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RET-based, real-time ribose
measurements in live cells†

Mina Ahmadi, Zhuangyu Zhao ‡ and Ivan J. Dmochowski *

D-Ribose is a building block of many essential biomolecules, including all nucleic acids, and its

supplementation can enhance energy production, particularly under stress conditions such as ischemia

and heart failure. The distribution, biosynthesis, and regulation of ribose in mammalian systems remain

poorly understood. To explore intracellular ribose dynamics, we developed a genetically encoded

fluorescence resonance energy transfer (FRET) sensor using ribose binding protein (RBP) and enhanced

cyan and yellow fluorescent proteins (FPs). The RIBOsensor, which positions one FP near the active site

of RBP, achieves the necessary sensitivity for cellular imaging by increasing the FRET signal upon ribose

binding, compared to traditional N- and C-terminal FP orientations. This sensor rapidly, reversibly, and

selectively detects labile ribose in live cells—enabling longitudinal studies—and can be employed for

intracellular ribose quantitation, which provides a valuable tool for investigating ribose transport and

metabolism in normal and disease states.
Introduction

D-Ribose is a key constituent of biomolecules such as DNA, RNA,
ATP, NADH, and many cofactors, as well as a potential source of
energy.1 The uptake of extracellular ribose by mammalian cells
has been shown to occur through the glucose transporter,
GLUT2, a phenomenon known as “ribose salvage”.2 Subse-
quently, the imported ribose undergoes phosphorylation by
ribokinase, to form ribose-5-phosphate (R5P), an essential
intermediate in the pentose phosphate pathway (PPP). R5P, in
turn, holds the capacity for conversion into other vital metab-
olites, including phosphoribosyl pyrophosphate (PRPP) – the
precursor for de novo ATP synthesis – and bypasses the rate-
limiting enzyme in PPP, glucose-6-phosphate dehydrogenase.3

D-Ribose can play multiple roles, depending on the cellular
metabolic state. For example, D-ribose supplementation can
accelerate ATP production, which supports physiologic
demands of the body under special circumstances such as
diastolic dysfunction caused by ischemia,4 and fatigue caused
by congestive heart failure.5,6 Conversely, urine D-ribose level is
elevated in type 2 diabetes mellitus (T2DM) suggesting T2DM is
associated with abnormal metabolism of D-ribose in addition to
glucose.7,8 Notably, D-ribose reacts with hemoglobin more
rapidly than D-glucose, thereby accelerating the glycosylation of
hemoglobin in red blood cells, a key marker of hyperglycemia
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Massachusetts Institute of Technology,

the Royal Society of Chemistry
(HbA1C).9 Moreover, the interaction of D-ribose with serum
proteins and cellular proteins generates advanced glycation end
products, which bind to cell membrane receptors and can lead
to high blood pressure, diabetic nephropathy, and neurode-
generative disorders, including Alzheimer's disease.10,11 The
complex roles of ribose in both normal human physiology and
disease progression underscore the need for more compre-
hensive investigations of ribose biodistribution, dynamics,
biosynthetic pathways, and regulatory mechanisms within
mammalian systems. A key challenge is D-ribose quantitation,
particularly in living cells where there is an abundance of
ribose-containing molecules and structurally related pentose
sugars. Direct, robust, and noninvasive methods for real-time
monitoring of intracellular ribose are crucial for under-
standing its role in various physiological and pathological
processes, as well as its regulation within cells. Whereas bio-
analytical approaches such as mass spectrometry, 129Xe NMR
biosensing,12 and small-molecule sensors employing uores-
cence13 or 19F NMR spectroscopy14 have been advanced for
quantifying ribose, many of these approaches are not compat-
ible with cells (not least, due to the high background levels of
RNA and ATP), and the real-time measurement of labile intra-
cellular ribose has remained inaccessible. Whereas, many
strategies have been developed and widely implemented for
glucose monitoring, both in cells and in vivo, these capabilities
are completely lacking for ribose monitoring.15–18

Fluorescent proteins are widely employed for live-cell visuali-
zation and quantication of biological analytes. Genetically
encoded FRET sensors, in particular, serve as valuable ratiometric
tools for quantifying biological molecules within different cellular
compartments under both resting and stress conditions.19
Chem. Sci., 2025, 16, 8125–8135 | 8125
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Scheme 1 Design of the genetically encoded FRET-based RIBOsensor (A) representation of two approaches to attach fluorescence protein pair
(ECFP and EYFP) to RBP (PDB ID: 2DRI and 1URP, closed and open conformations respectively) to create RBP-FRET sensor: (1) attach the pair to
the N- and C-termini of RBP and (2) keep one of the FPs at either N- or C-terminus of RBP and fuse the other FP internally. The values reported in
orange are a-carbon distances of RBP amino acids at the connection sites. The changes in the distance (DDistance) from open to closed
conformations are reported on the double arrows. (B) Representation of RIBOsensor linear peptide sequence.
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Periplasmic binding proteins (PBPs) have shown huge potential
for the design of genetically encoded FRET sensors,20 and were
previously explored—in one example—for ribose sensing.21 PBPs,
a ubiquitous protein superfamily extensively distributed in
bacteria and archaea, play a pivotal role in the cellular uptake of
solutes. Their functionality relies on a distinctive ligand-induced
conformational change, which achieves remarkable specicity
towards their native ligands. This feature offers a unique avenue
for monitoring ligand concentrations in mammalian cells,
allowing for the detection of a diverse array of targets, ranging
from inorganic ions22 to metalloids,23 vitamins,24 amino acids,25

and sugars,26 with affinities naturally spanning the low nM to low
mM range and readily modied via single mutations in the PBP
binding pocket.20 The PBP binding pocket can also be tuned to
recognize non-native, yet structurally similar ligands.27 PBPs can
be introduced into mammalian cells, where there are no
competing protein analogs. In this work, we incorporated ribose
binding protein (RBP) as the sensor module attached to enhanced
cyan uorescent protein (ECFP) and enhanced yellow uorescent
protein (EYFP) following two strategies: (1) using N- and C-termini
of RBP as the two attachment sites (similar to a published
prototype,21 which resulted in a small decrease in FRET signal
upon ribose binding), or (2) inserting one of the FRET partners
internally (Scheme 1). We showed that insertion of one of the
FRET partners close to the ribose binding pocket creates a “turn
on” sensor with greatly improved FRET signal going from apo- to
ligand-bound. The resulting RIBOsensor is capable of selectively,
sensitively, and robustly detecting labile ribose in live cells,
enabling longitudinal studies and quantitative cellular assays.

