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BOX 1. Mapping Arbitrary Particle Shapes to Collections of Spheres
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shapes Mapping that Mapping that
preserves preserves
@ @ total area and total 09 0_o0 total area, total
Q g volume oo © o O volume, and total
@ @ OO 05950 rate of hydrolysis
g Ky b 00 OO
Q @ 000 OO0
&) o o

Polydisperse spheres

Monodisperse distributions of spheres can be used to model properties for static shapes. When the arbitrary shapes of
interest change with time, a polydisperse distribution of spheres must be used to properly map the properties. Figure A1l
shows the requirements and capabilities for matching static and dynamic properties of a given shape.

The polydisperse distribution of spheres required to map a given shape is difficult to determine. It requires knowledge
of how the surface area changes with time. Thus a reverse approach may be used, where a given polydisperse distribution
is used to model the dynamic change of a particle’s properties. The form of these results is compared to measured
results. Thus, instead of directly finding the sphere distribution to match an arbitrary shape, an arbitrary shape is found

that matches a given sphere distribution.




Hydrolysis Mechanism

Endoglucanase Exoglucanase

Catalysis
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Figure 1. Schematic of the general mechanistic steps of cellulase-catalyzed
hydrolysis of cellulose by an endoglucanase and an exoglucanase.




Table I. Kinetic parameters used in model simulations for comparison to
experimental data from Medve et al. (1998).

Kinetic parameter Value® Units

KEG2-ads 8640° Lmmol 'h™!
KcBH1-ads 8640° Lmmol 'h™"
KEG2-des 19.3" hr™!
KCBHI-des 164°

Kear-EG2 65°

Kcar-CBHI 9.4°

Ky EG2-cel 0.0067° mmoldm™
Kym-cBHI-cel 0.000014¢ mmol dm™
Ky-£G2-sol 0.053¢ mmol L™
Kyi-cBH1-sol 0.0032° mmol L
K EG2-cellobiose 0.01¢ mmol L™
Ki.cBHI-cellobiose 0.093¢ mmol L™’
K;_EG2-glucose 16.9¢ mmol L™’
Ki_cBH1-glucose 31° mmol L '

5
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“For expanded details about the model parameters and their sources see
ApPendix C in the Supplemental Material.

’Parameters based on values from elipsiometry experiments (unpub-
lished data).

‘Experimental parameters from various literature sources.

Yparameters optimized to early time data (less than 3h) for single
enzyme hydrolysis results from Medve et al. (1998).




Percent Solubilized
Percent Solubilized

T

24 24
Time (hr) Time (hr)

Figure 2. Model results using monodisperse spheres with the low initial surface
area value (8m?g~") compared to experimental data for (a) single enzyme hydrolysis
with CBH1 (1 experiment; ---, model) and EG2 (¢, experiment; —, model) and
(b) theoretical mixed enzyme hydrolysis based on single enzyme experiments (A,
experiment; —, model) and the actual mixture (O, experiment; ---, model). The
experimental data are from Medve et al. (1998). The insets show an expanded view of
the early time points (up to 3h).
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Figure 4. Model results using monodisperse spheres with the high initial sur-
face area value (476 m’g~") compared to experimental data for (a) single enzyme
hydrolysis with CBH1 ([], experiment; - - -, model) and EG2 ($, experiment; —, model)
and (b) theoretical mixed enzyme hydrolysis based on single enzyme experiments (A,
experiment, —, model) and the actual mixture (O, experiment; ---, model). The
experimental data are from Medve et al. (1998). The insets show an expanded view of
the early time points (up to 3h).
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Figure 6. Comparison of model results with experimental data using monodis-
perse spheres with the high initial surface area (47.6 m* g~') case with the inclusion of
first-order thermal enzyme deactivation in the model. Results are shown for hydrolysis
with EG2 (¢, experiment; —, model), CBH1 ([, experiment; - - -, model), theoretical
mixture from single enzyme hydrolysis results (A, experiment; ---, model), and the
actual EG2 and CBH1 mixture (O, experiment; ==, model). The experimental data are
from Medve et al. (1998). The insets show an expanded view of the early time points
(up to 3h).
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Figure 8. Comparison of model results with experimental data using a bimodal
sphere distribution with 7.5wt% 2.25 um spheres and 92.5wt% 139 wm spheres with
an initial total surface area of 47.6 m?g~". Results are shown for hydrolysis with EG2
(&, experiment; —, model), CBH1 (] experiment; - - -, model), theoretical mixture
from single enzyme hydrolysis results (A, experiment; ===, model), and the actual EG2
and CBH1 mixture (O, experiment; ==, model). The experimental data are from Medve
et al. (1998). The insets show an expanded view of the early time points (up to 3h).




