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ABSTRACT: The cellobiohydrolase cellulase Cel7A is extensively
utilized in industrial treatment of lignocellulosic biomass under
conditions of high product concentrations, and better under-
standing of inhibition mechanisms appears central in attempts to
improve the efficiency of this process. We have implemented an
electrochemical biosensor assay for product inhibition studies of
cellulases acting on their natural substrate, cellulose. Using this
method we measured the hydrolytic rate of Cel7A as a function of
both product (inhibitor) concentration and substrate load. This
data enabled analyses along the lines of conventional enzyme
kinetic theory. We found that the product cellobiose lowered the
maximal rate without affecting the Michaelis constant, and this
kinetic pattern could be rationalized by two fundamentally
distinct molecular mechanisms. One was simple reversibility,
that is, an increasing rate of the reverse reaction, lowering the net
hydrolytic velocity as product concentrations increase. Strictly
this is not a case of inhibition, as no catalytically inactive is
formed. The other mechanism that matched the kinetic data was
noncompetitive inhibition with an inhibition constant of
490 +40 wM. Noncompetitive inhibition implies that the
inhibitor binds with comparable strength to either free enzyme
or an enzymesubstrate complex, that is, that association between
enzyme and substrate has no effect on the binding of the
inhibitor. This mechanism is rarely observed, but we argue, that
the special architecture of Cel7A with numerous subsites for
binding of both substrate and product could give rise to a true
noncompetitive inhibition mechanism.
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Introduction

There are essentially two reasons to conduct enzyme inhibition
studies (Cornish-Bowden, 2012). One is to elucidate reaction
mechanisms and the other is to assess the rate of the reaction at
different concentrations of substrate and inhibitor. Both of these
aspects appear relevant in the case of product inhibition of the
cellobiohydrolase, Cel7A (EC 3.2.1.176), an enzyme that is
extensively utilized for the industrial conversion of lignocellulosic
biomass to soluble sugars. This so-called saccharification process is
typically conducted under conditions of high product concentrations,
and tools for assessment of the associated inhibition would be useful
in attempts to optimize the process. On the mechanistic level,
molecular origins of Cel7A’s product inhibition remains controversial
(Andric et al., 2010), and this uncertainty impedes engineering of
variants that are less prone to inhibition. Such variants have been
suggested on the basis of computational work (Bu et al., 2011; Silveira
and Skaf, 2015), and most recently also produced by site directed
mutagenesis (Atreya et al., 2015). This latter work confirmed that the
predicted mutations alleviated product inhibition, but also found that
this improvement was generally associated with reduced catalytic
efficiency. Thus, it appears that a more detailed understanding of
enzyme-product interactions remains essential for rational design of
improved variants.

Cel7A predominantly uses a processive mechanism, in which
cellobiose molecules are consecutively cleaved off a cellulose strand
threaded through the enzyme’s binding tunnel. The most studied
Cel7A is from Tricoderma reseei (an anamorph of Hypocrea jecorina),
and product inhibition of this enzyme was considered already in early
works (Katz and Reese, 1968). Since then, product inhibition of Cel7A
and related enzymes has been studied extensively, but results have
been conflicting both with respect to the mechanism and degree of
the inhibition (Andric et al., 2010; Bu et al.,, 2011; Teugjas and
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Valjamae, 2013). A part of this discrepancy simply reflects
experimental issues. For example, many studies have used crude
enzyme extracts or commercial blends with a number of cellulolytic
components (Bezerra and Dias, 2005; Holtzapple et al., 1984), while
others have used purified enzyme (Gruno et al., 2004; Murphy et al.,
2013; Teugjas and Valjamae, 2013). Other limitations for direct
comparisons may relate to differences in experimental temperature,
duration of the hydrolysis experiment or the choice of substrate
(Andric et al, 2010). Regarding the latter, hydrolysis of soluble
substrate analogues (which is convenient to assay) tend to show
much stronger product inhibition than hydrolysis of insoluble
cellulose (Gruno et al., 2004; Teugjas and Valjamae, 2013), and
cellulases appear more sensitive to product inhibition when acting on
crystalline cellulose than its amorphous counterpart (Johnson et al.,
1982). It seems likely, that inhibition on genuine biomass substrates
will also differ from their pure cellulose counterparts, and for this
reason efforts have been made to study the inhibition of cellulase
cocktails acting on genuine biomass substrates (Kadam et al., 2004).
However, as pointed out by Andric et al. (2010), composition and
levels of accessible substrate vary significantly between different
biomass substrates making it impossible to obtain universally valid
parameters from studies with these substrates.