Results and discussion
Design and in vitro characterization of a working RIBOsensor

PBP-FRET sensors are typically constructed by inserting the PBP
between two uorescent proteins (FPs) using short peptide
8126 | Chem. Sci., 2025, 16, 8125–8135
linkers.19 Although this approach is straightforward, and the
FRET response can potentially be tuned by adjusting the length
and amino acid content of the linkers,19 the resulting signal
change, either loss or gain of FRET upon ligand binding, is
limited by the protein conformation and dynamics at the N- and
C-termini of the PBP. We rst tried to improve upon the pub-
lished ribose sensor,21 by making modications to the linkers
within the linear fusion protein sequence ECFP-linker-RBP-
linker-EYFP. By eliminating the linker and deleting 9 amino
acids from the C-terminus of ECFP and 2 and 5 amino acids
from the N-terminus of RBP and EYFP, respectively, we devel-
oped the ECFP-RBP-EYFP ribose sensor. This design, by
restricting FP movements at their attachment sites, slightly
improved the DFRET signal (change in the ratio of emission
intensity at 529 nm (EYFP) and 476 nm (ECFP), I529/I476, excited
at 433 nm, from saturation to apo) compared to the published
version, from −0.19 (ref. 21) to −0.24. However, this small,
negative change in FRET signal was not amenable to quantita-
tive measurements of cellular ribose in uorescencemicroscopy
studies. It was shown previously for a glucose–galactose binding
protein that inserting one of the FPs at an internal allosteric
site, if tolerated by the PBP, can lead to a more signicant FRET
change than placing the FPs at the N- and C-termini and opti-
mizing the linkers.28 Internal insertion sites were also explored
in PBPs for the design of single-wavelength indicators, oen
using circularly permuted or split uorescent proteins.29 To
leverage this in the design of a cellular ribose sensor, we used
molecular dynamics (MD) simulations to sample the available
RBP conformations and calculated the change in distance of the
a-carbons of each amino acid of RBP to either the N- or C-
terminus when transitioning from the apo- (open) to the
ligand-bound (closed) conformation. In addition to monitoring
the distance changes between the FP attachment points, a set of
candidate insertion sites within RBP was identied that remain
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Determination of internal site of insertion on RBP. Using molecular dynamics simulations, the average a-carbon-to-a-carbon distance
between each amino acid of RBP to the reference (either N- or C-terminus) over 50-ns free movement in water is calculated for both open and
closed conformations and the changes in the distances, open minus closed are reported (DDistance). The three investigated loops containing
A133, A162, and N13 for the internal fusion are highlighted on the closed conformation of RBP (PBD ID: 2DRI) in blue, red, and green colors,
respectively.
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solvent-exposed and are not directly involved in ribose binding
(Fig. 1).

Based on these criteria, we identied three promising sites
within the loops near the ribose binding pocket, A133, A162,
and N13, for the insertion of one FP through short linkers, while
the other FP remained at the N- or C-terminus of RBP, also
attached by a short linker. Internally oriented constructs are
named using parentheses to include the internally fused FP and
its site of attachment while “–” is used to show the FP attach-
ment to either N- or C-terminus. For example, ECFP-RBP
(A133.EYFP) was created with ECFP located at the N-terminus
and EYFP inserted between Ala 133 and Gly 134 (Scheme 1).
All constructs were generated using gBlocks™ gene fragments
and cloned via restriction enzyme digestion into pET28 and
pCDNA3.1 vectors for bacterial and mammalian expression,
respectively. For in vitro characterization, sensors were overex-
pressed in the BL21(DE3) E. coli strain, puried using HisTrap
nickel affinity chromatography, and subjected to on-column
denaturation with 8 M urea buffer to release endogenous
ribose bound to RBP, followed by on-column renaturation,
elution, and size-exclusion chromatography. SDS-PAGE and
MALDI-TOF MS conrmed the purity and correct mass of the
protein sensors (Fig. S1–S3†). As hypothesized from MD simu-
lations, internal fusion of one of the FPs resulted in switching
the sensor response from a loss to a gain of FRET signal upon
ribose binding for all three versions. Although two of the
internally fused sensors, RBP(N13.ECFP)-EYFP and ECFP-
RBP(A162.EYFP), produced similar or smaller DFRET signal
compared to ECFP-RBP-EYFP (Fig. 2A and S4†), the ECFP-
RBP(A133.EYFP) sensor resulted in a signicant improvement
in DFRET, +0.68 (Fig. 2B and Table 1). Consequently, we
selected the ECFP-RBP(A133.EYFP) sensor, from now on
referred to as the RIBOsensor, for further characterization and
cell studies. Direct titration of ribose to puried apo RIBO-
sensor revealed a dissociation constant of 30.8 ± 7.0 mM, while
the sensor remained selective for ribose compared to other
relevant biological analytes (Fig. 2C and D and S5†). It is
© 2025 The Author(s). Published by the Royal Society of Chemistry
important to note that the Hill1 tting used here to determine
Kd is based on calibrating the ratio signal for borderline “ratio”
values, the FRET ratio of the fully unbound and bound sensor.
In a method developed by Pomorski et al.,30 calibrating for
borderline values of emission intensities at both wavelengths—
in this case, 529 nm (EYFP) and 476 nm (ECFP)—was shown to
result in a more accurate Kd determination. For the RIBOsensor,
the two data tting methods produced similar in vitro Kd values
(Fig. S6†), and using the “ratio” approach allowed direct
comparison to in situ measurements of Kd gleaned from cell
population studies.
Evaluating RIBOsensor dynamics in temporal ribose
measurements in HEK293T cells

