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Abstract

Enzyme-substrate binding is a dynamic process intimately coupled to protein structural changes,
which in turn changes the unfolding energy landscape. By the use of single molecule force
spectroscopy (SMFS), we characterize the open-to-closed conformational transition experienced
by the hyperthermophilic ADP-dependent glucokinase from Thermococcus litoralis triggered by
the sequential binding of substrates. In the absence of substrates, the mechanical unfolding of
TIGK shows an intermediate I, which is stabilized in the presence of Mg-ADP", the first substrate
to bind to the enzyme. However, in the presence of this substrate, an additional unfolding event is
observed, intermediate-1*. Finally, in the presence of both substrates, the unfolding force of
intermediates-1 and -1*, increases as a consequence of the domain closure. These results show
that SMFS could be used as a powerful experimental tool to investigate binding mechanisms of
different enzymes with more than one ligand, expanding the repertoire of protocols traditionally
used in enzymology.
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In recent years, evidence has accumulated demonstrating that the binding of substrates
triggers a conformational rearrangement of enzyme structure.# In many cases, these
conformational changes alternate through structural states that favor substrate binding,
release of products, or protection of the transition state from attack by solvent molecules.*’
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In addition, these conformational changes are related to the sequential binding of
substrates. 8-10 However, it is not easy to determine the presence of ligand binding, or the
order in which binding occurs when more than one substrate is required. Since the seminal
work of Cleland, determination of the kinetic mechanism of enzymes has been achieved
using methods that involve enzyme activity assays in the presence of different
concentrations of substrates, products and inhibitors.11-1> Although this approach is well
defined, in many cases there are practical barriers that prevent its realization, such as
substrate inhibition, the absence of an appropriate coupled assay, and compound solubility,
among others.16-19 The mechanical stabilization of enzymes and proteins by ligand binding
is a phenomenon that has been explored previously.20-27 Substrates and ligands affect the
energy landscape of different structural segments of a protein and in many cases increase the
mechanical stability of the protein as a consequence of the favorable binding
interactions.28-30

The ADP-dependent glucokinase from Thermococcus litoralis (TIGK) represents a suitable
model to explore the mechanical stabilization of enzymes as a signature of the effective
binding of substrates and inhibitors. TIGK exhibits sequential binding of its substrates,
which correlates with well defined structural transitions that occur both in solution and in
crystalline states.3! TIGK is a hyperthermophilic enzyme that catalyzes the phosphate
transfer from Mg-ADP- to D-glucose, the first reaction of a modified version of the Embden-
Meyerhof (EM) metabolic pathway present in archaea.32 The structure of TIGK features a
large Rossmann-like domain and a small a/B domain that emerges as a topological
discontinuity,33: 34 with the active site lying between both domains (Figure 1A). Substrate
binding in TIGK has been proposed to follow a sequential ordered kinetic mechanism:
Mg-ADFP- is the first substrate to bind to the enzyme, whereas D-glucose binds only when
the TIGK-Mg-ADP- complex is already formed. Structural analysis reveals a conformational
change from an open to a semi-closed state after nucleotide binding, while binding of D-
glucose to this binary complex induces a fully-closed conformation (Figure 1A).31

Here we develop a single-molecule strategy to assess the sequential binding of substrates as
an increase in the mechanical stability of TIGK, which is widely applicable to enzymes
whose mechanical stability changes with the binding of substrates. Compared to more
conventional methods, this strategy requires only a low concentration of enzyme, substrates,
and inhibitors, and is independent of enzyme activity, which circumvents many of the
problems associate with the traditional approaches employed in enzymology (kinetic assays)
and provides a direct measurement of the protein-ligand interaction. As such it could be
useful in drug design efforts since this strategy allows for the evaluation of the binding of
inhibitors that modulate enzyme activity.

