
Roskilde
University

Ratelimiting step and substrate accessibility of cellobiohydrolase Cel6A from
Trichoderma reesei

Christensen, Stefan Jarl; Kari, Jeppe; Badino, Silke Flindt; Borch, Kim; Westh, Peter

Published in:
F E B S Journal

DOI:
10.1111/febs.14668

Publication date:
2018

Document Version
Peer reviewed version

Citation for published version (APA):
Christensen, S. J., Kari, J., Badino, S. F., Borch, K., & Westh, P. (2018). Ratelimiting step and substrate
accessibility of cellobiohydrolase Cel6A from Trichoderma reesei. F E B S Journal, 285(23), 4482-4493.
https://doi.org/10.1111/febs.14668

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain.
            • You may freely distribute the URL identifying the publication in the public portal.

Take down policy
If you believe that this document breaches copyright please contact rucforsk@ruc.dk providing details, and we will remove access to the
work immediately and investigate your claim.

Download date: 26. Dec. 2021

https://doi.org/10.1111/febs.14668
https://doi.org/10.1111/febs.14668


A
cc

ep
te

d
 A

rt
ic

le

This article has been accepted for publication and undergone full peer review but has not 

been through the copyediting, typesetting, pagination and proofreading process, which may 

lead to differences between this version and the Version of Record. Please cite this article as 

doi: 10.1111/febs.14668 

This article is protected by copyright. All rights reserved. 

Received Date : 09-May-2018 

Revised Date   : 11-Sep-2018 

Accepted Date : 28-Sep-2018 

 

Rate-limiting step and substrate accessibility of cellobiohydrolase Cel6A from Trichoderma 

reesei 

 

Stefan Jarl Christensen1, Jeppe Kari1, Silke Flindt Badino1, Kim Borch2 and Peter Westh1* 

 

1. Research Unit for Functional Biomaterials, Department of Science and Environment, Roskilde 

University. 1 Universitetsvej, Build. 28.C, DK-4000, Roskilde, Denmark. Email: sjarlc@ruc.dk, 

sbadino@ruc.dk, jkari@ruc.dk, pwesth@ruc.dk  

2. Novozymes A/S, Krogshøjvej 36, DK-2880, Bagsværd, Denmark. E-mail: kimb@novozymes.com 

 

*Corresponding author: Email: pwesth@ruc.dk ; Telephone: +45 4674 2879; Fax: +45 4674 3011 

 

Running title:  Rate-limiting step and substrate accessibility of TrCel6A 

 

Article type      : Original Articles 

 

Article type: Original article 

Abbreviations: CBH, Cellobiohydrolase; GH, Glycoside hydrolase; HPAEC-PAD, High-Performance 

Anion-Exchange Chromatography with Pulsed Amperometric Detection; MM, Michaelis Menten; n, 

processivity number; nprod, processivity number based on product concentrations; ntheo, theoretical 

processivity number; RAC, regenerated amorphous cellulose.  

 

Enzymes: TrCel6A, non-reducing end acting Cellobiohydrolase (EC 3.2.1.91) from Trichoderma 

reesei; TrCel7A, reducing end acting Cellobiohydrolase (EC 3.2.1.176) from Trichoderma reesei 

 

Key words: Cellobiohydrolases, Cel6A, Quenched-flow, Enzyme kinetics, Cellulose 

http://crossmark.crossref.org/dialog/?doi=10.1111%2Ffebs.14668&domain=pdf&date_stamp=2018-10-03


A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Conflict of interest: Kim Borch works for Novozymes A/S, a major manufacturer of industrial 

enzymes. 

 

Abstract 

The Cellobiohydrolase Cel6A is an important component of enzyme cocktails for industrial 

degradation of lignocellulosic biomass. However, the kinetics of this enzyme acting on its natural, 

insoluble substrate remains sparsely investigated. Here, we studied Cel6A from Trichoderma reesei 

with respect to adsorption, processivity and kinetics both in the steady state and pre-steady state 

regimes, on microcrystalline and amorphous cellulose. We found that slow dissociation (koff) was 

limiting the overall reaction rate, and we suggest that this leads to an accumulation of catalytically 

inactive complexes in front of obstacles and irregularities on the cellulose surface. The processivity 

number of Cel6A was low on both investigated substrates (5-10), and this suggested a rugged 

surface with short obstacle-free path-lengths. The turnover of the inner catalytic cycle (the reactions 

of catalysis in one processive step) was too fast to be fully resolved, but a minimum value of about 

20 s-1 could be established. This is among the highest values reported hitherto for a cellulase, and it 

underscores the catalytic efficiency of Cel6A. Conversely, we found that Cel6A had a poor ability to 

recognize attack sites on the cellulose surface. On amorphous cellulose, for example, Cel6A was only 

able to initiate hydrolysis on about 4% of the sites to which it could adsorb. This probably reflects 

high requirements of Cel6A to the architecture of the site. We conclude that compared to the other 

cellobiohydrolase, Cel7A, secreted by T. reesei, Cel6A is catalytically more efficient but less capable 

of attacking a broad range of structurally distinct sites on the cellulose surface. 

