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Cellulases are of paramount interest for upcoming biorefineries that utilize residue from agriculture and forestry
to produce sustainable fuels and chemicals. Specifically, cellulases are used for the conversion of recalcitrant
plant biomass to fermentable sugars in a so-called saccharification process. The vast literature on enzymatic
saccharification frequently refers to low catalytic rates of cellulases as a main bottleneck for industrial imple-
mentation, but such statements are rarely supported by kinetic or thermodynamic considerations. In this
perspective, we first discuss activation barriers and equilibrium conditions for the hydrolysis of cellulose and
how these parameters influence enzymatic turnover. Next, we propose a simple framework for kinetic descrip-
tion of cellulolytic enzyme reactions and show how this can pave the way for comparative biochemical analyses
of cellulases acting on their native, insoluble substrate. This latter analysis emphasizes that cellulases are
characterized by extraordinarily low off-rate constants, while other kinetic parameters including specificity
constants and rate constants for association and bond cleavage are quite like parameters reported for related

enzymes acting on soluble substrates.

Introduction

Research in cellulolytic enzymes has grown strongly over the past
decades, and this development has been driven primarily by interest in
the deconstruction of lignocellulosic biomass. Hence, the abundance of
lignocellulosic residue in agriculture and forestry makes an attractive
feedstock for large-scale production of sustainable fuels and materials.
The dominant upscaling approach within this area has been the so-called
biochemical platform, where the enzymatic conversion of poly-
saccharides to fermentable sugars (saccharification) represents a key
step. This process has been extensively investigated as described in
literature ranging from fundamental studies of enzyme structure, -ki-
netics, and -inhibition to applied trials that screen the performance of
complex enzyme cocktails on real biomass. All branches of this spectrum
commonly state that cellulases are slow, and that this slowness makes up
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a major impediment for industrial saccharification. It is not difficult to
find data to support this interpretation. Many works with an applied
scope have used enzyme dosages of 10-20 mg protein/g glucan and
reported final glucan conversions of some 60-80% [1-3]. If we assume
an average molecular mass of the cellulases of 50 kDa, these numbers
imply that each enzyme molecule has hydrolyzed about 10* glycosidic
bonds during the whole saccharification process. This is what some
enzymes accomplish in one second, but as the total time of saccharifi-
cation was 3-7 days, we arrive at an apparent rate of a few hydrolytic
events per minute. This estimate appears to justify the view that cellu-
lases are slow enzymes. However, saccharification is a complicated
process, which is influenced by numerous parameters including inhibi-
tion, synergy, enzyme instability and particularly a limited accessibility
of the scissile bond. It is necessary to single out the importance of these
and other parameters to qualify general discussions on cellulase
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slowness. In the following, we address this in a discussion of the rate of
the basic enzymatic reaction whereas technological complications that
slow down saccharification are beyond the current scope. Specifically,
we will review data on the rate of different steps in the cellulolytic re-
action and compare this to other hydrolytic enzymes. We will also
discuss cellulose resilience towards hydrolysis from a thermodynamic
perspective and propose some simple principles for comparative ana-
lyses of cellulase kinetics. We hope that this will elucidate whether
cellulases are inherently slow enzymes, and what steps in the complex
reaction pathway make up the most important limitations.

Cellulolytic enzymes

Lucid and comprehensive reviews on the different classes of cellu-
lolytic enzymes and their application may be found elsewhere [4-9].
Here we provide a short overview that mainly serves to introduce the
enzymes that will be used as examples below.

Some organisms produce cellulases as free enzymes that are either
secreted as a single catalytic domain or covalently attached to one or
more carbohydrate-binding modules [10]. The secretome of
cellulose-degrading fungi, exemplified here by the archetype Tricho-
derma reesei, an anamorph of Hypocrea jecorina, consists of several en-
zymes that synergize to degrade cellulose (Fig. 1). The two
cellobiohydrolases (CBHs) Cel6A and Cel7A use a processive mechanism
(see Fig. 4) to release cellobiose from the non-reducing and reducing end
of cellulose, respectively. Different endoglucanases (EGs), such as Cel7B,
cleave cellulose chains primarily in amorphous regions with no or low
processivity, while oxidative lytic polysaccharide monooxygenases
(LPMOs) also attack glycosidic bonds in crystalline regions. Finally,
f—glucosidases (BGs) cleave soluble saccharides (primarily cellobiose)
into glucose in the aqueous bulk.

Fungal cellulases have attracted particular research attention. This is
partly due to their role in natural carbon cycling, but also because fungal
enzymes have been particularly valuable for industrial applications [5].
This is especially true for cellulases from thermophilic fungi, which
show better conformational stability and hence often remain active in
prolonged processes at higher temperatures. Here, we will mostly use
data for fungal cellulases with particular focus on Cel7A, Cel6A and
Cel7B from Trichoderma reesei which are among the most thoroughly
studied cellulases.
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The challenge faced by cellulases: stability of cellulose

Enzyme efficacy is optimized through evolution but curbed by
physical restrictions for the reaction in question. The latter may be
particularly important for cellulases, because the substrate appears to be
stable and highly resistant to hydrolysis. In this section, we will discuss
this so-called recalcitrance of cellulose by considering its kinetic- and
thermodynamic stability.

