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Abstract
Fructose-1,6-bisphosphate (FBP) is a flux-sensing metabolite that regulates the activity 
of enzymes and transcription factors in response to metabolic flux. CggR, a transcrip-
tion factor from B. subtilis, and Cra, a transcription factor from E. coli, are regulated by 
FBP. While the binding and regulation of CggR by FBP has been established, there are 
still controversies about the concentration range in which FBP regulates the interaction 
between CggR and its DNA operator. Further, also the interaction between FBP and Cra 
is still a point of debate since no solid biochemical evidence has been presented so far. 
With the increasing recognition that FBP is a metabolite that signals the glycolytic flux, 
here, we aimed at a comprehensive biochemical characterization of the FBP-dependent 
regulation of these two transcription factors. Specifically, assessing the interaction of 
CggR and FBP, we found that millimolar concentrations of FBP increase the stability 
of CggR, and confirmed with microscale thermophoresis (MST) that binding of FBP 
occurs in the same range. Functional analysis of CggR using electrophoretic mobility 
shift assay (EMSA) experiments confirmed that millimolar concentrations of FBP were 
required for the regulation of CggR’s activity as transcription factor. For Cra, we first 
confirmed binding to fructose-1-phosphate (F1P), a known regulator of Cra’s activity, 
observed an increase in Cra’s stability in presence of F1P, and in EMSA experiments 
confirmed the role of F1P as a Cra regulator. FBP however, caused only a very minor 
decrease in Cra’s stability, did not bind to Cra and also showed no effect in the EMSA 
analyses, demonstrating that FBP does not modulate the activity of Cra as transcrip-
tion factor. With this work, we show that only F1P, but not FBP, is a regulator of Cra as 
transcription factor, contrary to the longstanding notion. Further, we demonstrated that 
millimolar concentrations of FBP are required for the regulation of CggR’s activity, which 
corroborates with the physiological concentration of FBP. Therefore, FBP, by acting as 
a flux signaling metabolite, provides an essential link between flux signals and gene 
expression regulation by modulating the activity of CggR.
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analysis. BBF and SV performed protein purifications and the thermo shift assays. AOM 
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formed the EMSA experiments. PvdM performed the NMR experiments. BBF analyzed 
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Introduction
It was recently found that cells have mechanisms in place to sense metabolic flux and 
to exert regulation in response to metabolic flux1,2. At the core of these biochemical 
flux-sensing systems are flux-signaling metabolites whose levels correlate with the flux 
through a metabolic pathway. One of the flux-signaling metabolites is the glycolytic 
intermediate fructose-1,6-bisphosphate (FBP), whose concentration was found linearly 
correlate with the flux through glycolysis, in E. coli3 and yeast4, dynamically varying in 
a broad concentration range; from 0.01 mM to 15 mM in E. coli3,5,6 and to 13 mM in B. 
subtilis7,8. 

In order to translate such flux signal into an action, i.e. flux-dependent regulation, the 
flux signal has to be picked up by cellular regulation, for instance, by transcription fac-
tors. Indeed, several prokaryotes have transcription factors, whose activity is regulated 
by FBP, as for instance, the transcription factors CggR (Central glycolytic genes Repres-
sor)9 and CcpA (Catabolite control protein A)10 from B. subtilis, and Cra (Catabolite 
repressor/activator)11 from E. coli. 

CcpA and CggR are major pleiotropic control proteins for catabolite regulation of genes 
in B. subtilis12. Using methods such as electrophoretic mobility shift assay9,12, DNAse I 
footprint12, fluorescence anisotropy binding assays13,14 and isothermal titration calo-
rimetry9,14, the regulation of CggR’s activity by FBP, and their biochemical interaction 
has been well described. CggR contains two FBP binding sites. The first one has a high 
affinity in the low micromolar concentration range9,14, which causes a conformational 
change in the CggR/DNA complex that stabilizes the CggR dimers against dissociation, 
but has no consequence on CggR affinity for the DNA operator. The second binding 
site is responsible for regulating the activity of CggR by reducing its affinity for the 
DNA operator14. While it was suggested that this second binding has a lower affinity 
for FBP, indicated to be also in the micromolar range, notably, a binding constant for 
the second FBP binding pocket has not yet been reported. Nevertheless, it is puzzling 
that apparently both affinities are in the micromolar range, although the physiological 
concentration range of FBP is in the millimolar range7,8. 

Also for Cra, there are a number of open questions. Cra is a global gene regulator in E. 
coli, which controls the switch between glycolysis and gluconeogenesis by activating 
the transcription of genes encoding biosynthetic and oxidative enzymes, involved in 
the Krebs cycle, glyoxylate shunt and gluconeogenesis, and repressing the transcription 
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of genes involved in glycolysis11,15–17. The role of FBP in the regulation of Cra, however, 
is still a point of debate. Some authors claim that Cra has two regulators: fructose-
1-phosphate (F1P) and FBP11,17, although these studies did not provide any evidence 
to prove the interaction between Cra and FBP (‘data not shown’). Other authors sug-
gested that F1P is the only regulator of Cra18, and proposed that F1P impurities in FBP 
samples could have been the reason why interactions with FBP had been reported11. 
The putative regulation of Cra by FBP was also analyzed in an in vivo study19. Here, it was 
found that the intracellular concentrations of FBP correlated with the activity of Cra as 
transcription factor. However, the observed results could also have been generated but 
alternations of F1P, whose level was not measured in this study. 

To address these uncertainties, we performed a comprehensive, multi-method bio-
chemical characterization of the potential binding of FBP as flux-signaling metabolite 
to these transcription factors. Specifically, we aim to address the questions whether 
FBP is really a regulator of Cra, and to determine the concentration range in which FBP 
modulates the activity of the transcription factors CggR and Cra. Here, we found that 
the stability of CggR increased in presence of FBP, we confirmed the binding between 
FBP and CggR and confirmed the role of FBP as regulator of CggR’s activity, all occur-
ring in the millimolar concentration range of FBP. Next, while we observed that F1P 
increases the stability of Cra, interacts with protein and regulates its activity as tran-
scription factor, we found that FBP only slightly decreased Cra’s stability, and observed 
no interaction nor regulation between Cra and FBP. Thus, together, we conclude that 
FBP, in fact, regulates the activity of CggR, as previously described. However, our results 
indicate that this regulation takes place in the millimolar range, which is consistent with 
the intracellular concentrations of FBP. We also conclude that FBP does not interact 
nor regulate Cra, finally confirming that F1P is the only metabolite known to regulate 
the activity of Cra as transcription factor. Although our results do not confirm the role 
of FBP as a regulator of Cra, the regulation of CggR and the concentration range to 
which FBP modulates its activity, are essential elements of a cellular mechanisms that 
uses flux-signaling metabolites, as FBP, to translate metabolic flux alterations into the 
regulation of gene expression.
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Methods

Chemicals and buffers
D-Fructose-1,6-bisphosphate trisodium salt (FBP) 99% pure (MF03222) was purchased 
from Carbosynth, UK. D-Fructose 1-phosphate dipotassium salt (F1P) 99% pure (sc-
500907A) was purchased from Santa Cruz, USA. D-Mannose-6-phosphate disodium 
salt hydrate (M6P) 95% pure (MM05046), was purchased from Carbosynth, UK. Salmon 
sperm DNA was purchased from Sigma-Aldrich (D1626-1G).