Based on the promising in vitro data, we expressed the RIBO-
sensor in HEK293T cells to characterize its in situ response and
develop an assay for estimating labile ribose concentrations.
Confocal microscopy conrmed the cytosolic localization,
uniform distribution, and intact nature of the sensor upon
donor uorophore excitation with a 458 nm laser or direct
excitation of the acceptor uorophore at 515 nm (Fig. S7†). The
response of the pure apo-sensor to 10% fetal bovine serum (FBS)
indicated a ∼20 mM ribose concentration in this standard
growthmedia (Fig. S8†). To minimize ribose salvage prior to our
cell measurements, we experimented with the effect of lowering
the FBS and glucose concentrations in the growth media on the
FRET signal of HEK293T cells expressing RIBOsensor. HEK293T
cells tolerated growth media with 1% FBS and no glucose,
which signicantly decreased the FRET signal compared to cells
grown in normal media with 10% FBS and 25 mM glucose
(Fig. S9 and S10†). Because HEK293T cells grow very slowly in
1% FBS and no glucose, the FBS and glucose concentration were
adjusted to 2% and 5 or 25 mM, respectively, to maintain cell
viability, except in cases of full starvation, where no glucose was
used to achieve minimal FRET readouts. To examine the
temporal response of HEK293T cells to ribose, cells were
Chem. Sci., 2025, 16, 8125–8135 | 8127
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Fig. 2 Development of RBP-FRET sensor. FRET response of 1 mM ECFP-RBP-EYFP (A) and RIBOsensor (B) in the absence and presence of
a saturating concentration of D-ribose monitored by fluorescence spectroscopy. (C) Titration of 0.7 mM pure sensor with 0.01 mM to 10 mM D-
ribose in PBS. With 433 nm excitationwavelength, emission of EYFP at 529 nm over ECFP at 476 nm is graphed vs. ribose concentration. Kd values
of ECFP-RBP-EYFP and RIBOsensor are calculated using the Hill equation fitting on titration data points. The data represent themeans of 6 and 4
independent replicates for RIBOsensor and ECFP-RBP-EYFP, respectively, with vertical bars indicating standard deviation. (D) In vitro selectivity
and competition assay using purified RIBOsensor and relevant biological analytes. Measurements were done in PBS using 10mM of each analyte
in the presence or absence of 10 mM D-ribose. The data represent 3 independent replicates for each condition.
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cultured in Dulbecco's Modied Eagle Medium (DMEM) con-
taining 2% FBS and 25 mM glucose and transfected with the
RIBOsensor. At the time of initial measurement (t0), the growth
media was switched to DMEM supplemented with 1 mM ribose,
and the ECFP and EYFP emission channels were recorded
Table 1 Sensors, their design properties, and FRET response

Name Sites of FP connection ECFP Linker(s)

ECFP-RBP-EYFP N-terminus/C-terminusb —
ECFP-RBP(A133.EYFP)a N-terminus/A133 GGTGGA
ECFP-RBP(A162.EYFP) N-terminus/D162 GGTGGA
RBP(N13.ECFP)-EYFP N13/C-terminus AG/GS

a RIBOsensor. b Other than linkers, 9 amino acids from the C-terminus of
respectively, are also deleted. c Between a-carbon of RBP amino acids at
433 nm, from apo to ribose saturation.

8128 | Chem. Sci., 2025, 16, 8125–8135
simultaneously every 10 min while the cells were excited with
the 458 nm laser (Fig. 3A and B and S11†). As the starved cells
salvaged ribose from the media, a gradual increase in the FRET
ratio (IEYFP/IECFP) was observed, with amaximum around 60min
followed by a decrease in FRET ratio, suggesting a regulatory
EYFP Linker(s) DDistancec (Å) (open-close) DFRET responsed

— −0.24 −0.238
AG/GS +2.79 0.677
AG/GS +4.10 0.243
GAGTGG +0.95 0.060

ECFP and 2 and 5 amino acids from the N-terminus of RBP and EYFP,
the site of FP connections. d Change in the ratio of I529/I476, excited at

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Temporal measurements of ribose in HEK293T cells using confocal microscopy and flow cytometry (A) spatial–temporal imaging of
RIBOsensor response in live HEK293T cells upon addition of 1 mM D-ribose extracellularly in the absence or presence of 20 mM digitonin to
permeabilize the cells. Pseudocolored ratiometric images were generated from confocal images of cells excited by 458 nm laser and simul-
taneously recording ECFP (470–510 nm) and EYFP (527–567 nm) channels. Cells were grown in 2% FBS and 25mMglucose. Scale bar is 10 mm (B)
quantified FRET response across the cells represented in (a). (C) Flow cytometry data on HEK293T cells expressing RIBOsensor and grown in 2%
FBS and 25 mM glucose. FRET response (Ex: 405 nm; Em: 450/50 nm for ECFP, 525/50 nm for EYFP) was measured post addition of 1 mM D-
ribose up to 16 h. Saturated signal, shown in gray, is measured from cells treatedwith 15 mMdigitonin and 50mM D-ribose. (D) Growth of the FRET
value, corresponds to the high FRET peak (labeled as purple in c) vs. time.
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mechanism for ribose uptake coupled with metabolism
(Fig. 3B). It is noteworthy that PBPs are rapid binders,31 and
RIBOsensor also binds rapidly to D-ribose (Fig. S12†). To
conrm that the observed peak in FRET ratio was due to ribose
regulation rather than sensor saturation, in another experiment
cells were exposed to DMEM containing 1 mM ribose and 20 mM
digitonin to permeabilize the cell membrane and facilitate
ribose diffusion. In this condition, the FRET ratio reached
a higher range faster compared to intact cells (Fig. 3A and B).