Kinetic stability of cellulose

A biochemical reaction that progresses very slowly without a catalyst
(i.e. has a high activation barrier) is difficult to accelerate to high
turnover numbers by an enzyme. This correlation is quite intuitive if we
assume that enzymes can lower activation barriers by a certain amount,
and this was discussed in detail in seminal works by Wolfenden and
coworkers [11,12]. They compared the rate of different biochemical
reactions in the presence and absence of enzyme and found that the
uncatalyzed hydrolysis of glycosidic bonds was particularly slow. This
kinetic stability was illustrated by extrapolations from higher tempera-
tures, which suggested room temperature half-times as high as 5 million
years near neutral pH. As typical k., values for cellulases are around 1
s at room temperature (see below), the enzyme appears to accelerate
the hydrolytic reaction by some 10'° times, and this is in the high end of
what is seen for enzyme catalysis [11,13,14]. This type of estimate has
sometimes been used to support the conclusion that cellulases are in fact
catalytically very proficient, but unable to attain high turnover rates
because the substrate is kinetically stable. In other words, physical
constraints of hydrolyzing cellulose are so severe that even a highly
adapted enzyme can only achieve a moderate turnover. While this
interpretation undoubtedly captures important aspects of the cellulo-
lytic process, some caveats remain. For example, rates of uncatalyzed
hydrolysis were assessed based on soluble model compounds (e.g.
methyl O-glucopyranosides), and the result showed quite similar sta-
bility of respectively a— and p— glycosidic bonds [15]. This means that
the catalytic proficiency of cellulases is not particularly high in com-
parison with other glycoside hydrolases. Amylases (that hydrolyze the
a-glycosidic bond in starch) and p-glucosidases (BGs, see Fig. 1), may
have turnover numbers in the hundreds or thousands per second [16],
and if indeed the kinetic stabilities of these substrates are comparable,
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Fig. 1. Selected enzyme classes from the secretome of the cellulolytic fungus Trichoderma reesei. Processive cellobiohydrolases (CBHs, Cel6A and Cel7A) attack the
ends of cellulose strands, while endoglucanases (EGs, Cel7B and Cel12A in this example) make endolytic attacks. Lytic polysaccharide monooxygenases (LPMOs)
catalyze oxidative cleavage of glycosidic bonds, while beta-glucosidases (BGs) break down soluble, oligomeric saccharides to glucose. The following will focus on

CBHs and EGs.



P. Westh et al.

some amylases and BGs show a much higher degree of acceleration
compared to cellulases. Moreover, the uncatalyzed half-time of the
glycosidic bond in methyl O-glucopyranosides is strongly dependent on
pH. Specifically, half-times dropped about three orders of magnitude
between neutral and pH 5 [15], where most work on cellulases and in-
dustrial saccharification is performed. It follows, that the degree of ac-
celeration for cellulases under relevant conditions is about 102, and this
is quite average for enzyme reactions [13]. We conclude that the slow-
ness of cellulases may in part reflect the high kinetic stability of the
glycosidic bond. However, other glucosidases reach much higher turn-
over numbers on substrates that are equally stable, when judging from
the half-life of soluble model compounds, and it appears that other
factors than the intrinsic kinetic stability of the glycosidic bond curtail
cellulolytic reactions. Estimated activation barriers for the
enzyme-catalyzed and non-catalyzed hydrolysis of cellulose are illus-
trated later in Fig. 4.

Thermodynamic stability of cellulose

The recalcitrance of cellulose towards enzymatic breakdown also
depends on its thermodynamic (or equilibrium) stability. The thermo-
dynamic stability of glycosidic bonds has been assessed in many works,
where the equilibrium between a reactant (with intact bond) and
products (with hydrolyzed bond) is established through the addition of
an enzyme (catalyzing the reaction in both directions). Measurements of
the concentrations of reactants and products in the equilibrated system
allow estimation of an apparent equilibrium constant, K,pp, and the
associated standard free energy change, AGfeact = -RTIn Kgpp, of the
hydrolytic reaction. Goldberg and coworkers have assembled a large
amount of such data [17], and curated different types of measurements
with respect to standard state and concentration units. This allows direct
comparisons of the otherwise disparate literature data, and in the
following, we use these standardized values rather than the values from
the original papers. The overall picture shows that the driving force for
hydrolysis of a glycosidic bond is small. If we again use methyl O-gly-
copyranosides as our model substrate, K,p;, for the hydrolysis to glucose
and methanol is only about 5 (using the molal standard state). This
corresponds to AG® = - 4kJ/mol (or —1 kcal/mol), and it has the
interesting consequence that far from all glycosidic bonds are hydro-
lyzed at equilibrium. Rather, a dilute solution of p-methyl glycopyr-
anoside will have an equilibrium distribution of about 25% reactant and
75% hydrolysate. Disaccharides including maltose, isomaltose, lactose,
B-gentiobiose, a-melibiose and cellobiose have slightly more favorable
standard free energies of hydrolysis between —6 and —16 kJ/mol (cor-
responding to an equilibrium condition with 85-99% monosaccharide).
As in the case of kinetic stability, no systematic difference in the ther-
modynamic stability of a— and p-glycosidic forms could be detected in
the compiled data [17].

The thermodynamic stability of insoluble cellulose cannot be readily
investigated in a similar fashion because it is difficult (if not impossible)
to establish an equilibrium between crystalline cellulose and soluble
glucose in an experiment. In lieu of direct measurements several works
have combined different data and used thermodynamic cycles to eluci-
date the equilibrium stability of the glycosidic bond in cellulose
[18-20]. One particularly thorough study [21] reported thermodynamic
parameters for both amorphous cellulose and several cellulose crystal
allomorphs, and hence provided key information on both recalcitrance
per se and the role of the crystal structure. In accordance with the results
for soluble model compounds, this work found a very weak driving force
for hydrolysis. If, for example, we consider the conversion of moist
amorphous cellulose to solid (crystalline) glucose, AG® was about +2
kJ/mol [21]. In other words, hydrolysis in the moist, solid state of the
glycosidic bond in amorphous cellulose is endergonic as cellulose is
thermodynamically favored over glucose, see Fig. 2. Analogous esti-
mates suggested that hydrolysis of crystalline cellulose was even more
uphill in a thermodynamic sense. This was expected due to additional
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Fig. 2. Estimated standard free energies for selected states of reactants and
products in a saccharification process based on literature data [21,29]. It ap-
pears that the free energy changes of bond breakage in the solid state are small
and unfavorable, and that the driving force of the hydrolytic reaction
(cellulose— glucose (aq)) mostly comes from dissolution of glucose. The reac-
tion, crystalline cellulose Ip— glucose (aq., 1 molal), for example, has small,
positive AG®, and this means that cellulose Ip equilibrates with aqueous glucose
at a concentration of only a few hundred mmolal. For amorphous cellulose, AG®
is larger and negative, and this corresponds to an equilibrium concentration of
several molal.

