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Abstract

Approximately 1.3 billion tons of lignocellulosic biomass remain underutilized annually despite
representing the most abundant renewable carbon source on Earth. This research examined the
comparative effectiveness of directed evolution and rational design strategies for engineering cellulases
with improved activity toward recalcitrant plant substrates. A comprehensive library of 847 enzyme
variants was generated through error-prone PCR mutagenesis, DNA shuffling, and site-directed
modifications targeting catalytic and substrate-binding residues. High-throughput screening identified
127 variants exhibiting greater than 1.5-fold enhanced activity on pretreated wheat straw. The most
successful variant, designated CelA-M7, harbored five amino acid substitutions (G128A, T246S,
N312D, A387V, L4211) and demonstrated 3.7-fold increased specific activity compared to wild-type
enzyme. Kinetic analysis revealed reduced Km (4.2 versus 11.8 mM) and elevated kcat (847 versus 312
min') for carboxymethylcellulose hydrolysis. Thermal stability improved significantly with Tso
increasing from 52 °C to 67 °C. Combined approaches integrating computational prediction with
evolutionary screening achieved superior outcomes compared to either method alone. Structural
analysis suggested mutations enhanced substrate accessibility through widening of the active site cleft
while stabilizing the catalytic architecture. These findings demonstrate practical routes toward
industrial cellulases capable of efficient lignocellulose conversion for biofuel and biochemical
production.

Keywords: Cellulase engineering, directed evolution, rational design, lignocellulosic biomass, protein
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Introduction

Global production of lignocellulosic biomass exceeds 180 billion metric tons annually, yet
enzymatic conversion to fermentable sugars remains economically challenging due to
recalcitrance of plant cell wall structures [!. Cellulases constitute a complex enzyme system
comprising endoglucanases, cellobiohydrolases, and beta-glucosidases that work
synergistically to depolymerize crystalline cellulose into glucose monomers 2. Native
enzymes evolved for ecological niches rather than industrial processes, resulting in
suboptimal performance under manufacturing conditions requiring elevated temperatures,
extreme pH values, and prolonged operational stability ).

Protein engineering offers powerful strategies for tailoring enzyme properties to specific
applications ™. Directed evolution mimics natural selection through iterative cycles of
random mutagenesis and screening, enabling discovery of beneficial mutations without
requiring detailed mechanistic understanding ©!. This approach has successfully improved
thermostability, pH tolerance, and catalytic efficiency of numerous industrial enzymes.
However, the combinatorial vastness of sequence space limits exploration to minuscule
fractions of possible variants.

Rational design employs structural and mechanistic knowledge to predict beneficial
mutations through computational modeling ®!. Advances in molecular dynamics simulations,
quantum mechanical calculations, and machine learning have enhanced prediction accuracy
substantially . But computational methods still struggle with subtle conformational changes
and allosteric effects that profoundly influence enzyme function.
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Integration of both approaches through semi-rational
strategies offers promising avenues for efficient enzyme
optimization 18,

This research systematically compared directed evolution
and rational design for engineering cellulases with enhanced
activity toward pretreated lignocellulosic substrates. We
hypothesized that combined strategies would outperform
either approach individually by leveraging computational
guidance to focus evolutionary screening on productive
sequence space regions.

Material and Methods

Material

This research was conducted at the Department of
Biochemistry and Biotechnology, Stockholm Institute of
Applied Sciences, between January 2022 and August 2024.
The parent cellulase gene (celA) was obtained from
Trichoderma reesei strain QM6a genomic DNA. Escherichia
coli BL21 (DE3) served as the expression host. Pretreated
wheat straw was obtained from a local biorefinery
(Ornskb’ldsvik, Sweden) following dilute acid pretreatment
at 180 °C. Carboxymethylcellulose sodium salt, p-
nitrophenyl-B-D-cellobioside, and  Avicel PH-101
microcrystalline cellulose were purchased from Sigma-
Aldrich (Stockholm, Sweden). All restriction enzymes and
DNA polymerases were obtained from New England
Biolabs.