Our confocal laser scanning microscopy measurements on
single cells indicate that photobleaching occurs in both ECFP
and EYFP channels. However, the overall FRET ratio is less
signicantly affected (Fig. S13†). In addition to photobleaching,
confocal microscopy presents other challenges: cells may not
survive for the entire duration of the measurements, the eld of
view can dri out of focus, and despite closing the chamber
© 2025 The Author(s). Published by the Royal Society of Chemistry
between measurements and using a very low laser power—
limiting laser exposure to the measurement periods—these
factors make single-cell measurements challenging to repro-
duce precisely. Nonetheless, there is value in being able to
obtain spatial and temporal data for ribose localization and
concentration within living cells. In ow cytometry, cells are
exposed to light only briey, minimizing photobleaching.
Additionally, ow cytometry allows for the analysis of a large
number of cells, enabling conclusions to be drawn with greater
statistical signicance. To assess ribose transport dynamics in
a population of cells with intact membrane, we examined the
response of starved HEK293T cells expressing the RIBOsensor
to the addition of 1 mM ribose using ow cytometry. Cells were
cultured in DMEM with 2% FBS and 25 mM glucose, and at the
ow cytometer were irradiated at 405 nm to excite ECFP. Ribose
salvage was observed for different cell populations up to 16 h
Chem. Sci., 2025, 16, 8125–8135 | 8129
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aer ribose addition (Fig. 3C and S14†). The FRET response
(EmEYFP(525/50nm)/EmECFP(450/50nm) initially increased, peaked,
and then declined (Fig. 3D), mirroring observations from single-
cell confocal microscopy measurements. Notably, even aer 8 h,
while the majority of cells exhibited higher FRET values (peak
indicated by the purple circle in Fig. 3C), a signicant portion of
cells still displayed lower FRET values (peak indicated by the
green circle in Fig. 3C). Both single-cell confocal microscopy
and cell-population ow cytometry studies conrm the RIBO-
sensor's effectiveness for detecting both increases and
decreases in intracellular ribose levels that reect labile ribose
dynamics. Importantly, the RIBOsensor remains intact and
uorescent in cells for up to 56 h post-induction, as conrmed
by a nondenaturing gel (Fig. S15†).
Quantifying labile ribose concentration in HEK293T cells

Lastly, we aimed to develop a method for estimating the labile
ribose concentration in HEK293T cells. Using the apparent
dissociation constant and also the minimum readout (Rmin) and
maximum readout (Rmax) for the FRET ratio signal, the
concentration of the target analyte can be estimated in live cells
using formula (1) and the FRET ratio in the experimental
condition (denoted as Rexp in formula (1)).32

½Ribose� ¼ Kd � Rexp � Rmin

Rmax � Rexp

(1)

The critical parameters to establish are Rmin and the disso-
ciation constant. To determine the most accurate value for Rmin,
we explored two strategies: (1) starving the cells in media con-
taining 2% FBS and no glucose for several passages, and (2)
Fig. 4 In situ characterization of RIBOsensor to measure endogenous rib
cells grown in 2% FBS, 5 mM glucose and expressing RIBOsensor. 48 h
were then treated with 15 mM digitonin and increasing concentration of D
PBS and subjected to flow cytometry. DFRET was defined as the range o
value was determined by Hill equation fitting. The data represent the me
deviation. (B) In situ competition using HEK293T cells grown in 2% FBS, 5
digitonin and 10mM of each analyte in the presence or absence of 10mM
condition. (C) Flow cytometry data of the FRET values of HEK293T cells
transfected with RIBOsensor and wild-type RBP. Rmax corresponds to th
digitonin and 50 mM D-ribose. Experimental media corresponds to cells
cells in each condition are reported on the graph by arrows and used to

8130 | Chem. Sci., 2025, 16, 8125–8135
generating a non-responsive control version of the sensor by
mutating key amino acids in the binding pocket of RBP,
following the methodology developed for a FRET heme sensor.33

As mentioned, to reduce salvaged ribose, HEK293T cells were
grown initially in 2% FBS with either 5 or 25 mM glucose. To
further deplete the ribose pool, cells were cultured in 2% FBS
and glucose-free media, which likely forced the cells to utilize
endogenous ribose for energy. Additionally, co-transfection of
the RIBOsensor with wild-type RBP, which has a ribose disso-
ciation constant of 0.13 mM,21 further reduced the FRET signal
due to competition (Fig. S16†). To pursue the rst strategy and
create a non-responsive RBP sensor, we mutated Phe 16 to Ala,
a change previously shown to shi the dissociation constant to
the millimolar range,21 resulting in the ECFP-RBP(A133.EYFP)-
F16A sensor. Although this sensor did not respond to satu-
rated ribose concentrations (Fig. S17†), lower FRET values were
observed using the RIBOsensor in starvation conditions
(Fig. S16†). This discrepancy may arise from the effect of the
F16A mutation on RBP folding, which likely differs from the
wild type and alters the FRET ratio at the apo state of the
RIBOsensor and ECFP-RBP(A133.EYFP)-F16A. This limits the
utility of the non-responsive control sensor for determining
Rmin. Consequently, the starvation method was selected for Rmin