stabilization of cellulose in the crystal lattice. For the crystal allomorph
cellulose If, which is the most common in higher plants [22], conversion
to crystalline glucose was distinctly endergonic with AG®= +15 kJ/(mol
glycosidic bond) [21]. We conclude that hydrolysis in the solid state is
endergonic, and that the overall reaction only becomes spontaneous
(and hence amenable to enzyme catalysis) due to a favorable free energy
change of product dissolution. This observation may have some inter-
esting corollaries for cellulase activity. It may suggest, for example, that
the low activity of EGs on crystalline cellulose [23] may not only be a
matter of low substrate accessibility, but also the absence of a driving
force for endolytic hydrolysis, if little or no soluble product is released.
As discussed above, this thermodynamic impediment is less severe for
amorphous cellulose, which is readily hydrolyzed by EGs. The depen-
dence of the thermodynamic driving force on product dissolution may
also play a role in the so-called non-linear kinetics, which is observed for
essentially any cellulolytic reaction (c.f. Fig. 3). Non-linear kinetics
implies that reaction rates taper off gradually even if the substrate ap-
pears plentiful and no apparent inhibition can be identified [24]. The
phenomenon obviously influences the cost of industrial saccharification
because it creates a demand for long reaction times and high enzyme
dosages. Origins of the slowdown have been studied extensively and
both enzyme- and substrate related limitations have been highlighted
[24-28]. The very weak thermodynamic driving force discussed above,
suggests that the slowdown might also reflect that the reaction is
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Fig. 3. Real-time progress curve for a cellulase at different timescales. In this example, 60 g/L microcrystalline cellulose (Avicel) was degraded using 100 nM of the
enzyme Cell2A (EG3) from T. reesei at 25 °C and pH 5. The measurement was done using an amperometric biosensor with pyranose dehydrongease (PDH) from
Agaricus meleagris immobilized on the surface of a carbon paste electrode as previously described [37]. In all cases, curve levels off towards a “near linear” course
(slopes are given in the figure). However, when expanding the experimental timescale by an order of magnitude, we consistently observed a gradual slowdown.

approaching equilibrium [29]. This latter work suggested that the
equilibrium concentration of glucose for the hydrolysis of amorphous
cellulose was several molar at room temperature. This seems to be high
enough to neglect equilibrium considerations for amorphous substrate.
For the more stable (crystalline) cellulose Ip, the equilibrium concen-
tration at room temperature was only a few hundred mM glucose, and
although this value was about twice as high at 50 °C (a typical tem-
perature for technical saccharification) the equilibrium concentration is
in the same range as final yields in industrial processes [3]. These results
suggest that slow conversion towards the end of saccharification of
crystalline substrate may at least in part reflect that the process becomes
devoid of a driving force as it approaches equilibrium. This aspect might
be of interest for the so-called high-solid effect, which states that the
conversion scales inversely with the initial dry matter load [30]. Higher
loads of biomass (i.e. less water) are inextricably linked with higher
glucose concentrations, and if indeed the cellulose-glucose equilibrium
influences the process, this (negative) effect would be more pronounced
the higher the initial substrate load.

To close the thermodynamic discussion, we emphasize that while the
parameters reviewed above highlight important aspects of cellulose
stability, they cannot be directly transferred to industrial conditions. For
example, the equilibrium condition depends critically on the glucose
activity coefficient in the relevant solvent [29], and this parameter re-
mains to be assessed in complex biomass suspensions. Moreover, it is
unclear whether the conditions under the enzyme catalyzed process
approach a simple equilibrium with equal reaction rates in both di-
rections (hydrolysis and formation of cellulose). In particular, the
reverse reaction where glucose is linked to the cellulose surface remains
unexplored. It has been shown that some cellulases with a retaining
mechanism may catalyze transglycosylation [31-33] and hence the
formation of glycosidic bonds, but it remains unclear how this would
happen on the surface of insoluble cellulose. In particular, cellulolytic
secretomes contain BGs, which rapidly convert cellobiose produced by
CHBs to glucose (c.f. Fig. 1), and there is no enzyme that efficiently
catalyzes the direct interconversion between glucose and cellulose. This
pathway with two independent steps might help obtain a kinetically
controlled build-up of glucose beyond its equilibrium concentration.
Specifically, the absence of a direct enzyme reaction can establish a
kinetic barrier that impedes the step of cellulose synthesis from glucose.
Consequently, BGs may have an additional role beyond alleviating
product inhibition of cellulases. While this interplay remains to be
further investigated, it appears safe to say that the driving force for
hydrolysis of cellulose is very weak (particularly for crystalline cellu-
lose), and this is a relevant parameter for the rate of high-solid biomass

saccharification.
A framework for kinetic description of cellulases

The question whether cellulases are slow is most directly addressed
from the vantage point of comparative biochemistry. This implies con-
trasting kinetic parameters for different cellulases as well as comparing
parameters for cellulases with those from other hydrolytic enzymes.
While this approach makes up a cornerstone in conventional enzy-
mology, it is rarely used for cellulases. Rather, activity studies are
typically reported as progress curves or end-point measurements. This
type of data is useful for example in comparisons of enzymes, substrates
or experimental circumstances, but they are difficult to use outside the
conditions under which they are measured. The scarcity of general pa-
rameters for cellulase activity relies on challenges in the formal
description of the complex interfacial reaction. The current level of
understanding and volume of experimental data for cellulases does not
allow detailed analyses with many intermediates akin to those made for
many bulk enzymes, but we propose that clarification of three key as-
pects may set the stage for some comparative discussion of cellulases.
These aspects are

i) Defining the timescale of the experiments.

ii) Defining a realistic, yet simple micro-kinetic reaction scheme.

iii) Defining an apparent molar concentration of substrate.