Activity of TIGK in the polyprotein

In order to manipulate the protein at the single molecule level, TIGK was engineered into a
polyprotein construct, with two 127 domains from human cardiac titin flanking both ends of
the enzyme. The 127 domain from titin has been extensively studied, and its mechanical
properties can be used as a “fingerprint” to identify unambiguously the manipulation of a
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single molecule.23: 3536 To confirm TIGK functionality in the (127),-TIGK-(127),
polyprotein, kinetic parameters for the phosphate transfer reaction were measured and
compared with the values obtained for the soluble monomer. For both enzymes, saturation
curves for Mg-ADP- and D-glucose are very similar, yielding almost identical values for Ky,
and Vmax (Figure 1B and Table 1). These results demonstrate that TIGK in the polyprotein
construct is capable both of binding substrates and catalyzing phosphoryl transfer with
unaltered kinetic constants.

Mechanical unfolding of Apo and Holo-enzyme

The polyprotein was pulled using a constant velocity protocol (400 nm-s1). Figure 1C
shows a characteristic force-extension trace corresponding to the unfolding of (127),-TIGK-
(127),. We considered traces that show at least 3 unfolding events of the 127 module, in
addition to the detachment event. The first unfolding event occurs at low force and after a
large extension of the polyprotein (Figure 1C, arrow head), while the next events are
essentially identical, since they share the same extension and force. These results indicate
that the first mechanical event correspond to TIGK, mechanical intermediate-1, whereas the
others belong to the unfolding of 127 modules.

For every trace recorded, four characteristic lengths were measured: full extension of the
polypeptide (final extension, L¢), extension before 127 module unfolding (initial extension,
L), extension of the mechanical intermediate present in TIGK and finally, extension of
every 127 module (Figure 2A and Table 2). The average value for L¢ is 314 + 6 nm (Figure
2B), whereas the value for L; is 193 = 7 nm (Figure 2C). Assuming a length per residue of
0.4 nm,37 the fully extended construct (127),-TIGK-(127), should reach 339 nm (845
residues, see methods), whereas the extended TIGK + linkers (489 residues, see methods)
should be 196 nm. Thus, our value for L and L; are in very good agreement with the
theoretical extension for the fully extended polyprotein and TIGK, respectively. The
mechanical intermediate-1, which is present in the unfolding of TIGK, has an average
extension of the contour length increment (ALc,) of 61 £ 2 nm (Figure 2D), suggesting that
~153 amino acids are involved in this mechanical intermediate. Finally, the contour length
increment for 127 module (AL j27) is 29 + 1 nm (Figure 2E), in agreement with previously
published values.38. 39

Thus, we measured the effect of the substrates on the mechanical unfolding of TIGK. The
presence of the substrates produces no difference in the extension of L;, L¢ or AL¢1 (Table
2). However, the substrates trigger an increase in the unfolding forces for the mechanical
intermediate-1. We observed that this increase in the unfolding force is in accordance with
the particular binding of the substrates. When the substrate Mg-ADP- was assayed, the
unfolding force increases from 43 + 14 pN in the apo-enzyme to 54 + 17 pN (Figure 3A and
B, Table 3), whereas the unfolding force in the presence of D-glucose reaches only 47 + 15
pN, which is not significantly different from the value obtained for the apo-enzyme (Figure
3A and C, Table 3). These results suggest that D-glucose does not bind to the enzyme in the
absence of the Mg-ADP-, which is in agreement with previous kinetic experiments.3!
Finally, we explored the effect on the mechanical intermediate-1 when the ternary complex
is mimicked by the use of the non-hydrolysable ADP analog, ADPSS. In the TIGK:
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Mg-ADPBS-D-glucose complex, holo-enzyme, the unfolding force increased to 64 £ 15 pN
(Figure 3A and D, Table 3), 20 pN more that the value observed in the apo-enzyme.
Statistical analysis suggests that it is possible to identify three different mechanical states: (i)
enzyme in the absence of substrate, apo-enzyme (E), (ii) enzyme in complex with Mg-ADP"
(E-A) and finally (iii) the enzyme with both substrates bound, holo-enzyme (E-A-B). All the
unfolding forces are summarized in Table 3 and Table S1.