determination. Lastly, establishing the in situ dissociation
constant is crucial. Various microenvironmental factors,
including pH, buffer composition, ionic strength, temperature,
and intracellular metabolites and cellular crowding, have been
shown to signicantly inuence FRET sensor readouts and,
consequently, the apparent binding constant. While in vitro
measurements can be conducted under conditions that closely
resemble the cellular environment, the most accurate
ose concentration in HEK293T cells (A) in situ titration using HEK293T
after transfection cells were collected and washed in PBS buffer. Cells
-ribose from 0.01 mM to 100 mM for 30 min, collected, resuspended in
f FRET (max value − min value) for each condition. Corresponding Kd

ans of 4 independent replicates, with vertical bars indicating standard
mM glucose and expressing RIBOsensor. Cells were treated with 15 mM
D-ribose. The data represent at least 3 independent replicates for each
. Rmin corresponds to the cells grown in 2% FBS, no glucose and co-
e cells grown in 2% FBS, no glucose and treated for 30 min with 15 mM
grown in 10% FBS and 25 mM glucose. FRET values of the peak of the
calculate ribose concentration in HEK293T cells using formula (1).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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determination of the apparent Kd requires measurements
within living cells. Research indicates that in situ Kd values may
be slightly or signicantly higher than those obtained in
vitro.18,34–37

To determine this, HEK293T cells were grown in 2% FBS and
5 mM glucose for multiple passages. Waiting 48 h aer trans-
fection with the RIBOsensor, cells were collected, washed in
PBS, and divided equally. They were then treated independently
with 15 mM digitonin and varying concentrations of ribose in
PBS buffer for 30 min. The cells were collected by centrifuga-
tion, resuspended in PBS buffer, and analyzed by ow cytom-
etry. The FRET signal shied towards higher values with
increasing ribose concentration (Fig. S18b†). The range of FRET
ratios for each cell population treated with different ribose
concentrations was determined by subtracting the lowest FRET
value from the highest in that population and labeled as DFRET
(Fig. S18c†). This in situ titration yielded an apparent Kd value of
680 ± 85 mM (Fig. 4A and S18d†). Furthermore, in situ compe-
tition experiments conrmed that the RIBOsensor in live cells
retains selectivity for ribose over glucose and ribose-5-
phosphate despite the higher Kd (Fig. 4B). Using the in situ Kd

value, the FRET ratio of starved HEK293T cells co-transfected
with RIBOsensor and wild-type RBP as Rmin, with peak value
of 1.50, and the FRET ratio of cells treated with a saturating
ribose concentration in the presence of digitonin as Rmax, with
peak value of 2.32, the endogenous labile ribose concentration
in HEK293T cells grown in common growth media (10% FBS
and 25 mM glucose) was determined to be 130 ± 20 mM
(Fig. 4C).

Conclusions

In this study, we developed the rst genetically encoded FRET
ribose sensor with the demonstrated capability of real-time,
live-cell ribose measurements, for both imaging ribose in
single cells by uorescence microscopy and assessing ribose
dynamics in cell populations using ow cytometry. We followed
two strategies to attach donor and acceptor FPs to RBP. The rst
linker-modication strategy slightly improved FRET response
upon ribose binding, likely by restricting the movements of FPs
at the N- and C-termini of RBP. A more successful design
strategy was guided byMD simulations, which identied several
interior attachment sites for one of the uorescent proteins; the
A133 site for EYFP insertion resulted in the RIBOsensor. This
novel attachment site not only improved the magnitude of the
DFRET response more than 3-fold relative to standard FP
attachment to RBP at N- and C-termini, but also generated
a ‘turn-on’ sensor, which has advantages for many quantitative
uorescence assays. These features make it possible, nally, to
achieve quantitative measurements of intracellular ribose, and
its reversible dynamics. It is noteworthy that RBP consists of N-
and C-terminal lobes (Scheme 1). Both lobes are Rossmann-like
fold domains containing a beta-sheet and, respectively, four
and ve alpha helices. The C-terminal lobe has fewer loops and
more alpha helices compared to the N-terminal lobe, resulting
in a more rigid environment for the amino acids near the RBP
binding pocket in the C-terminal lobe. Consequently, amino
© 2025 The Author(s). Published by the Royal Society of Chemistry
acids in the C-terminal lobe are more signicantly affected by
structural changes in RBP upon ligand binding. Additionally,
the N-terminus is located on the opposite side of the C-terminal
lobe. As a result, a greater change in the distances of each amino
acid from the N- or C-terminus is observed for the amino acids
located in the C-terminal lobe when transitioning from open to
closed conformation (Fig. 1). The FRET response in a given FP
pair depends rst on separating the FPs with the intervening
RBP by roughly the Fӧrster distance, 4.9 nm for ECFP/EYFP
pair,38 and then eliciting a change in the distance between the
chromophores upon ribose binding/RBP closure. MD simula-
tions helped to identify promising attachment sites on RBP to
maximize the impact of conformational changes (from open to
closed conformation) on the FPs. However, these predictions
focus on the FP attachment sites, and the actual chromophore
behavior is inuenced by the exibility at the attachment sites
and the relative orientation of the FPs with respect to RBP and
each other. This could explain why the N13 position resulted in
a suboptimal DFRET response and why the A162 position,
despite having a greater Ddistance compared to A133, produced
a smaller DFRET response. While the proximity of EYFP to the
ribose binding pocket in RIBOsensor inuenced the dissocia-
tion constant, RBP remained selective for ribose over other
relevant metabolites, including R5P and glucose. The affinity of
PBPs for their ligand can be modulated, as needed, by single
point mutations in their binding pocket.20 In this study, the only
mutation applied to RIBOsensor was F16A to remove ribose
binding and generate a non-responsive control sensor. Other-
wise, the as-measured intracellular Kd of∼650 mM is well poised
for physiologic studies, particularly for assessing “hyper-ribose”
metabolic conditions. Additionally, we established a method-
ology to determine endogenous labile ribose concentrations in
HEK293T cells by measuring in situ dissociation constants and
minimum sensor readouts. We note that incomplete depletion
of the intracellular ribose pool can produce an Rmin value that is
still too high. In this scenario, the measured concentration of
labile ribose may exceed 130 mM. Nevertheless, this measured
value, averaged over a large population of HEK293T cells grown
in nutrient-rich conditions, is the rst, to the best of our
knowledge, measurement of endogenous ribose in live cells. A
previous estimate of ribose concentration (without experi-
mental validation)39 is more than 10-fold lower than our
measurement, which highlights the gap in current under-
standing about free ribose in cells. The RIBOsensor will enable
a survey of labile ribose inmany cell types grown under different
nutrient conditions, in both healthy and disease states. Various
studies indicate that glucose concentrations in mammalian
cells range from a few hundred micromolar to millimolar
levels.40 Our current ndings in HEK293T cells suggest that the
intracellular free ribose concentration may be comparable to
the lower end of the glucose range. This highlights the need to
examine a broader range of cells, both healthy and diseased, at
different growth stages to better understand the ‘normal’
concentration range of free ribose for its multiple roles in RNA
function and energy metabolism. Our cell studies demonstrate
a robust RIBOsensor readout, highlighting the potential for
investigating ribosemetabolism, regulation, and distribution in
Chem. Sci., 2025, 16, 8125–8135 | 8131
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mammalian cells and tissues under normal or stressed condi-
tions. The RIBOsensor enables real-time, dynamic monitoring
of ribose metabolism, regulation, and distribution in
mammalian cells and tissues, both under normal and stressed
conditions. It can monitor variations in ribose levels across cell
types, as has been extensively studied for glucose, and provide
insights into key regulatory steps of the PPP pathway, poten-
tially enhancing our understanding of ribose dysregulation in
diseases like type 2 diabetes. The RIBOsensor's robust, selec-
tive, and reliable readout even in the complex cytosolic micro-
environment makes it a promising diagnostic tool for ribose
measurements in biouids without the need for extraction of
free ribose and extensive sample preparation. Additionally,
simple uorescent measurements and minimal instrumenta-
tion requirements make the RIBOsensor well-suited for clinical
applications compared to other ribose quantication
techniques.
Experimental
Molecular dynamics simulations