In addition to these practical and experimental limitations, analysis
of product inhibition for cellulases is also challenged by more
fundamental issues. In particular, it is not clear if or how conventional
inhibitiontheorybased onthe Michaelis—Menten (MM ) framework can
beusedfortheheterogeneouscatalysis performedbycellulases. Wehave
previously argued that for short contact times, an MM-type description
of cellulase-activity provides a useful tool for kinetic analyses (Cruys-
Bagger et al., 2013; Praestgaard et al., 2011). One key proviso for this
approach is that the substrate must be in excess with respect to the
enzyme (Cornish-Bowden,2012). Thisassumption ([E] < <[S])isused
inallsimple MM-theory, butinpracticeitcanbehardtoverifyinthecase
of cellulases because a molar concentration of the insoluble substrate
cannot be readily specified. However, excess of substrate can be
corroborated experimentally if the hydrolytic rate scales proportionally
with the enzyme concentration (Cruys-Bagger et al., 2013).

The classical approach to enzyme inhibition has essentially never
been used for cellulases acting on their insoluble substrate. This
approach, as described in any biochemistry textbook, involves
interpretation, often based on Lineweaver-Burk- or Hanes plots, of a
number of MM curves each of which is measured at a different
(constant) inhibitor concentration. One important attempt to
apply this approach for Cel7A was published very recently (Kuusk
et al., 2015). While in this case experimental limitations prevented
direct determination of how the product modified Vi, and Ky,
analysis of ICs, (the inhibitor concentration that reduces the activity
by half) at different substrate loads provided evidence of a non-
competitive inhibition mechanism (Kuusk et al., 2015). Another
application of traditional inhibition theory was presented by
Bezerra and co-workers (Bezerra and Dias, 2004; Bezerra et al.,
2011). In this case, the relevant MM rate equations with inhibition
were integrated and fitted to experimental progress curves. One
limitation of this approach, however, seems to be that factors other
than product inhibition are known to play a role in the gradual
activity loss of cellulases (Bansal et al., 2009), and this could affect
both mechanistic and quantitative conclusions when integrated

rate equations are fitted to prolonged experiments. Product
inhibition studies are also challenged by difficulties associated with
measuring a small change in product concentrations against a high
background of the product added as inhibitor. This problem and
ways to circumvent it for cellulolytic enzymes was recently
discussed in some detail by Teugjas and Valjamae (2013).

In the work presented here, we have addressed the issue by
implementing a new assay based on a pyranose dehydrogenase
(PDH, EC 1.1.99.29) amperometric biosensor (Cruys-Bagger et al.,
2014). This sensor quantifies soluble sugars in real time over a wide
concentration range, allowing direct measurements of the initial,
quasi-steady state rate even in samples with a high background of
product (i.e., inhibitor). We used the conventional MM approach to
distinguish different inhibitory mechanisms, and in the following
we report the results from such analyses.

Materials and Methods

Enzymes and Buffers

Chemicals were obtained from Sigma-Aldrich (St. Louis, MO)
and at least of HPLC grade. A 50 mM sodium acetate buffer, pH 5.0
with 2mM CaCl,, was used throughout unless otherwise stated.
Cellobiohydrolase Cel7A from T. reesei and Pyranose Dehydroge-
nase (PDH) from Agaricus meleagris were heterologously expressed
and purified to a single band on an SDS gel and the absence of
cellobiase activity in the Cel7A stock in was confirmed as lack of
detectable activity against the chromogenic substrate analogue
para-nitrophenyl-glucopyranoside (results not shown) as described
elsewhere (Cruys-Bagger et al., 2014; Westh et al., 2014). Protein
concentration was measured at 280 nm in a Nanodrop Spectropho-
tometer (Thermo Scientific) using a theoretical molar extinction
coefficient (Gasteiger et al., 2005) of 86.7 and 67.8 mM ™~ em™! for
Cel7A and PDH, respectively. Final stock concentration of was
74 uM for Cel7A and 67 uM for PDH.

Inhibition Measurements (Soluble Substrate Analog)

Activity of 200 nM Cel7A on seven concentrations (0.2-1.7 mM) of
para-nitrophenyl-lactopyranoside (pNPL) were determined in the
presence of 0, 100, and 250 wM cellobiose resulting in [E]:[I] ratios of
several orders of magnitude. The reagents were mixed in a 96-well
microtiter plate (Nunc, Thermo Fisher Scientific, Waltham, MA) to a
final volume of 210 pL, sealed with adhesive plastic and incubated
for 40 min at 25°C, 750 rpm in a thermomixer (Eppendorf, Hamburg,
Germany). The reaction was quenched with 100 wL 0.5M glycine,
2mM EDTA, pH=10, and the concentration of p-nitrophenol
released by Cel7A was quantified by absorbance measurements at
405 nm (Spectramax I3 plate reader, Molecular Devices, Sunnyvale,
CA) with reference to an eight points standard curve ranging from 0
to 70 wM p-nitrophenol dissolved in the same pH 5 acetate reaction
buffer used throughout the experiment.