An additional mechanical intermediate was apparent in experiments where the enzyme was
pulled as the E-A and E-A-B complexes (asterisk Figure 3 and Figure 4). This event is less
populated in the apo-enzyme since we calculated that less than 20% of unfolding events visit
this intermediate-1*. While, for the E-A and E-A-B conditions, 83% and 87% of the traces
visit the intermediate-1*, respectively. In the E:A complex, the contour length for this
intermediate, AL¢1*, is 68 £ 34 nm and the mechanical unfolding force is 52 + 31 pN
(Figure 4A and Table 4), whereas in the holo-enzyme the AL+ is 66 + 22 nm and the
unfolding force reaches a value of 93 + 52 pN (Figure 4A and B, Table 4). The difference in
force between these two conditions is statistically significant, therefore by using AL¢ 1+ it is
also possible to distinguish the E-A complex from the ternary E-A-B complex (Table 4 and
Table S1).

Finally, to confirm the specificity of the stabilization effect achieved by substrates in TIGK,
we used the unfolding forces of the 127 module as a control. As shown in Figure S1, the
force necessary to unfold 127 remains close to ~200 pN, regardless of the substrate present
in the solution (Table 3 and Table S1). Thus, sequential binding of substrates is specific and
affects only the unfolding forces of TIGK and not the 127 modules.

Inhibitors also change the mechanical stability of TIGK

Modulation of enzyme activity is a key aspect of proper cellular function. This can be
achieved by inhibitory compounds that are structurally related to natural substrates but
unable to support catalysis, or by allosteric effectors. In order to evaluate if mechanical
stabilization is also exerted by TIGK inhibitors, we measured the mechanical stability of
TIGK in the presence of Mg-GDP-, an analog of Mg-ADP-, and Mg-adenosine-5’-
diphosphoglucose (Mg-ADP-GLC), which mimics ternary complex formation. In the
presence of inhibitors we distinguish the same mechanical intermediate-1 and -1*, with no
difference in the extension of ALc1 and AL+ (Table 2). However, both inhibitors trigger a
mechanical stabilization of the mechanical intermediates. Mg-GDP- increases the unfolding
force for the intermediate-1 to 54 + 15 pN, whereas Mg-ADP-GLC increases the unfolding
force to 60 £+ 18 pN, in good agreement with the values obtained for Mg-ADP- binding
(Figure 5, Table 3 and Table S1). These results in the presence of the inhibitors show
statistical significant difference respect to the apo-enzyme, triggering a stabilization
equivalent to the one detected in the presence of Mg-ADP- (Table 4 and Table S1.). On the
other hand, the mean value of the unfolding force for the mechanical intermediate-1* is 47
16 pN in the presence of Mg-GDP- and 49 + 15 pN in the presence of Mg:ADP-GLC (Figure
5, Table 4 and Table S1.). In this case statistical analysis indicated that both inhibitors do not
stabilize the intermediate-1* as occurs in E-A-B complex, rather the mechanical behavior is
comparable to the binding of Mg-ADP- (Table 4 and Table S1.).

ACS Nano. Author manuscript; available in PMC 2016 April 28.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rivas-Pardo et al.