Maximizing the Formation of Glucose in
the Enzymatic Hydrolysis of Insoluble Cellulose

JUAN A. ASENJO

Biochemical Engineering Laboratory
Department of Chemical Engineering
and Applied Chemistry

Columbia University

New York, New York 10027

Accepted for Publication May 4, 1983

Biotechnology and Bioengineering, Vol. XXV, Pp. 3185-3190 (1983)
© 1983 John Wiley & Sons, Inc.




THEORY

A basic kinetic model with two rate-limiting steps can be used to model the hydrolysis of cellu-
lose. The first step corresponds to the solubilization and depolymerization of the insoluble cellu-
lose into cellobiose which includes adsorption of the soluble enzyme on the insoluble substrate.
The second step is the hydrolysis of cellobiose into glucose. Both cellobiose and glucose inhibit the
cellulase enzymes in the first step and glucose inhibits cellobiose hydrolysis in the second step.
Substrate inhibition and temperature denaturation have been neglected. The reaction scheme is:

kads
kdes
E*¥*4+ S« E*S—FE+Cbh (2)

Biotechnology and Bioengineering, Vol. XXV, Pp. 3185-3190 (1983)
© 1983 John Wiley & Sons, Inc.
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E + Cb = ECb
E* + Cb = E*Cb
E+G=EG
E*+G = E*G
E,+ Cb = E,Ch ~E,+ G
E,+ G = E,G

(3)
(3%)
(4)
(47)
(5)
(6)

In the first reaction (eq. 1), the enzymes (E) adsorb on the insoluble cellulose, K, 4 being the dis-

tribution coefficient of £ between the solid and liquid phases:

E*  kas

— :Kad
E kdes

(7)



and K 4 can be assumed to be constant at not too high enzyme concentrations (£ < 1 g/L"8). The
adsorbed enzymes form the E*S complex which irreversibly proceeds to yield cellobiose (Cb) and
free enzyme (E) [eq. (2)]. Equations (3)-(4") represent the competitive cellobiose and glucose in-
hibition effect on both the adsorbed and the soluble enzymes. Equations (S) and (6) show the cel-
lobiose hydrolysis with competitive glucose inhibition. It is assumed that the cellobiase enzyme

(£,) is not adsorbed on the insoluble cellulose ().
The enzyme conservation equations for these reactions are:

Ey=F + E* + E*S + E*Cb + ECb + E*G + EG (8)
E20 — E2 +E2Cb -+ E2G




Using the pseudo-steady-state assumption, the rate equations for the hydrolysis of cellulose into
cellobiose (—dS/dt = dCb/dt) and of cellobiose into glucose (dG/dt) can be found:

dS  dCbh V.S
dt dt 1+ K4 Cb—G G
Kipl —— 1+ -+ + S
Ko Kp Kp
dG V,..(Ch —G)
= (11)
dt G
Kql1+ +(Cb — G)
Kp

where Cb is the total cellobiose formed; hence, the cellobiose present at any given time is (Cb — G).
For the inhibition of enzyme E [egs. (3)-(4")], the same affinity between inhibitor and enzyme has
been assumed for the soluble (£) and adsorbed (E*) fractions (K, = KZ; K= K}g). For unifor-
mity, the stoichiometric units have been normalized as mono-, di-, and polyanhydroglucose (this
results in the molecular weights of glucose, cellobiose, and cellulose as 162, 324, and » X 162). The
term S is the substrate available for enzyme attack. The value § = (a Sy — Cb) has been used, « be-
ing the fraction of initial substrate susceptible to attack by the enzymes.