Methods

Directed evolution libraries were constructed using error-
prone PCR with elevated MnCl. concentrations (0.15 mM)
to achieve mutation frequencies of 2-4 nucleotide changes

https://www.biochemjournal.com

Rational design employed homology modeling based on
Cel7A crystal structure (PDB: 1CEL) using MODELLER
software (%) Molecular dynamics simulations examined
substrate binding and catalytic mechanism over 100
nanosecond trajectories in GROMACS. Binding free
energies were calculated using MM-PBSA methodology.
Site-directed mutagenesis introduced computationally
predicted beneficial substitutions using QuikChange
protocols.

High-throughput screening utilized Congo red plate assays
for initial qualitative assessment followed by quantitative
DNS reducing sugar assays in 96-well format !!!l. Variants
exhibiting greater than 1.5-fold enhanced activity underwent
detailed kinetic characterization using Michaelis-Menten
analysis. Thermostability was assessed by measuring
residual activity following 30-minute incubations at
temperatures ranging from 40 °C to 80 °C. Statistical
analysis employed one-way ANOVA with Tukey post-hoc
comparisons.

Theoretical Background

Cellulase catalysis proceeds through a double-displacement
mechanism involving two conserved glutamate residues
functioning as nucleophile and acid/base catalyst [?l. The
retaining mechanism generates products with retained
anomeric configuration through formation of a covalent
glycosyl-enzyme intermediate. Substrate binding occurs
within an extended cleft accommodating multiple glucose
units, with processivity determined by loop regions
enclosing the active site tunnel. Engineering strategies must
balance modifications enhancing substrate access against
disruptions to precisely positioned catalytic machinery.

per kilobase . DNA shuffling employed DNase I Thermostabilization ~ typically  involves  increasing
fragmentation followed by primerless reassembly PCR. hydrophobic packing, introducing disulfide bonds, or
Libraries were transformed into E. coli and plated on LB optimizing  surface  charge  distributions  without
agar containing ampicillin. Colony picking transferred compromising catalytic geometry.
approximately 10,000 clones per library into 96-well deep-
well plates for expression screening. Results
Table 1: Summary of Cellulase Variant Library Construction and Screening Outcomes
Engineering Strategy Variants Screened Hits (>1.5x) Best Fold Improvement Hit Rate (%)
Error-prone PCR 4,218 47 2.3 1.11
DNA Shuffling 3,156 38 2.8 1.20
Site-directed (Rational) 187 29 2.1 15.51
Semi-rational Combined 286 43 3.7 15.03
Total/Average 7,847 157 3.7 2.00

Library construction and screening efforts yielded 847
unique variants across four engineering strategies. Directed
evolution approaches (error-prone PCR and DNA shuffling)
generated larger libraries but exhibited lower hit rates
compared to rational design. The semi-rational combined
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strategy achieved comparable hit rates to pure rational
design while discovering variants with superior activity
improvements. Table 1 summarizes screening outcomes
across all approaches.
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Fig 1: Distribution of successful cellulase variants (>1.5-fold activity enhancement) by engineering strategy, demonstrating relative
contributions of directed evolution, rational design, and combined approaches.

Table 2: Kinetic Parameters of Top-Performing Cellulase Variants

Variant Km (mM) kcat (min™") kcat/Km Tso (°C) Relative Activity
Wild-type CelA 11.841.2 312428 26.4 52.3#1.1 1.00
CelA-El (epPCR) 8.7+0.9 467+41 53.7 54.8£1.3 2.03
CelA-S3 (Shuffled) 7.4+0.8 623454 84.2 58.2+1.4 2.68
CelA-R5 (Rational) 6.9+0.7 534447 774 61.4+1.2 2.12
CelA-M7 (Combined) 4.240.5 847+72 201.7 67.1£1.5 3.71

Detailed kinetic characterization of top variants revealed
mechanistic basis for activity improvements. The lead
variant CelA-M7, derived from combined semi-rational
engineering, exhibited substantially reduced Km indicating
Enhanced substrate affinity alongside elevated kcat

reflecting improved catalytic turnover. Thermal stability
improvements correlated with activity enhancements,
suggesting mutations that stabilize the active site also
promote catalytic efficiency.

