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Development of a fluorescent nanosensor for ribose
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Abstract To analyze ribose uptake and metabolism in living
cells, nanosensors were engineered by flanking the Escherichia
coli periplasmic ribose binding protein with two green fluores-
cent protein variants. Following binding of ribose, fluorescence
resonance energy transfer decreased with increasing ribose con-
centration. Five affinity mutants were generated covering bind-
ing constants between 400 nM and 11.7 mM. Analysis of nano-
sensor response in COS-7 cells showed that free ribose
accumulates in the cell and is slowly metabolized. Inhibitor
studies suggest that uptake is mediated by a monosaccharide
transporter of the GLUT family, however, ribose taken up
into the cell was not or only slowly released, indicating irrever-
sibility of uptake.

© 2003 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction

D-Ribose is a component of RNA, DNA, ATP, and many
co-factors, as well as a potential source of energy. Before
entering metabolism ribose is phosphorylated to p-ribose-5-
phosphate, a precursor for nucleotide, histidine, and trypto-
phan synthesis. Ribose-5-phosphate is a normal intermediate
of the hexose monophosphate shunt, but free ribose may ap-
pear as an intermediate of nucleotide metabolism. Pentoses
serve as nutrients in ruminants and may be relevant as dietary
supplement [1,2]. In eukaryotes, little is known about both
uptake and metabolism of ribose and it is not known whether
significant amounts of free ribose are present in the cytosol.

Ribose is required for the biosynthesis of basic biomole-
cules such as nucleotides and the amino acids tryptophan
and histidine. Endogenous ribose is available from glucose
via the hexose monophosphate shunt. In many tissues endo-
geneous ribose is available from glucose via the hexose mono-
phosphase shunt. However, tissues with low hexose mono-
phosphate activity depend on ribose recycling and on
alternative ribose sources [2]. Ribose can be released from
nucleosides during metabolic turnover and nucleosides can
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be transported across the plasma membrane [3,4]. However,
when endogenous nucleotides are degraded and lost from tis-
sues the ability to replenish nucleotide pools appears to be
limited by the supply of ribose [2].

Utilization of external ribose for nucleobase salvage and
repletion of cellular adenine nucleotide levels require transport
of ribose across the plasma membrane. To date, only limited
information about ribose transport is available. Rat hepatoma
cell lines may use ribose as sole carbon source indicating that
mammalian cells possess the ability to take up ribose [5].
Competition studies using 3-O-methylglucose and ribose
were performed with a number of tissues leading to different
results: no significant inhibition of 3-O-methylglucose uptake
into isolated rat hepatocytes was observed in the presence of
ribose [6]. Similarly, 3-O-methylglucose uptake into Cyprinus
carpio was not affected by ribose [7] indicating that ribose and
glucose do not compete for transport in these tissues. How-
ever, in primary cultures of bovine brain microvessel endothe-
lial cells, 3-O-methylglucose uptake was competitively inhib-
ited by ribose [8]. In addition to transport across the plasma
membrane, ribose uptake into rat liver lysosomes and compe-
tition with glucose could be directly demonstrated using ra-
diolabelled sugars suggesting subcellular compartmentaliza-
tion of ribose [9]. Ribose is phosphorylated by a specific
ribokinase, a protein not directly related to hexokinases [10],
and although the bacterial homolog has been characterized in
very much detail [11], little is known about the properties of
the mammalian homolog.

To analyze ribose transport in mammalian cells a fluores-
cence resonance energy transfer (FRET)-based ribose sensor
was generated by flanking the Escherichia coli periplasmic
ribose binding protein (RBP) with two green fluorescent pro-
tein (GFP) variants. As shown recently, the substrate-induced
FRET change between two GFP variants attached to the
E. coli periplasmic maltose binding protein (MBP) can be
used to visualize maltose uptake into living yeast [12]. Simi-
larly, glucose dynamics in green African monkey-derived
COS-7 cells were visualized using an E. coli periplasmic glu-
cose/galactose binding protein (GGBP) fused between to GFP
variants [13]. RBP and GGBP share approximately 21% se-
quence identity and both belong to type I periplasmic binding
proteins [14,15]. Comparison of the crystal structures of E. coli
RBP and GGBP show that many structural features are con-
served between the two proteins [16-18]. Ribose nanosensors
(fluorescent indicator protein-ribose (FLIPrib)) were devel-
oped by fusing GFP variants to the RBP termini. Consistent
with the expected relative movement of the fluorescent pro-
teins upon binding of ribose to FLIPrib, FRET efficiency
decreased. To perform ribose measurements at a wide range
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of concentrations potential residues important for binding
were selected and five affinity mutants were generated. To
detect ribose in the cytosol of mammalian cells and visualize
ribose transport FLIPribs were expressed in COS-7 cells. Ad-
dition of extracellular ribose led to increased cytosolic ribose
levels visualizing ribose transport. Ribose uptake was sensitive
to inhibitors for glucose transporters (GLUT) such as cyto-
chalasin B and phloretin and to glucose suggesting that ribose
and glucose transport into the cytosol of COS-7 cells are
mediated by the same transport protein.