i) As already mentioned, progress curves of cellulases are not linear
but show a ubiquitous slowdown, which is manifested on different
time scales. If, for example, a cellulolytic reaction is monitored over
seconds or minutes it often shows an initial burst followed by a near-
linear region as exemplified by the data in the left panel of Fig. 3.
However, longer experiments (center and right panel in Fig. 3)
typically reveal that the slowdown continues, even if this is not
readily detectable on the shorter time-scale. Therefore, comparisons
of rates defined by a “near linear” part of a progress curve are
deceptive unless the timescale is specified. These problems have
occasionally been used as an argument to reject conventional
enzyme kinetics and quasi-steady-state approaches altogether, but
this may not be necessarily. Rather, we suggest that quasi-steady-
state approaches may be reasonable and useful if applied within a
well-defined time range - particularly early in the reaction process.
Thus, as argued elsewhere [34-36], the reaction is likely to be close
to steady-state (nearly constant concentration of enzyme-substrate
complexes) when the usual prerequisite of large substrate excess is
fulfilled. This interpretation can be reasonable even if reaction rates
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drop at a later stage as a result of changes in substrate accessibility or
other limitations.

ii) The reaction mechanism of cellulases is complex and includes
numerous putative intermediates [38-41]. While detailed consider-
ations of these intermediates have proven valuable in some studies
[42], it is currently not realistic to resolve the associated number of
parameters in kinetic modeling. Therefore, we will limit the current
discussion to a quite coarse simplification that only distinguishes
three steps: complexation, catalysis and de-complexation (see Fig. 4).
The advantage of this simplified description is that it is realistic to
resolve kinetic parameters from available experimental data. The
limitation, on the other hand, is that we obtain so-called composite
rate constants, each of which reflects the passage time between
multiple putative intermediates. The use of composite rate constants
precludes any learning on the rate of more subtle sub-steps, but it still
provides useful information of the overall kinetics. The scheme in
Fig. 4A defines the rate constants, ko, kpyq and kog, as well as a
processivity number (n). The latter reflects the average number of
consecutive hydrolytic cycles the enzyme will conduct before it
dissociates from the cellulose strand. For a truly non-processive
cellulase, n = 1, but some work suggests that this behavior is rare
and that many endoglucanases (EGs) show some degree of proc-
essivity [43,44].

iii) Kinetic studies of cellulases acting on suspended cellulose parti-
cles mostly use mass load (g cellulose per liter solvent) to quantify
the amount of substrate, and as a result, some kinetic parameters
have unconventional dimensions. Values of k,,, for example, may be
reported in units of (g/L)’1 st [45,46]. Other works have used cel-
lulose deposited on a fixed surface as substrates [47,48], and this also
leads to kop-values in units that are different from the conventional
Ms? for a second-order rate constant. On-rate constants (and other
parameters) in these unconventional units may be useful in local
comparisons, but they are not generally applicable in comparative
discussions. One way to put different second-order rate constants on
an equal footing is to introduce a parameter that enumerates the
density of putative sites on the surface to which the enzyme can bind
productively (attack sites). This idea has been applied occasionally in
studies of enzymes that modify insoluble substrates [49,50], but it is
well established within conventional (non-biochemical) heteroge-
neous catalysis [51]. In the current work, we will use the symbol
Tattack (in units of mol/g cellulose) to denote the density of attack
sites (see Fig. 5). We emphasize that adsorption sites and attack sites
are not necessarily the same. Thus, some loci on the cellulose surface
may be capable of adsorbing enzyme, but not forming a productive
complex, and it follows that [aack can only be determined from
activity measurements (not from adsorption isotherms). This is
illustrated in Fig. 5, which also shows that [aack depends on both
enzyme and substrate properties. Highly accessible substrates as well
as enzymes that are efficient in abstracting a ligand from the solid
surface, both give rise to high Iatack-values. It is also worth noting
that [aack may change as the reaction progresses. This was illus-
trated in a study that found a pronounced reduction in [aack at
medium and high degrees of cellulose conversion [52]. In short ex-
periments with low conversion, it may be permissible to use a con-
stant Tagtack for a given system [34,36], and this strongly simplifies
kinetic analyses.

Comparative biochemistry based on the conventional Michaelis
Menten framework uses two parameters, k.q: and Ky, to characterize the
enzymes. We propose that [y defined above, constitutes an addi-
tional parameter that enables comparative biochemical analyses of
cellulases [35] and other enzymes that act on other insoluble substrates
[53,54]. The higher complexity of an interfacial reaction requires one
extra parameter, but when an experimental value of [pack has been
established [35,55], it allows us to define an apparent molar concen-
tration of substrate (i.e. number of attack sites per liter of suspension).

BBA Advances 7 (2025) 100128

The total substrate concentration, [Sg] for example, may be expressed
[SO] = l—‘attav:k [SO*] (1)

where [Sp*] is the (known) initial mass load of substrate (henceforth the
asterisk will define mass load concentrations). It is also useful to define a
molar concentration of unoccupied (free) attack sites [S], by introducing
the mass balance

[S] = 1—‘attack [Sa} - [ES] (2)

In Eq. (2), [ES], is the (molar) concentration of the enzyme-substrate
complex. The meaning of ayack is further illustrated in Fig. 5.

Introducing [atack allows the use of the law of mass action, which
require an explicit stoichiometric relationship between enzyme and
substrate. Applying the quasi steady-state assumption (d [ES]/dt = 0)
for the enzyme-substrate complex and [atack We can write

d [ES]
dt
This expression can be rewritten by using the two conserved quan-
tities, [E] = [Eo] — [ES] and Tgtack [S *] = Lattack [So *] — [ES] (Eq. (2)) to
give Eq. (3)

=kon [E] Cattack [S*] - [ES] (koff +kcat) =0

([Eo] = [ES]) X (Tatack [Sy] — [ES]) = [ES] x Kn 3

Where K,,, = (koff + kcat) /kon. The steady-state rate (V) is given by
Vs = kear [ES], where [ES] is the steady-state concentration of produc-
tive enzyme-substrate complex at the solid-liquid interface of the
insoluble substrate. By isolating [ES] in Eq. (3) and multiplying with k.,
we can find the steady-state rate equation in the two limiting cases of
substrate excess (Eo << T [Sox]) or enzyme excess (I [So*] << Ep).
These two rate equations are given in (4) and (5).