Inhibition Measurements (Insoluble Cellulose)

The rate of cellobiose production was measured with a PDH
modified biosensor. Preparation of the mediator-mixed carbon
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paste electrode followed previously published procedures (Cruys-
Bagger et al., 2012, 2014) using 1,4-benzoquinone as mediator. The
electrode was covered by a Nuclepore polycarbonate membrane
(TrackEtch membrane from Whatmann, USA) with a pore size
and -density of 15nm and 1-10°cm™? respectively. The
functionalized PDH-enzyme oxidizes soluble sugars and the
resulting signal is recorded as the current required to keep a
constant potential of 0.5 V against a Ag|AgCl reference. Hydrolysis
experiments were carried out at 25°C in a 5mlL, water-jacketed
reaction cell with magnetic stirring. Avicel PH 101 (0.5-40g/L)
suspended in either buffer or cellobiose solution (100, 250, or
500 wM, several orders of magnitude in excess of the enzyme
concentration) was stirred at 600 rpm and after a stable output from
the biosensor had been reached, enzyme solution was injected to a
final concentration of 400 nM from a Chemyx Fusion 100 syringe
pump. Subsequently, the production of cellobiose by Cel7A was
monitored for 10 min., and the quasi steady state rate was specified
as the slope of a straight line fitted to the data between 300 and 500 s
(see Kari et al., 2014). At the highest inhibitor concentrations, the
data at low substrate load (1-1.5g/L) was discarded due to low
signal/noise ratio. In a separate series of experiments 1 g/L Avicel
(in pure buffer) was added, respectively, 300, 400, and 500 nnM
Cel7A to confirm proportionality between activity and enzyme
concentration. As already mentioned, such proportionality was
considered evidence that the substrate was in excess at the
investigated conditions.

For every 2-3 measurements, the sensor was calibrated by five
consecutive 10 wL injections of a 20mM cellobiose standard
into the reaction cell loaded with the same solvent as in the
hydrolysis experiments (either pure buffer or the relevant cellobiose
solution). In this case the final cellobiose concentration would
amount to 200 wM plus the added background, and this was well
above the concentrations produced by hydrolysis. More details
about the calibration procedures and sensitivity of the biosensor
may be found elsewhere (Cruys-Bagger et al., 2014).

Results and Discussion

Implementation of Biosensor Assay

The hydrolytic rate of Cel7A was measured using a PDH modified
carbon paste electrode, the use of which is described in detail
elsewhere (Cruys-Bagger et al., 2014). The key premise for applying
this electrochemical method in product inhibition assays is that the
dynamic range of the biosensor extends well beyond product
concentrations that are examined (~500 wM in this case). We
tested the linearity of the sensor response by consecutive injections
of cellobiose in the reaction cell and as illustrated in the example in
Figure 1, we found a nearly linear response up to at least 800 uM
cellobiose. It appears in the figure that there was a small, but
systematic deviation from linearity. This is expected as the sensor
enzyme, PDH, will show normal saturation behavior according to
the MM equation (black line). As Ky for PDH/cellobiose is about
7mM (Sygmund et al., 2008), however, the signal in the sub-mM
range is almost linear. We conclude that the PDH biosensor readily
quantifies changes in cellobiose concentrations even at the highest
background concentrations used here. To minimize the impact of
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Figure 1. Calibration curve for a PDH sensor over the range used in this study.
Raw biosensor output for incremental cellobiose concentrations (symbols) showed a
small but systematic deviation from linearity (dashed line), but could be fitted to the
Michaelis—Menten equation (full line). Even though all the data points were far below
Kw, making this parameter difficult to assess, we found a Ky, of approximately 7mM in
accordance with the literature value for PDH in solution (Sygmund et al. 2008). On a
practical level the deviation from linearity was negligible compared to the experimental
scatter in the investigated range (0-500 M cellobiose).

sensor saturation we used linear five point calibrations including
the relevant background concentration of cellobiose.

As the measurements are performed in real time and the PDH-
sensor showed a wide dynamic range, the signal resulting from
added cellobiose can simply be zeroed out prior to enzyme
injection, and changes in the concentration of soluble sugars due to
the enzymatic reaction can subsequently be measured directly. This
is illustrated in Figure 2, which shows results from four
representative hydrolysis experiments. Enzyme was added at
t=0 and in some cases the raw signal (upper panel) only rose
moderately over the background as the enzymatic reaction was
started. However, when the constant background level was
subtracted (lower panel) the activity of the enzyme can readily
be singled out.