The composition of all the buffers used are described in the Table 1. 
 
Table 1. Composition of buffer used in this study.

Buffer Composition pH

Cytosolic 
buffer20

KH2PO4 (6 mM), K2HPO4 (14 mM); KCl (140 mM), glucose (5.5% w/v), 
MgCl2 (5 mM), NaCl (10 mM). The pH was adjusted with 1M KOH 
solution.

7

Modified 
Cytosolic buffer

KH2PO4 (6 mM), K2HPO4 (14 mM), KCl (140 mM), NaCl (250 mM). The 
pH was adjusted with 1M KOH solution.

7

EMSA Binding 
buffer

NaH2PO4, (10mM), NaCl (100mM), EDTA (1mM), DTT (1mM), glycerol 
(5%). The pH was adjusted with 1M KOH solution.

7.8

 
Validation of purity of FBP by NMR
For the selective excitation NMR experiment, solutions of FBP and F1P were prepared 
in D2O. The spectra of FBP (10 mM) and F1P (10 mM) were determined separately. For 
the first sample, a high concentration of FBP (450 mM) was mixed with F1P (10 mM). 
In the respective spectrum, we selected a region where only F1P signals were present. 
This region was centered at 3.51 ppm with width of 60.1 Hz, and used for selective 
excitation. The next sample was prepared by mixing a high concentration of FBP (450 
mM) with a low concentration of F1P (10 mM), in order to estimate the detection limit 
of this method. The last sample was prepared with high concentration of FBP only (450 
mM), in order to check whether the FBP salt contained F1P traces. The selective region 
was analyzed, and the signals of F1P were determined.

During the selective excitation, 13C decoupling was used to suppress the 13C satellites 
of FBP. A relaxation time of 2 sec and an acquisition time of 1 sec were used. NMR 
spectra were zero filled once, and multiplied by an exponential line broadening function 
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of 0.5 Hz prior to Fourier transformation. The number of scans used for the samples 
containing 450 mM of FBP, and 450 mM of FBP in combination with 10 mM of F1P, was 
1024. For the other sample, 8 scans were used. The spectra were manually processed 
in MestReNova. 

Protein expression and purification
Cra from E. coli was cloned in vector pBAD, in the E. coli strain MC1061, with a C-terminal 
His10-tag, using an earlier described methodology21. The primers used are described in 
the Supplementary Table 1. 

For protein production, one of the colonies containing the recombinant protein was inocu-
lated in 50 mL LB media containing 100 µg mL-1 ampicillin and grown at 37°C overnight. 
The overnight culture was diluted to an optical density (OD600) of 0.05 in a final volume 
of 1 liter. Protein expression was induced at OD600 0.5 by addition of L-arabinose (0.01% 
v/v) and subsequently cells were grown aerobically at 30°C for four more hours. Cells were 
harvested by centrifugation at 6600 g (Beckman JLA-10.500 rotor) at 4°C for 20 minutes, 
resuspended in modified cytosolic buffer (Table 1), harvested again by centrifugation, and 
the pellet was frozen in liquid nitrogen and stored at -80°C. 

The synthetic gene CggR was purchased from Life Technologies, USA. The protein 
sequence was taken from Uniprot (sequence entry O32253) and codon optimized for 
expression in S. cerevisiae. The gene was cloned in the E. coli vector pET100/D-TOPO 
(Thermo Fisher Scientific), with an N-terminal His6-tag. The construct was verified 
by Sanger sequencing. The expression and purification of CggR were performed as 
described for Cra. The protein expression, however, was induced by addition of 10 mM 
IPTG and the culture was kept at 30°C, shaking for 4 hours. After harvesting and washing 
the cells, the pellets were resuspended in cytosolic modified, pH 7.5, frozen in liquid 
nitrogen and stored at -80°C.

Protein stability analysis 
To analyze the stability of CggR and Cra at different concentrations of F1P, FBP and 
mannose-6-phosphate, thermal shift assay experiments were performed. For this 
experiments, samples of 25 mL final volume were prepared containing 5 mL of 5x SYPRO 
Orange (Molecular Probes), 5 mL of 5x cytosolic buffer 1 mL of 1 mg mL-1 of enzyme 
in cytosolic buffer, and the metabolites, which were dissolved in cytosolic buffer and 
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added to the final concentrations of 0.001, 0.004, 0.01, 0.07, 0.31, 1.25, 2.5, 3.5, 5, 10, 
20, 30 mM. 

Control experiments with the counter ions present in FBP (three sodium molecules per 
FBP molecule), M6P (two sodium molecules per M6P molecule) and F1P (two potassium 
molecules per F1P molecule) salt were performed. For these experiments, NaCl and 
KH2PO4 solution were prepared in cytosolic buffer. The sodium solutions for FBP control 
were prepared to the following final concentrations: 0.003, 0.012, 0.03, 0.21, 0.93, 3.75, 
7.5, 10.5, 15, 30, 60, 90 mM. The sodium solutions for M6P control and the potassium 
solutions for F1P control were prepared to the following final concentrations: 0.002, 
0.008, 0.02, 0.14, 0.62, 2.5, 5, 7, 10, 20, 40 mM.

The determination of the binding constants was performed using GraphPad Prism 5 
as previously described22, using the ‘Simple cooperative model’ for CggR analysis and 
‘Single site ligand binding model’ for Cra analysis. 

Binding analyses with Microscale thermophoresis (MST)
Purified CggR and Cra were labeled with the red fluorescent dye Alexa-647 using 
the protein labeling NHS RED Kit (NanoTemper Technologies, Munich, Germany) as 
described by the manufacturer. The final concentration of labeled CggR and Cra in 
modified cytosolic buffer (Table 1) (0.48 mg ml-1 and 0.25 mg ml-1, respectively) and the 
concentration of dye (8 mM and 4 mM) were determined using NanoDrop.

Before the MST measurements, both labeled proteins were diluted 1:40 in cytosolic buf-
fer containing Tween 20 (0.05% w/v). To perform the MST measurements, the samples 
were prepared by mixing a volume of 5 mL of the diluted and labeled protein with 5 mL 
of a series of 14 concentrations of FBP, for CggR, and F1P or FBP, for Cra, prepared in 
modified cytosolic buffer, pH adjusted to 7, all starting at 50 mM (two-fold serial dilu-
tion). The samples were loaded in “premium coated capillaries” for MST measurements 
(NanoTemper Technologies). The measurements were performed in the MST Monolith 
NT.115 at 25°C, using 60% LED power and 40% IR-laser power. 