 

Introduction  

Cellobiohydrolases (CBHs) are processive glycoside hydrolases (GHs) that catalyze the hydrolysis of 

cellulose [1]. The fungal CBHs are members of GH family 6 and 7 and are denoted Cel6 and Cel7, 

respectively. Cel7A and Cel6A are the most abundantly produced and secreted cellulases in the 

model fungus Trichoderma reesei and major components of industrial enzyme cocktails [2, 3]. The 

two enzymes share some functional similarities, as they both catalyze hydrolysis of cellulose and 

generate cellobiose as the main product. However, they differ with respect to e.g. overall protein 

fold, direction of processive motion and hydrolytic cleavage mechanism [4-6]. Cel7A is by far the 

most extensively characterized cellulase regarding hydrolytic mechanism, structure and kinetics 

(reviewed in [7]), while only a few studies has described the kinetics of Cel6A [8-12]. Here, we report 

a detailed kinetic study on T. reesei Cel6A (TrCel6A) with emphasis on the rate-limiting step and the 

enzyme’s ability to access the substrate (i.e. initiate hydrolysis on the heterogeneous surface of the 

insoluble substrate). 

 

Cel6A attacks the non-reducing end of a cellulose strand, and acts in a processive manner, meaning 

that it remains associated with the strand while sequentially generating new soluble products. Each 

hydrolytic cleavage is carried out by an inverting mechanism [1, 6, 13]. This process is a complex, 
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multistep reaction, and current structural and kinetic insights are insufficient to support extensive 

modeling of all putative steps. Instead, some understanding may be gained by analyzing kinetic data 

with respect to a simplified description with three composite reaction steps: adsorption, inner 

catalytic cycle (hydrolysis and processive movement), and dissociation [14]. In the present study, we 

applied this kinetic approach to experimental data in both the steady-state and pre-steady-state 

regimes, and to two different types of cellulosic substrates, microcrystalline Avicel, and regenerated 

amorphous cellulose (RAC). We found, that the maximal steady state rate of Cel6A was governed by 

slow dissociation (the composite rate constant, koff, was rate limiting) and that the enzyme follows 

the so-called obstacle theory for processive enzymes [15]. Additionally, we demonstrated that the 

difference in hydrolytic activity on crystalline and amorphous cellulose lies primarily in the 

differences in substrate accessibility, most likely resulting from dissimilar substrate morphologies 

while the underlying rate constants are of comparable size. Finally, our results were compared to 

published data for Cel7A from T. reesei (TrCel7A), showing that the two enzymes were kinetically 

quite different. Hence, Cel6A is an order of magnitude faster than Cel7A both with respect to the 

chemical reactions of the inner catalytic cycle and the adsorption/desorption dynamics.  Conversely, 

Cel6A is much less efficient than Cel7A in finding attack sites on the heterogenous cellulose surface. 

 

Results and data analysis  

Quenched-flow measurements 

Samples with very short reaction times (down to 0.25 s) were prepared in a recently developed 

quenched-flow instrument [16], and their content of soluble sugars was quantified by High-

Performance Anion-Exchange Chromatography with Pulsed Amperometric Detection (HPAEC-PAD) 

analyses of the supernatants. Results of these measurements on Avicel and RAC showing the sum of 

the cellobiose and cellotriose concentrations as a function of reaction time are given in Fig. 1.  

It appeared that the Cel6A reaction started quickly, and none of the quenched-flow experiments 

provided a full resolution of the pre-steady state kinetics. However, it could be partially resolved as 

steady state was not established until about 1 s into the experiment (as indicated by a linear 

progress curve). To analyze the results in Fig. 1 further we performed a non-linear regression 

analysis with respect to a rate equation derived from a simplified reaction scheme for processive 

cellulases, which we have earlier applied in characterization of TrCel7A [14].  

The reaction in Scheme 1 introduces three composite rate constants kon (adsorption and formation 

of enzyme-substrate complex), khyd (hydrolytic reaction and processive movement) and koff 

(dissociation). A fourth parameter in the model, n, signified the processivity number; i.e. the average 

number of hydrolytic reactions performed on one strand without dissociation. The subscripts in Cm, 

Cm-1, Cm-2 etc. denotes the polymeric state of the substrate (e.g. how many cellobiose moieties has 

been removed by the enzyme). For further detail see Praestgaard, et al. [14]. 

The regression analyses showed that the parameters kon, koff and n could be determined with 

reasonable precision and their values are listed in Table 1. The last parameter, khyd, varied 

uncontrollably in the regressions and could not be determined from these experiments; probably 

due to lack of data points at very low reaction times (before the inflection points of the red curves in 

Fig. 1). It would require still higher experimental time resolution to find khyd with reasonable 
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precision, but the other parameters were well determined. We found that when khyd was fixed to 

values below ~75 s-1 the model fitted the experimental data poorly, resulting in a large increase in 

the residual sum of square and a systematic change in the three other parameters that vary to 

compensate for the poor fit. Above this value khyd neither influenced the overall fit nor the derived 

parameters significantly. The extent of the burst saturates under conditions where konS0 >> koff [14]. 