Cel7A Inhibition; Soluble Substrate

Inhibition of Cel7A by cellobiose was first measured during
hydrolysis of the soluble substrate analog pNPL, and analyzed with
respect to conventional theory (Cornish-Bowden, 2012; Segel,
1975). For simple systems, reversible inhibition may be generally
described as illustrated in Scheme 1. We will only consider so-called
linear inhibition where the product is solely formed by the reaction
ES—E+P. Hyperbolic inhibition, that is, the situation where
product may be formed directly from the ESI complex
(EIS—EI+4P), appears highly unlikely for Cel7A (c.f. Scheme 3
below) and will not be considered further.

The general case in Scheme 1, where the inhibitor has affinity for
both E and ES, is known as mixed inhibition. In addition, there are
three other special cases that characterize separate types of
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Figure 2. Examples of raw biosensor data (upper panel) and the determination of
initial rates (lower panel) with increasing amounts of added cellobiose. Enzyme was
injected at t=0, and in some cases the sugar released by the enzymatic reaction only
made a mode rate contribution to the total signal. In the lower panel, the signal has
been corrected for background cellobiose and converted to concentration units on the
basis of calibrations conducted with the relevant background. The initial quasi steady
state rate was approximated as the slope of a line (dashed) fitted to the data after the
burst phase (i.e., between t=300 and t=500s, c.f. (Cruys-Bagger et al. 2013).

inhibition. The most important, competitive inhibition is the
limiting case where the inhibitor binds to free enzyme (E), but not
(or insignificantly) to the ES complex. This corresponds to o >>1
in Scheme 1; that is, that the dissociation constant for the ESI

S kc
E ES
M

S
El =—ESI

Ky,

at E+P

K.

i

Scheme 1. Generalized reaction scheme for the effect of an inhibitor, I, on a
simple enzyme reaction. Ky and K; are the dissociation constants for the ES and El
complexes, respectively. The two other dissociation constants are « Ky and o K; as
specified in the scheme (« is a dimensionless constant). This simplification can be
made because the product of the two equilibrium constants leading from E to ESI must
be the same along each of the two possible paths (i.e., E-ES—ESI and E—~EI—ESI,
respectively).

complex (« K;) is much larger than the dissociation constant of the
EI complex (K;). The opposite limiting case, un-competitive
inhibition, is when the inhibitor solely binds to ES (i.e., ¢ << 1),
and the situation between these two extremes, where @ =1 is
known as non-competitive inhibition (sometimes called true non-
competitive inhibition to emphasize the difference from irreversible
inhibition that shows the same kinetic hallmarks).

The kinetic equation for Scheme 1 under the usual quasi steady
state assumption is quite complex with terms of both [S]* and [I]*
(Cornish-Bowden, 2012) and therefore rarely used. Instead, a
kinetic equation can readily be derived based on the rapid
equilibrium assumption. The rate, v = d[P]/dt, may be written

Vinax * S
v = max 0 (1)

_yc'KM+yuc'SO

In eq. (1) Vi has its usual meaning and Ky, is the dissociation
constant for the ES complex as illustrated in Scheme 1. We note, that
in some works the dissociation constant (which is not strictly the
same as the Michaelis constant Ky, derived for quasi steady state) is
denoted K. However we will consistently use Ky in this work. The
two other parameters in eq. (1) are defined

yo—1+10 @)

i

Yue = 1+% (3)

Inhibition mechanisms are identified by analyzing experimental
data with respect to eqs. (1-3). This has often been done by different
linearized versions of eq. (1), but here we used a non-linear regression
routine (OriginPro 2015, OriginLab Corporation Northampton, MA)
and performed global analysis for the entire data set (i.e., hydrolytic
rates as a function of [S] and [I]). To discriminate between the
inhibition mechanisms, separate regressions were performed with
each of the four constraints: y,. =1 (corresponding to competitive
inhibition), y.=1 (uncompetitive inhibition), y.=p, (non-
competitive inhibition) and no constraints (mixed inhibition). To
assess which of the four mechanisms best described the experimental
data, we used the small-sample corrected Akaike Information Criterion
(Akpa and Unuabonah, 2011; Kletting et al., 2009). This principle
ranks different regressions of the same dataset on the basis of the
residual sum of squares, the number of parameters and the number of
data points. Specifically, we calculated the so-called Akaike weight, w;,
which provides an estimate of the validity of one model relative to the
others. We note that this procedure of restrained global analyses and
Akaike weight scores serves the same purpose as visual inspection of
linearized expressions such as Hanes-, Lineweaver-Burk- or Dixon
plots, which have been used extensively in the past. However,
linearization may be statistically biased (Dowd and Riggs, 1965; Segel,
1975; Wilkinson, 1961), and we hence prefer to analyze the raw data
without any preceding transformations. Moreover, nonlinear regres-
sion can be conducted globally over the v([S],[I]) plane, and hence
without any requirement of constant inhibitor concentration for each
MM-curve (this assumption is used in linearized analysis). This is an
important advantage in the current work, as it allowed us to account for
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the small increase in inhibitor (product) concentration, which
inevitably occurred during the measurements.