Page 5

Discussion

Determining the order of substrate binding in enzymes with more than one substrate is
critical to understanding the individual steps involved in catalysis and is essential
information for drug design. Traditional methods involve spectrophotometric techniques,
which usually require large amounts of enzyme, substrates and inhibitors. Additionally, for
many enzymes a direct method to detect product formation is not available, in which case,
coupled-enzyme assays are extensively used. Also, there are several examples where is not
possible to monitor the enzymatic activity in real time, requiring the use of complex and
sophisticated techniques.#0: 41 In the case of TIGK, enzyme kinetic studies indicated a
sequential ordered mechanism where Mg-ADP- is the first substrate to bind to the enzyme
(E-A complex), and D-glucose binds to the E-A complex, leading to ternary complex
formation (E-A-B). These binding events are accompanied by successive conformational
rearrangements. Small angle X-rays scattering studies indicate that the complex E-A closes
slightly, and only after the binding of the D-glucose the domains closure is complete (Figure
1A).31 Here we used mechanical perturbation of TIGK at the single molecule level to
capture these different protein conformations. Force-extension experiments indicate the
presence of two mechanical intermediates, AL, with an extension of 60 nm and AL¢1+ with
66 nm, both sensitive to the binding of substrates (Table 2, 3 and 4). In the presence of both
substrates (holo-enzyme), an additional 20 pN are needed to reach the unfolded state of the
intermediate ALc7. This change represents an increase of 50% in the force required to
unfold the mechanical intermediate with respect to the apo-form. Furthermore, the
intermediate-1* allows the clear distinction between complexes, with 44 pN of difference
between E-A and E-A-B ternary complex. Additionally, the lack of change in the unfolding
forces obtained in the presence of D-glucose suggests non-binding of the sugar in the
absence of Mg-ADP-. However, binding without any change in the unfolding force has been
reported before,28 thus we cannot completely rule out this possibility. In the case of TIGK a
sequential ordered kinetic mechanism has been proposed, where D-glucose is bound to the
enzyme only after the complex TIGK-Mg-ADP- is formed.3! Additionally, we have
performed binding experiments that suggest that D-glucose binding occurs only in the
presence of nucleotide (Figure S2). Thus the lack of change in force in the presence of D-
glucose could be understood as the absence of D-glucose binding. Therefore, our results
fully support the kinetic mechanism for the enzyme: binding of the Mg-ADP- complex
followed by the binding of D-glucose. In summary, our assay is able to detect at the single
molecule level every state generated in solution during the catalytic reaction cycle (E, E-A
and E-A-B).

During the last decades several models have emerged to explain the relationship between
conformational changes and ligand binding. The induced fit model, originally raised by
Koshland,*2 propose that the structure of the enzyme changes by the binding of ligands,
whereas the conformational selection model, state that in solution the enzyme exist as an
ensemble of conformations and only a fraction is able to bind ligands.#3 44 Based on crystal
structures, Sullivan and Holyoak demonstrate that the phosphoenolpyruvate carboxykinase
operates through an induced fit mechanism, as well as other enzymes with lid-gated active
sites.” For example, TIGK is a/p protein with two domains, where the small domains works
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as lid on top of the active site (Figure S3).34 If the enzyme reaches the closed conformation,
there is not enough space for the substrates to access the active site, suggesting that
conformational selection is not a plausible option. Our single molecule experiments are able
to distinguish between apo- and holo-form (Figure 3 and 4), signatures of the open- and
closed-conformations, respectively. These results could suggest that TIGK operates through
an induced fit mechanism, where Mg-ADP- and D-glucose triggers the transition to the
closed conformation. Prior work from our group based on crystal structures in the absence
and presence of ligands and on the kinetic mechanism of TIGK, also pointed out the induced
fit as the most probable mechanism.3!

Additionally, our assay was also able to capture binding of inhibitors. TIGK-Mg-GDP-
complex triggers a stabilization effect similar to the one observed in the presence of
Mg-ADFP-, in agreement with the competitive inhibition exerted by the analog with respect to
this substrate. On the other hand, the Mg-ADP-GLC ternary complex analog also exerts a
mechanical stabilization, but in this case the stabilization is not equivalent to that found in
the holo-enzyme; rather, it is similar to the effect observed in the presence of Mg-ADP-
(Figure 5 and Table 4). It is probable that the different positions of the D-glucose hydroxyls
in this analog impair the proper structural rearrangements related to catalysis in the enzyme.
These results suggest that binding of Mg-GDP- or Mg-ADP-GLC precludes the formation of
the E-A complex and induces conformational changes equivalent to the ones observed for
the substrate Mg-ADP- although they are not able to sustain catalysis.