Using the substrate loads from the quenched-flow measurements and the rate constants in Table 1, 

we see that konS0 is 5-10 fold higher than koff in the current experiments. As shown in Fig. 1, this is 

enough to obtain a clear burst.  

 

Steady state kinetics 

To elucidate the Cel6A reaction further, we studied steady state kinetics by two separate approaches 

[17, 18] on both Avicel and RAC. Both approaches rely on initial rates, which were approximated 

from 1 h end-point measurements in this work. The first approach follows conventional Michaelis 

Menten (MM) theory and hence relies on experiments, where the substrate is in large excess. In 

practice, this implies separate measurements of the initial rate for a fixed, very low enzyme 

concentration (low E0) and a wide range of different substrate loads (S0). Initial rates for Cel6A acting 

on Avicel (Fig. 2A) or RAC (Fig. 2B) were plotted as a function of the substrate load and analyzed with 

respect to Eqn (1), which we henceforth call the conventional MM-equation: 

max 0

0

conv
conv

conv

M

V S
v

K S



  

In Eqn (1), the parameters have their usual meaning, but we note that S0 and convKM are in units of 

g/L, and not in molar units as in homogenous enzymology. The applicability of Eqn (1) to processive 

enzymes, and the definition of  convVmax and convKM with respect to Scheme 1 have been discussed 

elsewhere [17]. These definitions, however, are not important for the current (comparative) use, 

and the maximal rate and Michaelis constant in Eqn (1) may be interpreted in the common way. As 

always, saturation in the conventional MM framework occurs at high substrate loads when 

essentially all enzyme is associated with substrate. The lines in Fig. 2A and Fig. 2B shows the best fit 

of Eqn (1) to the experimental data, and the parameters derived from this analysis are listed in Table 

2. We note that convKM is around an order of magnitude larger than the ratio koff/kon derived from the 

pre-steady state measurements although in the ideal case, these parameters should be equal [17]. 

The underlying reasons for this discrepancy cannot be fully elucidated by the current data, but it 

may rely on differences between experiments with short (quenched flow) and longer (end point 

measurements) contact times. We also used another, less common steady state approach [18, 19]. 

This method relies on the idea that the number of non-reducing ends from which the enzyme can 

initiate hydrolysis (attack sites), on the cellulose surface remains nearly constant in the initial part of 

the reaction, because new ends become exposed as the enzyme removes cellulose strands from the 

surface of the particle. Some experimental support of this assumption has been presented 

elsewhere [18, 19], and if the density of attack site indeed remains nearly constant long enough to 

perform rate measurements, one can use another type of steady state analysis, which we call the 

inversed MM-framework [18]. In practice, this approach requires initial rate measurements at a 

fixed, low substrate load (low S0) and at gradually increasing enzyme concentrations (E0). Initial rates 

(1) 
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measured under inverse MM conditions were plotted as a function of the enzyme concentration and 

analyzed with respect to the inversed MM equation [18, 19]. 

max 0

0

inv
inv

inv

M

V E
v

K E



 

Eqn (2) introduces a new maximal rate, invVmax, which reflects the rate at large excess of enzyme 

where essentially all attack sites on the substrate surface are occupied (the substrate is saturated 

with enzyme). The inverse Michaelis constant, invKM is the enzyme concentration (in µM) required to 

reach half of invVmax. Kinetic experiments made according to this inverse MM approach are presented 

in Fig. 2C and Fig. 2D and best fits of Eqn (2) are also shown in these figures. The inverse parameters 

derived from the analysis are listed in Table 2.  

 

Binding isotherms 

 We assessed binding of TrCel6A to Avicel and RAC by measuring the concentration of free enzyme, 

Efree, in equilibrated samples with fixed substrate loads and varying initial enzyme concentrations. 

The amount of bound enzyme per g substrate (the substrate coverage, Γ) was calculated as 

   
         

  
 , and plotted against Efree as shown in Fig. 2E and F. The data in these figures were 

fitted to a standard Langmuir isotherm. 

max

free

d free

E

K E
  


  

where Kd is the dissociation constant and max is the maximum binding capacity (saturation 

coverage). Although this approach is overly simplified [20] it accounted reasonably for the data (Fig. 

2 E and F) at least within the range of Efree covered here. Langmuir parameters are listed in Table 2, 

and we see that max is ~10 times higher for RAC compared to Avicel. 

 

Product profile 

Hydrolysis of the two substrates, Avicel and RAC, by TrCel6A generated predominantly cellobiose 

(G2) and cellotriose (G3) as demonstrated in Table 3. The main product was cellobiose, but 

cellotriose was found in concentrations of ~10-20% of total products. Glucose (G1) was not 

detectable in Avicel hydrolysis but found in lower concentrations in RAC hydrolysis (~4%). In the 

current context, we are mostly interested in product profiles because they provide some insight to 

the processivity number. Several approaches to the estimation of the processivity number from 

product concentrations (nprod) have been put forward and discussed critically [21], but we will use 

the ratio ([G2]-[G1])/([G3]+[G1]), which has previously been proposed for an inverting cellulase [22]. 