CU"VVSS — w’ CO”VVmaX = kcat [Eo], K;/I = Km/rarmck (4)
Kig + [S5)]

_ Ve [Eo] :

iy, = ﬁ[[&j]] ™Y = ket [S5] ®)

Eq. (4) is the well-known Michaelis-Menten equation which may be
fitted to steady-state rates under conditions where the enzymes are
gradually saturated with substrate. This is done by having a fixed (small)
concentration of enzyme and vary the substrate load [S;] as shown in
Fig. 6B. Note that the Michaelis-Menten parameter which is obtained
from fit to such data will have units of g/L and we have therefore
denoted this parameter Kj,.

The lesser-known condition which Eq. (5) cover is the so-called in-
verse Michaelis-Menten approach [35]. In this case the maximal rate
occurs when the surface of the insoluble substrate is saturated with
enzyme. Fitting the inverse MM-equation (Eq. (5)) allow us to derive
inverse MM-parameters i""Vmax and K. Examples of such data is shown
in Fig. 6C. Note that the x-axis under the inverse approach has molar
units (mol/L) and hence the Ky obtained in this way will have the
conventional units. If both conventional and inverse MM parameters are
obtained, the attack-site density ['yyqckcan be estimated. Either by the
ratio of the normalized maximal rates or the ratio of the two
MM-parameters as shown in eq. 6

" Vinax/ 1S5

Iﬂan:ack = mnvvmax/ [EO} (6A)
K

Latack = 77 (6B)
attacl KM

Since Ky for both the conventional and inverse MM approach is in-
dependent on the concentration of respectively [So*] or [E¢l, Eq. (6a)
and (6b) may also be used to test whether the criteria for applying the
two equations is fulfilled. If the two approaches do not give similar
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Fig. 4. A Simplified view on the microkinetic scheme, structures and energy landscaper for a processive cellulase. Panel A shows a reaction scheme for the enzymatic
hydrolysis of cellulose. The scheme defines three rate constants, Kon, knya and ke and a processivity number, n, as discussed in the main text. Panel B shows a
proposed energy landscape for the uncatalyzed (gray) and enzyme catalyzed (red) hydrolysis of the p—1,4 glycosidic bond in cellulose. The free energy values are best
estimates based on several experimental and theoretical investigations as discussed in the main text. Under most conditions, step 3 makes up the largest free energy
barrier and hence limits the turnover.

Two different substrates Two different enzymes

Cellulose particle Amorphous cellulose Crystalline cellulose

High [;ulack

Low Iteqck

‘\:\’ Non-productive binding site
9 Productive binding site

Fig. 5. Illustration of the parameter “attack site density”, Iaack- The surface of the cellulose particle (left) has several sites to which the enzyme can bind. The
enzyme can make a productive complex with some fraction of these sites. We call these sites attack sites (dark gray). Other adsorption loci that cannot form pro-
ductive complexes are light grey. An accessible substrate such as amorphous cellulose has many sites per gram cellulose compared to more compact (e.g. crystalline)
substrates (middle). If two enzymes attack the same substrate (right) the enzyme with better ligand binding will be able to form complexes with a larger fraction of
the sites compared to an enzyme with less efficient binding. As a result, the former enzyme has a higher I'yack. This concept is exemplified by kinetic data in Fig. 6.

estimate of ['yu. it may be because the criteria of large excess of either
enzyme or substrate are not fulfilled.

As already stated, Eqs. (4)-(5) are only valid under the assumption of
substrate- or enzyme excess. For both the conventional and inverse MM-
equation it has been shown that this condition fulfilled if Eg << Sp +Ku
(°"MM) [56] or So << Eq + Ky ("MM) [57]. Adapting these in-
equalities to the conventional and inverse MM equation, we can express
the validity of Eq. (4) and (5) as:

VMM : [Eo] << ([S5] + Kiy)Tattack (7A)

MM [S5] << ( [Bo] + K)o

(7B)
I attack

MM-based analysis of cellulases have been widely used [58-62], but
its validity has been questioned, mainly with reference to a lack of
substrate excess [63-65]. With the formal description presented above,
this can be tested directly as exemplified in Fig. 6. Panel D of this figure
shows contour plots for three cellulases, which identifies validity regions
for ©°™MM (Eq. (4)) and """MM (Eq. (5)). Outside the validity regions of
respectively MM and MM, the kinetic parameters will become
increasingly inaccurate. The highest mass load, which is possible to
handle experimentally, is around 100 g/L for Avicel. As seen from
Fig. 6D, this means that cellulases with low substrate accessibility (low
Tanack) can only be adequately described by ““""MM at extremely low
enzyme concentrations. For such enzymes a more reliable approach is
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Fig. 6. Panel A. Structure of Michaelis complexes (based on PDB id 4C4C, 1CB2 and 1EG1) and steady state kinetic parameters for the hydrolysis of Avicel at 25 °C,
pH 5 for respectively Cel7A, Cel6A and Cel7B [68,75,80,81]. Panels B and C illustrate two types of quasi-steady-state analysis of these three enzymes. Panel B shows
conventional Michaelis Menten curves with the characteristic hyperbolic raise towards the maximal rate. It appears that ““"V.. follows the sequence
Cel7B>Cel6A>Cel7A. Panel C shows a dose-response curve for the same systems. As discussed in the main text, this may also represent a quasi-steady-state situation
for a solid substrate, and it is sometimes called an inverse Michaelis-Menten plot [35,82]. Saturation in the inverse MM plot implies that all attack sites on the
substrate surface are occupied, and it is interesting to note that the maximal rates in panel C follows the opposite sequence, Cel7A>Cel6A>Cel7B, compared to panel
B. This is because the ability to “find” attack sites expressed as ['yuack, falls dramatically through this series (see values in panel A). These results suggest that Cel7A
has the ability to combine productively with many sites, but a low turnover. Conversely, Cel7B has a high turnover, but can only hydrolyze a small subset of sites. The
ability to find attack sites (high aaci) also have consequences for the validity domain of the conventional MM-equation (Eq. (4)) and inverse MM-equation (Eq. (5)).
Panel D illustrates the enzyme concentration [Eq] and substrate load [So] where the two equations are valid or invalid for respectively Cel7A, Cel6A and Cel7B.

