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Saturation transfer difference NMR reveals functionally essential kinetic
differences for a sugar-binding repressor proteiny
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The binding kinetics of disaccharides trehalose and trehalose-6-
phosphate to repressor protein TreR have been determined using
STD NMR and shed light on the contrasting biological roles of
these two sugars.

Saturation transfer difference NMR (STD NMR) is a power-
ful and popular tool to identify and characterize the binding of
ligands to protein receptors.'> The technique is extremely well
suited to the study of protein—carbohydrate interactions due to
the broad range of binding affinities that may be studied
(Kp from 100 nM to 10 mM;? Kps that are often typical of
such interactions).?

We have employed STD NMR to study the binding of
trehalose (1) and trehalose-6-phosphate (2) to the trehalose
repressor protein (TreR) from Escherichia coli, the repressor
which regulates the pathway of trehalose utilization in
this bacteria.® TreR binds with 1 and 2 with similar
affinities (trehalose-6-phosphate, Kp = 10 uM c¢f. trehalose,
Kp = 280 uM), but it has long been known that only the
binding and engagement of 2 results in a biologically relevant
reduction of the repressor affinity for binding to the DNA
operator site.* Despite this essential physiological functional
difference, the crystal structures of the complexes of TreR with
its inducer trehalose-6-phosphate (2) and the non-inducer
trehalose (1) were found to be virtually identical.’ This apparent
similarity in such ground state measurements (structure, Kp)
suggests that key mechanistic differences lie elsewhere.

Parent disaccharide trehalose 1 and its synthetic phosphate
derivative 2 (see ESIt for synthesis) were surveyed for binding
to TreR using a range of methods. Of these, the use of STD
NMR was particularly noteworthy; unusually, under identical
experimental conditions we observed a clear STD effect for 1
but none for 2. Absence of an STD signal can be due to a
number of mechanistic origins (including absence of binding).
However, 2 is in fact a more potent ligand than 1, critically
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confirmed by competition STD NMR experiments.® Titration
of 2 into a solution of 1-TreR complex (Fig. 1) confirmed that
both ligands bound competitively to the same binding site and
that trehalose-6-phosphate (2) is the stronger binder of the
two: ataratioof 1 :4:100 TreR:2:1 (X = 4) the STD effect
for trehalose was essentially absent.

The absence of STD effect for the phosphate derivative of
trehalose was intriguing since its dissociation constant
(Kp = 10 uM) is well within the range of amenable binding
affinities for the technique;”> we reasoned that an unusually
slow off (dissociation) rate kg might explain this experimental
observation since in this case transfer of saturation to ligand
molecules into solution is not very efficient.? This striking
kinetic contrast between 1 and 2 was probed further using
comparative computational analysis employing the program
CORCEMA-ST’® to calculate theoretical STD effects via
complete relaxation and exchange rate matrices based
on the three-dimensional coordinates of TreR complexes,
concentrations, equilibrium binding constants, and association
and dissociation rate constants. Such an approach might allow
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Fig. 1 Competition STD NMR experiment with increasing
trehalose-6-phosphate (2). All STD spectra were acquired with a ratio
1:X:100 TreR : 2 : 1 as indicated. The lowest reference spectrum is
for trehalose (1).
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Fig. 2 Repressor protein TreR (PDB entry: 1BYK)® showing the
ligand trehalose-6-phosphate (2, blue) and the residues (green)
included within the CORCEMA-ST cutoff distance for calculations
in both surface (a) and ribbon (b) representations generated using
PyMOL."?

the calculation of STD effects as a function of the dissociation
rate (kog).”