2. Materials and methods

2.1. FLIPrib constructs and plasmids

A RBP polymerase chain reaction product from genomic E. coli
DNA encoding mature RBP was cloned into the Kpnl site of FLIP-
glu-600p in pRSETB [13] (Invitrogen) replacing the glucose sensor’s
mglB moiety and transferred into BL21(DE3)Gold (Stratagene). For
expression in COS-7 cells the chimeric gene was inserted into
pCDNA3.1 (Invitrogen). The RBP sequence was confirmed by
DNA sequencing and was found to carry a DysG substitution. Since
D53 G did not significantly affect the binding affinity (see Table 1), all
further experiments were carried out with the nanosensor named
FLIPrib-250n carrying D,psG. Mutant forms carrying substitutions
T135A, Q235A, F|5A, F|6A and R]41A were generated using Qllik-
Change (Stratagene) in the mutant background of FLIPrib-250n.
FLIPrib proteins were extracted from BL21(DE3)gold and purified
as described [12].

2.2. In vitro characterization of FLIPrib

Substrate titration curves and substrate specificity analyses were
performed on Safire (Tecan) fluorometer. ECFP was excited at 433
nm and emission was set to 475 nm and 528 nm for ECFP and EYFP,
respectively. All in vitro analyses were performed in 20 mM sodium
phosphate buffer at pH 7. FRET was determined as EYFP-ECFP
emission intensity ratio. Using the change in ratio upon ligand bind-
ing, binding constants (K4) were determined by fitting substrate titra-
tion curves to:

S = 1_(r_rmin)/(rmax_rmin) =

[Slo/[Pl: = n[S]/(Ka + [S]) (1)

where [S] is substrate concentration, [S], concentration of bound sub-
strate, n number of binding sites, [P]; total concentration of binding
protein, r ratio, rpj, minimum ratio in absence of ligand, rya.x max-
imum ratio at saturation. Hill coefficients were determined using the
Hill equation:

S = (n[S]")/(Ka +[S]") (2)

2.3. Cell culture and transfection

COS-7 cells were grown in Dulbecco’s modified Eagle’s medium
(high glucose; DMEM, Biochrom) with 10% fetal calf serum and 50
U/ml penicillin and streptomycin (Biochrom). Cells were cultured at
37°C and 5% CO,. For imaging, cells were cultured in 8-well tissue
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culture glass slides (BD Falcon) and transiently transfected at 50-70%
confluence using Lipofectamine/Plus Reagent (Invitrogen). Transfec-
tion efficiency as determined by counting fluorescing cells was at least
30%.

2.4. Imaging

Imaging was performed 35-40 h after transfection on a fluorescence
microscope (DMIRB, Leica) with a cooled CCD camera (Sensys Pho-
tometrics). Dual emission intensity ratios were recorded using Meta-
fluor 4.5 (Universal Imaging) with 436/20 excitation and two emission
filters (480/40 for ECFP and 535/30 for EYFP) and neutral density
filter (1% transmission) for excitation. Images were acquired within
the linear detection range of the camera at intervals of 20-30 s for up
to 90 min. Depending on expression level, exposure times varied be-
tween 0.75 and 1.5 s. If not mentioned otherwise, cells were perfused
with glucose-free DMEM (Sigma) at flow rates of 1.8 ml/min in a
chamber with a total volume of 0.7 ml. Inhibition of transporters of
the GLUT family was performed with 2 uM cytochalasin B or 100
UM phloretin (Sigma). Phloridzin (Sigma) at a concentration of 100
UM was used for inhibition of Na'-dependent glucose transporters
(SGLTs). In a large number of experiments, variation of the initial
ratio (+5%) at the beginning of an experiment was observed. This
does not seem to reflect differences in sugar levels, but rather variabil-
ity in optical parameters when measuring individual cells. Analyses
were repeated at least three times with similar results.