Mechanical stabilization by ligands at the single molecule level has been observed in other
proteins. The force required to unfold the maltose binding protein can be modulated by the
introduction of maltose in the solution,2? which also has consequences on the unfolding
pathway.4> A similar effect was reported in titin kinase, where the introduction of ATP into
the solution modifies the number of mechanical intermediates present in force-extension
curves.*6 A very sophisticated example of mechanical unfolding modulation is observed in
protein G and the Fc fragment of 1gG.47 Adding the Fc fragment at concentrations in the
micromolar range increases the unfolding force from 100 pN to 200 pN. Furthermore, the
change is concentration—dependent, thus it making possible to determine the dissociation
constant for the 1gG-Fc complex. However, to the best of our knowledge, TIGK is the first
example of a sequential mechanical modulation, where protein stabilization follows the
binding of substrates in accordance with the kinetic mechanism.

Moreover, TIGK unfolding follows a pathway with more than one intermediate that can be
modified by the presence of substrates. In the apo-form, only 20% of the unfolding events
present both mechanical intermediates. However, when Mg-ADP- or Mg-ADPS-D-glc are
added to the solution, more than 80% of the unfolding events show both mechanical
intermediates. These results would suggest that binding of substrates modifies the unfolding
pathway, from one to two mechanical intermediates. Examples of proteins with more than
one mechanical intermediate have been described before. Leucine binding protein unfolds
following a two-state pathway in the presence of leucine, but in the absence of substrate the
unfolding become more complex and a multiple three-state pathway predominates.30 Also,
the phosphatidyl-myo-inositol mannosyltransferase A, shows a heterogeneous unfolding
pathway with multiple steps.#8 In our case, TIGK is an enzyme of 467 residues with two
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domains, which include several B-strands, thus the presence of multiple intermediates is
highly probable. The mechanical intermediate-1, was present in all the conditions explored,
whereas that the intermediate-1* was observed predominantly when substrates are bound to
the enzyme, however highest stabilization is attained only in the E-A-B complex.
Considering its fold and topology, several -strands could be related to the mechanical
clamp formation. Also, taking into account that the binding of both substrates change the
mechanical stability of intermediate-1 and -1*, these should be in the neighborhood of the
active site. Analysis of the holo-TIGK crystal structure reveals that the longest parallel 3-
structure present in the enzyme is located in the small domain between the p-strand 2 and 8
(residues Asn40 and Pro190) (Figure S3 and S4).34 Therefore, considering that
intermediate-1 should be located at the end of the unfolding pathway, capturing the last 60
nm of the protein -or 150 residues- (Table 2), the structure between j-strand 2 and B-strand 8
(150 residues) is a good candidate for the mechanical clamp present in the intermediate-1
(Figure S3B). On the other hand, assigning a specific structure to the mechanical
intermediate-1*, which is reached when only a few amino acids are pulled from the enzyme,
it is farther more complicated. Considering that both N- and C-terminus are located in the
large domain of TIGK, is very likely that the mechanical clamp present in the
intermediate-1* is formed by an arrangement of B-strands of this domain. A combination of
parallel B-strands from the large domain, B-strands B1-10-11-p12-p13 (~166 residues) can
explain 66.4 nm (Figure S3C), very close to the extension of 66-68 nm observed in the

AL 1+ (Table 4). However, if we consider that the full length of the enzyme is ~190 nm
(187 nm or 196 nm considering extension of likers, see methods), to reach intermediates-1
and -1* necessary a segment of the enzyme should be already unfolded. Approximately 70
nm of the enzyme should experience unfolding before intermediates-1 and 1*, which are not
detecting during the mechanical unfolding with a distinguishable signature in force. The
resting structure not considered in the intermediates-1 and 1*, includes a1 (residues 1 to 32)
and the C-terminal o/ structure between $14 and a17 (residues 306 to 467) (Figure S2D).
Both can explain around 77 nm (Figure S3D). It is known that antiparallel B-sheet and a-
helix can be unfolded with less force than parallels B-sheet, with forces below 20 pN.4
Therefore, is likely that a1l and o/ structure a17/p14 unfold at forces below our force limit,
which is around 20-30 pN using this force-extension protocol.

