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Live Imaging of Glucose Homeostasis in Nuclei

of COS-7 Cells
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INTRODUCTION

Received March 15,2004, accepted March 15, 2004

Measuring subcellular glucose levels deep in tissues can provide new insights into compartmen-
talization and specialization of glucose metabolism among different cells. As shown previously, a
FRET-based glucose-sensor consisting of two GFP-variants and the Escherichia coli periplasmic glu-
cose/galactose binding protein was successfully expressed in the cytosol of COS7-cells and used to
determine cytosolic glucose levels. Recording cytosolic fluorescence intensities in cells located in
deeper layers of tissues is often difficult due to loss of signal intensity caused by effects of other
cell layers on excitation and emission light. These interfering effects may be reduced by restricting
fluorophores to occupy only a fraction of the assayed tissue volume. This can be accomplished by
confining fluorophores to a sub-compartment of each cell in the tissue, such as the nucleus. The
glucose-sensor was targeted to nuclei of COS7-cells. To determine, whether nuclear glucose lev-
els can be used to track cytosolic changes, nuclear glucose concentrations were quantified as the
cells were challenged with external glucose over a range of 0.5 to 10 mM and compared to cy-
tosolic levels. Internal glucose concentrations in both compartments were similar, corresponding to
~50% of the external concentration. Taken together, these results indicate that nuclear glucose lev-
els can be used to determine cytosolic levels indirectly, permitting more reliable quantification of
fluorescence intensities and providing a tool for measurements not only in cell cultures but also in
tissues.
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zone [2,3]. A similar zonal architecture can be found in
kidney, where glycolytic hexokinase activity is mainly

Glucose metabolism and glucose levels in groups of
cells and tissues forming an organ are not necessarily uni-
form but likely will differ even between neighboring cells.
Glucose metabolism in the liver, for example, is known to
be zonal [1]. Gluconeogenesis for the synthesis of glu-
cose and glycogen is predominantly situated in the peri-
portal zone, whereas glycolysis and glycogen synthesis
from glucose are preferentially located in the perivenous
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found in distal segments, whereas gluconeogenic activity
of fructose-1,6-bisphospatase dominates in the proximal
tubular epithelium [4]. In plants, gradients of glucose and
sucrose between parenchyma cells, companion cells and
sieve elements may be involved in loading and unload-
ing sugar in the phloem [5]. Analyzing the differences in
glucose levels and metabolism in native tissue can thus
contribute to a better understanding of glucose homeosta-
sis in a number of multicellular organisms.

Until recently, technologies for monitoring subcellu-
lar levels of metabolites in living cells were unavailable.

ABBREVIATIONS: FRET, resonance energy transfer; GFP, green fluo-
rescent protein; YFP, yellow fluorescent protein; CFP, cyan fluorescent
protein; GGBP, E. coli periplasmic glucose/galactose binding protein.
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To develop a flexible strategy, the hinge-twist motion of
bacterial periplasmic binding proteins (PBP) was com-
bined with the optical advantages of green fluorescent
protein variants to design a novel type of nanosensor
that transforms the PBP hinge-twist motion into altered
fluorescence resonance energy transfer (FRET) [6-8].
PBPs constitute a large family of binding proteins with
each PBP consisting of two globular domains. The bind-
ing site is located at the cleft between the domains, which
engulf the substrate and undergo a hinge-twist motion [9].
PBPs were successfully employed as binding moieties
for biosensors by conjugating these proteins to chemi-
cal fluorophores [10,11]. However, chemically modified
proteins are not ideal for in vivo applications. The de-
velopment of spectral variants of GFP permits modifi-
cation of PBPs with genetically-encoded fluorophores.
As shown recently, the FRET change between two GFP
variants attached to the E. coli periplasmic maltose bind-
ing protein can be used to measure maltose uptake into
the cytosol of individual yeast cells [6]. Similarly, ribose
import and metabolism in COS7-cells were visualized
using a ribose-sensor based on the E. coli periplasmic
ribose binding protein [8]. To monitor glucose dynam-
ics in individual cells, a glucose nanosensor (FLIPglu-
170n) with a K4 of ~170 nM was developed on the ba-
sis of the E. coli periplasmic glucose/galactose binding
protein (GGBP) [7]. An affinity mutant with a K4 of
~600 uM (FLIPglu-600) was generated, which shows
higher substrate specificity and binds glucose at physio-
logical levels. Expression of FLIPglu-600u in the cytosol
of COS-7 cells showed that at external glucose concentra-
tions between 0.5 and 10 mM free cytosolic glucose con-
centrations remained at approximately 50% of external
levels.