R
Equation (11) has the form of a Michaelis-Menten equation with product inhibition. Equation

(10) can also be expressed as such using apparent values for the Michaelis constant (X,,,) and for
the substrate concentration available (S;) [eq. (107)]:

dCh V2 (S — Cb)
= m2\*~0 (10,)
& ' <1+ e il >+(S’ Cb)
m2 K12 K]3 0
where
1+ K.
Sé — aSo and K,;lz - sz
Kad
In a simplified mathematical form, the two equations can be expressed as:
dt 1+ b385y + b,Ch + bsG
dG b{ (Cb — G)
= (117)

dt 1+ b5Cb + bjG
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Fig. 1. Hydrolysis of Solka Floc. Comparison of experimental data with eqgs. (10”), (11), and
[(107) — (11)]: (a) reducing sugars (total cellobiose formed), (O) glucose, and (O) cellobiose ac-
cumulated. Parameters are listed in Table I. The two sections show (a) Solka Floc SW40, using
crude fungal cellulase from Trichoderma [Data from ref. 9 (temp = S0°C and pH 4.8)] and (b)
Solka Floc BW300 using commercial cellulase (Zrichoderma) supplemented with cellobiase
[Data are from ref. 11 (temp = 35°C and pH 4.9)].




3188 BIOTECHNOLOGY AND BIOENGINEERING, VOL. XXV (1983)

30 30
3 9
l a) l b)

15 |

A
1
0 5 10 0 5 10
TIME (h) TIME (h)

Fig. 2. Effect of glucose and cellobiose inhibition on the rate of cellulose hydrolysis. Data are
from ref. 9. Solid lines correspond to eq. (10”). Inhibitor concentrations: (a) 0 g/L, (O) 10 g/L,
(0) 20 g/L, and (a) 30 g/L; for (a) glucose and (b) cellobiose.




.
| TABLEI
Parameters Used in egs. (10”) and (11)?

Parameter Value Comments

"2 42.8 as determined by Howell and Mangat (ref. 10) for the hydrolysis
of cellulose to cellobiose over 100 h using Solka Floc BW100 and a

crude enzyme preparation from Zrichoderma QM9123

Kp 2:9 } values determined using the experimental results of Lee (ref. 9)
Kp 6.1 for glucose and cellobiose inhibition of cellulose hydrolysis (Fig. 2)
Ko 0.86 } as determined by Lee and Fan (ref. 4) for the hydrolysis of
Kn 0.1 cellobjose to glucose using a crude enzyme preparation from
Trichoderma QM9414
Vo2 18.0 values obtained for the hydrolysis of Solka Floc SW40 using a
Vit 1.31 } crude enzyme preparation from Trichoderma [Fig. 1(a)]
o 0.54
V.2 75 values obtained for the hydrolysis of Solka Floc BW300 using a
Vit 1.3 } commercial enzyme preparation from Trichoderma supplemented
o 0.65 with cellobiase. The value of o was estimated as 0.65 according to

Asenjo and Jew (ref. 12)

AUnitsare gL " land g L~ h™ 1.
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Fig. 3. Effect of substrate and of enzyme concentration in the hydrolysis of Solka Floc SW40.
Experimental data are from ref. 9: (a) substrate pretreatment (ball milling) effect: (0) no pre-
treatment, (O) 24-h ball milling, (a) 96 h, and (a) microcrystalline cellulose; (b) substrate con-
centration effect: (O) 10 g/L, (a) 30 g/L, (a) S0 g/L, and (@) 75 g/L; (c) enzyme concentration
effect: (o) £ = 0.98 g/L (normal concentration (V,,, = 18 and V,,; = 1.31); (O) E = 0.71 g/L
(V,, =13and V,,; = 0.935); (A) E = 0.49g/L(V,, =9.0and V,,; = 0.66); (0) E = 0.25 g/L
(V,, =46and V,,; = 0.33).




TABLE 11
Effect of Mechanical Pretreatment of Substrate (Ball-Milling Time)
on Value of « for Solka Floc SW40

Ball milling time (h) o
0 0.48
24 0.71
96 0.98

Microcrystalline cellulose (no ball milling) 0.18
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TIME (h) TIME (h)

