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Protein engineering in designing tailored enzymes and
microorganisms for biofuels production
Fei Wen1, Nikhil U Nair1 and Huimin Zhao1,2,3,4
Lignocellulosic biofuels represent a sustainable, renewable,

and the only foreseeable alternative energy source to

transportation fossil fuels. However, the recalcitrant nature of

lignocellulose poses technical hurdles to an economically

viable biorefinery. Low enzymatic hydrolysis efficiency and low

productivity, yield, and titer of biofuels are among the top cost

contributors. Protein engineering has been used to improve the

performance of lignocellulose-degrading enzymes, as well as

proteins involved in biofuel synthesis pathways. Unlike its great

success seen in other industrial applications, protein

engineering has achieved only modest results in improving the

lignocellulose-to-biofuels efficiency. This review will discuss

the unique challenges that protein engineering faces in the

process of converting lignocellulose to biofuels and how they

are addressed by recent advances in this field.
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Introduction
Modern society relies heavily on fossil fuels, which

accounted for 88% of the global energy supply in 2007

[1]. On the basis of current fossil fuel reserves-to-pro-

duction ratios, oil, natural gas, and coal could only last for

approximately 40, 60, and 130 years, respectively [1]. To

alleviate society’s dependence on fossil fuels and reduce

greenhouse gas emissions, renewable energy sources have

attracted intense political and academic attention. While

other renewable energy sources, such as solar, wind,

geothermal, and hydroelectric power, are more suitable

for stationary power applications (electricity and heat),
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liquid fuels derived from biomass are the only foreseeable

alternative to the petroleum products currently used in

transportation [2��,3�,4��]. Although ethanol produced

from corn or sugarcane currently dominates the biofuels

market, it has limited agricultural growth potential and

intrinsic physical drawbacks as a primary transportation

fuel, such as high corrosivity, hygroscopicity, and low

energy content [3�]. Therefore, it is highly desirable to

produce alternative biofuels from a more sustainable

resource, such as lignocellulose, which is derived from

unusable portions of plant biomass in the form of agricul-

tural, industrial, domestic, and forest residues. However,

the recalcitrant crystalline structure of lignocellulosic

biomass, which endows the plant cell wall with resistance

to biodegradation, impedes its biological conversion to

biofuels [2��]. The current lignocellulosic biofuel pro-

duction process involves multiple costly and energy-

intensive steps. Thus, significant technical advances in

various fields are needed to lower the production cost to a

level economically competitive with gasoline (Figure 1).

Enzymatic hydrolysis is one of the two most expensive

processing steps (with the other, pretreatment, reviewed

elsewhere [5]) in cellulosic biofuels production, which is

mainly because of low enzyme catalytic efficiency. To

achieve the same hydrolysis result, 40–100 times more

enzyme is required to break down cellulose versus starch,

although the enzyme production cost is not substantially

different [6]. Therefore, engineering enzymes with

improved catalytic efficiency is highly desirable for the

commercialization of lignocellulosic biofuels. In addition,

better enzymes might require less severe pretreatment

conditions and thus reduce the formation of compounds

inhibiting further hydrolysis and bioconversion of ligno-

cellulose, resulting in a further reduction of production

cost [5]. Another important processing step required for

the economic success of lignocellulosic biofuels is

microbial conversion of monomeric sugars to target bio-

fuel molecules (Figure 1). Recent advances in metabolic

engineering have enabled the production of various

potential alternative biofuels in model microorganisms

using monosaccharides as substrates (reviewed elsewhere

[3�,7,8�]); however, the productivities and titers are too

low to make them economically viable. This is because of

the low activity of the pathway enzymes, as well as the

low fuel tolerance and unbalanced redox state of the

engineered microbes. In this review, we will discuss some

of the most recent advances and applications of protein

engineering in improving the performance of lignocellu-

lose-degrading enzymes, as well as proteins involved in
www.sciencedirect.com
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Figure 1

A simplified overview of the traditional lignocellulose-to-biofuels process. This process involves multiple complex, costly, and energy-intensive steps,

including pretreatment of plant biomass, enzyme production, enzymatic hydrolysis of pretreated biomass, and fermentation of the hydrolysate

(monomeric sugars) to produce biofuels using engineered microorganisms. The most expensive processing steps, namely pretreatment, enzyme

production, and enzymatic hydrolysis, are used to overcome the recalcitrance of biomass. Concerted effort from various fields is necessary to lower

the production cost of lignocellulosic biofuels and the strategies covered in this review are underlined.
biofuel synthesis pathways, with an emphasis on how

technical challenges could potentially be addressed by

some of the new tools developed in the field.

Breaking down the plant cell wall barrier
The recalcitrant nature of the plant cell wall represents

the biggest challenge in the development of lignocellu-

lose-to-biofuels technologies. Its major structural com-

ponent, cellulose, is protected by a matrix formed mainly

by hemicellulose (the second most abundant component)

and lignin, limiting the access of hydrolytic enzymes [2��].
In addition, cellulose forms a distinct crystalline structure,

which cannot be penetrated by even small molecules such

as water because of extremely tightly packing [9��]. The

diverse architecture of plant cells themselves makes

lignocellulose utilization more complicated, and different

plant cell types might require completely different

deconstruction methods [2��,9��]. While liberation of

cellulose from the matrix is tackled by pretreatment [5]

and lignin engineering [10], cellulose hydrolysis effi-

ciency is the main focus of protein engineering. Efforts

in this area include engineering of enzymes for improved

specific activity, thermostability, and pH stability; and

optimization of enzyme formulations for maximized

synergy on different feedstock substrates.