MD simulations were performed with NAMD soware41 using
the Bridges-2 Regular Memory system at the Pittsburgh Super-
computing Center (PSC).42,43 Initial structures were obtained
from the X-ray structure of RBP in the ribose-bound confor-
mations (PDB: 1DRJ).44 Each protein was solvated in a TIP3P
water box,45 and 150 mM NaCl was used to neutralize total
charge. Each system was minimized with 1000 steps, aer
which the system was equilibrated to a temperature of 300 K
and a pressure of 1 atm using the Langevin thermostat and
barostat methods. The CHARMM36 force eld was used to
perform all MD simulations.46 Periodic boundary conditions
were employed, and the SHAKE algorithm47 was applied to
constrain the lengths of all bonds that involve a hydrogen.

For the ribose-bound structure, a 100-ns MD trajectory was
obtained. The snapshots of the last 50 ns were used to calculate
residue distances, which were measured as the average a-C
distances between the N-terminal or C-terminal residue and
each of the other residues using VMD 1.9.3.48 For the ribose-free
MD simulation, the ribose molecule was omitted from the same
initial structure, and the system was allowed to equilibrate in
a 70-ns simulation. The protein relaxed to the open conforma-
tion within the rst 20 ns, and the last 50 ns trajectory was
analyzed in the same way as the ribose-bound RBP. Subse-
quently, the average distance change of each residue relative to
the N-terminus or C-terminus was determined by taking the
difference between the two simulations.
Generation of ribose sensor genetic constructs

Ribose sensor constructs were created using gBlocks™ gene
fragments (Integrated DNA Technologies, IDT) with appropriate
restriction sites at their 50 and 30 ends (BamHI, CsiI, HindIII).
These fragments were used to modify Addgene plasmid 17860,21

which served as the template. Aer constructing the desired
ribose sensor gene, it was inserted into the pET28a(+) vector
using XbaI and HindIII restriction sites. To insert the ribose
8132 | Chem. Sci., 2025, 16, 8125–8135
sensor-encoding gene into the pCDNA3.1 vector, BamHI and
HindIII restriction sites were used. All constructs were veried
by Sanger sequencing (Penn Genomic and Sequencing Core).

Expression of ribose sensors in E. coli and purication

Plasmids encoding different ribose sensors were transformed
into BL21(DE3) competent cells (New England Biolabs), which
were then grown in 1 L of LBMiller broth containing 50 mgmL−1