3. Results and discussion

3.1. Construction of a ribose sensor

Mature RBP was flanked with two GFP variants by attach-
ing a cyan (CFP) and a yellow fluorescent protein (YFP) to
the N- and C-terminus, respectively. Due to the relative posi-
tion of the termini to the hinge region of RBP the ribose-
induced hinge-twist motion is predicted to move the GFP
variants further apart and to cause a decrease in FRET. Ti-
tration of the purified fusion protein FLIPrib-250n displayed
a ribose concentration-dependent decrease in FRET. The
binding constant (Ky) for ribose was determined by FRET
as 250 nM with a maximum change in ratio of 0.19 (Table
1) and a Hill coefficient of 0.93. The YFP-CFP emission in-
tensity ratio was similar to the ratio of the GGBP-based glu-
cose sensors reflecting the three-dimensional similarity of RBP
and GGBP [13,16,17]. FLIPrib-250n permits ribose quantifi-
cation in the high-affinity range between 0.03 and 2.3 uM.

3.2. Affinity mutants of FLIPrib

To perform ribose measurements across a broader range of
concentrations, affinity mutants of FLIPrib-250n were gener-
ated. RBP binds its substrate by hydrogen bonding and stack-
ing forces between aromatic amino acid residues [16]. Using
data from the crystal structure of RBP [16], and a table of
predicted residues conserved in a variety of periplasmic bind-

Table 1

Properties of the nanosensors

Nanosensor Mutant form?* Ky Range for quantification® Armayx €
FLIPrib-250n 0.25%£0.03 uM 0.028-2.29 uM 0.19
FLIPrib-400n Ti35A 0.40£0.04 uM 0.044-3.60 uM 0.30
FLIPrib-4p Qu3sA 4.29+0.26 uM 0.48-38.6 UM 0.36
FLIPrib-120u FisA 119+8.68 uM 13.2-1068 uM 0.29
FLIPrib-3m FisA 2.90+£0.31 mM 0.32-26.1 mM 0.37
FLIPrib-12m RisA 11.7£0.48 mM 1.30-105 mM 0.38

2All FLIPribs carry the amino acid substitution D,psG. As expected, the affinity of FLIPrib-250n seems almost unchanged as compared to wild

type RBP with 0.13 uM determined by other methods [20].

PRange of concentrations for which a nanosensor can be used. The range for quantification was defined as the range between 10% and 90%

saturation.

€Armax, In vitro maximum change in ratio between absence and saturation of the binding protein.
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Fig. 1. In vitro substrate-induced FRET changes of purified nano-
sensors. Saturation curves were obtained by transforming the ri-
bose-dependent ratio change into saturation of the sensor. Using
non-linear regression the Kygs of FLIPrib-400n (A) and FLIPrib-
120u (B) were determined as 400 nM and 120 uM, respectively. The
saturation curves represent titrations of three independent protein
extracts.