In this way the thresholds for the rates of binding of
trehalose-6-phosphate to TreR could be probed. Using the
crystal structure of trehalose-6-phosphate in complex with
TreR (PDB entry: 1BYK),’ residues within 15 A of the bound
ligand in the binding pocket (Fig. 2) were explicitly used to
predict STD factors (using representative ligand protons) as a
function of the dissociation rate (ko) (Fig. 3). These revealed
that a low STD factor is obtained for off rates <0.1 s~'. The
residual calculated STD factor is caused nearly exclusively by
the ligand in its bound state; because of the slow kinetics only
a negligible part will be released to the solution and the
calculated unbound ligand saturation converges to zero at
low off rates (Fig. 3a). The bound ligand saturation is hardly
detectable since the ligand signals in its bound state have a
similar linewidth to that of the protein and thus will merge
with the protein background; therefore the unbound ligand
saturation is more representative and allows the establishment
of an upper limit value for kog(2) = 0.1 s~', which implies a
kon(2) < 10* M7! 57! (Kp = kog/kon). Such a low on rate
is typically observed in situations where there is a large
conformational rearrangement of receptor or ligand upon
binding.? Strong shifts in the frequency of the fluorescence
emission maximum of TreR during binding of 2* but an
essential absence of difference in the conformation of bound
or unbound ligand 2 (see ESI{) suggests that this is a protein
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Fig. 3 (a) Dependence of predicted STD factor at 5 s saturation time
(for H-2 in 2) with off rate. Dashed line represents the calculated
saturation for the unbound state. (b) Dependence of predicted STD
factor at 5 s saturation time (for H-2 in both ligands) with the on rate
(solid line @ 1, dashed line W 2).

associated conformational change. Such large changes in
shape are often the mode of action of sugar-triggered repressors'”
and is here apparently caused by a subtle difference in ligand
identity, the phosphate at C-6 of trehalose. Nonetheless, other
mechanistic modes, including those utilizing through-protein
electrostatic effects (such as is the case for “electric-genetic™""
switches that utilize effector molecules like 2 that can contain
only a single charged group), cannot be excluded.

Consistent with the difference in biological effect, use of the
same novel ‘kinetic STD’ approach revealed key differences in
on rate. Previous analysis of the STD effects of trehalose using
a novel approach of group epitope mapping considering the
relaxation of the ligand (GEM-CRL)" combined with
CORCEMA-ST calculations has suggested that the reported
structure by Hars and co-workers® is valid for the solution
structure of the TreR—trehalose complex. Use of the
GEM-CRL approach here revealed that the binding kinetics
of trehalose (1) are in striking contrast to those of 2; an off rate
of >100 s~! was required to properly reflect calculated values.
Moreover, CORCEMA-ST calculations with different on
rates resulted in a lower limit for the k(1) of 105 M~! 57!
(ko = 280 s'). This threshold value was determined by
comparing the experimental STD build-up curves with those
calculated in NOE R-factor determination.” The minimum
R value, which allows identification of the “true” on rate, was
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reached at ko, > 10° M~'s7! (see ESIT). At such high rates it
cannot be discounted that binding of 1 to TreR is rapid,
essentially diffusion controlled, and causes no functional
change in TreR.

Taken together these results suggest that for TreR, although
the ratio Kp(trehalose)/Kp(trehalose-6-phosphate) is small
(only 28), the corresponding ratio of dissociation rates
kog(trehalose)/kg(trehalose-6-phosphate) is > 2800 and the
ratio of association (ko) rates > 10* (Fig. 3). This suggests
that the different biological function of both sugars (trehalose-
6-phosphate active, trehalose inactive) can be explained by
considering kinetic ratios; these in turn suggest a large
conformational rearrangement of TreR upon binding to
trehalose-6-phosphate (the active inducer) or a strong electro-
static mechanism'' which triggers an inability of the repressor
to bind the operator site in the DNA sequence, thus allowing
gene expression. Such a rearrangement does not occur upon
trehalose binding, allowing the union of the repressor to the
operator inhibiting gene expression.

In summary, taking advantage of the availability of
structural protein data for TreR, calculations have allowed
us to determine key kinetic data for an effector (2) and a
non-effector ligand (1) (threshold dissociation and association
rate values) that was probed experimentally using STD NMR.
In this way insights into binding kinetics of both ligands with
the repressor can be used to explain their very different
biological roles and effects. To our knowledge, this is the first
use of such STD kinetic analysis in the discovery of a
functionally important kinetic difference in ligand—protein
interactions. Such solution phase kinetic analysis we suggest
might be generally useful to complement other biophysical
techniques such as SPR'* or QCM. " These other methods can
also allow determination of kinetic values but require one
component (typically ligand) to be bound to a solid phase
(SPR chip or microbalance), which can bring with it a bias that
may be less relevant to a solution phase ligand or interaction.
The kinetic STD method therefore might valuably allow
more general and relevant determinations free from such
constraints.
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