Control experiments were performed, in which we denatured the Cra (i) to confirm that 
the fluorescence quenching observed with labeled Cra in presence of F1P was due to 
binding events and not due to an unspecific interaction between FBP and the Alexa-
647 dye, and (ii) to confirm that the fluorescence quenching observed with labeled 
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Cra in presence of F1P only happened when Cra’s structure was intact. First, Cra was 
denatured with 7 M of urea and 1 mM DTT, and boiled for 10 minutes. Parallel MST 
analyses were performed with the denatured protein and the native protein, incubated 
with eight different F1P concentrations (resulting in: 50, 25, 12.5, 6.25, 3.12, 1.56, 0.78, 
0.39 mM).

Control experiments were performed to determine whether the binding events were 
specific to F1P or FBP or due to the parallel titration of counter ion. A series of 14 dilu-
tions of KH2PO4 or NaH2PO4 solutions were prepared in cytosolic buffer, pH adjusted 
to 7, corresponding to the concentration of potassium or sodium molecules present in 
the F1P or FBP solutions (as mentioned above). The final concentrations of the control 
solutions were 100, 50, 25, 12.5, 6.25, 3.12, 1.56, 0.78, 0.39, 0.19, 0.09, 0.04, 0.02, 0.01 
mM for KH2PO4, and 150, 100, 50, 25, 12.5, 6.25, 3.12, 1.56, 0.78, 0.39, 0.19, 0.09, 0.04, 
0.02 mM for NaH2PO4. 

The MST data was analyzed using the software NTA Analysis (NanoTemper Technolo-
gies). The thermophoresis data of CggR, and the temperature jump data of Cra were 
extracted and used for further data analysis. Here, the average of the first three values at 
the lowest F1P, FBP, KH2PO4 or NaH2PO4 concentrations, where no binding had occurred, 
was calculated, and subtracted from all thermophoresis values (D-thermophoresis) and 
temperature jump values (D-temperature jump). The determination of the binding 
constants was performed using GraphPad Prism 5 as previously described22, using the 
‘Simple cooperative model’ for CggR analysis and ‘Single site ligand binding model’ for 
Cra analysis. 

Electrophoretic mobility shift assays (EMSA) 
Single strand sense (fluorescently labelled with Alexa Fluor-647 dye) and antisense oli-
gonucleotides containing the sequence of the DNA operator of CggR, Cra and a random 
DNA sequence were purchased (Integrated DNA Technologies, USA). The sequence 
of these nucleotides is described in the Supplementary Table 2. In order to generate 
double strand DNA, the complementary oligonucleotides were hybridized. First, each 
oligonucleotide was resuspended in buffer potassium acetate (100 mM), HEPES (30 
mM), pH 7.5, to a final concentration of 100 µM. Both oligonucleotides were mixed, 
incubated for 5 min at 95°C and let to cool down at room temperature. The hybridized 
efficiency of the DNA fragments was determined by comparison with the single strand 
oligonucleotides in a 10% native polyacrylamide gel, 0.5% TBE, at constant voltage (14 V 
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cm-1), at room temperature. After migration, the gel was analyzed in a scanner Typhoon 
9400, using the wavelengths 650 and 665 nm for excitation and emission, respectively.

Next, the hybridized DNA fragments were diluted to 40 nM and mixed with varying 
concentrations of the proteins CggR, Cra or BSA to determine the optimal concentration 
of each protein. The reactions, in a final volume of 25 ml per reaction, were incubated 
at room temperature for 10 min in binding buffer (Table 1), with 1 mg of salmon sperm 
DNA, used to reduce non-specific binding. The gels were analyzed as described above. 
In all the subsequent experiments, we used 40 nM final concentration of the double 
strand DNA operators, and the following final concentration of the proteins: 1 mM CggR, 
0.5 mM Cra and 4 mM BSA. 

Next, we mixed the respective DNA operator fragments and the control DNA fragment 
with the proteins CggR, Cra or BSA, in the concentrations describe above, and added 
different concentrations of the metabolites F1P (0.1, 0.2, 0.5, 1 mM), FBP (5, 10, 15, 
20 mM) or M6P (5, 10, 15, 20 mM). These reactions were prepared in binding buffer, 
with 1 mg of salmon sperm DNA per reaction, in a final volume of 25 ml per reaction. 
After 20 min incubation at room temperature, the samples were analyzed by 5% native 
acrylamide gel electrophoresis, 0.5x TBE, at constant voltage (14 V cm-1), at 4°C. The 
gels were analyzed as described above.

Two control experiments were performed for CggR to determine whether the shift of 
the DNA bands was specific to FBP or due to the parallel titration of its counter ion 
(three molecules of sodium per FBP molecule). First, we prepared NaCl solutions in 
binding buffer. In the first control experiment, we added NaCl solutions to the reactions 
containing the DNA operator fragment and CggR, but no FBP, in the final concentra-
tions of 3, 15, 30 and 60 mM, to determine whether the shift of the DNA bands was 
caused by different concentrations of the counter ion sodium, instead of by FBP. In the 
second control experiment, we corrected the ionic strength in each sample by adding 
different concentrations of NaCl solutions to the reactions containing the DNA operator 
fragment, CggR and different concentrations of FBP (i.e. each reaction contained 60 
mM of sodium molecules in total). These control experiment reactions were prepared, 
incubated and analysed as described above. 

Images of EMSA gels were analyzed using ImageJ23. For each lane of the gel, a rectan-
gular area was determined and the values corresponding to the protein-DNA complex 
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band, and to the free-DNA bands were determined based on the intensity of the bands. 
In some of the gels we observed the formation of two bands in the lower part of the 
gel: one represents the double DNA strand without protein bound, and the second band 
could represent single DNA strands, resulting from incomplete hybridization. In our 
analysis, we considered both bands for the calculations. The value of the protein-DNA 
complex band was divided by the total DNA (protein-DNA complex, free-DNA and single 
stranded DNA), and plotted against the concentration of metabolite used. 

Results

FBP binds CggR at millimolar concentrations
As a first assay to confirm the interaction between FBP and CggR and to determine the 
FBP concentration range at which this interaction occurs, we investigated for structural 
alterations in CggR protein caused by FBP. To test this, we used thermal shift assays 
to determine the protein’s melting point when different concentrations of FBP were 
present. Here, we found that in presence of millimolar concentrations of FBP, CggR was 
more stable, as indicated by an increase in the melting temperature up to 6.9°C (Figure 
1A). 

To demonstrate that the changes observed in protein stability were due to FBP binding, 
and not due to the simultaneously added sodium ions that are present in the FBP salt 
(three molecules of sodium per molecule of FBP), we performed a control experiment 
using different solutions of sodium chloride. Here, we found no alteration in the stability 
of CggR in presence of sodium chloride solutions (Figure 1A), indicating that sodium 
does not alter the stability of CggR. Thus, we conclude that the changes observed in the 
stability of CggR are in fact due to titration of FBP, and not due to the simultaneously 
added sodium ions. 