 

(2) 

(3) 
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Discussion 

Rate limiting step 

 Cel6A is an industrially important, but kinetically poorly characterized enzyme. The nature of rate 

limitation remains to be investigated, and to address this, we have studied Cel6A from T. reesei by a 

range of methods. We found the steady-state turnover number defined in the usual way, kcat = 
convVmax/E0, was about 0.5 s-1 for both insoluble substrates in Table 2. This is in line with values for 

Cel6A earlier reported by Velleste et al. [23]. Gruno et al. reported a higher value of around 8 s-1 by 

performing 10 s measurements [24], which is in the same range as the slope/E0 of the phase 

subsequent to the burst in Fig. 1 (~2-5 s-1). A much faster specific rate (15-20 s-1) can be derived from 

the initial slope of the progress curves between 0 and 0.2 s in Fig. 1. This behavior of a rapid initial 

hydrolysis followed by a slower steady-state rate, as it appears directly from the progress curves in 

Fig. 1, is analogous to classical burst behavior for soluble enzyme-substrate systems [25, 26]. For 

soluble systems, this well-known behavior may occur in reactions with two products, if the second 

product dissociates very slowly from the enzyme. In this case, the pre-steady-state regime will be 

characterized by a rapid production of the first product, and a concomitant build-up of an 

intermediate composed of enzyme and the second product [27, 28]. We suggest that the current 

data for Cel6A represents an analogous mechanism. Thus, if khyd>>koff, Scheme 1 predicts a rapid 

production of cellobiose in the opening processive sweep before the enzyme encounters the first 

(slow) dissociation step. There is, however, one fundamental difference between the classical 

description of the burst phase and the analysis of processive enzymes. To illustrate this difference, 

we note that very slow dissociation of a processive enzyme (i.e. low koff in Scheme 1) would simply 

imply that the enzyme rarely dissociated and hence progressed forward until the cellulose strand 

was fully degraded. Rigorous statistic treatment of this phenomenon has shown that the enzyme will 

continue its processive movement for an average of approximately khyd/koff  steps [29]. This ratio is 

sometimes called the theoretical- or intrinsic processivitity (ntheo). In practice, the theoretical value 

would be attained if no structural impediments on the cellulose surface affected the processive 

movement, and in the following, we argue that our results show that such impediments are indeed 

hampering the movement of Cel6A. Before we discuss evidence for this, however, we notice that 

this interpretation of the burst phase for Cel6A is analogous to the so-called obstacle theory for rate 

limitation of the more thoroughly investigated cellulase, Cel7A [14, 15]. To evaluate the influence of 

structural impediments (or obstacles) we first estimate the theoretical processivity, ntheo ~ khyd/koff, 

for Cel6A on RAC and Avicel. The denominator, koff could be derived from the quenched-flow 

measurements and was around 0.35 s-1 (Table 1), but khyd was too large to be determined precisely 

with the available time resolution. As mentioned above, however, we directly measured specific 

rates up to 20 s-1 from the slope of the progress curve (Fig. 1). The degree of enzyme saturation, 

0

0 /off on

S

S k k
, was about 0.8 in these measurements and it follows that the minimal value of khyd is 

about 20-25 s-1. This is among the highest turnover reported for cellulases acting on insoluble 

substrate. Still higher turnover rates (about 100 s-1) of β-1,4 glycosidic bonds have been reported for 

chitinases acting on crystalline chitin [30, 31], which is a related recalcitrant substrate. This suggests 

that the relatively low specific activity (typically <1 s-1) observed for cellulolytic enzymes under 

normal experimental conditions is not associated with slow conversion of the β-1,4 bond, but must 

rely on other slow steps including non-covalent changes. It is also interesting to note that the 
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minimum value for khyd found here is slightly faster than kcat for the conversion of soluble 

cellooligosaccharides by Cel6A [8, 32]. This faster conversion of a solid substrate may appear 

counterintuitive in light of the intermolecular interactions in the cellulose particle. On a practical 

level, this suggests that turnover of a soluble substrate cannot be used as an upper limit of catalytic 

efficacy for Cel6A and one possible explanation could be the formation of non-productive complexes 

with oligosaccharides. The comparably high value of khyd obviously supports earlier suggestions that 

Cel6A is catalytically efficient [12], but it also illustrates that the theoretical processivity of this 

enzyme is much higher (khyd/koff ≥ 20 s-1/0.35 s-1 ~ 60) than the experimental processivity number 

around 5-12, which was consistently found in modeling of the pre-steady-state data (Table 1), 

product profiles (Table 3) and in an earlier work [22]. The observation that the theoretical 

processivity much exceeds experimental values (n << ntheo) suggests that slow dissociation of Cel6A 

trapped in front of a steric obstacles on the cellulose surface (see Fig. 3) governs the maximal rate at 

steady state. This also explains the early burst seen in Fig. 1 because a fast production of n cellobiose 

molecules per enzyme precedes the build-up of trapped Cel6A.  These results also suggest that only 

a low fraction of enzymes is active at steady state (fig. 2A+B). In fact, from our estimate of khyd (~20 s-

1) we can say that the active population is well below 10% under high substrate loads. We conclude 

that slow dissociation governs the maximal rate of Cel6A at least for the substrates studied here. 