Fig. 4. Effect of increasing cellobiase activity in the hydrolysis of Solka Floc SW40 by a crude
fungal cellulase preparation: (—) glucose, (----- ) cellobiose, and (----) total cellulose hydro-
lyzed. Values are V,, = 20 g/L h; V,,; = 1.25, 2.5, 5, 10, 20, 40, and 80 g/L h. Also, (a) o =
0.54 (standard substrate; Table I) and (b) « = 0.98 (96 h ball milled substrate; Table II).
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Figure 1: Experimental data and computer simulation of growth and
production of ethanol in a direct simultaneous bioconversion (SSF)
using Saccharomyces carlsbergensis |AM 4787 and Trichoderma viride
cellulase. Substrate: 100 g 1 ™' cellulose powder (temperature = 4°C:
pH =35.0).
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Systems Biology
Holistic Description of Cellular Functions

Functional Analysis

Metabolic Networks

Regulatory Networks

Bottom-Up Connection Signalling Networks

of "Modules"

Modular Aggregation
of Components

Single Component Analysis

Biological Information/Knowledge
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We haven’t the money, so we’ve got to
think

Ernest Lord Rutherford, 1871 - 1937
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Engineering
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Random Mutagenesis (directed
evolution)

Saturation Mutagenesis
Gene Shuffling
3-D Models (homology)

Site-Directed Mutagenesis
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Cold-Active Enzymes from
Antarctica

Trypsin-like Protease from Krill — US Patent
granted. Medical applications.

Subtilisin-like Protease from Pseudomonas sp.
— US Patent filed. Use in detergent industry.

Xylanase from Psychrobacter sp. - US Patent
filed. Use in biofuels industry.

Of



ICDB Increasing the Thermostability of a

Dynamics and

Xylanase using a Homology model

A Centre for
Systems Biology

e Background

o Psycrophilic xylanase, complete sequence obtained, cloned and
expressed in £. coli BL21(DE3)/pET22b(+).

* Active at temperatures between 5°C-40°C, pH Optimum — 6 - 8
o Patent filed

e Using directed evolution the Kcat was increased 3 times but
there was no increase in thermostability.

 Using a homolgy model of structure appropriate regions for
mutations were found by simulation of molecular dynamics and

degree of compaction.
O




Aminoacido



ICDB Selection of amino acids to mutate using

Dynamics and

a model of comparative compaction

A Centre for
Systems Biology

e the program compares the density of contact between equivalent
residues in 2 groups of enzymes.

e The density of contact is the number of atoms which can make
contact with a residue.

e Distance < 4,5 A

* Negative results indicate that the compaction in the cryophilic protein
Is smaller than in the mesophilic counterpart and these amino acids
are therefore targets for mutagenesis.

e The most promising target was SER221 as it is near to the active

site and in a highly conserved region.
O
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GLMEE -2 .81219R1:2195
ALASHS 1.42446045165
METZ14 -1.31690148545
GLUZER -1 .1RE33333333
WaLZ16 1 .298R9° 745420
SERZZZ -1.19117647A55
GLY1ER 2.4

WaLZ49 -1 .1RER3eRERST
ASNZEZ -1 .41666605667
GLULZY -1.1393442623
THR41 -1.164H8525
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ALAZZD 1.44

ALASHE 1.644585951385
SER345 3.8BAE474RTES
HISE4 -1 .33698652174
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Cold Active Enzymes
Biotechnological Applications

High catalytic efficiency at low temperatures —
reduction of the energy cost of a processes

o Biotechnological Applications

Additives in detergent; Cold washing (proteases, lipases,
amylases and cellulases)

Additives in food industries
Environmental bioremediation

> Problem — Thermolability
+ The thermostability is necessary for the use of the
enzyme in industrial processes
> Solution — Protein Engineering
» Directed Evolution (Random Gene Mutagenesis)
epPCR and DNA Shuffling
+ Rational Design (3D protein structure)
Point mutations (saturation mutagenesis)
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e Metabolic Flux Analysis
 Microarrays of Gene Expression

e Integration of Gene Expression and Regulation with
Metabolic Fluxes

e Modelling Metabolic Fluxes and Gene Regulation

Of



Metabolomics

Metabolic Flux
Analysis

Gonzalez, R., Andrews, B.A. Molitor, J.
and Asenjo, J.A. (2003) Biotechnol.
Bioeng., 82, 152-169.
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Metabolic Flux Analysis
Metabolic Flux Balance

dX/dt =Sv - b
in SS: Sv=Db or Sr=0 - S,r.+S,r,=0

Stoichiometric Matrix
Rate (Flux) vector
Calculated

Measured
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