, genetically encoded carbonic anhydrase-based zinc
sensors were constructed by fusing a red fluorescent protein
as a FRET acceptor to the C-terminus of CA-bound dapoxyl
sulfonamide. A series of CA_RFP sensors were constructed and
characterized both in vitro and in situ to optimize both the optical
properties and the dynamic range of the zinc sensor. In the future,
the sensor could be further developed by the additional alteration
of the metal binding properties and adapted for use in eukaryotic
cells targeted to specific organelles.

These sensors were used to image the intracellular rapidly
exchangeable zinc concentration in the fast growing model or-
ganism E. coli at log phase in minimal medium; the median zinc
concentration is 20 pM with a range of 10 to 40 pM observed in
the majority of the cells. These measurements provide evidence
for the availability of a zinc pool in E. coli where the excess
total zinc is buffered by ligands and the sensor equilibrates with
the low free zinc concentration without significantly disturb-
ing the system. This hypothesis was supported by the following
data: 1. alteration of the sensor concentration in vivo has no sig-
nificant effect on the measured zinc concentration; 2. application
of CA sensors with different zinc affinities provides compara-
ble zinc concentrations; and 3. measurement of the intracellular
free zinc concentration is independent of equilibration time,
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Table 2 Comparison of the red fluorescent proteins used in constructing CA-based zinc sensors (Refs. 35 and 39).

Fluorescent Ex. Max  Em. Max E.C. Brightness to.5 to.s

protein (nm) (nm) M~Tem=") QY. (%DsRed2) Structure  Maturation (h)  Photobleach (s)  pKy
DsRed2 561 587 43,800 0.55 100 Tetramer 6.5 >100 4.5
TagRFP 555 584 100,000 0.48 134 Monomer 1.6 100 <4.0
mCherry 587 610 72,000 0.22 40 Monomer 0.25 96 4.5

indicating that the sensor equilibrates with the intracellular zinc
concentration within minutes.

Zinc homeostasis in E. coli is proposed to be tightly con-
trolled under normal growth conditions.” However, variations in
the intracellular free zinc concentration among individual E. coli
cells were observed under our experimental conditions. The free
zinc content of the majority of cells falls within a narrow range;
however, a small fraction of cells exhibit significantly increased
readily exchangeable intracellular zinc concentration. Further-
more, changes in intracellular free zinc under high environmen-
tal zinc conditions were observed. The reasons and biological
processes that lead to variability in the readily exchangeable zinc
concentration remain to be elucidated. These variations could
be related to alterations in the cell cycle, redox state, and/or
energy metabolism. Recent advances in expressible zinc sen-
sors and their applications in prokaryotes and mammalian cells
will provide powerful tools to decipher the physiological and
pathological roles of zinc.

4 Materials and Methods
4.1 Construction of CA_RFP Sensors

The human carbonic anhydrase II gene was sub-cloned from
the vector pACA.*® DsRed2, TagRFP, and mCherry genes
were cloned from the vectors pDsRed2 (Clontech), pTagRFP-N
(Evrogen), and pRSET_mCherry (a gift from the Roger Tsien
lab), respectively. The genes containing CA fused with a C-
terminal red fluorescent protein (CA_RFP) were constructed
through overlap PCR with a 1- or 3-glycine linker between CA
and RFP. The fusion gene CA_RFP was inserted into the ex-
pression vector pET24a (Novagen) between the restriction sites
Ndel and Xhol with a C-terminal 6 xHis Tag for purification.
Another plasmid, pACA_DsRed2, was constructed for the ex-
pression of CA_DsRed2 by inserting the DsRed2 gene into the

vector pACA after the CA gene with a one-glycine linker in
between.