Earlier work using a highly crystalline substrate has found higher experimental processivities of 

Cel6A [10], and this may reflect a smoother surface with less obstacles. In this case, other factors 

may be equally or more important for rate limitation.  

 

Substrate accessibility 

 To illustrate what we mean by substrate accessibility, we first note that Cel6A must adsorb to a site 

on the substrate surface and in a second step combine with a non-reducing end of a cellulose strand 

to form a catalytically competent enzyme-substrate complex. We will categorize surface sites based 

on these two steps and use the term “adsorption site” for any locus where Cel6A can bind. Some 

adsorption sites will have a local structure (including an available non-reducing end) that allows the 

formation of a catalytically competent enzyme complex, and we will call these “attack sites”. The 

enzyme cannot form a complex without adsorbing, and it follows that the number of adsorption 

sites will be equal to or larger than the number of attack sites. Experimentally, the number of 

adsorption sites can be readily assessed from binding isotherms. Although the binding of cellulases is 

complex and involves dissimilar sites [20] it is often practical to approximate their adsorption by a 

simple Langmuir isotherm. In this case, the maximal coverage, max, provides an operational 

measure of the density of adsorption sites. Attack sites are more challenging to quantify 

experimentally, but some recent work has addressed this problem [18, 33] and devised workable 

approaches where the number of attack sites is estimated from kinetic measurements. One 

approach is to use the ratio of kinetic parameters from conventional- and inverse MM analysis. Thus, 

if attack denotes the density of attack sites in units of mol g-1 cellulose, we may write [18] 

max 0

max 0

/

/

inv

attack conv

V S

V E
   (4) 
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To illustrate the intuitive meaning of Eqn (4), we note that the numerator is the rate of product 

formation, when all attack sites are occupied (in units of µmol s-1g-1 cellulose, see Table 2). The 

denominator reflects how quickly each attack sites is turned over (in s-1), and it follows that the ratio 

in Eqn (4) is the density of attack sites in µmol/g. We stress that Eqn (4) gives a rough estimate of the 

attack-site density but it has been found useful for comparative purposes, which is also the aim of 

the current discussion. First, we notice that RAC (max = 3.6 µmol/g) has an order of magnitude more 

adsorption sites per unit mass compared to Avicel (max = 0.37 µmol/g). This probably reflects that 

differences in packing and morphology leads to a larger specific surface area of RAC. More 

importantly, we found that the density of attack sites for Cel6A, attack, (Table 2) was much lower 

than the density of adsorption sites (max). Specifically, attack sites accounted for 16 % of the 

adsorption sites for Avicel and only 4% for RAC. This shows that Cel6A is a selective enzyme that can 

only attack a small fraction of the sites to which it adsorbs. We have previous referred to this as a 

high physical specificity [12]. Thus, the normal definition of high specificity implies that an enzyme is 

only capable to catalyze a narrow range of chemical reactions and/or attack one or a few highly 

related types of substrates. In other words, this is a chemical specificity. In the current systems, the 

“right” chemical bond (the -1,4 glycosidic bond) is abundant, but Cel6A is only able to attack a small 

subset of the sites to which it can bind. It follows that Cel6A is selective with respect to the physical 

properties (i.e. the structure) of the substrate surface. Further inspection of Table 2 shows that the 

total number of attack sites is about two-fold higher for RAC compared to Avicel, and we conclude 

that although RAC is a much more accessible substrate (ten-fold higher max) it is only moderately 

more reactive because Cel6A cannot attack most of the additionally exposed sites. 

One particularly interesting aspect of attack is that it can convert the mass load of substrate into an 

apparent molar concentration of attack sites, Cattack =attackS0. Using this approach, we first see that 

Cattack was quite low in the quenched flow measurements in Fig. 1, where S0 was respectively 8.0 g/L 

and 1.8 g/L for Avicel and RAC (Cattack ~ 0.2-0.5 µM). This is comparable with the enzyme 

concentration (0.2 µM) is these experiments, and implies that the processivity cannot be read 

directly from the extent of the burst as in cases with large excess of substrate [14]. Instead, the 

processivity can be estimated from these measurements through regression analysis as described 

above and reported in Table 1. Another aspect of Cattack is that it elucidates the long-standing 

problem of directly comparing the kinetics of cellulases acting on different substrates. This problem 

is particular to insoluble substrates and occurs because it is generally not possible to establish 

whether measured changes in enzyme activity rely on differences in rate constants or substrate 

accessibility. By quantifying the latter, we could at least in principle compare rate constants for 

Cel6A on different substrates. For the current data, comparisons of kon appears particularly relevant. 

