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/Abstract: The pathways of molecular recognition, which is
a central event in all biological processes, belong to the
most important subjects of contemporary research in bio-
molecular science. By using fluorescence spectroscopy in
a microfluidics channel, it can be determined that molecular
recognition of a-chymotrypsin in hydrous surroundings at
two different pH values (3.6 and 6.3) follows two distinctly
different pathways. Whereas one corroborates an induced-fit
model (pH 3.6), the other one (pH 6.3) is consistent with the
selected-fit model of biomolecular recognition. The role of

N

massive structural perturbations of differential recognition
pathways could be ruled out by earlier XRD studies, rather
was consistent with the femtosecond-resolved observation
of dynamic flexibility of the protein at different pH values.
At low concentrations of ligands, the selected-fit model
dominates, whereas increasing the ligand concentration
leads to the induced-fit model. From molecular modelling
and experimental results, the timescale associated with the
conformational flexibility of the protein plays a key role in
the selection of a pathway in biomolecular recognition.

Introduction

In all biological processes, biomolecular recognition related to
small ligands is a central phenomenon. For the past 50 years,
ligand-induced conformations and changes to biological mac-
romolecules (induced-fit) proposed by Koshland have been
textbook explanations for recognition events." However,
recent theoretical and experimental studies suggest an alterna-
tive pathway in which small ligands select and stabilise a com-
plementary, lowest energy conformation from a pre-existing
equilibrium of ground and excited states of the bio-molecules
(selected fit).*® In all of these cases, the binding interaction
does not induce conformational changes. Importantly, over the
past decade, high-resolution NMR relaxation, single-molecule
spectroscopy, Forster resonance energy transfer (FRET) analysis
and molecular dynamic simulations have shone more light on
the conformational diversity of proteins in solution.”'” In
recent reports, the key factor for the characteristic difference
between on and off rates in the two mechanisms is concluded
to be conformation and relaxation of the bio-molecules.
Whether a protein binds to its ligand through a selected-fit or
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induced-fit mechanism can be identified by perturbing the
conformational equilibrium (Scheme 1). Several experimental
strategies have been suggested to demonstrate recognition
pathways, including mutation,®??" which perturbs the confor-
mational equilibrium of the involved protein. However, concise
experimental demonstrations of these two pathways are
sparse in the literature. This is the motivation for our present
work. Furthermore, we aim to investigate biochemical strat-
egies that involve specific mutations far from the protein-bind-
ing pockets without altering the recognition site.”® Such muta-
tions may alter the step-wise conformation changes required
for competent binding.*” The calculation of conformational
free energy differences in the unbound and bound states is
well established, but requires experimental protein structures
in both the unbound and ligand-bound states, which is chal-
lenging in most cases.” An alternative experimental strategy
has been employed here that involves perturbation of the host
solvent to control conformational relaxation of the proteins
under study. The X-ray crystal structure of the a-chymotryp-
sin®*! (CHT) monomer has been studied and found to be un-
changed at both pH values (3.6 and 6.3) investigated.”® How-
ever, the mobility of water molecules at the surface of the pro-
tein is observed to change with pH. The hydration shell of bio-
logical macromolecules plays a crucial role on their stability
and in the recognition of a specific site.””? Femtosecond dy-
namic studies have provided insights into more ordered water
molecules on the overall surface of the above-mentioned pro-
tein at low pH values.”® The rigid water structure at low pH
(3.6) inhibits the dynamics and functionality of proteins, where-
as a mobile and less rigid hydration surface at high pH (6.3)
makes the active recognition dynamically favourable. For enzy-
matic activity, the dynamics of the active site is essential, how-
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Scheme 1. Schematic representation of the simple four-state model of pro-
tein-ligand binding. C, and C, are the two conformations of the protein and
L is the binding ligand. K, and K, are the corresponding binding constants.”

ever, the function and dynamics of the probe site (opposite to
the active site in the present case) are correlated.