Inspection in the crystal structures of TIGK reveals that both intermediates present residues
involved in the stabilization of the substrates (Figure S4). Thus, it is possible to think that
the binding of the complex Mg-ADP- and D-glucose can be sensed by these intermediates.
Additionally, a1 and a/p structure a17/314 are not involved in the binding of D-glucose,
and only Val440 (included in a17/p14 structure) whom participate in the binding of
Mg-ADP-,3 is removed during the mechanical unfolding. Therefore, the location of the
substrate binding sites within the mechanical clamp explains the increase in mechanical
stability of the intermediates when the unfolding is assayed in the presences of the
substrates.

Conclusions

We have explored the strength of SMFS as a tool to assess the substrate-induced
conformational changes experienced by the thermophilic enzyme TIGK in order to reach the
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catalytic ternary complex. Our results not only provide information about the mechanical
stabilization induced by the substrates on TIGK, but also embody the use of SMFS to
identify its sequential order of binding to the active site. The combination of protein
engineering and SMFS should be included among the techniques used to identify kinetic
mechanism of enzymes or in the case of protein-protein and protein-ligand interactions. An
SMFS-based approach is desirable because it requires very small amounts of enzyme and
reagents, and multiple conditions can be explored easily, overcoming the drawbacks of
traditional techniques. Additionally, our experimental assay can be applied to different
systems and opens new alternatives to study protein-ligand interactions in solution,
especially useful for the identification of modulators of enzyme activities with medical
relevance, and for the discovery of new allosteric effectors. Besides, considering the new
HaloTag technology for covalent anchoring,® which increases the pickup rate, fingerprint
with full-length and the time that the molecule is attached to the surface/tip, the effect of the
substrates and inhibitors in the unfolding and refolding of enzymes can be now studied in
the same molecule.

Purification of the polyprotein (127),-TIGK-(127),

The TIGK polyprotein was engineered using the same strategy reported previously.3® The
cDNA coding for TIGK was kindly provided by Dr. Takayoshi Wakagi (University of
Tokyo). Restriction sites BamHlI, Bglll and Kpnl were added flanking the construct
following a method described elsewhere.38 The TIGK gene normally has a Bglll restriction
site that was removed and replaced by a silent mutation using GeneTailor site directed
mutagenesis (Invitrogen). The final construct (127),-TIGK-(127), was cloned into the
expression vector pQE8O0L (Qiagen), by using the BamHI and Kpnl restriction sites.

The full-length polyprotein comprises 847 amino-acid residues corresponding to four copies
of 127 (89 residues each repeat), one copy of TIGK (467 residues), 13 extra amino acids in
the N-terminus including a His-Tag, 2 residues in the C-terminus, and 2 residues between
each module except between the TIGK and the next C-terminal 127 module, where the linker
is composed of 3 residues (9 linker residues in total).

The polyprotein was expressed in E. coli BLR (DE3) pLysS cells at 25 °C. When the
ODgoonm Of the culture reached 0.7, protein expression was induced by 1 mM IPTG
overnight. The cells were lysed by sonication and French press in sodium phosphate pH 7.0,
300 mM NacCl. The soluble fraction was loaded onto a Talon affinity chromatography
column (Clontech). The fractions containing the polyprotein were pooled and run on a
Superdex-200 size exclusion chromatography column (GE Healthcare), eluting with 10 mM
Hepes pH 7.2, 150 mM NaCl, 1 mM EDTA. The fractions were analyzed by SDS-PAGE to
ensure a homogeneous purification.