IvVIM since its validity spans a much larger [Egl/ [So*] ratio. common practice where k.4 is implicitly associated with the chemical
step. However, this interpretation is not generally applicable to reaction
schemes with several steps, because other processes than the chemical
conversion may be slow, and hence govern maximal turnover. For
complex reaction schemes, the maximal turnover, keq="""Vina/Eo, re-

flects the slowest first-order rate constant in the forward direction of the

Kinetic parameters for cellulases
Rate constants for hydrolysis (knya) and dissociation (ko)

The maximal turnover number, k.4, is probably the most extensively
discussed kinetic parameter for any group of enzymes, but for cellulases,
it has been associated with some ambiguity. In the traditional, uni-
reactant Michaelis Menten model, k., describes the chemical conver-
sion of the substrate, and the success of this approach has led to a
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process [66] % In the following, we will stick to this definition and
consistently use k.4 for the specific rate at substrate saturation, which
can be readily read off the flat part of a Michaelis Menten curve as
illustrated in Fig. 6. The two first-order rate constants defined in Fig. 4,
knya and kg, will refer specifically to the chemical step (hydrolytic bond
breakage) and dissociation respectively.

The best characterized cellulase is the cellobiohydrolases Cel7A,
from T. reesei, and knyq data for this enzyme were compiled and critically
assessed in a recent review [67]. This analysis suggested remarkably
consistent values from different studies in the range 3-10 s at room
temperature. Other enzymes from T. reesei have shown moderately
higher kpyq values compared to Cel7A. For Cel6A, quenched flow ana-
lyses showed kpyq ~ 20 s on both microcrystalline- and amorphous
cellulose [68]. This is a bit faster than the value 8 + 5 s’ derived from
single-molecule tracking of Cel6A on crystalline fibers of cellulose I,
[69]. We are unaware of direct measurements of kpy4-values for EGs, but
activity measurements on short timescales have reported rapid turnover
for Cel7B (20 s'l) [70] and Cel5A (9 s"l) [43] on amorphous cellulose.
These numbers were derived from end-point measurements without
kinetic modeling, and they hence represent minimum boundaries of knyq
for these EGs.

The other first-order rate constant in the forward direction of Fig. 4 is
kogr. Again, most available data for this parameter pertains to T. reesei
Cel7A, but unlike kpyq, published k,zvalues are divergent, and fall in a
wide range between 10! s and 10 ! [5,67,71]. We note that the
lower range of this interval appears incompatible with measured reac-
tion rates (a ko of 10°¢! corresponds to a half-life for enzyme disso-
ciation of about one week), but for a critical discussion of different ko
measurements for Cel7A, we again refer to the review by Nill and Jeoh
[67]. In the current context, it is important to note that all reported ks
values for Cel7A are lower than kpyq. Most biochemical measurements
have reported ko between 102 sT and 107 s, and thus suggest that
decomplexation is hundred- or thousand-fold slower than bond
breakage (kpyq = 3 - 10 s™). This may not come as a surprise, because a
processive reaction, as in the case of Cel7A, is only feasible when
dissociation is slow [72]. Nevertheless, the observation that knyq >> kog
has the interesting corollary that the maximal reaction rate at
steady-state is governed by the off-rate. It also emphasizes the impor-
tance of the mentioned distinction between k.q;=""""Vimax/Eo and the rate
of the chemical step. Rigorous analysis of the reaction scheme in Fig. 4
[73,74], shows that when kpyq >> ko we may write “" Vingx ~ nEgkog,
and insertion of keqe = “™Vinax/Eo yields kcqe ~ nkof. In other words, the
maximal turnover of Cel7A, which can be readily measured in experi-
ments (c.f. Fig. 6), is proportional to the off-rate constant. This rela-
tionship is probably also valid for Cel6A [68], and it may also apply to
some endoglucanases including Cel7B [74,75]. As illustrated in Fig. 6,
kcat of the dominant cellulases from T. reesei enzymes, scales as Cel7A <
Cel6A < Cel7B, and according to the arguments above, this sequence
reflects a gradual increase of kg through the series. This interpretation
appears reasonable from a structural perspective, as the binding cleft
becomes more open with fewer ligand contacts [76-79] through the
series (see Fig. 6).

One may argue that rate limitation by decomplexation is counter-
intuitive as a processive enzyme could simply proceed forward (with
high kpyq) until the cellulose strand was fully degraded. However, both
biochemical- and imaging studies suggest that the movement of proc-
essive cellulases is hampered or stopped by irregularities on the surface
[43,45,83,84]. This leads to a population of complexed, but inactive

6 If a multi-step reaction scheme has one first-order step, which is much
slower than all other, ke, will essentially be equal to the rate constant of this
slow step. If, on the other hand, two first-order rate constants are of comparable
size, they will both influence k,.. A more exact way of defining k., is therefore
that “no first order rate constant in the forward direction can be lower than
Keat”, see [51].
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enzymes that have to dissociate before they can be recruited for further
catalysis [43]. One clear hallmark of this is so-called burst-phase kinetics
exhibited for example by Cel7A and Cel6A [45,68]. This type of kinetics
is well-known for (bulk) hydrolases [85], and it occurs when the second
hydrolytic product is released very slowly. In this case, a fast release of
the first hydrolytic product precedes steady-state, and hence gives rise to
a biphasic progress curve with an initial burst. The very low ko of Cel7A
imparts a distinct burst phase as illustrated in Fig. 7. During this tran-
sient condition, each enzyme attacks a reducing end on the cellulose
surface and performs one processive “run”. In the early part of this stage,
specific rates may approach the value of kpyq, because the kinetics is
unaffected by dissociation. However, as enzymes encounter obstacles
(Fig. 4) that limit processive movement, the rate falls towards a slower
steady state level as shown in Fig. 7B. Different investigations have
indicated that the life time of the trapped state at the obstacle is in the
order of minutes [43,74,86,87] and this means that at quasi-steady-state
most enzymes will be temporarily captured in an inactive condition
[68].