As method to access binding and confirm the concentration range of interaction 
between FBP and CggR, we used microscale thermophoresis (MST). Here, we found 
that two measures - temperature jump and thermophoretic movement - were altered 
in presence of millimolar concentrations of FBP, in a concentration-dependent manner 
(Figure 1B and Supplementary Figure 1). To test whether the alterations observed were 
due to FBP binding, and not to an effect of the presence of sodium ions in the FBP 
solutions, also here, we performed control experiments using different concentrations 
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of sodium phosphate. We observed that the temperature jump and thermophoresis 
movement of CggR were slightly altered in presence of sodium phosphate (Figure 1B 
and Supplementary Figure 1). However, these alterations were considerably smaller 
than the alterations caused by the presence of FBP. Thus, we conclude that changes 
observed in the temperature jump and thermophoretic movement of CggR are due to 
an interaction with FBP in the millimolar range. 

On the basis of the experiments described above, we attempted to determine binding 
constants from the thermal shift assay and the MST data, in order to ultimately establish 
the effective concentration range of this interaction. However, with the additive effects 
of sodium ions, determination of true KD values was not possible. When fitting a ‘Simple 
cooperative model’ function to the thermal shift assay data, we obtained an apparent 
KD values of 3.01 mM (Table 2). When fitting a ‘Simple cooperative model’ function 
to temperature jump data and the thermophoresis data from MST experiments, we 
obtained apparent KD values of 1.35 mM and 1.66 mM, respectively (Table 2). While 
these are not true KD values, these data importantly show that the structural alterations 

Figure 1. The binding of FBP increases the stability, and alters the temperature jump of CggR. (A) 
The melting point of CggR was determined in presence of FBP (open circles) or NaCl solutions 
(closed circles) used as control for the presence of the three sodium counter ions in FBP salts. The 
thermal shift assay measurements with FBP were performed in six replicates, and in triplicates 
with NaCl, and the errors are given in standard deviation. (B) Microscale thermophoresis (MST) 
measurements reveal temperature jump of CggR in presence of different concentrations of FBP 
(open circles) and of NaH2PO4 solutions, as control (closed circles). The MST measurements were 
performed in four replicates for FBP and triplicate for the control, and the errors are given in stan-
dard deviation. The x-axis in both graphs describes the concentrations of FBP and the concentra-
tions of the NaH2PO4 control solutions.
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in CggR caused by the binding of FBP, occurs in the low millimolar concentration range, 
and not in the mid micromolar range, as previously suggested9. 

Table 2. Apparent binding affinities of CggR and FBP with the errors indicated as standard error. A 
‘Simple cooperative model’ was fitted to the data. Due to the additive effects of the counter ions 
(sodium) from FBP salts the determination of true KD values was not possible.

Protein Compound Method KD ± S.E. (mM) Hill coefficient

CggR FBP
Thermo shift assay 3.01 ± 1.01 n = 1.02

MST – thermophoresis
MST – temperature jump

1.35 ± 0.49
1.66 ± 0.54

n = 1.07
n = 1.21

Millimolar concentrations of FBP impair CggR binding to its DNA operator sequence
To confirm the role of FBP in the regulation of CggR’s activity as a transcription fac-
tor, and to confirm the concentration range of FBP required for this regulation, we 
performed electrophoretic mobility shift assay (EMSA) analyses. First, to establish the 
technique, we tested the mobility of the 50 bp DNA operator sequence, from the gapA 
operon12, to which CggR binds, and a random 50 bp DNA sequence, both labelled with 
Alexa-647 fluorescent dye. Here, we observed that both DNA fragments migrated with 
high mobility, forming a band at the bottom part of the gel (Figure 2A – lane 3 and lane 
1, respectively), illustrating the mobility of the free DNA fragments in the gel. Second, to 
test whether the mobility of the DNA operator sequence and the random DNA sequence 
were altered upon addition of the transcription factor, we mixed these DNA fragments 
with CggR. In a parallel control experiment, we mixed the DNA operator sequence with 
BSA. Here, we observed that only the mobility of the DNA operator sequence, but not 
the random DNA sequence, was reduced in presence of CggR, forming a band in the 
upper part of the gel (Figure 2A – lanes 2 and 5). No band shift was observed when the 
DNA was in presence of BSA (Figure 2A – lane 4). Thus, these experiments showed that 
the interaction between CggR and its DNA operator sequence is specific.

Next, to determine whether the binding of FBP to CggR modulates (as expected) the 
interaction between this protein and the DNA operator sequence, we ran EMSA experi-
ments with physiological concentrations of FBP (from 5 to 20 mM) mixed with the DNA/
CggR complexes. Here, we observed that with increased concentrations of FBP the band 
initially observed in the upper part of the gel (i.e. the complex of the DNA operator 
sequence and CggR) was shifted to the bottom of the gel, where the free DNA operator 
sequence is located (Figure 2A – lanes 6 to 9). 
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To confirm that the effect of FBP on the interaction of CggR with the DNA operator 
sequence was not due to the addition of sodium ions stemming from the FBP solutions, 
we performed two control experiments. First, we added different concentrations of 
sodium chloride to the mixes of DNA operator sequences and CggR, in the absence of 
FBP, with the sodium concentrations corresponding to those present in the FBP solu-
tions. Here, we found no shift in the position of the DNA band containing the DNA 
operator sequence and CggR complexes, indicating that sodium ions alone were not 
responsible for the dissociation of these complexes (Supplementary Figure 2 – lanes 11 
to 14). Second, to check whether the different ionic strengths in the samples (as a result 
of different concentrations of sodium in the different solutions of FBP) are responsible 
for the dissociation of the protein from the DNA, we corrected the ionic strength by 
adding sodium chloride solutions to the FBP solutions in order to have precisely the 
same ionic strength (i.e. 100 mM) in all samples. Here, we found exactly the same 
results as in the experiments performed with only FBP added, which indicates that the 
differences in ionic strength were not responsible for the dissociation of CggR from the 
DNA operator sequence (Supplementary Figure 2 – lanes 7 to 10).

As a last control, to determine whether the effect of FBP as regulator of CggR activity is 
specific, we added different concentrations of another phosphorylated sugar, mannose-
6-phosphate (M6P), to the mixes of DNA operator sequences and CggR. Here, we did 
not observe any alteration at none of the M6P concentrations tested (Figure 2A – lanes 
10 to 13), indicating that M6P was not capable of releasing CggR from its DNA operator 
sequence, as FBP did (Figure 2A – lanes 5 to 9). 