In most biochemical reactions, such as protein folding, pro-
tein-ligand interactions occur rapidly, and thus, need to be
triggered on very short timescales to study their kinetics.’?>2%3%
In this direction, we have studied molecular recognition (of
biological systems/biomimetic) and enzyme kinetics in a micro-
fluidics system equipped with a microscopic and spectroscopic
attachment.®" Herein, we used 8-anilino-1-naphthalenesulfonic
acid ammonium salt (ANS) and CHT as a model ligand and pro-
tein, respectively. The enhancement of fluorescence intensity
as a manifestation of the complexation of ANS with CHT is fol-
lowed along the microfluidics channel. The kinetic profile of
the fluorescence enhancement of ANS with CHT at pH 3.6 and
6.3 along the microchannel shows two distinct pathways. The-
oretical fitting of the kinetic data in the two pH values reveals
different pathways of molecular recognition of ANS by the pro-
tein CHT. In a control experiment, we studied the interaction
between a non-biological cetrimonium bromide (CTAB) micelle
with ANS under similar experimental conditions to rule out the
role of the host solvent for the observed differential recogni-
tion pathways of CHT. We show herein that the binding mech-
anism shifts towards induced-fit from selected-fit upon increas-
ing the ligand concentration. We also performed simulations
by using the COMSOL Multiphysics program to interpret our
experimental data.

Results and Discussion

A simple four-state model®3* of CHT-ANS binding in the mi-
crofluidics channel is shown in Figure 1. An H-shaped micro-
fluidics channel with two inlets, one for the enzyme CHT
(120 pm) in buffer at a specific pH value and another for ANS
(10 um) in the buffer solution, was used to generate the time
gradient of the CHT-ANS complex along the direction of flow
in the channel. The flow rates through each of the two inlets
were held constant at 50 uLmin~', which corresponded to an
average linear (laminar) flow of 100 uLmin~" in the main chan-
nel. This value of average laminar flow was obtained from the
volumetric flow rate of the fluid and cross-sectional area of the
microchannel. The estimated time resolution in the experimen-

tal conditions along the microchannel is 18.85 pusum™".
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Figure 1. Schematic representation of the H-shaped microfluidics channel
used for molecular recognition studies at different pH values in a four-state
model. The difference between these two pathways is that at higher pH
(6.3) the ligand (ANS) interacts with the pre-existing ensemble of protein
conformations through a selected-fit mechanism, whereas at low pH (3.6)
the bound protein conformation forms only after interaction with the ligand
(see text).

The fluorescence micrographs of the microfluidics channel
corresponding to the two different experimental conditions
are shown in Figure 2a. The blue-green emission from the
ANS-CHT complex increases along the channel because ANS
and CHT have time to be mixed to form the ANS-CHT com-
plex. The intensity of the emission from the ANS-CHT complex
is much higher at pH 3.6. The inset of Figure 2b shows the
fluorescence spectra of the ANS-CHT complex with different
pH buffers. The enhancement of the fluorescence quantum
yield at pH 3.6 is clearly evident and is consistent with earlier
studies.”® The evolution of fluorescence enhancement as
a function of time along the microchannel shows two distinct
pathways (Figure 2b).

To explain our experimental kinetics data, we considered
a simple kinetics scheme of A—B—C, with the corresponding
first-order rate constants of k; and k, for the formation of the
intermediate (B) from the substrate (A) to the final product (C),
in which substrate A represents the unbound (without ANS)
form of the enzyme CHT; B is the intermediate state of CHT
with ANS, immediately after recognition; and C is the final
form of the CHT-ANS complex. Herein, we have considered
two important approximations: firstly, k; is the rate of forma-
tion of the CHT-ANS complex; thus, should it be of second
order. However, because the concentration of the enzyme CHT
in our case is much higher than that of ANS (at least 10 times
to rule out the emission of ANS itself in solvent), k; can be ap-
proximated as a pseudo-first-order rate constant. Secondly, the
back reaction rates are taken to be slow enough to consider
two consecutive reactions to be irreversible, which is in agree-
ment with a steady-state approximation in the system. The as-
sumption of an almost irreversible binding of the ligand ANS
with the protein CHT is supported by the earlier experimental
observation that the ligand is strongly bound to the protein
over the 3.6-7.0 pH range, which reveals an amalgamated pro-
tein-ligand complex.®’ A unique binding site of ANS to the
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Figure 2. The fluorescence and kinetics results are compared at two pH
values. a) Micrographs of the microfluidics channel at different positions
along the channel at different pH values. b) Evolution of the emission inten-
sity of ANS upon complexation with CHT along the microfluidics channel
(solid lines). The substrate (A) and intermediate (B) concentrations at differ-
ent pH values are shown with dotted lines. Steady-state fluorescence spectra
of ANS with CHT at different pH values are shown in the inset. ¢) Molecular
recognition pathways of a cationic CTAB micelle at different pH values in the
microfluidics channel (see text).

protein in the pH range has been explored in an X-ray crystal-
lographic study.”® Considering the above conditions, one may
write the time evolution of [C] as Equation (1):2¢