With respect to the question of whether cellulases are particularly
slow, it is relevant to compare the kpyq and ko values discussed above
with k.4 for other enzymes. To this end, we used two meta-analyses of
kinetic databases for bulk enzyme reactions. Bar Evans et al. [89] re-
ported an average k.q of about 10 slina survey of thousands of en-
zymes acting on their native substrate. In a related study, Sousa et al.
[90], surveyed data specifically on hydrolytic enzymes, and found an

A € Acceleration phase

e Burst-phase (pre-stready-state)
o Steady-state phase

Product

Rate

0 1(IJO 260 300
Time (sec)

Fig. 7. Transient kinetics of Cel7A attacking Avicel. The enzyme molecules
quickly combine with reducing ends (acceleration phase) and make the first
hydrolytic run down a cellulose strand (burst phase) at a rate governed by kyyq
(c.f. Fig 4). This first run is terminated when the enzyme experiences some
obstacle on the surface that prevents further processive movement, and sub-
sequently (quasi steady-state phase) the rate is governed by the much lower k.
Panel A shows product concentration measured in real time as described else-
where [88], and panel B shows the reaction rate calculated as the slope in
Panel A.
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overall average k.o of about 4 s, Sousa et al. found a similar average
when considering only glucoside hydrolases, and further reported that
over 80% of keq values for GHs fell between 0.4 and 60 s'. These
numbers are close to the kpyq values discussed above, and we conclude
that cellulases conduct glycoside bond breakage at a rate that is quite
typical. However, slow off-rates keep the maximal turnover for cellu-
lases in the low end of the range that is typical for GHs. This is partic-
ularly true for the technically important Cel7A, which has strong ligand
binding [91] and hence slow off-rates [92]. Other cellobiohydrolases
and endoglucanases have weaker ligand binding, which leads to higher
off-rates and hence higher maximal rates as exemplified in Fig. 6B

As a final consideration regarding k.g-values, it may be relevant to
compare cellulases and enzymes acting on soluble substrates. Values
tabulated by Fersht [66], indicates that ko for enzymes and soluble li-
gands including amino acids, nucleotides and small metabolites typi-
cally fall in the 10°-10 5! range. This is dramatically faster than kogs for
Cel7A discussed above (the difference is some 6 orders of magnitude)
and this reinforces the view that the most unusual kinetic characteristic
of Cel7A, and probably cellulases in general, is an extraordinarily slow
dissociation.

Rate of association

Formation of the Michaelis complex for a cellulase is an intricate
process, which includes surface adsorption, recognition of an attack-site
and transfer of a sizable piece of cellulose strand from the substrate
surface to the enzyme’s binding region [41]. For Cel7A, the piece of
cellulose strand is at least nine pyranose units long [78] (and Fig. 6), and
its removal from the cellulose surface is associated with a substantial
unfavorable free energy change. Thus, both computational [93,94] and
experimental [21] studies have suggested that abstraction of a ligand
with nine pyranose units from a cellulose crystal comes with a free en-
ergy penalty of some 100-150 kJ/mol. This penalty is compensated by
attractive enzyme-ligand interactions, but the transfer could be associ-
ated with a high activation barrier, and hence slow. Indeed, several
works have suggested that very slow complexation could be the limiting
factor in the overall rate of some cellulolytic reactions [95-98].

Most experimental evidence of on-rates for cellulases comes from
adsorption measurements. This approach distinguishes whether the
enzyme is in the aqueous bulk or associated with cellulose, but it does
not discern adsorbed enzymes with respectively empty or filled binding
site. Progress curves for adsorption have been quite divergent with some
systems reaching apparent equilibrium within seconds, while others
required tens of minutes to equilibrate [39,45,99-103]. More direct
measurements of complexation kinetics have used kinetic modeling to
quantify on-rate constants. While this has helped to understand the
complexation process, different k,,-values are hard to compare because
they rely on mass- or area units to specify the amount of cellulose [46,
47,104]. As discussed above, this problem may be alleviated if the
density of attack sites (Fagtack) is known. Once an experimental value of
[attack has been established, we may use egs. (1) and (2) to estimate an
apparent molar substrate concentration. This idea was used in a study
[92], where the complexation of Cel7A and amorphous cellulose was
quantified in real-time based on intrinsic protein fluorescence. The
on-rate constant was about 1 x 10° M'!s™!, and as ko, defined in this way
takes the molar concentration of attack sites into account, it may be
compared to values for bulk enzyme reactions. Typical literature values
of ko for enzymes and small soluble ligands fall in the range (1 - 50) x
108 M1s? [66]; i.e. 1-2 orders of magnitude faster than for Cel7A. This
shows that the complexation of Cel7A and its solid, polymeric ligand
indeed proceeds slower than the binding of a small soluble ligand, but
the difference is not large. In particular, the slowness of Cel7A in this
respect is much less pronounced than for dissociation (kg for Cel7A was
6 orders of magnitude slower compared to small ligands).

Another interesting aspect of k,, converted to apparent molar units is
that it allows comparisons of the same enzyme on different substrates,
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and data for such comparisons have been published for Cel6A [68]. This
work reported (mass-based) k,, values of 0.29 (g/L)_ls'1 for Cel6A
attacking a semicrystalline substrate (Avicel) and a faster association
(kon= 0.93 (g/L)’ls’l) with amorphous cellulose. When these values
were converted to molar units (using [ayack Values measured indepen-
dently) the two rate constants were almost identical, 5 -7 x 10° MlsL,
This suggests that the intrinsic rate of association is similar on these two
substrates, and hence that observed differences primarily reflect varia-
tion in the accessibility of attack sites (i.e. the effective substrate
concentration).