In an attempt of a more quantitative assessment of these data, we used ImageJ23 to 
quantify the DNA bands, and determined the fraction of bound versus the total DNA. 
Here, we found that indeed with millimolar concentrations of FBP the DNA-bound frac-
tion of CggR decreases down to 60% at 20 mM FBP, whereas with M6P it does not 
(Figure 2B and C, respectively). These results indicate that FBP can modulate the inter-
action between CggR and the DNA operator sequence in the millimolar concentration 
range, probably by causing structural alterations in CggR, which weakens the interaction 
between the protein and the DNA, as previously described9. 

FBP solutions contain negligible traces of F1P 
FBP is a sugar that contains two phosphate groups. The hydrolysis of FBP can lead to loss 
of one or both phosphate groups, resulting, respectively, in the monophosphorylated 
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sugars F1P and F6P, or in fructose. It has been previously suggested in the literature that 
the effects observed for FBP in the regulation of Cra might be due to a contamination of 
FBP samples with F1P traces11. In order to avoid a situation where we do biochemical 
studies with FBP solutions that contain monophosphorylated sugars that might influ-
ence the activity of Cra, we first analyzed the purity of the used FBP solution using NMR. 
Since the manufacturer describes the purity of FBP salt as 99%, we expected to encoun-
ter low concentrations of F1P. To be able to detect such low concentrations, we needed 
to analyze FBP samples at high millimolar concentrations. However, in NMR these high 
concentrations resulted in FBP spectra with extremely high signals, which can suppress 
the signals of other compounds present in the same sample, as for instance, F1P traces. 
In order to analyze the FBP samples at high concentrations and still be able to detect 
F1P signals, we used the selective excitation NMR method24. 

Figure 2. FBP modulates the interaction of CggR and the DNA operator sequence. (A): EMSA of 
CggR/DNA operator/ligand-binding reactions analyzed with 5% TBE polyacrylamide gel electro-
phoresis. Lane 1: Random DNA sequence. Lane 2: Random DNA sequence + CggR. Lane 3: CggR 
DNA operator sequence. Lane 4: CggR DNA operator sequence + BSA. Lane 5 – 9: CggR DNA 
operator sequence + CggR + different concentrations of FBP. Lanes 10 – 13: CggR DNA operator 
sequence + CggR + different concentrations of M6P. (B): Quantification analysis of the DNA bands 
from the experiments with FBP. (C): Quantification analysis of the DNA bands from the experi-
ments with M6P. In these analyses, using ImageJ, each lane of the gel was selected and the area 
of each band estimated. The value of the upper bands, representing the DNA/CggR complexes, 
were divided by the sum of the upper (bound DNA) and both lower bands (representing double 
strand DNA with no protein bound, and single strand DNA, resulting from incomplete hybridiza-
tion). For data shown in B and C, three replicates of FBP experiments and two replicates for M6P 
experiments were used. The errors are given in standard deviation. 
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First, we prepared an F1P (10 mM) and an FBP (10 mM) sample and established the 
proton spectra of each compound, separately (Figure 3A and B, respectively). Next, we 
prepared an FBP sample at high concentration (450 mM) mixed with F1P (10 mM), and 
analyzed the proton spectra of both compounds together. By doing that, we were able 
to select a region in the spectrum that contained only F1P peaks, and no FBP peaks 
(Figure 3C). We used this selected region for the selective excitation in the following 
experiments. Next, in order to determine the limit of detection of NMR for F1P, we 
mixed high concentration of FBP (450 mM) with low concentration of F1P (10 mM). Here, 
by using selective excitation, we were able to detect this concentration of F1P while 
mixed with high concentrations of FBP (Figure 3D). To ultimately determine whether 
FBP samples contained traces of F1P, we prepared a sample containing FBP only, at 
high concentration (450 mM). By analyzing the same selected region, as mentioned 
above, we were able to detect weak signals corresponding to F1P spectra (Figure 3E) 
in the FBP sample. We estimated the concentration of F1P traces present in 450 mM 
by comparing the integral of the peaks in the selected region in the sample containing 
FBP only, and the sample containing FBP mixed with 10 mM F1P. We concluded that 450 
mM of FBP contains less than 0.002%, or 9 mM of F1P. In our subsequent experiments, 
the maximum concentration of FBP used was 30 mM, which indicates that F1P traces 
present in FBP samples would be present in our experiments at a maximum concentra-
tion of 600 nM, which would not interfere with our further analysis since micromolar 
concentrations of F1P are required to interact and regulate Cra’s activity17. 

FBP does not bind to Cra
As a first screen for an interaction between FBP and Cra, we used thermal shift assays 
to determine the melting point of Cra in the presence of FBP. We also determined Cra’s 
melting point in presence of F1P, a well-known binder and regulator of Cra11, and M6P 
as negative control. Here, we found that in presence of increasing concentrations of 
the positive control F1P the stability of Cra gradually increased, up to 10°C at 25 mM 
F1P (Figure 4A). With FBP, at a maximum concentration of 30 mM, Cra stability slightly 
decreased, up to 1.5°C (Figure 4B). On the other hand, with the negative control M6P, 
at a maximum of 30 mM, a slight increase (up to 1.5°C) in the melting point of Cra was 
observed (Supplementary Figure 3). 

To test whether the changes observed in protein stability were due to interaction of Cra 
with these metabolites, or due to the addition of ions, we performed control experi-
ments, in which we mixed Cra with different concentrations of potassium phosphate or 
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sodium phosphate. Potassium is the counter ion present in the F1P salt (two molecules 
of potassium per F1P molecule), and sodium is the counter ion of the M6P salt (two 
molecules of sodium per M6P molecule) and FBP salt (three molecules of sodium per 

Figure 3. The FBP samples tested contained less than 0.002% of F1P. (A) 1H-NMR spectrum of F1P 
(10 mM). (B) 1H-NMR spectrum of FBP (10 mM). (C) 1H-NMR spectrum of FBP (450 mM) with F1P 
(10 mM). (D) 1H-NMR spectrum of F1P (10 mM) only. (E) 1H-NMR spectrum of FBP (450 mM) only. 
The black arrows indicate the F1P peaks present in the selected region. 
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FBP molecule). In all control experiments, we found no alteration in the stability of Cra 
(Figure 4A and B, Supplementary Figure 3). 

Together, these results indicate that F1P causes considerable alterations in the melting 
temperature, and that these alterations are not due the titration of the counter ion. 
Furthermore, slight alterations in the stability of Cra occur at high concentrations of 
FBP and M6P (that cannot be explained by the counter ions). However, we consider 
these as rather unspecific interactions between these metabolites and the protein, 
especially when compared to the effects of the known binder F1P. Further indications 
of an unspecific interaction can be derived from the observation that FBP causes a dif-
ferent behavior than F1P, i.e. the protein stability in presence of FBP decreases and in 
presence of F1P increases, which suggests an unspecific or indirect interaction of FBP 
and the protein. 