(M

-af1 ke

ky — ki

and the concentrations of the substrate (A) and intermediate
(B) can be written as Equations (2) and (3):

[A] = ge™*! (2)
—e ) 3)

in which a denotes the initial concentration of CHT at time t=
0. Numerical fitting of the experimental data with Equation (1)
reveals a reasonable agreement with the analytical model of
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the intermediate-state formation. In the case of pH 6.3, the k;
and k, values were found to be 1000 and 36.7 s™', respectively.
On the other hand, at pH 3.6, the numerical values of k; and k,
were 14.2 and 14.5s7', respectively. The above analytical and
approximated solutions should now be compared to decide
whether the steady-state approximation is valid in the context
of two pathways of molecular recognition of CHT at pH 6.3
and 3.6. In the former case (pH 6.3), first A transforms into B
rapidly and B accumulates because it disappears slowly. As the
concentration of A decreases, its rate of transformation de-
creases; at the same time the rate of conversion of B into C in-
creases as more B is formed, so a maximum is reached when
Equation (4) is satisfied:

t— In(k /k,) (4)
ki —k,

As long as k; #k,, the concentration of B decreases as shown
in Figure 2b. The observation is consistent with the fact that
a pre-selected conformation of the enzyme CHT makes com-
plexation with the ligand ANS “fast” and only then undergoes
a structural reorganisation, leading to the recognition pathway
on the selected-fit mechanism.®*”! From the magnitude of the
obtained pseudo-first-order reaction rate to its corresponding
second-order rate constant, we derive a value of 10'm 's™',
which is consistent with that of the reported value.®® The first-
order rate constant, k, for structural reorganisation of the
enzyme is also of the same order as the reported value®® of
10-100 s7". In the latter case (pH 3.6), when the enzyme is less
flexible and biologically inactive,?**! the pseudo-first-order
rate constant, k;, is much slower than that of the former case.
The estimated second-order rate constant is about 1.4x
10°m~"'s™', which is in agreement with weak binding of ANS to
CHT in the first stage.®™® Afterwards, structural reorganisation
follows a similar time constant; however, it is smaller in magni-
tude than in the former case. The molecular recognition path-
way involving much weaker binding in the first stage and com-
plexation through structural reorganisation is consistent with
the induced-fit mechanism.

Experimental artefacts due to the dimerisation of the probe
ligand at lower pH®? in the observation of the differential
pathways of molecular recognition can be ruled out for the fol-
lowing reasons: Careful experiments® show that the ligand
remains in its monomeric form at about ~100 pm at pH 3, 5
and 7. The concentration used in our experiment is around
10 uM. Moreover, in a control experiment on the complexation
of ANS (anionic) with cationic CTAB micelles (inset of Fig-
ure 2¢) under similar experimental conditions, we obtained k;,
and k, values of 1486 and 19.8 s™', respectively, for pH 6.3,
whereas at pH 3.6 the corresponding k; and k, values were
1076 and 10.0 57", respectively. This observation clearly rules
out the possibility of any interference of the host buffer (of dif-
ferent pH) with the differential CHT-ANS complexation kinetics
at the two pH values discussed above. Conversion of the
pseudo-first-order rate constant, k,, to its second-order coun-
terpart reveals a value of 10°mM~"s™', which is consistent with
the reported value of molecular complexation of an organic
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ligand with a micelle.*” The observed similarity of the kinetic

pathway in the case of the CTAB micelle at two different pH
values is in agreement with recognition through a selected-fit
mechanism, in which the spherically symmetric micelles are
always ready (in the pre-selected conformation) to recognise
the ligand ANS at first with a minor structural adjustment (k)
following thereafter. The first-order rate constants k, (=10s")
are also in agreement with the structural relaxation timescale
of a micelle reported in the literature.*"

Various studies™*! have suggested that the protein-ligand
binding mechanism can be shifted from selected- to induced-
fit upon increasing the ligand concentration because in the
presence of a higher ligand concentration complexation be-
comes more favourable, assuming an enhanced probability of
complexation before the conformational transition of the pro-
tein. However, this cannot be fully confirmed without addition-
al information on protein-ligand interactions and dynamic
studies of the protein. Using a molecular dynamics simulation
of a model protein-ligand system, Greives and Zhou have
shown that both the rate of the conformational transition and
the concentration of ligand molecules can affect the induced-
fit fraction.”” The effect of ligand concentration on the shifting
binding mechanism can be easily understood from our experi-
ments. The fluorescence micrographs of the microfluidics chan-
nel with different ligand concentrations are shown in Fig-
ure 3a. It is evident from the results shown in Figure 3b that
the selected-fit mechanism at pH 6.3 is shifted towards the in-
duced-fit mechanism with increasing ligand concentration at
a fixed protein concentration.