kanamycin at 37 °C until a nal OD600 of 0.6–0.8 was reached.
Protein expression was induced by adding 1 mM IPTG, followed
by overnight incubation at 18 °C. The cells were then pelleted by
centrifugation and frozen at −20 °C if needed. Cell lysis was
performed using chicken egg white lysozyme (Thermo Scien-
tic, Cat. J60701.14) in 20 mM Tris base buffer (pH 7.9) with
benzonase nuclease (Sigma-Aldrich, Burlington, MA, USA) and
protease inhibitor cocktail tablets (cOmplete Mini, EDTA free,
Roche Diagnostics). Aer stirring the lysate at rt for 30 min,
NaCl (0.5 M) and imidazole (20 mM) were added. The lysate was
claried by centrifugation, and the supernatant was loaded
onto HisTrap™ FF nickel affinity columns (Cytiva) pre-
equilibrated with 20 mM Tris base (pH 7.9) and 0.5 M NaCl.
Each ribose sensor bound to the column was unfolded using 15
column volumes of 20 mM Tris base (pH 7.9), 0.5 M NaCl,
20 mM imidazole, and 8 M urea to remove any endogenous
ribose bound to the RBP. The sensor was then refolded on-
column with 20 column volumes of 20 mM Tris base (pH 7.9),
0.5 M NaCl, and 20 mM imidazole, and subsequently eluted
with 20 mM Tris base (pH 7.9), 0.5 M NaCl, and 500 mM
imidazole. The eluate was concentrated and further puried by
size exclusion chromatography in phosphate-buffered saline
(PBS) using a HiLoad™ 16/600 Superdex™ 200 pg column (GE
Life Sciences). Protein concentrations were determined from
the absorbance at 280 nm using the extinction coefficient 55
490 M−1 cm−1 (for RIBOsensor), as calculated by PROT-
PARAM.49 Protein purity and size were veried by native gel,
SDS-PAGE, and MALDI-TOF mass spectrometry, respectively.
For native gel analysis protein sample was mixed with 5×
loading dye (250 mM Tris.HCl, pH 6.8, 30% glycerol, 0.05%
bromophenol blue). In-gel uorescence images of pure protein
were captured using 405 nm and 546 nm lasers on a G:Box mini
6/9 gel imager. Aerwards, gel was stained with Coomassie blue
and destained in methanol/acetic acid/water. For SDS-PAGE
analysis, protein sample was mixed with 5× loading dye (10%
SDS, 500 mM dithiothreitol, 50% glycerol, 250 mM Tris, pH 6.8,
and 0.05% bromophenol blue) and boiled for at least 5 min
before loading onto a 4–15% Mini-PROTEAN TGX precast
protein gel (BioRad). Gel was stained with Coomassie blue and
destained in methanol/acetic acid/water. The MS spectra were
collected by Bruker rapieXMALDI-TOF instrument. Thematrix
was a saturated solution of sinapinic acid in 70% acetonitrile
with 0.1% triuoroacetic acid.

In vitro characterization of ribose sensors

Fluorescence spectra of apo- and holo-sensors were recorded for
various ribose sensors in three independent experiments, using
1 mM sensor concentration in PBS buffer at rt, with a Jasco
© 2025 The Author(s). Published by the Royal Society of Chemistry
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FP8300 spectrouorometer. The excitation wavelength was set
to 433 nm, and emission spectra were recorded from 400 to
700 nm. The FRET ratio in vitro was dened as I529nm/I476nm
based on uorescence intensity. To determine the ribose Kd of
ECFP-RBP-EYFP and RIBOsensor, each sensor at 0.7 mM was
incubated for 15–30 min with increasing concentrations of D-
ribose (Alfa Aesar, Cat. A17894) ranging from 0.01 mM to 1 mM
and 10 mM, respectively. Fluorescence spectra for each mixture
were recorded at rt. The calculated FRET ratios and ribose
concentrations from three independent experiments were tted
using the Hill equation (n = 1, non-cooperative binding inter-
action) in OriginPro 2023:

y ¼ STARTþ ðEND� STARTÞxn

kn þ xn

where y represents the FRET ratio and x denotes the ribose
concentration. The parameter “k” corresponds to the dissocia-
tion constant. To determine the Kd following the Pomorski
et al.30 method, the following tting equations were set and
used in OriginPro 2023.

R1=2 ¼ Ibð476Þxn þ Iuð476ÞKn

Ibð529Þxn þ Iuð529ÞKn

R2=1 ¼ Ibð529Þxn þ Iuð529ÞKn

Ibð476Þxn þ Iuð476ÞKn

where Ib and Iu are the intensities of the bound and unbound
sensors, respectively. x is the concentration of the unbound
ligand, K is the dissociation constant, and n is the Hill coefficient.
The details of Ib and Iu values are provided in the ESI.† To test the
selectivity of the RIBOsensor for ribose over other relevant
compounds, 0.7 mM of the protein was incubated with 10 mM of
each analyte in the presence and absence of 10 mM ribose. The
FRET ratios from three independent experiments for each analyte
were normalized to the FRET ratio of the apo-sensor. To test how
quickly RIBOsensor responds to D-ribose, FRET ratios of 0.7 mM
puried protein incubated with 1 mM D-ribose in PBS were
measured either immediately aer mixing with D-ribose or aer
more than 15 min of incubation. For each condition, three
independent measurements were conducted.

Mammalian cell culture and transfection

HEK293T cells (ATCC ID: CRL-3216) were maintained in Gibco
DMEM (Cat. 11995065) supplemented with 10 mg mL−1

penicillin-streptomycin (Gibco, Cat. 15140122) and 10% FBS
(Gibco, Cat. 16000044) at 37 °C with 5% CO2 only for a few
passages and then transferred to starved conditions. Except for
these few passages, for all other growth media, Gibco DMEM
without D-glucose, L-glutamine, Phenol Red, and sodium pyru-
vate (Cat. A1443001) was used. To prepare the growth media, 10
mg mL−1 penicillin-streptomycin, 6 mM L-glutamine (SAFC, Cat.
59202C), and, depending on the level of starvation, FBS and D-
glucose (Sigma, Cat. G7528) were added. Cells were passaged for
at least 5 days in starved media before transfection. Plasmids
were transiently transfected using polyethyleneimine (PEI)
“MAX” (MW 40 000 Da) (Polysciences, Inc. Cat. 24765) as the
© 2025 The Author(s). Published by the Royal Society of Chemistry
transfection reagent under standard transfection conditions with
a 3 : 1 (w/w) vector/PEI ratio. For a 6 cm dish, 4 mg of plasmid was
used, and the amount was adjusted according to the surface area
of other plates. Cells were replated on a m-Slide 8 Well high ibi-
Treat chamber (ibidi) for confocal microscopy uorescence
imaging or on a 6-well plate for ow cytometric analysis 16 h
before use. HEK293T cells grown in starved media are less
adherent compared to cells grown in normal media. To prevent
cell detachment by the addition of ribose or changing the media
for temporal measurements, chambers and plates were coated
with 50 mg mL−1 poly-D-lysine (Gibco, Cat. A3890401).