To further test the binding of FBP and Cra, we used MST as an additional method. Also 
in these experiments, we used F1P as positive control for binding. With F1P, we found 
that the fluorescence signals of the fluorescently labelled Cra were quenched in a F1P 
concentration-dependent manner (Figure 4C), which could be explained by F1P-induced 
structural changes of Cra, leading to quenching of the fluorescence. To determine 
whether this quenching was indeed due to a specific binding of F1P to Cra and not 
due to a direct interaction of F1P with the dye, we performed a control experiment, in 
which we denatured the protein with urea and DTT, followed by boiling, and incubated 
the denatured protein with different F1P concentrations. Here, the fluorescence signals 
of the labelled Cra were no longer altered with increasing F1P levels (Supplementary 
Figure 4), which demonstrates that the fluorescence quenching observed in the MST 
experiments with native and labelled Cra must have been caused by structural changes 
of Cra due to F1P binding, leading to quenching of the fluorescence. We also performed 
a control experiment to rule out the possibility that the effect observed was due to 
potassium ions, present in F1P salt as counter ions. Here, we observed no alteration in 
the fluorescence signals of labelled Cra (Figure 4C). 

Next, when we exposed Cra to increasing concentrations of FBP, we found that the 
fluorescence behavior of Cra did not change (Supplementary Figure 5), differently than 
what occurred when the protein was in presence of F1P (Figure 4C). We also analyzed 
the temperature jump and thermophoresis of the protein, as obtained from the MST 
analysis. Here, we found these properties to be slightly altered only at the highest 
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concentrations of FBP tested (from 3 to 25 mM) (Figure 4D, and Supplementary Figure 
6, respectively). To test whether the alterations observed were due to an effect of the 
presence of sodium from FBP solutions, we performed control experiments with dif-
ferent concentrations of sodium phosphate solutions. Here, we observed very similar 
alterations in the thermophoresis of Cra, suggesting that the thermophoretic alterations 
are rather due to the sodium ions (Supplementary Figure 6). Yet, in the temperature 

Figure 4. F1P binds to Cra and increases its stability, while FBP unspecifically binds to Cra and 
causes a slight decrease in stability, suggesting different types of interactions with the protein. 
The melting point of Cra was determined in presence of F1P (A) and FBP (B) (open circles), or 
KH2PO4 solutions, as control for potassium counter ions in F1P salt (A), or NaH2PO4 solutions, as 
control for sodium counter ions in FBP (B). The control samples are represented by closed circles. 
The thermal shift assay measurements were performed in six replicates for F1P and ten replicates 
for FBP, and the errors are given in standard deviation. MST fluorescence changes of Cra in pres-
ence of different concentrations of F1P (C), and the MST temperature jump of Cra in presence of 
different concentrations FBP (D) (open circles) and KH2PO4 or NaH2PO4 solutions, as respective 
controls (closed circles). The MST measurements were performed in triplicate and the errors are 
given in standard deviation. The x-axes in all graphs describe the concentrations of the metabo-
lites F1P and FBP and the concentrations of the respective KH2PO4 or NaH2PO4 control solutions.
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jump the alterations observed were in an opposite direction than the ones observed in 
presence of FBP (Figure 4D). 

The observed fluorescence alterations in the MST analysis, detected when Cra was in 
presence of the positive control F1P, showed clearly that F1P binds to Cra, as previ-
ously described11. However, when comparing this with the fluorescence data of Cra 
obtained with FBP, where no changes were detected, we concluded that FBP would not 
interact with the protein in the same manner. Also the temperature jump and thermo-
phoresis results from Cra in presence of FBP, did not show a clear binding but rather 
alterations that suggested an unspecific or indirect interaction between Cra and FBP. 
A similar conclusion was also suggested above, on the basis of the thermal shift assay 
data, where the alterations in Cra’s stability due to presence of F1P (increased stability) 
were different than the ones observed in presence of FBP (decreased stability). Thus, 
these experiments confirmed the interaction between F1P and Cra, and did not provide 
evidence for FBP being a real binder. 

FBP does not regulate the interaction of Cra with its DNA operator sequence
Although no direct interaction between FBP and Cra was observed in our previous 
experiments, we decided to test a possible indirect effect of FBP in the activity of Cra as 
a transcription factor. To test that, we performed electrophoretic mobility shift assays 
(EMSA). Also here, we used the known regulator F1P as positive control, and M6P as 
negative control to test whether the effects observed for FBP were specific, or whether 
another phosphorylated sugar could produce the same effect. First, we analyzed the 
mobility of the Cra 50 bp DNA operator16, to which Cra binds to regulate the expres-
sion of several operons of enzymes from carbon metabolism, and a random 50 bp DNA 
sequence, both labelled with Alexa-647 fluorescent dye. We observed that both DNA 
fragments migrated with high mobility, forming a band at the bottom part of the gel 
(Figure 5A – lane 5, and Supplementary Figure 7, lane 1, respectively), showing the 
mobility of the free DNA fragments in the gel. 

Second, to determine whether the mobility of the DNA operator sequence was altered 
in presence of the transcription factor, we mixed Cra or BSA, as a control, with the 
DNA operator sequence. Here, we observed that the mobility of the DNA was highly 
reduced in presence of Cra, with a defined band being visible in the upper part of the gel 
(Figure 5A – lane 7), indicating the formation of a DNA/Cra complex. No band shift was 
observed when BSA was present (Figure 5A – lane 6, Supplementary Figure 7, lane 2). 
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To determine whether Cra binds specifically to its DNA operator sequence, and not to 
an arbitrary DNA sequence, we performed EMSA experiments using also a random DNA 
sequence. Here, we observed a band only in the lower part of the gel, indicating that 
Cra did not bind to the random DNA sequence (Supplementary Figure 7 – lane 7 and 8). 
Thus, these experiments confirmed the specificity of the interaction between Cra and 
its DNA operator sequence.

Figure 5. FBP does not regulate the binding of Cra and its DNA operator sequence. (A) EMSA of 
Cra/DNA operator/ligand-binding reactions analyzed with 5% TBE polyacrylamide gel electropho-
resis. Lane 1 – 4: Cra DNA operator sequence + Cra + different concentrations of FBP. Lane 5: Cra 
DNA operator sequence. Lane 6: Cra DNA operator sequence + BSA. Lane 7: Cra DNA operator 
sequence + Cra. Lanes 8 – 10: Cra DNA operator sequence + Cra + different concentrations of M6P. 
Lanes 11 – 14: Cra DNA operator sequence + Cra + different concentrations of F1P. Quantifica-
tion analysis of the DNA bands from the experiments with FBP (B), M6P (C) and F1P (D). In these 
analysis, using ImageJ, each lane of the gel was selected and the area of each band estimated. 
The value of the upper bands, representing the DNA/Cra complexes, were divided by the sum of 
the upper (bound DNA) and the lower bands (which represent the free double stranded DNA - no 
protein -, and single stranded DNA - resulting from incomplete hybridization). For these analyses, 
four replicates of F1P experiments, three replicates of FBP and M6P experiments were used. The 
errors are given in standard deviation. 