Experimental data and global non-linear regression result for
pNPL hydrolysis are shown in the left panel of Figure 3. It appears
that cellobiose strongly inhibits the activity of Cel7A and regression
analysis revealed that the competitive inhibition model provided by
far the best account of the data (w;=66%), with the maximum
likelihood parameters shown in Table I. The inhibition constant K;
was 19 0.3 pM. Un-competitive and non-competitive inhibition
could not reproduce the data at all (w;= 0), but the results could be
reasonably described by mixed inhibition (w;=34%). This latter
analysis found one inhibition constant, K;, which was identical to
the the constant found in the competitive model (19 &£ 0.6 uM),
and another, much higher constant of 1,200 4= 900 wM (so « as
defined in Scheme 1 was approximately 63). This higher K; may
reflect weak association in the binding tunnel, but the affinity of I
for ES is very small compared to its affinity for the free enzyme, E,
and the ability of the mixed model to account for the data is merely a
slight modification of the comparative mechanism, which identifies
an unimportant interaction of I and ES. Neglecting this, we arrive at
the conclusion that the inhibition relies on the mutual (exclusive)
competition of cellobiose and pNPL for the active site of Cel7A, and
this competitive mechanism corroborates earlier studies using
soluble substrate analogs (Teugjas and Valjamae, 2013; Vantil-
beurgh and Claeyssens, 1985; von Ossowski et al., 2003). The value
of K; also matches dissociation constants found in cellobiose-Cel7A
binding studies (Claeyssens et al., 1989; Colussi et al., 2015) as
would be expected for a competitive inhibitor.

Inhibition; Insoluble Substrate

The quasi steady state rate for Cel7A hydrolyzing Avicel was
measured with the biosensor as a function of both substrate load

T T T T T T T
12 m  OuM cellobiose
® 100uM cellobiose
A 250uM cellobiose
------- Competitive
— Mixed
9
—
‘0
Q
14
= L
= 6
-
3L
0 1 1 1 1
0.0 0.5 1.0 1.5 20

S (mM)

Table I. Maximum likelihood parameters from the non-linear regression
analyses. All measurements were conducted at pH 5.0 and 25°C.

Substrate  V,,q/Ep (min~") Ky K; (uM) Inhibition type
pNPL 4.8 40.002 0.74+0.0lmM 187403 Competitive
Avicel 1240.24 1.8£0.1g/L 490 £40  Non-competitive

and concentration of cellobiose. The latter was determined as
the mean concentration of cellobiose during the 200 s of data used
for linear regression in Figure 2. Analysis of the surface
regression in Figure 4 showed that a non-competitive mechanism
accounted very well for the data (w;=78%). The inhibition
constant was 490 =40 wM (o = 1 for non-competitive inhibition
so this K; is the apparent dissociation constant for both the EI
and EIS complexes, c.f. Scheme 1). The analysis ruled out
competitive- and uncompetitive mechanisms (w;~0), but
found a moderate likelihood of mixed inhibition (w;=21%).
However, as the two inhibition constants derived from the
regression in the mixed model were indistinguishable (440 & 180
and 500 60 wM) and equal to the value found in the non-
competitive fit this result was in practice another demonstration
of a non-competitive mechanism. Regression parameters from
the mixed- and non-competitive models were self-consistent in
the sense that Ky (1.8 g/L) and V,,,.x (65 n1M/s) were identical in
the two analyses.

Insertion of @ =1 (and hence y,. = y.) in eq. (1) shows that a
non-competitive inhibitor reduces the maximal rate to the
apparent value Vi = Vo /v¢ while Ky remains unchanged.
These changes in kinetic parameters would also occur if a fraction
of the enzyme was irreversibly inactivated, and it has been
claimed that reported cases of non-competitive inhibition may in
fact often represent a misinterpretation of enzyme instability

N

1/, (sec:nM™)

] 1 1 1 1 1 1

-1 0 1 2 3 4 5 6
1/S (mM™)

Figure 3. Left panel: Initial reaction rate for the hydrolysis of pNPL by Cel7A at different cellobiose concentrations. Symbols show raw data and lines are the results from the
global, non-linear regression analysis of eq. (1). Right panel: Lineweaver-Burk plot (an often-used diagnostic plot for determining inhibition mechanism) of the same data also
showing, that competitive (dashed line) and mixed (solid line) inhibition accounts well for the data. The lines are drawn with the regression parameters obtained from the non-linear

regression in left panel.
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v, (nM-sec”)

Figure 4. Balls represent quasi steady state rates determined as illustrated in
Figure 2 with 0 wM (black), 100 wM (red), 250 uM (blue) and 500 uM (magenta)
cellobiose added to the reaction mixture. The plot is analogous to the left panel of
Figure 3 but with [I] as an independent variable instead of a fixed value. Surface
represents best fit of eq. (1) with a =1, corresponding to non-competitive inhibition.