The numerical fitting of experimental data at various ligand
concentrations with Equation (1) reveals reasonable agreement
with the fact that the increasing ligand concentration leads to
changes from selected- to induced-fit behaviour. The fitting pa-
rameters are tabulated in Table 1 within experimental error (+
8%). The protein conformations convert into the active one in
the absence of any ligand molecule and then continue in the
active conformation until a ligand molecule completes the
binding reaction by complexation. At a low ligand concentra-
tion, the protein is free from any ligand molecules most of the
time; thus the selected-fit mechanism dominates. At high
ligand concentrations, conformational changes occur followed
by binding processes because most of the time the ligand
molecule will be inside the binding pocket, and thus, the bind-
ing mechanism will shift toward the induced-fit mechanism.”?

The experimentally observed differential molecular recogni-
tion pathways were simulated by using COMSOL Multiphysics
(v4.3a) software by coupling the physics of laminar flow and
reaction kinetics (Figure 4). A 3D geometry was created based
on the dimensions of the microchannel used in our experiment
with two inlets and two outlets (H channel). To consider spe-
cies diffusion, the convection and diffusion model (transport of
diluted species) was included in the fluid flow physics. The dif-
fusion constants of CHT and ANS used were 0.5x107'% and 1x
107" m?s~', respectively, as reported previously.”**® The simu-
lation was carried out with a flow of ANS through the lower
inlet and CHT in the upper inlet. The simulation yielded a con-
centration profile of enzymes in the presence of a substrate
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Figure 3. Effect of ligand concentration on the binding mechanism. a) Micro-
graphs of the microfluidics channel at different positions along the channel
with different concentrations of ligand at pH 6.3. b) Comparison of normal-
ised emission intensity of ANS upon binding CHT along the microfluidics
channel at different concentration of ANS at pH 6.3 and 3.6.

Table 1. Numerically fitted kinetic parameters.

Concentration ratio (CHT/ANS) ki [s7'1 k, [s'1
10:1 (pH 6.3) 1000 36.7
10:1.5 (pH 6.3) 7151 233
10:2.5 (pH 6.3) 179.5 19.9
10:3 (pH 6.3) 62.7 171
10:1 (pH 3.6) 14.2 14.5

gradient”” Figure 4 represents the inter-diffusional zone of

the two interacting species along the channel at different
times related to the spatial distribution of the interacting spe-
cies at several positions in the reaction zone. For representa-
tion purposes, the initial, middle and final sections of the chan-
nel, where the simulation has been executed are shown. The
inter-diffusion zone is critically governed by the molecular dif-
fusivity of the individual species. Figure 4 represents a compa-
rative observation of the rate if the fluorescence intensity
changes due to the molecular recognition kinetics with diffu-
sion limited by molecular interactions. Figure 4a depicts a com-
parison of experimental data at pH 3.6 with simulated data ob-
tained from the induced-fit model. The contour plots repre-
senting the concentration of CHT-ANS complex at several po-
sitions along the channel and colour bars representing the nor-
malised concentration are also shown in Figure 4. We also
compared the experimental data at pH 6.3 with molecular sim-
ulation data by using the selected-fit model (Figure 4b).
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Figure 4. Simulated results compared with experimental results. The simulat-
ed concentration gradient of the CHT-ANS complex at different pH values is
shown in the left panel. The right panel shows the agreement of the simula-
tion results (solid line) with that of the experimental data (scattered points)
at different pH values. The shifting of the binding mechanism is shown with
increasing ligand concentration at pH 6.3. Here, 1-3 represent contour plots
of the complex formation at three different positions in the microfluidics
channel.

By comparing the experimental results with the simulated
results, one can see that the interaction of ANS with CHT at dif-
ferent pH values follows different mechanisms. Our simulation
results show that the interaction of the CHT enzyme with the
ANS substrate follows the selected-fit mechanism at pH 6.3 to
yield k, and k, values of 1000 and 29.9 s™'. On the other hand,
at pH 3.6, k, and k, have values of 14.42 and 14.44 s, respec-
tively. A simulation of CHT with different concentrations of
ANS substrate at pH 6.3 (Figure 4c) yielded k;, and k, values
that were consistent with our experimental results (Table 2).
With increasing ligand concentration, a shifting of the binding
mechanism can be observed by the sigmoidal shapes of the
experimental data at pH 6.3. The simulated results also show
sigmoidal shapes at higher concentrations of the ligand, al-
though there are some deviations from experimental results
that are within the experimental error limit (+5%). Therefore,
the simulated results are in reasonably good agreement with
our experimental results, which suggests that the overall inter-
action of the ligand with the model biomimetic system can be
described by simple reaction models. The molecular recogni-
tion of CHT with ANS is not simply diffusion limited, but rather
follows different mechanisms at different pH values.
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Table 2. Kinetic parameters obtained from simulations with the COMSOL
Multiphysics program.