Enzyme kinetic experiments

We followed the activity of the TIGK by monitoring spectrophotometrically NAD*
reduction at 340 nm coupled with the oxidation of D-glucose-6-phosphate. The enzyme
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activity assays were carried out as described previously.3! Briefly, each measurement was
performed in 1 mL buffer with 25 mM Hepes pH 7.8, 0.5 mM NAD*, 1 mM free Mg2* and
5 units of D-glucose-6-phosphate deshydrogenase. For the Mg-ADP- and D-glucose
saturation curves the concentration of the co-substrate was fixed to 1 mM. Kinetics
parameters, maximal velocity (Vmax) and the apparent Michaelis constants for both
substrates (Ky,) were calculated by fitting initial velocities to the Michaelis-Menten model:

_I/IIlaX X S

Vy=—
KM +5

Equation 1

Single molecule force spectroscopy

The experiments were performed using a custom-built atomic force microscope (AFM),51
following the procedure described in Popa et al.3° with a few modifications. Briefly, 5-10
uL of polyprotein sample from a ~0.1 mg-mL-1 stock solution was left to adsorb on a gold-
coated glass coverslip. The fluid cell, mounted on top of the AFM, was sealed after 10-15
min of incubation to prevent full evaporation of the sample. MLCT cantilevers (Bruker)
were calibrated using the equipartition theorem.52 For our experiments the spring constants
were between 14 and 20 pN-nm-L. In the force-extension experiments, a pulling velocity of
400 nm-s'1 was used. Single-molecule tethers were formed by pushing the cantilever against
the polyprotein-containing surface for 0.5-1.0 s. All the measurements were made in 10 mM
Hepes pH 7.2, 150 mM NaCl. For assays in the presence of both substrates 10 mM D-
glucose, 7 mM Mg?* and 5 mM ADPBS? (a non-hydrolysable analog of ADP3-) were
added. For experiments in the presence of only Mg-ADP-, 7 mM Mg?* and 5 mM ADP3
were added, whereas for only D-glucose assays, 10 mM D-glucose was added to the
solution. For the experiments in the presence of the inhibitor Mg-GDP-, 11 mM Mg2* and
10 mM GDP3- was used. The molecule adenosine-5'-diphosphoglucose (ADP-GLC?),
which has the nucleotide and sugar joined viaa 5’ glycosidic linkage, was used as an analog
to the ternary complex E-A-B. For this, 10 mM of adenosine-5’-diphosphoglucose (ADP-
GLC?) supplemented with 11 mM Mg2* were used. All the experiments were done at room
temperature.

Data analysis

Only traces with at least three events of 127 unfolding were considered for analysis, this was
to ensure that traces analyzed include the full unfolding of the enzyme TIGK. We used the
elasticity polymer model Worm-Like Chain (WLC) to calculate the extension of the
unfolding events.3 54 From the peak of these unfolding events we calculate the unfolding
force for 127 and TIGK. We fitted Gaussian distribution to the unfolding extensions and
unfolding forces histograms. The forces experienced for the mechanical intermediates
present in TIGK (ALc1 and AL¢q+) and in 127 modules (AL j27), were analyzed using one-
way ANOVA considering individual unfolding force events. Bonferroni post-test was used
to determine the significant differences between the pairs compared. The populations were
considered significantly different when P<0.05.
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single molecule force spectroscopy
ADP-dependent glucokinase from Thermococcus litoralis

worm-like chain
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Figure 1. Single-molecule force spectroscopy of TIGK
(A) Crystal structures of TIGK. Substrate binding leads to conformational rearrangements,