(Cornish-Bowden, 2012). For the current system, however,
earlier work has demonstrated a negligible degree of inactivation
at room temperature even in experiments extending for
days (Alasepp et al., 2014), and it appears safe to rule out the
influence of enzyme inactivation on the data in Figure 4, which
are determined after a few minutes contact time (Fig. 2).
Interestingly, a recent analysis of product (chitobiose) inhibition
of a processive chitinase hydrolyzing insoluble (radioactively
labeled) chitin (Kuusk et al, 2015) also suggested a
noncompetitive mechanism with the same K; value (450 M)
as found for cellobiose/Cel7A in the current work.

Turning to the molecular mechanism of the inhibition we note
that a true non-competitive inhibitor as defined in Scheme 1
reduces the catalytic efficacy (Vi) without affecting the enzyme’s
affinity for the substrate. It has been claimed that this behavior is
very rare (Segel, 1975) except perhaps for very small ligands such as
protons, and even suggested that noncompetitive inhibition is “a
phenomenon found mainly in textbooks” (Cornish-Bowden, 2012).
Below we argue that the special architecture of Cel7A, with several
pyranose binding sites both before and after the scissile bond might
in fact lead to true non-competitive inhibition. First, however, we
note that the most common reason for observing reduced V.., and
unchanged K in the presence of product is simple reversibility of
the enzyme reaction (Cornish-Bowden, 2012; Segel, 1975). We
emphasize that inhibition and reversibility represent two
fundamentally different mechanisms. In the case of inhibition,
the rate is reduced as non-reactive enzyme complexes accumulate
whereas reversibility lowers the net rate because the reverse reaction
picks up speed as product accumulates. Ultimately, at equilibrium,
the unidirectional rates become equal and the net rate is zero. We
have previously argued (Praestgaard et al, 2011) that the

mechanism of Cel7A (like many other hydrolytic enzymes) may
be described as an ordered uni-bi reaction.' The processive
mechanism for Cel7A complicates the steady state kinetic treatment
(Cruys-Bagger et al., 2013), but if for simplicity we neglect
processivity we may express the reaction as in Scheme 2. Here,

E+C ——FEC —=
m k m k

-1 -2

k.
EC,,+G,==E+C,,

Scheme 2. Reaction scheme illustrating a simplified reversible degradation of
substrate (C,,) by an enzyme (E) providing a possible interpretation of the observation
that V. was lowered while Ky was unchanged in the presence of product (G,).

C, represents the substrate, a cellulose strand with m glucose
units. Upon hydrolysis, a cellobiose molecule, G,, is first released
from the complex which subsequently dissociates into the free
enzyme, E, and a shortened cellulose strand, Cy,.,. Reactions like
the one in Scheme 2 have been systematically analyzed and the
steady state rate equation in the presence of the first product, G,,
may be written

Vmax Cm

' Kuus[61] 6] @
KM’I (1 + Ki,Z‘KMl) + Cm(l + ?21)

where the different K, and K] values are kinetic parameters defined
from the rate constants in Scheme 2 (Segel, 1975). The exact
definitions of these parameters can be found in the same reference,
but for the current purpose, the main importance of eq. (4) is that it
has the same mathematical form as eq. (1) (this can be seen by
inserting eqs. (2-3) into eq. (1)). It follows that reversibility in
Scheme 2 will have the same kinetic hallmarks as mixed inhibition,
although no formal inhibition occurs (there is no non-reactive
species), and we conclude that the kinetic effect of cellobiose on the
activity of Cel7A illustrated in Figure 4 could in principle be
explained by reversibility described by the reactions from right to
left in Scheme 2.