Results in Table 1 showed that this second order rate constant was larger on RAC (0.93 (g/l)-1s-1) 

compared to Avicel (0.29 (g/l)-1s-1). We converted these mass-based parameters into conventional 

molar unit rate constants (molarkon) by defining the kon determined in Fig. 1 as kon = molarkon attack. By 

dividing kon with attack we estimate molarkon to be respectively 7 µM-1s-1 (RAC) and 5 µM-1s-1 (Avicel). 

This shows that the (molar) rate constant that governs complex formation is quite similar for the two 

substrates, and hence that the faster association with RAC as indicated in Table 1 primarily reflects 

that this substrate has more attack sites, which is summarized in the conceptional illustration in Fig. 

3. The molar rate constants also serve to show that in spite of its complicated structure, the Cel6A-

cellulose complex forms very rapidly. Thus, for enzyme concentrations of few µM (which are 
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frequently used in experimental work) the half time for complex formation is only tens of ms; 

indeed, fast considering that the highest steady-state turnover, kcat, is about 0.5 s-1. 

 

Comparison of Cel6A and Cel7A 

One key result in this work was that koff for Cel6A was quite low. This gave rise to a typical burst 

behavior and it meant that that dissociation was the limiting step for the maximal rate at steady 

state (Fig. 3). This behavior is analogous to several earlier reports on the other cellobiohydrolase, 

Cel7A, secreted by T. reesei. This similarity hints that dissociation plays a dominant role for rate 

limitation in processive CBHs in general. We argue that slow dissociation could be inherent to 

processive cellulases because strong interaction with the substrate is necessary to remain associated 

during processive hydrolysis, and strong binding is inevitably associated to slow dissociation. 

Comparisons of other results in the current work and literature data for Cel7A points towards 

distinctive kinetic differences between the two enzymes. One prominent example is the on-off 

dynamics. Thus, kon and koff values for Cel6A listed in in Table 1 are consistently 20-50 times larger 

than analogous parameters previously found for Cel7A using similar methods [34, 35]. Interestingly, 

the net affinity expressed for example as convKM is quite similar for the two enzymes [12], and this 

implies that while the ratio kon/koff is similar, the underlying unidirectional rates are over an order of 

magnitude faster for Cel6A. This more dynamic nature of the association/dissociation equilibrium for 

Cel6A is interesting in light of the poor ability of this enzyme to find attack sites (only 4 % of the 

adsorption sites on RAC could form a catalytically competent complex). This obviously means that 

Cel6A will experience many unproductive binding/release events before catalysis commences, but 

this may not be a major disadvantage as these adsorption events are short lived. This behavior is 

much in contrast to Cel7A, which has much lower on/off dynamics, but the ability to combine 

productively with essentially all adsorption sites; i.e. max ~attack for Cel7A [12, 18]. This difference 

in on/off dynamics is also seen directly from pre-steady state data. Hence, while results from the 

two enzymes are qualitatively similar with a conspicuous burst phase, the time required to reach 

steady state is 5-30 s for Cel7A [16, 34, 35] but only about 1 s for Cel6A (Fig. 1). We suggest that 

these pronounced differences in on/off dynamics for Cel6A and Cel7A can be related to the more 

accessible substrate binding region in Cel6A. This enzyme has fewer, shorter and more flexible loops 

to cover the substrate, and the binding region is shorter with fewer pyranose binding sub-sites [5, 6, 

36, 37]. It appears reasonable that these structural characteristics could promote rapid association 

and dissociation of Cel6A. 

 

In conclusion, we found that Cel6A shows burst kinetics and that dissociation is rate is limiting for 

the maximal rate at steady state (Fig. 3). Furthermore, we found that Cel6A has a very high rate of 

the inner processive cycle, which comprises the chemical reactions and one processive step forward. 

While a precise rate constant for this inner cycle could not be measured with the time resolution at 

hand, we estimated the value to be at least 20 s-1, which is among the highest turnovers reported for 

cellulases. This rapid turnover of the inner cycle suggests that slow enzymatic breakdown of 

cellulose is not a question of a particularly high energy barrier for hydrolysis of the -1,4 bond, but 

rather a result of other, non-covalent factors including low accessibility and slow dissociation from 

the substrate surface. Finally, we found that the on/off dynamics of Cel6A is at least an order of 
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magnitude faster than for the other CBH from T. reesei, Cel7A. This rapid on/off dynamic of Cel6A 

may be a functional advantage, but it appears to come at a penalty of lower ability of attacking 

broad range of sites on the cellulose surface. Thus, we found that the density of attack sites for 

Cel6A was much lower than the density of adsorption sites, and we suggest that this reflects an 

inability to attack a broad range of structurally distinct sites on the cellulose surface. When 

comparing the overall efficacy of Cel6A and Cel7A this high physical specificity (or selectivity) was 

the major limitation of Cel6A.    