ing proteins, we selected five residues for site-directed muta-
genesis [19]. Mutation of positions corresponding to amino
acids in the binding site of RBP in FLIPrib-250n produced
a set of ribose sensors covering a broad range of ribose levels
(Table 1). Introducing substitution Tj3sA into the RBP moi-
ety of FLIPrib-250n produced FLIPrib-400n, which has a
binding constant (Kg) of 0.4 uM for ribose, thus providing
a range for ribose quantification between at least 0.04 and
3.60 uM (Table 1, Fig. 1A). The small change was expected,
since T35 does not seem to be involved in hydrophobic inter-
actions with the substrate directly, although it is in the vicinity
of the binding site [16]. However, the T;3sA change led to a
higher maximal change in ratio, probably by affecting the
overall movement. Due to its higher maximum ratio change
between absence and saturation with ribose (Armax) of 0.3,
FLIPrib-400n permits more sensitive measurements than
FLIPrib-250n at low ribose concentrations (Table 1). The
Hill coefficient was determined as 1.03, consistent with the
formation of a 1:1 FLIPrib-400n/ribose complex. F;s and
Fi¢ are involved in hydrophobic interactions with ribose,
whereas Q35 and Ry are involved in hydrogen bonding of
hydroxyl groups at positions 2 and 3 of ribose. The K4 of 119
uM of FLIPrib-120u, carrying a FisA substitution, permits
ribose measurements between 13 uM and 1 mM (Table 1, Fig.
IB). As for FLIPrib-400n, Arp,x of FLIPrib-120p (0.29) is
higher than Arp,x of FLIPrib-250n (Table 1). Together with
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Fig. 2. Comparison of substrate selectivity of two FLIPrib variants.
The ratio changes of purified FLIPrib-250n (A) and FLIPrib-120pn
(B) were determined in the presence of various pentoses and hexoses
at three different concentrations (5, 10 and 50 times the K4). Apart
from ribose, allose, erythrose and ribulose were recognized by the
sensors (R-5-P, ribose-5-phosphate).
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FLIPrib-4p, which has a Ky of 4.29 uM for ribose covering a
range from 0.5 to 40 uM, FLIPrib-120u permits ribose quan-
tifications at intermediate levels of ribose. FLIPrib-3m and
FLIPrib-12m carrying substitutions FjgA and R4 A, respec-
tively, with affinities in the millimolar range (FLIPrib-3m, 2.9
mM and FLIPrib-12m, 11.7 mM) are suitable for ribose
quantification in the low to high millimolar range (Table 1).
Because of its high Ky, FLIPrib-12m was used as a control
sensor for measurements in COS-7 cells. Together with FLIP-
rib-4p the Arp.x values of FLIPrib-3m (0.37) and FLIP-
rib-12m (0.38) provide the highest sensitivity of all six ribose
Sensors.

3.3. Substrate specificity

Determination of substrate concentration in complex mix-
tures, i.e. the cytoplasm of living cells, requires sensors that
display high specificity toward their substrate. To analyze
which sugars are recognized by two of the variants, FLIP-
rib-250n (Fig. 2A) and FLIPrib-120u (Fig. 2B) were incubated
with different sugars. Substrate-induced conformational
changes were measured using FRET in microplate assays.
Consistent with the ability of RBP to bind allose 1000 times
less tightly than ribose [20], FLIPrib-250n binds allose at high
concentrations (Fig. 2). Besides allose, only ribulose and
erythrose were recognized by FLIPrib-250n and FLIPrib-
120u (Fig. 2). Erythrose was recognized by FLIPrib-250n at
a concentration of 50 times the Ky for ribose (50% of the ratio
change at saturation with ribose). In contrast, ribulose was
bound by FLIPrib-250n at concentrations as low as 5 times
the Ky of ribose (30% of the ratio change at saturation with
ribose). Interestingly, ribulose did not interfere with binding
of ribose to the pure RBP as had been measured by Aksamit
and Koshland [20]. For FLIPrib-120u the ratio change in-
duced by erythrose at 50 times the Ky of ribose was 20% of
the maximum ratio change observed for ribose. The ratio
change for ribulose at 5 times the Ky was 10% of the max-
imum ratio change. All other sugars, including ribose-5-phos-
phate, did not induce any significant decrease in ratio. Over-
all, FLIPrib-120u has slightly higher substrate specificity than
FLIPrib-250n. FLIPribs can thus be considered specific ribose
sensors suitable for in vivo imaging.

3.4. Ribose transport and detection of ribose in the cytosol of
COS-7 cells
To show that ribose can be transported across the plasma