To date, these sensors have been used to measure
metabolites in individual cells within a cell culture mono-
layer. However, analyzing differences in glucose levels
between neighboring cells in native tissues requires the
acquisition of fluorescence intensities from several cell
layers. Expression of fluorescent nanosensors in multi-
ple cell layers introduces several new challenges for their
use. First, with conventional epifluorescence optics, flu-
orescence from out of focus cells will contribute signif-
icantly to the signal from cells within the focal plane,
thus confounding signals from multiple cells. Second, flu-
orophores in overlying cells will absorb a portion of the
applied excitation energy, creating a shading effect that
gets progressively stronger in deeper tissue. Third, with
sensors that make use of FRET, emission from the donor
fluorophore can be absorbed by acceptor fluorophores in
overlying tissue, both attenuating and distorting the FRET
signal. Fourth, scattering and refraction by overlying cells
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further degrades both the emission signal and excitation
intensity in deeper tissue. In addition to use of confo-
cal and multiphoton fluorescence microcopy, restriction
of fluorescence to a certain portion of each cell may help
to reduce these adverse effects.

Expression of GFP in nuclei of Arabidopsis roots
shows that cells in multiple tissue layers can be easily vi-
sualized and discriminated due to restriction of the signal
to a fraction of the image. Restricting the expression of
the glucose-sensor to the nucleus reduced the fluorescent
volume in COS7-cells by ~30% as compared to cytosolic
expression of the nanosensor. At external glucose con-
centrations between 0.5 and 10 mM, both, nuclear and
cytosolic glucose levels were ~50% of external supply,
reflecting the nuclear pore’s passive permeability for small
molecules (<1 kDa) [12,13]. Thus FLIPglu-6004,™* al-
lows us to determine cytosolic glucose levels indirectly
using a nuclear nanosensor.

EXPERIMENTAL

FLIP™¢ Constructs and Plasmids

The CFP-mgIB-YFP chimeric genes of FLIPglu-
600, and FLIPglu-170n [7] were subcloned into the
mammalian expression vectors pPCMV/myc/nuc and pEF/
myc/nuc (Invitrogen) using a PCR-based cloning ap-
proach. Resulting FLIPglu-600™¢ and FLIPglu-170n""*
carry the triple SV40 large T-antigen nuclear localization
signal sequence at the C-termini.

Confocal Microscopy of Arabidopsis Seedlings

Arabidopsis seedlings were mounted on cover slips in
MS medium 3 days after being germinated on the surface
of MS-agar plates. Imaging was performed with a Bio-
Rad MRC1024 confocal microscope using a 60x Nikon
1.2 n.a. water immersion objective, 488 nm excitation
from a 15 mW KrAr laser, and a 525/35 emission filter.
Excitation energy was attenuated to 3% of laser output.

Cell Culture and Transfection

COS-7 cells were grown in D-MEM with 10% fe-
tal calf serum and 50 U/mL penicillin and streptomycin
(Sigma). Cells were cultured at 37°C and 5% CO,. For
imaging, cells were cultured in 8-well tissue culture glass
slides (BD Falcon) and transiently transfected at 50—
70% confluency using Lipofectamin/Plus Reagent (Invit-
rogen). Transfection efficiency as determined by counting
fluorescing cells was at least 30%.
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FRET Imaging