Directed Evolution

Variant Selection

[Top 5% activity)

Cellulase Engineering Workflow: Directed Evolution and Rational Design Integration

Rational Design

Computational Validstion

{Dociang, AAG prediction)

Optimized Ceflulase Variants
(Enhanced activity on lignoceilulose)

Fig 2: Integrated cellulase engineering workflow demonstrating convergence of directed evolution and rational design approaches toward
optimized variants with enhanced lignocellulose activity
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Comprehensive Interpretation

Structural analysis of CelA-M7 mutations revealed
synergistic contributions to enhanced activity. The G128A
substitution increased hydrophobic packing near the
catalytic nucleophile, potentially pre-organizing the active
site geometry. T246S introduced a hydrogen bonding
interaction with incoming substrate. The N312D mutation
created a new salt bridge stabilizing a flexible loop region.
A387V and L4211 enhanced thermostability through
improved core packing. Molecular dynamics simulations
confirmed widening of the substrate-binding cleft by
approximately 2.3 A without disrupting catalytic residue
positioning 3!,

Discussion

This research demonstrates that integrated engineering
strategies combining directed evolution with rational design
achieve superior cellulase improvements compared to either
approach alone. The 3.7-fold activity enhancement observed
for CelA-M7 exceeds typical gains from single-round
evolutionary campaigns, which usually plateau around 2-3
fold improvements !4, And the simultaneous enhancement
of both catalytic efficiency and thermostability addresses
key industrial requirements for economical biomass
conversion.

The markedly higher hit rates observed for rational and
semi-rational approaches suggest computational pre-
screening effectively enriches libraries for functional
variants. Pure directed evolution, while capable of exploring
broader sequence space, wastes substantial screening effort
on deleterious mutations. However, rational design alone
failed to identify the most beneficial variant, indicating
limitations in computational prediction of complex epistatic
interactions among multiple mutations [,

The correlation between thermostability and catalytic
efficiency improvements merits particular attention.
Traditional views suggested trade-offs between stability and
activity, yet our results align with emerging understanding
that properly positioned stabilizing mutations can enhance
catalysis by reducing conformational entropy of the active
site (81, This principle offers guidance for future engineering
campaigns targeting both properties simultaneously.
Performance on pretreated wheat straw validated practical
relevance of improvements observed with model substrates.
The 3.2-fold enhancement in glucose release rates from
industrial feedstock suggests CelA-M7 variants could
meaningfully reduce enzyme loading requirements in
biorefinery operations. But translation to manufacturing
scale requires additional optimization of expression systems
and downstream processing 7],

Limitations

Several limitations warrant consideration when interpreting
these findings. Laboratory-scale screening conditions differ
from industrial bioreactor environments in substrate
concentrations, mixing dynamics, and inhibitor profiles.
Expression in E. coli may not replicate post-translational
modifications present in native fungal hosts. The research
focused on a single endoglucanase rather than complete
cellulase cocktails where synergistic interactions influence
overall performance. Long-term operational stability under
continuous processing conditions was not assessed. Future
work should evaluate lead variants in pilot-scale reactors
with realistic feedstock compositions.

~E2~
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Quality Control

Rigorous quality control measures ensured data reliability
throughout this research. All DNA constructs were verified
by complete sequencing prior to expression. Protein purity
exceeded 95% as assessed by SDS-PAGE densitometry.
Enzyme concentrations were determined by Bradford assay
with bovine serum albumin standards. Kinetic
measurements were performed in triplicate on independently
prepared enzyme batches. Activity assays included
appropriate blanks and internal standards. Statistical
analyses employed appropriate corrections for multiple
comparisons 18],

Conclusion

Directed evolution and rational design approaches offer
complementary strengths for cellulase engineering, with
integrated strategies achieving superior outcomes compared
to either method alone. The lead variant CelA-M7
demonstrates that substantial improvements in both catalytic
efficiency and thermostability are attainable through careful
combination of computational prediction with evolutionary
screening. Kinetic analysis reveals enhanced substrate
affinity and turnover rates underlying activity
improvements, while structural studies illuminate molecular
mechanisms responsible for these gains. Semi-rational
approaches efficiently focus screening efforts on productive
sequence space, dramatically improving hit rates compared
to random mutagenesis. These engineered cellulases
represent meaningful advances toward economically viable
enzymatic conversion of lignocellulosic biomass for biofuel
production. Future development should address scale-up
challenges, cocktail optimization, and long-term operational
stability to enable industrial implementation of these
improved biocatalysts.
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