 

Materials and methods 

Enzyme 

Cel6A from T. reesei was heterologously expressed in Aspergillus oryzae and purified as described 

elsewhere [38, 39], to obtain one single band on a sodium dodecyl sulfate polyacrylamide gel. The 

enzyme concentration was determined by absorbance at 280 nm using a theoretical extinction 

coefficient [40] of 97,790 M-1cm-1.  

Substrates 

All experiments were performed in a standard buffer consisting of 50 mM sodium acetate, pH 5.0. 

Avicel (PH101, Sigma Aldrich 11365) was washed three times in water and two times in standard 

buffer to remove traces of soluble sugars and subsequently prepared by dispersion for 20 min by 

using an ultra Turrax T25 Basic (IKA, Staufen, Germany) coaxial homogenizer. This latter procedure 

produces a quite uniform suspension of smaller particles, which is essential for passage through the 

tubes in the quenched-flow apparatus [16]. RAC was prepared from Avicel as described elsewhere 

[41] with following modifications. After suspending the Avicel in MQ water 8 mL of ice‐cold 85 % 

orthophosphoric acid was added. Centrifugation was done at 2500 g for 20 min. The substrate was 

resuspended in standard buffer and pH was adjusted to 5.0 with 10% HCl. The final concentration of 

the substrate was determined by dry matter weight measurements.  

 

Progress curves  

We used a recently developed quenched-flow apparatus suited for reactions with enzymes acting on 

solid substrates [16]. In brief, the method relies on a peristaltic pump that generates a constant flow. 

The enzyme and substrate are mixed in a mixing tee and subsequently “aged” in loops of different 

length. The reaction is quenched by mixing with NaOH to a final concentration of 0.1 M in a 

subsequent mixing tee. The time resolution was varied by changing between loops of different 

lengths and different flow rates [16]. Reactions consisted of 0.2 µM Cel6A and 8 g/L Turraxed Avicel 

or 1.8 g/L RAC. Blanks were created in which the enzyme was quenched with NaOH prior to mixing 

with the substrate in quenched-flow apparatus. The reaction time used in the quenched-flow 

apparatus ranged from 0.25-5.7 s. All experiments were performed at 20C. Product concentrations 

were determined by High-Performance Anion-Exchange Chromatography with Pulsed Amperometric 

Detection (HPAEC-PAD) using a Dionex ICS-5000 instrument fitted with a CarboPac PA10 column 

(Thermo Scientific, Waltham, MA). Concentrations were calculated against an external standard 
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containing known concentrations of glucose, cellobiose and cellotriose. Non-linear regression 

analysis of the quench flow data relies on a simplified description of processive hydrolysis (Scheme 

1) and an analytical solution for the time dependent concentration of cellobiose, C(t), derived by 

Praestgaard, et al. [14] .  

 

Steady state kinetics  

We measured the steady state kinetics under conditions where either the enzyme concentration or 

the substrate load were varied systematically. In one trial, we used a fixed enzyme concentration of 

0.2 µM and 11 different loads of substrate between 0.9 and 42 g/L (Turraxed Avicel) or 0.2 to 5 g/L 

(RAC). We made triplicate measurements for each substrate load. In another trial, we used a fixed 

substrate load of either 2 g/L (Turraxed Avicel) or 0.5 g/L (RAC) and ten different enzyme 

concentration ranged from 0.05 – 8 µM. Hydrolysis was done for 1 h at 20C shaking at 1100 rpm 

followed by quenching by centrifugation at 2500 g for 3 min. Reducing sugar end concentrations in 

the supernatant were quantified by the para-hydroxybenzoic acid hydrazide (PAHBAH) method [42]. 

The experimental procedures of the assay is described in [39]. Absorption at 405 nm was 

determined by using a plate reader (Spectra Max 3, Molecular Devices, Sunnyvale, Ca) and 

compared to a cellobiose standard series with concentrations from 0-1000 µM. All steady state rates 

were determined by taking the slope of the cellobiose concentration from t = 0-1h.  Non-linear fits to 

Eqn (1), Eqn (2) was made by using the software Origin pro 2017 (OriginLab Coorporation, 

Northampton, MA 01060, USA).  



Binding isotherms 

To assess binding we prepared samples with fixed loads of either Turraxed Avicel (10 g/L) or RAC (2 

g/L) and 10 different concentrations of Cel6A between 0.019 µM and 6 µM. Samples were incubated 

for 1 h at 20C followed by centrifugation at 2500 g for 3 min. 50 µL of the supernatant was diluted 

in 150 µL standard buffer and enzyme concentrations were determined by the intrinsic fluorescence 

as described elsewhere [39]. Concentrations were calculated against standards containing the same 

enzyme initial concentrations in standard buffer.  