In spite of the fact that reversibility is the most common reason
for the type of kinetic behavior seen in Figure 4 (Cornish-Bowden,
2012), we suggest that a true non-competitive inhibition
mechanism of Cel7A could be envisioned and perhaps provide a
better explanation of the data. Thus,othis otherwise rare mechanism
could occur because Cel7A has a 50 A long substrate binding tunnel
with about 10 pyranose subsites. There are seven subsites (termed
subsite —7 to —1) between the entry of the tunnel and the catalytic
region, and two or three subsites (+1 to +3) near the exit, where
the product is transiently located immediately after the glycosidic
bond has been cleaved (Divne et al., 1998). It is well established that

" Strictly, the reaction is ordered bi-bi with the two substrates cellulose
and water. Due to its high and hence constant concentration, water may be
neglected in the kinetic treatment and the reaction can be described as ordered
uni-bi.
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cellobiose binds to the +1 to +2 subsites (sometimes called the
expulsion site) in the absence of cellulose (Bu et al., 2011; Divne
et al., 1998), and that the dissociation constant for this interaction
is about 20 uM at room temperature (Claeyssens et al., 1989;
Colussi et al., 2015) (this is the vertical equilibrium to the left in
Scheme 3). It has also been shown that longer cello-oligosaccharides
such as cellohexaose binds in the first part of the tunnel (subsite —7
to —2) (Divne et al., 1998) with a dissociation around 50 nM
(Colussi et al., 2015). Conversely, filling the subsites near the
scissile bond, particularly subsite —1, appears to be energetically
unfavorable (Colussi et al., 2015), perhaps due to an associated
strain in the pyranose ring (Knott et al., 2014). This is corroborated
by structural evidence that longer oligosaccharides tend to occupy
the beginning of the tunnel while the —1 site is largely unoccupied
(Divne et al., 1998). Such a balance of strong attraction in each
end of the tunnel and repulsion in the middle, suggests that
intermediates with a product (cellobiose) in the expulsion site
and/or a cellulose strand in the first part of the tunnel may be
formed. This is illustrated in Scheme 3, which defines five enzyme
species akin to those previously used by Valjamae and co-workers
to illustrate product inhibition of Cel7A (Gruno et al., 2004; Kuusk
et al,, 2015). In addition to the free enzyme (E), Scheme 3 defines
complexes with product in the expulsion site (EP), substrate in the
first part (possibly subsites —7 through —2) of the tunnel (ES) and
a complex with both of these ligands (ESP). The last species in this
scheme is the Michaelis complex (ES*), which has substrate filling
the whole tunnel prior to catalysis.

If hydrolysis of the Michaelis complex is fast so that the
population of ES* remains low, true noncompetitive inhibition
could result from parallel and equal interactions of the E and ES
states with cellobiose.

For the noncompetitive case (o~ 1) the inhibitor makes it
appear as if less enzyme is present (reduced Vi, and unchanged
Ky). This apparent loss of enzyme may be quantified by the
reaction rate at any given substrate load of an inhibited reaction v;,,
relative to the uninhibited reaction, v,. From eq. (1-3) we find that
this ratio is

M _ V'{E::Jfgo) _ Ki

1
w2y [P+K

()

which corresponds to the remaining “active fraction” of enzyme
([E] + [ES])/Ey at product concentration [P] (Segel, 1975).
Interestingly, this factor is independent of the substrate load,
and the relative loss in activity is a simple function of the cellobiose
concentration as expressed in eq. (5). Figure 5 shows vinh /v plotted
against the cellobiose concentration for the current system. We
suggest that due to the independence of substrate load, plots like
this could be practical in assessments of product inhibition for
Cel7A. We note, however, that the degree of inhibition is likely to
depend on, for example, temperature and the physical properties of
the insoluble substrate and a new plot like Figure 5 should therefore
be made for the specific reaction conditions of interest. The
approach in eq. (5) reiterates the fact that for non-competitive
inhibition (unlike for other inhibition mechanisms) the often-
reported parameter ICsg is equal to K; (Cheng and Prusoff, 1973).
This equality was utilized in a recent work on Cel7A product
inhibition, which used highly crystalline (bacterial) cellulose as
substrate (Kuusk et al., 2015). It was found that ICsy remained
unchanged at different loads of substrate and hence also concluded
that inhibition was best described by a noncompetitive mechanism

IV NI IININ

Q00008 i
-

00860089099

Scheme 3. Suggested structures underlying a true non-competitive inhibition mechanism for Cel7A. See text for detailed explanation. Enzyme (represented as the surface of
tunnel-lining residues) with different ligands were derived from PDB entries 7CEL and 8CEL (Divne et al. 1998).
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Figure 5. Relative activity of Cel7A against Avicel as a function of cellobiose
concentration predicted by the K; value obtained from Figure 4. For a noncompetitive
inhibitor this fraction is independent of the substrate load.

with an inhibition constant of 170 4= 20 wM. This is in in reasonable
accord with the K; value found here particularly as crystallinity of
Avicel is 0.5-0.6 compared to 0.76-0.95 for bacterial cellulose
(Zhang and Lynd, 2004), and the strength of inhibition has been
suggested to increase with substrate crystallinity (Johnson et al.,
1982; Katz and Reese, 1968).