Imaging was performed 35—40 hr after transfection
on a fluorescence microscope (DM IRE 2, Leica) with a
cooled CoolSnap HQ digital camera (Photometrics). Dual
emission intensity ratios were simultaneously recorded us-
ing DualView with the OI-5-EM filterset (Optical Insights)
and Metafluor 6.1r1 (Universal Imaging). Excitation light
was attenuated to 10% of the Lambda DG4’s output (Sut-
ter Instruments). Images were acquired within the lin-
ear detection range of the camera at intervals of 20 s.
Depending on expression level, exposure times varied
between 0.2 and 0.5 s. Perfusion had flow rates of 2.4
mL/min in a total volume of 0.4 mL. Glucose-free DMEM
(Sigma) was used to replace the growth medium before
each measurement and for continuous perfusion in the
absence of glucose during each measurement. Perfusion
with DMEM containing the indicated concentrations was
used to apply external glucose. Due to the different set
up used for the acquisition of nuclear and previously pub-
lished cytosolic emission intensities [7], the ratio changes
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of FLIPglu-600u were greater than the ratio changes of
FLIPglu-600.™".

Determination of Cytosolic Glucose Concentration

Ratio changes (delta ratio) were calculated for each
single cell as the difference between average ratios dur-
ing perfusion with glucose and perfusion with glucose-
free medium. Ratio changes of cells expressing either
nanosensor were averaged. The minimum delta ratio
(ARpin) at complete absence of glucose and the maxi-
mum delta ratio (A Rp,x) at saturation with glucose were
obtained by non-linear regression of averaged delta ra-
tiosusing Eq. (1): Ar = n[glc]/(Kq + [glc]) X (ARmax —
ARmin) + ARnmin, where [glc], glucose concentration; n,
number of binding sites. To compare the results for the dif-
ferent nanosensors the delta ratios were normalized using
Eq. (2): S = (Ar — ARnin)/(Amax — ARpin), where S,
normalized deltaratio (saturation). Cytosolic glucose con-
centrations were obtained from normalized ratio changes

Fig. 1. Confocal optical sections of an Arabidopsis root tip in a transgenic plant expressing a
GFP::cDNA fusion protein that localizes to the nuclear lumen [14]. (A) Brightest point projection
of 21 optical sections showing labeled nuclei in multiple cell layers. A single bright field image is
merged with the projection image to show the tissue context of the nuclei. (B-E) Single confocal
sections from the boxed area in (A) revealing resolved nuclei in the 1st through 4th cell layers.
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using Eq. (3): [glc] = (K4 x S)/(1 — S), where [K 4], bind-
ing constant as determined in vitro [7]. To demonstrate
that nuclear and cytosolic levels are ~50% of external
supply a linear regression was performed on the internal
concentrations when displayed as a function of external

supply.

RESULTS AND DISCUSSION

GFP Emission from Nuclei of Arabidopsis Seedlings

To demonstrate that fluorescence from single nuclei
in different tissue layers can be separated without over-
laying emission, GFP was targeted to the nuclei of Ara-
bidopsis roots. Confocal sections of nuclear GFP expres-
sion show well-discriminated fluorescence signals from
individual nuclei (Fig. 1A). Although fluorescence inten-
sity dropped significantly with the distance from the root
surface, nuclear GFP-expression permitted acquisition of
emission intensities in individual cells even deep in native
tissues (Fig. 1B-E).

Nuclear Expression of the Nanosensors Reduces
the Fluoresecent Fraction of Transfected Cells