 

Product profile 

Reactions consisting of 8 g/L Turraxed Avicel or 1.8 g/L RAC and 0.2 µM Cel6A were manually 

quenched after 5-30 s by mixing with NaOH to a final concentration of 0.1 M. The concentration of 

glucose, cellobiose and cellotriose was determined by HPAEC-PAD as described above. The product 

ratio was calculated as % of the total amount of sugars. This ratio was nearly constant at all applied 

reaction times (5, 10, 20 and 30 s).  
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Table 1. Kinetic parameters a for TrCel6A hydrolysis of RAC and Avicel derived from non-linear 
regression analysis of the pre-steady state data in Fig. 1  

Substrate  Parameters 

 
 k

on 
((g/L)

-1
s

-1
) k

off 
(s

-1
) n 

Avicel  0.29±0.19 0.32±0.06 7.6±0.9
 

RAC  0.93±0.24 0.33±0.04 12.1±1.1 

     
  aStandard errors are from the non-linear regression of the  

model to the experimental data. 

Table 2.  Steady state kinetic parametersa for TrCel6A hydrolysis of Avicel and RAC derived from Fig. 
2 

 Substrate  
 

Steady state parameters 

  conv
MM 

inv
MM Adsorption 

  conv

V
max

/E0 (s
-1

) 
conv

KM (g/L) 
inv

V
max

/S
0 

(µmol g
-1

s
-1

) 
inv

K
M
(µM) 

max 
(µmol/g) 

attack 
(µmol/g)

b
 

Avicel  0.41±0.02 9.56±1.08 0.0241±0.0003
 

0.34±0.02 0.37±0.08 0.059±0.003
a
 

RAC  0.65±0.03 3.64±0.24 0.0865±0.0037 0.44±0.08 3.57±0.10 0.133±0.008
a
 

aStandard errors are from the non-linear regression of Eqn (1), (2) and (3) to the experimental data. bΓattack 
was derived from 

Eqn (4) as described in the main text. 

 

Table 3. Average product ratios in % of total sugar for TrCel6A hydrolysis of RAC and Avicel 

Substrate Product ratio (%)
c
 Processivity 

 
G1

a 
G2

a 
G3

a 
n

prod
 

Avicel nd 83.2 ± 0.8 16.8 ± 0.8 5.0 ± 0.29
b 

RAC 4.4 ± 0.3
 

85.5 ± 0.4 10.1 ± 0.2 5.6 ± 0.19
b 

aG1-3 reflects glucose, cellobiose and cellotriose. bThe processivity numbers estimated from the ratio ([G2]-

[G1])/([G3]+[G1]) suggested earlier [22]. cErrors represent ±SD of experimental data points. 
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Fig. 1 Progress curves from quenched-flow experiments for TrCel6A. Product concentration reflects 

the sum of the cellobiose- and cellotriose concentration. The enzyme concentration was 0.2 µM and 

the substrate load was 8 g/L Avicel (Panel A) or 1.8 g/L RAC (Panel B). Experiments were performed 

at 20°C, pH 5. Circles represent experimental data points and red lines are the best non-linear 

regression fit to the model in Scheme 1. 
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Fig. 2 Three types of saturation behavior of TrCel6A on respectively Avicel (left column) and RAC 

(right column). Top row (A+B) shows conventional Michaelis-Menten data (constant, low enzyme 

concentration and variable substrate loads). Symbols represents experimental data and red lines are 

best first of Eqn (1). 0.2 µM Cel6A was used. Middle row, (C+D), shows data from inverse Michaelis-

Menten analysis (constant, low substrate load and variable enzyme concentration) with best fits of 

Eqn (2). 2.0 and 0.5 g/L Avicel and RAC was used, respectively. The lower row (E+F) shows binding 

isotherms (bound enzyme vs. free enzyme) with best fits of Eqn (3). 10 and 2.5 g/L Avicel and RAC 

was used, respectively. Error bars represent ±SD of triplicate experiments. All experiments were 

performed at 20°C, pH 5. 
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Fig. 3 Illustration of the processive breakdown of cellulose by Cel6A on two different cellulosic 
substrates, microcrystalline Avicel and amorphous RAC. Our description of the reaction comprises 

three reactions steps: adsorption to the cellulose surface (governed by kon), hydrolytic reaction and 
processive movement (khyd

.n) and dissociation from the surface (koff). The width of the arrows 
reflects approximate rates of each reaction step. After n catalytic steps, the enzyme encounters a 

steric obstacle (red cross). Since dissociation is slow on both substrates, unproductive Cel6A 
accumulates on the cellulose surface. RAC contains ~2.3 times more attack sites (gray threads) on 

which Cel6A can initiate hydrolysis (attack) compared to Avicel. This difference is the main reason for 
higher catalytic rate on RAC. 
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Scheme 1. Simplified reaction mechanisms for the processive breakdown of cellulose by Cel6A. One 

cellulose strand with m cellobiose moieties (Cm) is attacked by the enzyme (E) and gradually 
shortened (Cm-1, Cm-2 etc.) as cellobiose (C) is released. Kinetic equations for this scheme have been 

described elsewhere [14] 