triggering the closure of domains. The large domain is colored in light gray for all
conditions, whereas the small domains are shown in gray in the absence of substrate, pink in
the presence of Mg-ADP-, and red in the presence of both substrates. The binding site is
located in the cleft formed between both domains. (B) Activity of the enzyme TIGK in the
polyprotein. Mg-ADP- saturation curves for soluble monomer TIGK (gray circles) and
(127),-TIGK-(127), (black circles). Both curves were fitted using the Michaelis-Menten
model (Equation 1). Table 1 summarizes the Kinetic constant for the phosphate transfer
reaction. (C) Representative trace for the mechanical unfolding of (127),-TIGK-(127),. Inset,
shows a schematic representation of the polyprotein under mechanical tension. 127 modules
are represented in blue, and TIGK in gray. The arrowhead indicates the main mechanical
intermediate present in TIGK. Four consecutive peaks are detected, belonging to the
unfolding of the 127 modules. The last peak at the end of each trace corresponds to the
detachment of the protein from the cantilever or the gold surface. Fits correspond to the
WLC model.>3: 54
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Figure 2. Fingerprint of the polyprotein (127),-TIGK-(127),
(A) Total lengths measured in the force-extension traces. Final extension (L¢) and initial

extension of the polyprotein (L;), correspond to the length where the polyprotein is totally
unfolded and the extension of the polyprotein before the mechanical unfolding of the 127

modules, respectively. Fits correspond to the WLC model 5354, (B) and (C) correspond to
histograms of L¢ and L, respectively. For L and L;, only traces with four 127 events were
considered (n=77). (D) and (E) contour length increment for the mechanical intermediate

present in the TIGK (n=139) and 127 (511), respectively. Table 2 summarizes all the
extensions calculated for the polyprotein.
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Figure 3. Mechanical stabilization of intermediate 1
(A-D) left, examples of force-extension traces under the different conditions explored:

absence of substrates, presence of D-glucose, Mg-ADP- and holo-enzyme, respectively.
Arrowhead shows the mechanical intermediate present in the TIGK. Note that traces in C
and D shows an extra mechanical intermediate (asterisks). Fits in the traces correspond to
the WLC model.53: 54 The fits are shown in gray, light gray, pink and red, in accordance
with the experimental condition. (A-D) right, histograms of the unfolding forces for AL¢1,
under the same conditions. Bar shows the number of events. Solid black line corresponds to
a Gaussian fit to the different conditions: apo-enzyme, D-glucose, Mg-ADP- and holo-
enzyme. Dotted black lines indicate the transition for the unfolding force value between the
apo and holo-enzyme. Table 3 and Table S1 summarize the unfolding forces for every
experimental condition.
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Figure 4. Mechanical intermediate 1* in the E-A and E:A-B complex
(A-B) left, force-extension traces of the unfolding in the presence of only Mg-ADP- and of

both substrates, showing the additional mechanical intermediate 1* (arrowheads). Fits in the
traces correspond to the WLC model.53 54 (A-B) right, histograms of the unfolding forces
for AL¢1*, in the presence of Mg-ADP- and holo-enzyme. Bar shows the number of events.
Solid black line corresponds to a Gaussian fit. Dotted black lines indicate the transition of
the unfolding force value between the apo and holo-enzyme. The unfolding forces and
extension for AL¢q= are summarized in Table 4 and Table S1.
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Figure 5. Mechanical stabilization by inhibitors of TIGK
(A-B) left, force-extension traces of the unfolding in the presence of Mg-GDP- and

Mg-ADP-GLC showing the both mechanical intermediates AL¢1 and AL (arrowheads).
Fits in the traces correspond to the WLC model.53: 54 (A-B) middle and right, histograms of
the unfolding forces for AL¢1 and AL+, respectively. Bars in the histograms correspond to
the number of events. The unfolding forces and extension for the mechanical intermediates
AL and AL+ are summarized in Table 4 and Table S1.
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Table 1
Enzyme kinetic parameters for ADP-dependent TIGK

TIGK (127),- TIGK-(127),

Kt (MM) Vimax K (UM) Viax *
(umol-mg™t-mint) (umol-mgt-mint)

Mg-ADP-  84+0.7 571 16 +2 67 +2

D-glucose  219+2 57+1 300+5 67 +2

Values obtained from fitting the data to the Michaelis-Menten model (Equation 1). Values are given as mean + standard deviation of the fit from
three independent measurements. VMA)ét corresponds to the average value between measurements with Mg-ADP~ and D-glucose as variable
substrate.
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