To direct the nanosensor to the nuclei of cultured
Green African Monkey kidney derived COS-7 cells,
FLIPglu-600u was subcloned into the mammalian expres-
sion vector pEF/myc/nuc carrying the triple SV40 large
T-antigen nuclear localization signal sequence (FLIPglu-
600u™°). CFP and YFP fluorescence in COS-7 cells trans-
formed with this construct was predominantly confined to
the lumen of the nucleus (Fig. 2A,B), indicating success-
ful nuclear targeting of the nanosensor, whereas FLIPglu-
600u carrying no targeting signal showed fluorescence
distributed throughout the cell body, but excluded from
the nucleus. Nuclear exclusion of FLIPglu-600u is prob-
ably due to its relatively high molecular mass of 88 kDa.
It is noteworthy that nuclei of COS-7 cells are polyploid
and therefore much larger as compared to typical cells in
native tissues. Weak cytosolic fluorescence in cells trans-
fected with FLIPglu-600™° could only be detected when
emission intensity images were overexposed and when
the contrast ratio was reduced (Fig. 2C). Comparison of
the emission intensity images of cells transfected with
both nanosensors indicated that the fluorescent area of
the cell can be reduced to ~30% by restricting the ex-
pression to the nucleus. Since the polyploid COS-7 nuclei
have a relatively large size, the use of FLIPglu-600.™°
in native tissues should reduce the fluorescent fraction
even more.
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Fig. 2. (A) Emission intensity images following CFP excitation show
that FLIPglu-600.’s expression in the cytosol of COS-7 cells is excluded
from nuclei and lysosomes. (B) Expression of FLIPglu-6004™° is re-
stricted to the nucleus. (C) Reducing the contrast ratio and overexposing
showed weak cytosolic fluorescence indicating that the fluorescent frac-
tion is reduced to ~30% by using a nuclear nanosensor.

Nuclear and Cytosolic Glucose
Concentrations are coupled

Indirect determination of cytosolic glucose levels us-
ing a nuclear sensor requires free exchange of glucose
between both compartments. Whereas passive transport
of intermediate-sized macromolecules through the nu-
clear pore complex is regulated by nuclear calcium, small
molecules (<1 kDa) and inorganic anions are supposed
to freely diffuse even when nuclear calcium stores are de-
pleted [12,13,15]. These results also indicate that the com-
position of the cytoplasm and the nucleoplasm will likely
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Fig. 3. Ratio images showing the YFP/CFP emission intensity ratio in COS-7 cells
expressing FLIPglu-600u™¢ and FLIPglu-170n"" are pseudo-colored to demon-
strate glucose dependent ratio changes. Red color represents high ratios, blue color
low ratios. Integration over single nuclei was used to quantify the ratio change. Grey
boxes indicate perfusion with 10 mM external glucose. (A) Perfusion with 10 mM
external glucose following perfusion with glucose-free medium led to decreasing
ratios in the nucleus of COS-7 cells expressing FLIPglu-600u™ indicating increas-
ing glucose levels in the nucleus. Upon withdrawing external glucose by perfusion
with glucose-free medium the ratio was increasing indicating decreasing nuclear
glucose levels. (B) The same perfusion pattern only induced very low ratio changes

in COS-7 cells expressing high-affinity FLIPglu-170""°.

differ, potentially affecting the nanosensor’s dynamic con-
formational changes [7]. To test whether cytosolic and nu-
clear concentrations are coupled and to show that FRET
changes of FLIPglu-600u™¢ are caused by altered nu-
clear glucose levels, FLIPglu-600.™°¢ and high-affinity
FLIPglu-170n™° were expressed in the nuclei of COS-7
cells. Due to its high-affinity of 170 nM, FLIPglu-170n™¢
is saturated at concentrations that are in the detection range
of FLIPglu-600.™ and therefore should display a differ-
ent pattern of ratio changes upon perfusion with external
glucose. FRET may be used as a measure of intracellu-
lar glucose levels, under the assumption that in vivo ratio
changes reflect the same parameters as the in vitro char-
acteristics. FRET was determined in vivo using a fluores-
cence microscope and exciting CFP at 436 nm followed
by simultaneous acquisition of CFP and YFP emission in-
tensities using the Dual View device and a digital camera.
Ratio images were calculated on a pixel-by-pixel basis.
For quantification, ratios were integrated over the area
of single nuclei and displayed as a function of time. The

growth medium was replaced by glucose-free medium be-
fore each measurement. Following perfusion with 10 mM
external glucose the emission intensity ratio for cells ex-
pressing FLIPglu-600™€ decreased, indicating rising nu-
clear glucose levels (Fig. 3A). Upon withdrawing exter-
nal glucose by perfusion with glucose-free medium the
ratio increased to its starting value, indicating decreasing
nuclear glucose levels. Similar results were obtained for
COS-7 cells expressing cytosolic FLIPglu-600u [7], sug-
gesting that nuclear and cytosolic glucose concentrations
are coupled.