Biochem
ical analysis of the interaction betw

een FBP and the transcription factors CggR and Cra

93

To determine whether FBP modulates the interaction between Cra and DNA, we added 
different concentrations of FBP to the DNA/protein mixtures. We also added different 
concentrations of the controls F1P and M6P. Here, as expected, we observed that upon 
addition of F1P, the upper band (representing the DNA/protein complex) was gradually 
shifted back to the lower part of the gel in a concentration-dependent manner (Figure 
5A – lanes 11 to 14, Supplementary Figure 7 – lanes 9 to 12). This confirms that the 
binding of F1P to Cra regulates the interaction between the transcription factor and the 
DNA operator. Upon addition of FBP, we observed a faint increase in the intensity of 
lower band, only in the highest concentrations of FBP tested (i.e. 15 mM and 20 mM) 
(Figure 5A – lanes 1 to 4, Supplementary Figure 7 – lanes 3 to 6). However, in the control 
experiments with M6P, a very similar behaviour was observed (Figure 5A – lanes 8 to 
10), suggesting that the effects observed with FBP are not due to a specific interaction 
with Cra. 

To attain a quantitative assessment of these data, we used ImageJ23 to quantify the 
DNA bands, and determined the fraction of the bound versus the total DNA. Here, we 
found that FBP and the control M6P caused only a slight alteration in the DNA-bound 
fraction of Cra (Figure 5B and C, Supplementary Figure 7B), while with F1P a concentra-
tion dependent-manner decrease occurred in the DNA-bound fraction of Cra up to 30% 
(Figure 5D, Supplementary Figure 7C). Thus, we confirm that F1P, as expected, regulates 
the activity of Cra as a transcription factor, probably by causing structural alterations 
that weakens the interaction between Cra and the DNA, and that FBP does not bind to 
Cra, nor regulates its activity in a direct and specific manner. 

Discussion
In this work, we performed a biochemical characterization of the interactions between 
the flux-signaling metabolite FBP with the transcription factors CggR and Cra. For CggR, 
we found that FBP increased the stability of the protein, and we demonstrated with 
binding experiments that the interaction between CggR and FBP occurs in the milli-
molar range. Further, we confirmed the role of FBP as a regulator of the interaction 
between CggR and its DNA operator, which we also observed to occur in the millimolar 
concentration range. 

Previous studies have found that CggR has two binding sites for FBP with different affini-
ties, one with affinity in the low micromolar concentration range, and a second one with 
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Table 3. Comparison of methods used to estimate the concentration range of interaction be-
tween CggR and FBP in the second binding pocket. 

Method
Concentration range of FBP 
and effects on CggR

Buffer used Binding constant

Fluorescence 
anisotropy binding 
assay14

• >100 mM FBP. 50mM Tris, 150mM 
NaCl, 1% glycerol, 
0.05mg/ml BSA, 2mM 
EDTA, 2mM DTT, pH 8.

Not described

Fluorescence 
anisotropy binding 
assay13

•  100 mM FBP resulted 
in reduction of CggR’s 
affinity for the DNA 
operator.

•  Millimolar concentrations 
of FBP abolishes the 
binding cooperativity 
of CggR and the DNA 
operator.

50mM Tris, 150mM 
NaCl, 1%glycerol, 
0.05mg/ml BSA, 2mM 
EDTA, 2mM DTT, pH 8.

Not described

DNAse I footprint 
assay12

•  Millimolar concentrations 
of FBP resulted in loss 
of CggR’s ability to 
protect its DNA operator 
sequence.

25 mM NaPO4, 150 
mM NaCl, 0.1 mM 
EDTA, 2 mM MgSO4, 
1 mM DTT, 10 % 
glycerol, 0.1 mM BSA,  
pH 7.

Not described

EMSA9 •  1 mM of FBP reduced the 
interaction of CggR and 
the DNA operator. 

10 mM sodium 
phosphate, 100 mM 
NaCl, 1 mM EDTA, 1 
mM DTT, pH 7.5

------ 

Microscale 
thermophoresis
(this study)

•  Millimolar concentrations 
of FBP altered the 
temperature jump 
and thermophoresis 
movement of CggR.

KH2PO4 (6 mM), 
K2HPO4 (14 mM), KCl 
(140 mM), NaCl (250 
mM), pH 7

KD = 1.35 
± 0.49 mM 

(thermophoresis)
KD = 1.66 ± 0.54 

mM (temperature 
jump)

Thermo shift assay
(this study)

•  Millimolar concentrations 
of FBP increased the 
stability of CggR.

KH2PO4 (6 mM), 
K2HPO4 (14 mM); KCl 
(140 mM), glucose 
(5.5% w/v), MgCl2 (5 
mM), NaCl (10 mM), 
pH 7

KD = 3.01 ± 1.01 
mM

EMSA
(this study)

•  Millimolar concentrations 
of FBP reduced the 
interaction of CggR and 
the DNA operator.

NaH2PO4, (10mM), 
NaCl (100mM), EDTA 
(1mM), DTT (1mM), 
glycerol (5%), pH 7.8

------
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lower affinity9,14. This second FBP binding site is responsible for regulating the interaction 
between CggR and its DNA operator. While the actual binding constant for the second 
binding site was not determined, the previous studies found that FBP concentrations 
above 100 mM abolished or reduced the affinity of CggR and the DNA9,12–14, as sum-
marized on Table 3. In our analysis, we determined the binding constant between CggR 
and FBP for this second site to be in the millimolar range (Table 3). In this concentration 
range, FBP weakened the interaction of CggR and its DNA operator, causing a partial 
release of the protein from the DNA sequence, which was observed when the DNA 
band was partially shifted back to the location of the unbound DNA operator (Figure 
5). This observation is in agreement with the role of FBP binding in the second binding 
pocket of CggR, which was described to cause a destabilization of the complex CggR/
DNA14. The structural alterations caused in CggR upon binding of FBP, as identified in 
our study (Figure 1), could explain the reduction in CggR’s affinity to the DNA operator. 

The concentration range of FBP, in which we found it to affect CggR’s interaction with 
the DNA operator, would also be in agreement with the intracellular concentration of 
FBP, which has been reported to lie on the millimolar concentration range3,5–8, and to 
correlate with the glycolytic flux4,25. Thus, the regulation of CggR by FBP could indeed 
assure FBP as a flux-signaling metabolite, responsible for translating the flux signals into 
a gene expression response. 

In this work, we also attempted to clarify, once and for all, the role of FBP as a regulator 
of the transcription factor Cra, which has been a matter of controversy in the literature. 
Our results from thermal shift assays, MST and EMSA clearly confirmed F1P interaction 
and regulation of Cra’s activity, as previously described11. However, our results for FBP 
showed that FBP can interact in some extent with Cra, yet this interaction is likely not 
specific or not direct. Thus, F1P is the metabolic regulator capable of modulating the 
activity of this transcription factor in a specific and controlled manner, but not FBP.