It is noticeable that the (non-competitive) inhibition constant
found in Figure 4 (K; = 490 LM) is much larger than the dissociation
constant for the Cel7A-cellobiose complex (~20 wM, see above).
This disparity has been noted earlier (Kuusk et al., 2015) and it is in
contrast to the results for the soluble substrate (Fig. 3), where the
competitive inhibition constant found in the kinetic measurements
matched the dissociation constant measured independently. This
behavior is in fact expected for noncompetitive (and mixed)
mechanisms. Thus, it most likely reflects that the four species in the
circular reaction path of Scheme 3 (E, ES, ESP, and EP) are not at
equilibrium. The lack of equilibrium in a circular reaction sequence
at steady state is common due to the net flow through the cycle, and
this is in contrast to “dead end” reactions such as the binding of a
competitive inhibitor, which does not have a net flow and hence
necessarily equilibrates, when the main reaction path is at steady
state (Cornish-Bowden, 2012). Accordingly, we found K; = K, for the
competitive product inhibition of Cel7A during pNPL hydrolysis
(Fig. 3), but not for the non-competitive inhibition mechanism on
insoluble cellulose (Fig. 4). The lack of equilibrium in fact defies an
important premise of eq. (1) as this was derived on under the rapid
equilibrium approximation. Nevertheless, the current use of eq. (1) is
common practice and preferred over the more complex steady-state
solution of Scheme 1 as discussed above. The consequence of this is
that for noncompetitive and mixed mechanisms, K; values are not
equilibrium constants, but mere kinetic parameters. This also
implies that the observation of @ = 1 in Scheme 3 does not provide
direct evidence that cellobiose has the same affinity for, respectively,
Eand ES (Scheme 3). To elucidate this question further, we measured
the adsorption of Cel7A on Avicel with different background
concentrations of cellobiose between 0 and 500 M. In accordance

with previous studies on isolated CBMs (Guo and Catchmark, 2013)
the results (not shown) did not reveal systematic differences in
enzyme adsorption, and this suggests that the EP complex (which
dominates at high cellobiose concentrations) binds to Avicel with the
same affinity as the free enzyme (which dominates in experiments
with no added cellobiose). With respect to Scheme 3, this hints that
the two horizontal equilibria have comparable dissociation constants.
This, in turn, implies that « is around one and thus that cellobiose
does appear to bind with equal strength to, respectively, E and ES. We
note that this result could be considered in contrast with molecular
dynamics simulations previously reported by Bu et al. (2012). What
might seem like a discrepancy, however, could probably be explained
by the fact that the authors did not include simulations where
cellobiose was positioned in the so-called “primed state” (Knott et al.,
2013). This alternate positioning of the cellobiose product, which is
often observed in structures (Beckham et al., 2014), might lead to a
simulation outcome in agreement with the results presented here,
even though such simulations have not been reported to our
knowledge. Based on previous thermodynamic (Colussi et al., 2015)
and structural (Divne et al., 1998) studies, we suggest another
possible explanation that, due to unfavorable interactions in the —1
site, this site might be largely unpopulated in the ES and ESP
complexes. The associated spacing of cellulose and cellobiose could
provide a possible explanation of our observation that the binding of
cellobiose to the enzyme is unaffected by presence of a substrate
chain in the binding tunnel. Thorough elucidation of this question is,
however, beyond the current scope and will require an extended
experimental material.

Conclusions

We have presented evidence that a PDH-biosensor can readily
quantify initial quasi steady state rates of Cel7A even when product
is added to the sample prior to the enzyme. This provides a
convenient way to assess hydrolytic rates as a function of substrate-
and product (i.e., inhibitor) concentrations, and hence to analyze
product inhibition along the lines of traditional theories. We found
that cellobiose reduced the maximal rate of Cel7A, while leaving Ky,
unaltered (Fig. 4), and concluded that this behavior could arise from
two fundamentally different mechanisms namely simple reversibil-
ity (which is formally not a case of inhibition) or true non-
competitive inhibition. Although true noncompetitive inhibition is
rare in simple systems, we argue that it might well occur as the
result of the special architecture of Cel7A (Scheme 3). Unlike the
interpretation based on reversibility (Scheme 2) this latter
suggestion (Scheme 3) accounts for the well-established binding
of product to the free enzyme, and this may speak for
noncompetitive inhibition as the most likely interpretation of the
results. Simple inhibition studies, such as the current, cannot
unambiguously distinguish between the two suggested interpreta-
tions. One way to achieve this distinction is by measurements of
unidirectional reaction rates for example through the use of
radioactively labelled material. We surmise that such work could
further elucidate product effects on Cel7A activity and—on a more
general level—contribute to the understanding of the activity loss
or so-called slow-down, which appears to be ubiquitous for
enzymatic hydrolysis of cellulose.
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