Perfusion of cells expressing FLIPglu-170n™¢ with
glucose-free medium followed by 10 mM external glucose
did not cause significant ratio changes (Fig. 3B); only in
some cases very small ratio changes were observed in
the range of baseline fluctuations. To determine cytosolic
glucose levels reliably in the absence of external supply, a
new glucose-nanosensor with a detection range between
those of FLIPglu-170n™¢ and FLIPglu-600™° needs to
be engineered.
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Fig. 4. Ratio change of a single cell expressing FLIPglu-600.." perfused with increasing external
glucose concentrations. Boxes indicate external glucose concentrations (mM) during continuous
perfusion with DMEM. The delta ratios increased with external supply following a saturation

curve.

Nuclear and Cytosolic Glucose Concentrations
are both ~50% of External Supply

To determine cytosolic and nuclear glucose lev-
els, COS-7 cells expressing FLIPglu-600u™¢ were per-
fused with gradually increasing concentrations of exter-
nal glucose (Fig. 4). After a constant ratio was reached,
glucose was withdrawn by perfusion with glucose-free
medium. Gradual stepwise elevation of external glucose
between 0.5 and 10 mM led to increasing and reversible
ratio changes. Ratio changes (delta ratio) averaged over
6 cells followed a hyperbolic curve, reflecting saturation
of FLIPglu-600..™ with increasing external supply. Sim-
ilar results were obtained for cytosolic FLIPglu-600u [7].
To normalize the ratio changes, the minimum ratio change
in the absence of glucose (A Rpy,) and maximum ratio
change (ARnax) at glucose saturation were determined
using non-linear regression (Egs. (1) and (2)). The nor-
malized ratio changes (saturation) were similar for both
sensors (Fig. 5A). Using the Ky as determined in vitro,
normalized ratio changes were transformed into internal
glucose concentrations (Eq. (3)), assuming that the ratio
changes are unaffected by differences in the two intra-
cellular environments. Although the concentration of the
nanosensors may be higher in the nucleus, saturation of
FLIPglu-170n™¢ indicates that the sensor concentration
is below the concentration of its substrate. Thus, despite
potential variation in sensor levels it seems adequate to
compare glucose levels between experiments using cy-
tosolic and nuclear sensors. Under these boundary condi-
tions, results from the two experimental sets can be com-
pared directly. Both nuclear and cytosolic glucose levels
increased with external supply, but remained at ~50% rel-
ative to the external medium indicating that glucose can
freely diffuse through the nuclear pore (Fig. 5B). How-
ever, due to decreased sensitivity of the nanosensors close
to saturation, determination of high internal glucose lev-

els are less reliable than measuring low internal levels.
Thus, expanding the range for quantification by engineer-
ing sensors with lower affinity and higher maximum ra-
tio changes will increase the performance of the novel
nanosensor technology.

saturation

internal glucose (mM)

0 /I/”//I/ 1 1 ! 1 ! 1 ! !
0 2 4 6 8 10
external glucose (mM)

Fig. 5. Averaged delta ratios from cells expressing FLIPglu-600. (m,
n =5) and FLIPglu-600™¢ (A, n = 6) were normalized. (A) Nor-
malized ratio changes (saturation) were similar for both nanosensors.
(B) Cytosolic (m) and nuclear (m) glucose concentrations increased with
external supply but remained at ~50% of external levels as demonstrated
by linear regression.
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In summary we could show that restriction of flu-
orescence to the nucleus allowed us to acquire emission
intensities in individual cells even deep in native tissues.
FLIPglu-600u™° expression was successfully targeted to
the nucleus, where it was used to monitor dynamic glu-
cose changes indicating that glucose can freely diffuse
through the nuclear pore complex. Nuclear and cytosolic
levels were each shown to be ~50% of external supply.
Together, these results indicate that indirect measurement
of cytosolic glucose levels deep in tissues will be possible
using nuclear sensors. Thus in future experiments, nuclear
localized nanosensors will be used to image glucose levels
in plant and animal tissues.
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