Balancing association and dissociation

As discussed above, association and particularly dissociation of cel-
lulases are slow, when compared to the chemical steps of hydrolysis, and
it follows that these non-covalent processes govern the overall reaction
rate. Under substrate saturation (at “™V;,e) all enzyme is in complex,
and the rate of association becomes immaterial for the catalytic per-
formance. Hence, the maximal turnover is governed by the off-rate as
already argued. However, as association inevitably becomes slower at
lowered substrate loads, it becomes rate-limiting at some critical (low)
value of So. It follows that a balance between the magnitudes of k.5 and
S*kon determines whether the reaction is limited by association or
dissociation at a given substrate load. This phenomenon is well-known
from inorganic heterogeneous catalysis, where it is referred to as the
Sabatier Principle [105]. This principle stipulates that the best catalytic
performance is achieved when the catalyst binds the reactant with in-
termediate strength. Tighter binding will lead to the accumulation of
catalyst-product complexes (dissociation limitation), while weaker
binding is associated with a low concentration of complex (association
limitation). The optimum binding strength is where these two effects are
balanced. The Sabatier principle may be illustrated by so-called volcano
curves, where the catalytic rate is plotted against catalyst-substrate
binding strength at a fixed substrate load. As illustrated in Fig. 8, the
principle may apply to cellulases [106] and other enzymes acting on

0.30 . . .
Sabatier optimum
Desorption Adsorption
0.25 - limited limited -

Specific activity (s™)

-1 0 1 2 3 4
Ln (K})

Fig. 8. Volcano plot for 18 cellulases. The graph shows the initial, steady-state
rate for the hydrolysis of 10 g/1 Avicel at 25 °C, pH 5 plotted as a function of the
(conventional) Michaelis constant, Ky* (c.f. Eq. (4)) for different cellulases. It
appears that the reaction is slow for both strong substrate binding (low Ky*)
and weak substrate binding (high Ky*), but faster at intermediate binding
strengths. In the former case, the overall reaction rate is limited by slow
desorption, while in the latter, the bottleneck is slow adsorption. This behavior
is in line with the Sabatier principle. We emphasize that the location of the apex
will change with experimental parameters such as temperature and pH, as well
as the type and load of substrate. Data is from [106], and this reference also
provides a list of the investigated enzymes.
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solid substrates [107,108]. This emphasizes the importance of balancing
association- and dissociation rates and the relationship may become
useful for both mechanistic studies and enzyme engineering.

Specificity constant

Comparative biochemistry often uses the parameter n = k.q/Ky as a
measure of the overall catalytic performance. This ratio reflects the
slope of the (nearly linear) part of the Michaelis Menten curve for [Sp]
<< Ky, and it is denoted the specificity constant or kinetic efficiency.
Apparent specificity constants for cellulases can be calculated whenever
a Michaelis Menten analysis has been performed, but they are rarely
discussed. This is at least in part because they suffer from the same
limitations of mass-based concentration units as kop,. In analogy with ko,
however, n may be converted to apparent molar units using experi-
mental [aeack- values and Eq. (2), and this opens for some comparative
analysis. For the model cellulase, Cel7A, n has been reported to be about
3 x 10° Ms? [75]. Interestingly, this value on insoluble substrate
aligns with both the median value for bulk enzyme reactions [89] and 1
for the action of Cel7A on soluble oligosaccharides of a length that
approximately match the size of the binding tunnel [109]. Other ex-
amples of apparent specificity constants for cellulases acting on insol-
uble cellulose include n~1 x 108 M1s™! for Cel6A [68],1~1 x 107 Mlst
for the endoglucanase Cel7B [75]. These comparisons suggest that molar
specificity constants for cellulases acting on insoluble cellulose is similar
or higher than for comparable bulk reactions. The discussion above
further suggests that this is primarily due to low (molar) Ky values.
Fig. 6, for example, showed a Ky for Cel7A about 0.5 uM, and this is
much lower than the median value of 130 uM reported for bulk enzymes
[89]. We propose that low Ky and the associated high n reflect enzyme
adsorption on the substrate surface, which has the consequence that
attack sites and enzymes in brought into proximity. This conclusion is
supported by the observation of high n—values (in apparent molar units)
for other enzymes acting on insoluble substrates [110,111], but further
interpretation of specificity constants for interfacial enzyme reactions
must await better theoretical descriptions of this type of reaction.

Conclusions

Slow enzymatic hydrolysis of cellulose is a key challenge for the
implementation of biorefineries based on lignocellulosic feedstock.
Whether the bottleneck for cellulose hydrolysis reactions is related to
the substrate, or the enzyme has been heavily debated as substrate
pretreatment or enzyme engineering are fundamentally different routes
to optimize the saccharification. Here, we addressed this problem by
investigating the question of whether cellulases are inherently “slow
enzymes”.

We found that rate constants for the chemical step of bond cleavage
(knyq) in cellulases are comparable to those of other glycoside hydro-
lases. This indicates that cellulases are proficient catalysts for the hy-
drolysis of glycosidic bonds. The low steady-state turnover numbers are
primarily due to extraordinarily slow off-rate constants (koff), resulting
from the strong binding of cellulases and their insoluble substrate. This
tight binding is essential for the enzyme to effectively abstract a cellu-
lose strand from the crystalline lattice, but it inevitably leads to slow
dissociation that limits the rate of the overall catalytic process. There-
fore, cellulases are not inherently slow biocatalysts, but they are limited
by slow dissociation from the substrate. Does this mean that higher rates
could be achieved by increasing the dissociation rate of cellulases by
protein engineering? The short answer to this is no. Cellulases — both
engineered variants and wild types - with relatively high dissociation
rates indeed show high k¢, but this comes at a price. Thus, higher
dissociation rate is linked to lower substrate affinity. The trade-off be-
tween high speed (high kct) and low affinity (high Kp,) is particularly
delicate for cellulases as only a fraction of the total substrate is accessible
for enzymatic attack (Iattack). This was exemplified in Fig. 6, which
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showed that [ayack and kepe scaled inversely for selected cellulases.
Under a given set of experimental conditions, the balance between speed
and affinity can be rationalized using the Sabatier principles. A principle
taken from inorganic heterogenous catalysis that states that the best
catalyst is one that does not have too much or too little affinity for its
substrate. Too much affinity gives slow turnover frequency, which
originates from a low dissociation rate. Too low affinity is also ineffec-
tive as few enzymes are active (low concentration of ES complex).
Although qualitative in nature, this principle could provide some
guidelines for saccharification processes. It illustrates, for example, that
the optimal binding strength (c.f. Fig. 8) depends on the substrate load,
and it may also be useful as a tool in enzyme engineering as it indicates
whether binding is too weak or too strong for optimal performance.
More importantly for the current topic, if indeed the Sabatier principle is
valid for cellulolytic enzymes, it helps us understand basic physical
boundaries for the highly complex interfacial process, and thus in turn to
assess whether cellulases are slow enzymes.
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