Concentration ratio (CHT/ANS) ky [s7 ky [s7]
10:1 (pH 6.3) 1000 299
10:1.5 (pH 6.3) 715.6 235
10:2.5 (pH 6.3) 165.5 20.3
10:3 (pH 6.3) 59.1 16.8
10:1 (pH 3.6) 14.2 144

Conclusion

We demonstrated two different pathways of molecular recog-
nition, namely, selected- (conformational selection) and in-
duced-fit mechanisms, of CHT by a small organic ligand, ANS,
in a microfluidics channel at two different pH values. Whereas
the structural flexibility of the protein at pH 6.3 triggered se-
lected-fit, restricted protein motion at pH 3.6 prompted the
protein to adopt induced-fit molecular recognition. We also
showed that at pH 6.3 increasing ligand concentration led to
a change in the binding mechanism from selected- to in-
duced-fit at a fixed protein concentration. We correlated our
experimental data with a simple analytical model and simula-
tion that relied on the steady-state approximation for the gen-
eration of a product through intermediate species. Our find-
ings might have an immediate and positive impact on efforts
to design and engineer proteins with new functions.

Experimental Section
Chemicals

ANS was purchased from Sigma-Aldrich. CTAB was purchased from
Fluka chemicals. CHT was purchased from Sigma-Aldrich. The ma-
terials were of the highest commercially available grades and were
used without further purification.

Experimental details

Steady-state fluorescence measurements were carried out by using
a Jobin-Yvon Fluoromax-3 fluorimeter. Microfluidics experiments
were carried out with an H-shaped microchannel (Dolomite, UK)
coupled to a fluorescence microscope (Olympus BX51, Olympus
America, Inc.). The two inlets of the microchannel were attached to
a syringe pump by capillary tubes. The capillaries were passed
through the shaft of the holder prior to connection with the micro-
fluidic chip. The reagents were propelled by using a syringe pump
(Atlas-ASP011, Syrris Ltd.) and the total volumetric flow rate was
adjusted according to requirements. Fluorescence images were
captured with a fluorescence microscope equipped with a 100 W
mercury arc lamp, which was used as the excitation source (UV-
light excitation) and a TUCSEN TCH-5.0ICE camera. The excitation
light was cut off by using a standard filter and the fluorescence
was collected through a 10x objective. Image processing and anal-
yses were achieved by using the ANALYSIS software provided with
the microscope. A region of interest® (ROI) was selected at a spe-
cific height and width. This ROl was used to obtain an intensity
profile along the microchannel. Intensity profiles were acquired at
a particular microchannel distance from the initial mixing conflu-
ence. The RGB analysis was performed and the individual colour in-
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tensity was monitored with time. Fluorescence intensity values
were normalised to a maximum value of one. This channel distance
was converted into the reaction time by dividing it by the velocity
of the flow. The observed fluorescence intensities were fitted with
the commercially available software SCIENTIST by creating a new
model that followed the equation for the rate of formation of dif-
ferent components.

COMSOL simulation

The fluid dynamics simulation was carried out by using the
COMSOL multiphysics software (v4.3a) with a finite element
method. A 3D geometry was created based on the dimensions
(length 12.5 mm, radius 100 um) of the microchannel used in our
experiment with two inlets and two outlets (H channel). Herein, we
used two models for two pH values. For pH 3.6, we chose the
model A+C—B—P, in which A, C, B, and P were ANS, CHT, inter-
mediate complexes of the ANS—CHT, and the final ANS-CHT prod-
uct. For high pH (6.3), the model was different leading to C—
C*AP, in which C* was another conformation of CHT. To simulate
the fluid flow in the microchannel, a model of laminar flow was
added to the simulation. By considering diffusion of the species,
the convection and diffusion model (transport of diluted species)
was coupled to the fluid flow physics. The rate of product forma-
tion in the system equalled the rate of substrate depletion. Con-
centration profiles generated in COMSOL were exported as text
files.
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