4.2 Protein Expression and Purification

E. coli BL21(DE3) cells transformed with each plasmid
were grown in 2xXYT medium with 50 pg/ml kanamycin to
ODgpp~0.8 and then the expression of the fusion protein was
induced by addition of 250 uM IPTG. After incubation at
30°C for 3 h, protease inhibitors (7.4 pg/ml phenylmethane-
sulfonyl fluoride and 0.92 pg/ml tosyl-L-argininyl-methyl ester
were added into the cultures. After another 3 h of incubation,
the cells were harvested and lysed using a Microfluidizer (Mi-
crofluidics). After removal of cell debris by centrifugation, nu-
cleic acids were precipitated using 1% streptomycin sulfate and
the lysate was clarified by centrifugation. The supernatants con-
taining CA_mCherry-Hiss and CA_TagRFP-Hisc were dialyzed
against Buffer C (30 mM HEPES, pH 8.0, 2 mM imidazole, and
250 mM NaCl) overnight, loaded onto a Ni-coated Chelating
Sepharose column (GE Healthcare), washed with Buffer C and
eluted with a 0.05 to 0.5 M imidazole gradient. Purified fractions
of all three proteins were dialyzed against 10 mM MOPS, pH
7.0 before use or storage. CA_DsRed2 was purified using an
alternate method. A clarified cell lysate containing CA_DsRed2
was dialyzed against Buffer A (10 mM Tris-SO4, pH 8.0,
0.2 mM ZnSO4, 1 mM tris[(2-carboxyethyl)phosphine hy-
drochloride (TCEP)] overnight and applied to a DEAE
Sepharose (GE Healthcare) column equilibrated with this same
buffer. The majority of CA_DsRed2 did not bind to the resin
and was collected in the flow through. This CA_DsRed?2 solu-
tion was then dialyzed against buffer B (10 mm MES, pH 7.0,
0.1 mm ZnSOy, and 1 mM TCEP) overnight, loaded onto an SP
Sepharose (GE Healthcare) column, and eluted with a 0.05 to
0.5 M (NH4),S0O4 gradient. The CA_DsRed?2 protein appeared
in the fractions containing 0.1 to 0.25 M (NH4),SOy as verified

Table 3 Fluorescence imaging filter sets for different CA_RFP sensors.

FRET channel Exposure time FP channel Exposure time Dichroic Emission
excitation filter (ms) excitation filter (ms) mirror filter
CA_DsRed?2 D350/50x 500 HQ 530/25x 500 550 dexru HQ 620/60 m
CA_TagRFP D350/50x 200 HQ 530/25x 500 550 dexru HQ 620/60 m
CA_mCherry D350/50x 50 HQ 575/50x 500 605 lpxru HQ 625/30 m
Journal of Biomedical Optics 087011-9 August 2011 * Vol. 16(8)
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by SDS-PAGE. The purified protein was dialyzed against 10
mM MOPS buffer, pH 7.0 before storage at — 80 °C.

4.3 Synthesis of Dapoxyl Sulfonamide

10 mg Dapoxyl sulfonyl chloride (Molecular Probes/Invitrogen)
was dissolved in 2 ml dry acetonitrile and placed in a 10 ml
pre-dried reaction flask. Anhydrous ammonia gas was run
through a condenser with a dry ice/acetone bath and liquid am-
monia was dripped into the dapoxyl sulfonyl chloride solution
over a 30 min period. Upon addition of ammonia, the reaction
mixture turned yellow-green. At the end of the reaction, excess
ammonia was evaporated slowly by gently blowing N, gas into
the reaction vial. The reaction mixture was dried down using
a speed vacuum and the resulting powder was redissolved in
1.5 ml 1:1 methanol/acetonitrile. The product was purified by
preparatory C18 reverse-phase HPLC (CH3CN/H,0-0.1% TFA,
5%-100% over 60 min, 5 ml/min, 350 nm detection, and tg
= 42 min). Dapoxyl sulfonamide was confirmed by comparison
to known samples using thin layer silica chromatography (R,
~(.8), liquid chromatography-mass spectrometry [LC-MS: m/z
(M +H) single peak at 344.0] and fluorescence spectroscopy
with an emission peak at 535 nm when excited at 350 nm in the
presence of zinc-bound wild type carbonic anhydrase.?*