Characterization of RIBOsensor expressed in HEK293T cells

The pellets of HEK293T cells expressing RIBOsensor, collected
from a 10 cm dish for each condition, were stored at −80 °C
until ready for lysis. Cells were lysed in 300 mL PBS supple-
mented with benzonase nuclease and a protease inhibitor
cocktail. Cells were lysed using a Branson Sonier probe soni-
cator (three sets of 6–10 pulses, 15% duty cycle, output setting
3–5), followed by centrifugation at 13 000 rpm at 4 °C for
30 min. The supernatant, soluble fraction, was collected for
native gel analysis or FRET ratio measurements. For native gel
analysis, 24 mL of the soluble fraction were mixed with 5×
loading dye (250 mM Tris$HCl, pH 6.8, 30% glycerol, 0.05%
bromophenol blue). In-gel uorescence images were captured
using 405 nm and 546 nm lasers on a G:Box mini 6/9 gel imager.
Subsequently, the gel was stained with Coomassie blue and
destained in methanol/acetic acid/water. For FRET ratio
measurements, soluble fractions were incubated with 50 mM D-
ribose in PBS and measured immediately aer mixing with D-
ribose. Same samples were measured again aer more than
15 min of incubation. For each condition, three independent
measurements were conducted.

Confocal microscopy

HEK293T cells transfected with the RIBOsensor were cultured
in the ibiTreat 8-well chamber for 16 h before measurements.
Fluorescence images were captured using an Olympus FV1000
laser scanning confocal microscope equipped with UPLFLN
10× or 60× air objectives. For temporal measurements, the
ibiTreat chamber was maintained in a stage-top incubator to
keep the atmosphere at 5% CO2 and the temperature at 37 °C.
For direct excitation of EYFP, HEK293T cells were excited with
a 515 nm argon ion laser. For FRET measurements, HEK293T
cells were excited with a 458 nm laser, and two individual
uorescence micrographs were simultaneously collected at
various spots and time points: the emission of ECFP was
collected from 470 nm to 510 nm, and EYFP was collected from
527 nm to 567 nm to minimize bleed-through artifacts. To
account for variability in sensor expression levels, cells with
medium uorescence were selected rather than those with the
brightest or dimmest uorescence. Each image was acquired in
a 512 × 512 or 1600 × 1600 pixel format with a scan rate of 40.0
ms per pixel. For temporal measurements, cells were grown and
transfected in the presence of 2% FBS and 25 mM glucose. D-
ribose and digitonin (MilliporeSigma, Cat. CHR103MI)
Chem. Sci., 2025, 16, 8125–8135 | 8133
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solutions were prepared in DMEM (without D-glucose, L-gluta-
mine, Phenol Red, and sodium pyruvate), which replaced the
growth media at time zero. All other measurements were con-
ducted in the growth media unless otherwise noted in the
caption. Single-cell images (acquired using the 60× air objec-
tive) were processed using ImageJ soware. To quantify the
average and maximum ECFP or EYFP signal, aer subtracting
the background, using the “measure” tool in ImageJ the mean
and max of signal with a threshold of 10 was calculated for each
channel separately. FRET ratio images were generated following
the protocol developed by Raz et al.50 To quantify the FRET ratio
across the cells, the mean FRET ratio was calculated using the
“measure” tool in ImageJ. For images acquired with the 10×
objective, 1600 × 1600 pixel, a MATLAB script was used to
generate the FRET image across the entire eld of view and to
calculate the average FRET value. For MATLAB processing, the
TIFF les of ECFP and EYFP channels were converted using
ImageJ, and the average background for each channel was
calculated using the “measure” tool in ImageJ, considering only
the cell-free areas of the recorded images for each channel.
Flow cytometry and in situ characterization

For each condition, HEK293T cells transfected with the RIBO-
sensor were cultured in a single 6-well plate 16 h before
measurements. For temporal measurements, D-ribose was
directly added to the growth media (2 mL volume for a 6-well
plate). Cells were collected and washed twice with DPBS (without
Ca2+ or Mg2+) before being analyzed on the ow cytometer. The
cells were resuspended in 1 mL DPBS and analyzed on an
LSRFortessa using a 405 nm laser for donor excitation (ECFP Em.
450/50 nm, EYFP Em. 525/50 nm) and a 488 nm laser for direct
excitation of EYFP (Em. 530/30 nm), with a minimum of 10 000
cells recorded per condition. Flow cytometry data were analyzed
using FlowJo (v10.9.0) soware. Cells are gated to remove back-
ground signals in ECFP and EYFP channel coming from non-
transfected cells, exclude data from debris and aggregated
cells, and to remove low FRET cells even in the presence of
a saturated concentration of D-ribose. For in situ titration and
competition assays, aer collecting and washing the cells twice
with DPBS (without Ca2+ or Mg2+), they were resuspended in 500
mL of DPBS (without Ca2+ or Mg2+) containing 15 mM digitonin,
Benzonase nuclease, and the desired concentrations of D-ribose,
D-glucose, or R5P for 30 min. Cells were then collected by
centrifugation and resuspended in 500 mL of DPBS (without Ca2+

or Mg2+) before being analyzed on the ow cytometer.
Data availability

Supplementary data characterizing sensors, HEK293T cells
confocal microscopy, and ow cytometry are provided in the
ESI.† Raw characterization data are provided in an Excel le.
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