A question that remains open is how the in vivo observed correlations between intracel-
lular FBP levels and Cra activity19 could be explained. Eventually, spontaneous hydro-
lysis of FBP into F1P in the cell could cause also F1P to correlate with FBP levels and 
thereby to cause the observed flux-dependent regulation of Cra. Alternatively, FBP was 
recently suggested to play a role in the interaction of Cra and the enzyme FruK, which is 
responsible for catalysing the reaction of F1P to FBP26. In this study, the authors suggest 
that FBP binding would enhance either the Cra/FruK interaction and/or CRA binding to 
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DNA, increasing the activation of gluconeogenic genes. The authors also suggested an 
alternative route for the formation of the Cra’s regulator metabolite F1P, besides the 
fructose pathway, where FruK would also catalyze the reverse reaction, forming F1P 
from FBP. If this alternative route can be proven, then the role of FBP as a flux-signaling 
metabolite can also be explained here, where alterations in the concentration of FBP 
due to changes in metabolic flux would be first translated to the intracellular concen-
tration of F1P, which in turn would transmit the flux signal via the regulation of Cra’s 
activity, and consequently to the regulation of gene expression.

The regulation of metabolism via a flux sensing system, where alterations in the con-
centration of metabolites would act as flux signals, which would be transmitted to the 
regulatory machinery, for instance, via the interaction of flux-signaling metabolites with 
transcription factors, is an appealing concept. In our study by confirming the role of 
FBP in the regulation of CggR’s activity and by stablishing the concentration range of 
FBP necessary for CggR’s regulation, we confirmed FBP as an essential flux-signaling 
metabolite, responsible for establishing the connection between cell metabolism and 
its regulation. 
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Supplementary Information
Supplementary Table 1. Primers used in this study.

Primers Sequence

Cra-F ATG AAA CTG GAT GAA ATC GCT C

Cra-R GCT ACG GCT GAG CAC GCC

Cra2-F ATG GGT GGT GGA TTT GCT ATG AAA CTG GAT GAA ATC GCT C

Cra2-R TTG GAA GTA TAA ATT TTC GCT ACG GCT GAG CAC GCC

Supplementary Table 2. DNA fragments used for EMSA analysis.

Primers Sequence

CggR_Operator-F 5’ AlexaFluor647-TTG GCG ACG GGA CCA GGA CTG TCT TAC CGG GAC GTT 
TAC TGT CGC TCC TG

CggR_Operator-R CAG GAG CGA CAG TAA ACG TCC CGG TAA GAC AGT CCT GGT CCC GTC GCC 
AA

Cra_Operator-F 5’ AlexaFluor647-ACA GAA GTA TTA TGC TTT CTT GAA ACG TTT CAG CGC 
GAT CTT GTC TTT AA

Cra_Operator-R TTA AAG ACA AGA TCG CGC TGA AAC GTT TCA AGA AAG CAT AAT ACT TCT 
GT

Random_DNA-F 5’ AlexaFluor647-TTG GCG ATC ATT GCA GGA CAC AGT TAC CCA AGG TTT 
ACG TAT GCT CCT G

Random_DNA-R CAG GAG CAT ACG TAA ACC TTG GGT AAC TGT GTC CTG CAA TGA TCG CCA 
A
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Supplementary Figure 1. The binding of FBP alters the thermophoresis of CggR. MST measure-
ments showing the thermophoretic movement of CggR in presence of different concentrations of 
FBP (open circles) and of NaH2PO4 solutions, as control (closed circles). The MST measurements 
were performed in four replicates for FBP and triplicate for the control, and the errors are given 
in standard deviation. The x-axis in both graphs describes the concentrations of FBP and the con-
centrations of the NaH2PO4 control solutions.

Supplementary Figure 2. The FBP regulation of CggR’s binding to the DNA is specific. EMSA of 
CggR/DNA operator/ligand-binding reactions analyzed with 5% TBE polyacrylamide gel electro-
phoresis. Lane 1: CggR DNA operator sequence. Lane 2: CggR DNA operator sequence + CggR. 
Lane 3-6: CggR DNA operator sequence + CggR + different concentrations of FBP. Lane 7 -10: CggR 
DNA operator sequence + CggR + different concentrations of FBP + different concentrations of 
NaCl solutions (to compensate the sodium counter ion that is added with FBP in order to have the 
same ionic strength in each sample). Lane 11-14: CggR DNA operator sequence + CggR + different 
concentrations of NaCl as control. 
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Supplementary Figure 3. Cra’s stability is slightly increased in presence of M6P. The melting point 
of Cra was determined in presence M6P (open circles), or NaH2PO4 solutions, as control for so-
dium counter ions M6P salts (closed circles). The thermal shift assay measurements were per-
formed in four replicates for M6P and the errors are given in standard deviation. 

Supplementary Figure 4. The fluorescence quenching observed in native, labelled Cra is a direct 
result of the interaction with F1P. Denaturation test of Cra showing MST fluorescence signals of 
the protein in the native form (open circles) and in the denatured form (closed circles) in presence 
of different concentrations of F1P. 
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Supplementary Figure 5. The presence of different concentrations of FBP do not alter the fluo-
rescent signals of labelled Cra. MST fluorescence changes of Cra in presence of different con-
centrations of FBP (open circles) and NaH2PO4 solutions, as controls (closed circles). The MST 
measurements were performed in triplicate and the errors are given in standard deviation. The 
x-axes in the graph describe the concentrations of FBP, and the concentrations of the NaH2PO4 
control solutions.

Supplementary Figure 6. FBP alterations in the thermophoresis of Cra are not specific. MST mea-
surements showing the thermophoresis movement of Cra in presence of different concentrations 
of FBP (open circles) and of NaH2PO4 solutions, as control (closed circles). The MST measure-
ments were performed in triplicates for FBP and for the control, and the errors are given in stan-
dard deviation. The x-axis in both graphs describes the concentrations of FBP and the concentra-
tions of the NaH2PO4 control solutions.
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Supplementary Figure 7. F1P is responsible for regulati ng the interacti on of Cra and the DNA 
operator, while FBP only shows a slight eff ect, most likely due to an unspecifi c eff ect. (A) EMSA 
analyzed with 5% TBE polyacrylamide gel electrophoresis. Lane 1: Cra DNA operator sequence. 
Lane 2: Cra DNA operator sequence + BSA. Lanes 3 – 6: Cra DNA operator sequence + Cra + diff er-
ent concentrati ons of FBP. Lane 7: Random DNA sequence. Lane 8: Random DNA sequence + Cra. 
Lanes 9 – 12: Cra DNA operator sequence + Cra + diff erent concentrati ons of F1P. Quanti fi cati on 
analysis of the DNA bands from the experiments with (B) FBP and (C) F1P. In these analysis, using 
ImageJ, each lane of the gel was selected and the area of each band esti mated. The value of the 
upper bands, representi ng the DNA/Cra complexes, were divided by the sum of the upper (bound 
DNA) and both lower bands (free DNA). 
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