4.4 In Vitro Characterization of CA_RFPs

For the in vitro metal analysis experiments, all solutions were
preincubated with Chelex(®) resin for several hours to remove
contaminating metal ions. Metal ions, including the active site
zinc ion, were removed from the purified CA_RFP proteins by
dialysis in 10 mM MOPS, pH 7.0, and 50 mM dipicolinic acid
(DPA) at 25°C overnight. Excess DPA was then removed by
running the protein solution through a PD-10 desalting column
(GE Healthcare). The metal content of the protein was <3%,
verified by ICP-MS. For spectral characterization and micro-
scope calibration, 1 ©M metal-free sensor protein was incubated
with NTA-chelated zinc buffers (10 mM MOPS, 2 mM NTA,
and various concentrations of ZnSO4 at pH 7.0, as previously
described in Ref. 31) at 25°C overnight, then DPS dissolved
in dimethyl sulfoxide (DMSO) was added into the solution to
a final concentration of 2 uM; control samples contained an
equal concentration of DMSO. The spectra were taken on a
Cary Eclipse fluorescence spectrophotometer (Varian Medical
Systems). For microscope calibration, the solution was placed
into a 96-well plate, and the fluorescence images were taken un-
der the optical settings described in the fluorescence microscopy
section.

4.5 Growth Conditions of E. coli

E. coli strain BL21(DE3) transformed with a CA_RFP plasmid
was cultured in a chemically defined MOPS minimal medium.?
This medium is mainly buffered by 40 mM MOPS; the phos-
phate concentration is sufficiently low (1.32 mm) to minimize
precipitation at high zinc levels. The overnight culture was di-
luted 1: 100 into 5 ml MOPS medium in a 125 ml flask. Pro-
tein expression was induced by addition of 50 uM IPTG at
ODgpp~0.3, and the culture was incubated at 30 °C overnight to
allow maturation of the fluorescent protein. Then 0.5 ml of this
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culture was harvested, the cells were washed twice with MOPS
medium without IPTG, and then resuspended into 5 ml MOPS
medium. Cells were incubated at 30 °C for 2 to 3 doubling times
to ODggp 0.3 to 0.6 before microscopic analysis.

4.6 Microscopy Sample Preparation

E. coli cells were placed on a poly-L-lysine coated 96-well
glass bottom plate (MatriCal Bioscience), incubated with 2 uM
DPS in 100 1l MOPS medium for 20 min, then the excess
DPS solution was removed and MOPS medium was added back
before imaging. For in situ calibration, the cells in the 96-well
plate were first incubated with 100 1l 1 mM EDTA in 10 mm
metal-free MOPS bufter, pH 7.5 for 10 min. This solution was
removed and the cells washed with 100 .1 MOPS buffer. Finally,
the cells were incubated for 20 min with 100 ul MOPS-NTA-Zn
buffers containing 30 M digitonin (made fresh from 30 mM
stock in DMSO) and 2 uM DPS (made fresh from 200 M stock
in DMSO). Twenty minutes is sufficient to reach equilibrium as
experiments conducted under longer incubation (30 and 40 min)
generate the same results. The cells were then washed once with
MOPS-NTA-Zn buffers without digitonin and DPS and imaged.

4.7 Fluorescence Microscopy

Samples of cells or solution were photographed using a Nikon
Eclipse TE2000 U inverted epifluorescence microscope through
a Nikon Plan Fluor 100x/1.3 NA objective with a Photometrics
CoolSNAP HQ cooled CCD camera. Fluorescence images of
protein solution and live cells were acquired using the software
MetaMorph (Molecular Devices). The filter sets for fluorescence
imaging are summarized in Tables 2-3. All filters and dichroic
mirrors were purchased from Chroma Technology Corporation.

4.8 Data Analysis

Fluorescence images were analyzed using the software ImageJ.
Background fluorescence was subtracted from the FRET and
FP channel images. The average fluorescence intensity from the
FRET images of pET24a cells plus DPS was also measured
and subtracted from the FRET images with CA_RFP sensors
to correct for the background from membrane bound DPS. A
ratio image of Igrgr/Igp Was then created, and the average in-
tensity in each cell was calculated to correlate with the free zinc
concentration based on the in situ calibration curve.
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