N
Fig. 3. Ribose transport and detection of ribose in the cytosol of
COS-7 cells. Ratio images are pseudo-colored to demonstrate ri-
bose-dependent ratio changes. Red indicates high ratio and blue in-
dicates low ratio. Integration of the ratio over entire cells was used
to quantify the ratio change. Each graph shows ratio changes for a
single cell. Addition of ribose to COS-7 cells led to a decrease in ra-
tio. A: After removal of ribose from FLIPrib-120u-expressing cells
the ratio returned to the starting value showing reversible binding
of ribose. B: Addition of ribose to FLIPrib-12m-expressing cells did
not lead to a decrease in the ratio making the sensor useful as a
control sensor. C: In the presence of 2 uM cytochalasin B, ribose
uptake into cells expressing FLIPrib-120p was inhibited, suggesting
that ribose is transported by a member of the GLUT family.
D: Phloridzin, an inhibitor of SGLT glucose transporters, did not
inhibit transport of ribose and consequently a change in ratio for
FLIPrib-120pn was observed. Glucose-free DMEM was used to re-
move external ribose and inhibitors.
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membrane of mammalian cells, FLIPrib-120u and, as a con-
trol, FLIPrib-12m were expressed in the cytosol of cultured
Green African monkey kidney-derived COS-7 cells. Emission
intensity images of COS-7 cells were acquired microscopically
by excitation at 436 nm and high speed switching between
emission filters for YFP and CFP using a CCD camera. Ratio
images were calculated on a pixel-by-pixel basis. To quantify
the ratios obtained by microscopical imaging, data were inte-
grated over entire cells. Merged YFP-CFP emission intensity
images showed expression of the FLIPrib sensors in the cyto-
sol but neither in the polyploid nuclei nor in lysosomes. Fol-
lowing addition of external ribose to the cells, the emission
intensity ratio decreased indicating transport of ribose across
the plasma membrane (Fig. 3A), and demonstrating that the
sensor is functional in vivo. Similar results were obtained with
FLIPrib-400n (data not shown). To study re-export or to
follow metabolism of ribose in the cytosol, ribose was re-
moved by perfusion with ribose-free medium following addi-
tion of ribose and ribose detection inside the cytosol. After
washing out ribose the emission intensity ratio increased
slowly to its starting ratio, showing that binding to RBP in
vivo is reversible (Fig. 3A). The return to baseline was slow
compared to results obtained for glucose metabolism in COS-
7 cells with glucose sensors [13]. The difference in kinetics
together with the seeming absence of glucose re-export from
COS-7 cells observed previously suggests that the return to
baseline is due to slow metabolism of ribose. Ribokinase, an
enzyme involved in phosphorylation of ribose, might be re-
sponsible for the metabolism. The absence of a change in ratio
when using FLIPrib-12m as control sensor demonstrates that
the responses observed in the cells are specific and that cyto-
solic levels remain comparatively low in the cytosol (Fig. 3B).
To further substantiate that the decrease in the ratio after
addition of ribose was due to ribose binding, glucose was
added as a control to the FLIPrib-120u sensor. After addition
of glucose no change in ratio was observed (results not
shown), consistent with the in vitro specificity of the sensor.
When a mixture of glucose and ribose was added, uptake
rates were slower compared to uptake of ribose alone (data
not shown), suggesting that ribose might be transported into
the cell by a glucose transporter. To test this hypothesis fur-
ther, COS-7 cells were perfused with cytochalasin B, an inhib-
itor of GLUT activity. When a mixture of cytochalasin B and
ribose was added to the cell, uptake of ribose was inhibited
(Fig. 3C), suggesting that ribose is transported by a member
of the GLUT family. Phloretin, another inhibitor of GLUT
activity, also inhibited ribose uptake although not completely
(data not shown). Finally, uptake was insensitive to phlorid-
zin, an inhibitor of SGLT glucose transporters, consistent
with the absence of SGLT1 in COS-7 cells [21]. This study
together with a recent report on the development of chemi-
cally modified periplasmic binding proteins [22] demonstrates
that many of the periplasmic binding proteins can be devel-
oped into nanosensors for a wide range of analytes. This
assumption is supported by the fact that RBP and GGBP
are only approximately 21% identical. Furthermore, although
at the primary sequence level RBP and GGBP are basically
unrelated to MBP, all three can be used to generate FRET-
based nanosensors using the same strategy. Despite the differ-
ence in primary sequence, all proteins share similar tertiary
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structures, and the proteins can be grouped into two structur-
al subfamilies (types) [15], in which the respective termini are
located in different relative positions. In all cases the direction
of FRET change is consistent with the predicted relative
movement of the fluorescent moieties. Furthermore, the avail-
ability of FLIPrib nanosensors represents the basis for gener-
ating a wide spectrum of nanosensors for other compounds by
computational design [19] as exemplified by design of RBPs
binding trinitrotoluene or lactate [23]. In summary, the third
example of a nanosensor for in vivo imaging on the basis of
periplasmic binding proteins establishes the general applicabil-
ity of this approach and provides a new tool that might help
towards a better understanding of the mechanisms of ribose
transport and metabolism in the contexts of nucleotide me-
tabolism and the use of ribose as a dietary nutrient.
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