Engineering cellulases

Cellulose is a linear homopolymer of glucose linked by b-

1,4-glycosidic bonds. As the most abundant, yet the most

recalcitrant constituent of plant cell wall, cellulose

hydrolysis is a critical and challenging step, involving

the action of three major types of cellulases: endogluca-

nases, exoglucanases (including cellodextrinases and cel-
www.sciencedirect.com
lobiohydrolases), and b-glucosidases. Microorganisms

have evolved two strategies for utilizing their cellulases:

discrete noncomplexed cellulases that are typically

secreted by aerobic bacteria and fungi, and complexed

cellulases (cellulosome) that are typically expressed on

the surface of anaerobic bacteria and fungi [9��]. While

cellulosome engineering has mainly focused on optimiz-

ing the cellulosomal components (discussed in the section

titled Engineering synergy), protein engineering has

been applied to improve the performance of individual

noncomplexed cellulases. Despite continuing efforts to

enhance noncomplexed cellulase performances, the

improvements obtained so far using protein engineering

approaches [11] have been incremental, mainly because

of the complexity of the insoluble substrates and the lack

of high-throughput screening/selection methods [12�].

Limited knowledge of the biochemical mechanisms

involved in cellulose hydrolysis has limited the success

achieved by rational and semi-rational design strategies in

cellulase engineering, and no significant activity enhance-

ment has been reported to date. Although cellulase

activity on insoluble substrates is hard to predict, the

stability of the cellulase itself could be very well modeled

by the SCHEMA energy function [13]. Using a

SCHEMA structure-guided recombination method, 15

highly diverse thermostable cellobiohydrolase hybrids

(up to 78C higher than the most thermostable parent)

were obtained by screening only a total of 73 variants.

Considering the fact that protein stability enhances both

mutational robustness and evolvability [14], this group of

diverse cellobiohydrolases provides a better platform for

improving their catalytic efficiency.
Current Opinion in Biotechnology 2009, 20:412–419
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In an effort to adapt directed evolution to cellulase

engineering, a high-throughput selection method was

recently developed based on chemical complementation

to improve endoglucanase activity [15]. In this study, the

authors elegantly designed an oligosaccharide surrogate

by imbedding a cellotetraose between a methotrexate and

a dexamethasone, which acted as a transcription inducer

linking the hydrolysis activity of endoglucanases to the

survival of a URA3-FOA counter-selection yeast strain.

This method was of very high throughput and yielded two

variants with improved catalytic efficiency (3.7-fold and

5.7-fold) from a family DNA shuffling library with a size

of 108. However, since the selection was based on the

cleavage of a soluble substrate (methotrexate–cellote-

traose–dexamethasone) by intracellular enzymes, it could

not be used to engineer cellulase activity toward insoluble

substrates. Given the fact that there is no clear correlation

between enzyme activity on soluble substrates and that

on insoluble substrates [12�], Chundawat and coworkers

have geared their high-throughput 96-well microplate

technique toward more realistic solid substrates [16].

By using ultracentrifugal milling and a robotic multi-

pipetting workstation, the issue of irreproducible solid

substrate delivery (only crystalline cellulose (Avicel) and

ammonia fiber expansion (AFEX) pretreated corn stover

were tested in this study) was solved. Although no appli-

cation of this system was reported, the integration of high-

throughput pretreatment [16], fermentation [17], and

microplate format described here has the potential to

enable high-throughput engineering of the entire ligno-

cellulose-to-biofuels process in a miniature biorefinery.

Engineering synergy

Because of the compositional complexity of the plant cell

wall, synergistic action of a collection of enzymes with

complementary activities is required for optimal degra-

dation efficiency. In nature, synergy is best exemplified by

a unique biomass-degrading machinery — the cellulo-

some. It exhibits a highly organized structure, in which

many different types of carbohydrate-reactive enzymes,

including cellulases, hemicellulases, and pectinases, are

held together by a noncatalytic scaffoldin through high

affinity, noncovalent interactions between enzyme-bound

dockerins and cohesins in the scaffoldin [18]. Although the

mechanism is not yet clearly defined, it is widely believed

that, in addition to the enzyme–enzyme synergy (National

Renewable Energy Lab, R&D 100 Award: www.nrel.gov/

awards/2004hrvtd.html) that was also observed for non-

complexed cellulases, the enzyme proximity [19], and

enzyme–substrate [19], and enzyme–microbe [20] inter-

actions are the key contributors to the enhanced synergy of

a cellulosome [21]. Synergy engineering is still in its

nascent stage. To advance significantly, better engineering

tools or systems must be developed.

Inspired by the type-specific and species-specific inter-

action between cohesin–dockerin pairs, a designer cellu-
Current Opinion in Biotechnology 2009, 20:412–419
losome concept has been proposed to study and engineer

a cellulosome for biotechnological applications [22]. By

creating a chimeric scaffoldin consisting of divergent

cohesins, a designer cellulosome allows the incorporation

of enzymes with different activities and origins in a

composition- and spatially-defined manner. However,

since all the cellulosomal components need to be purified

and assembled in vitro, it is not economically feasible.

This limitation might be overcome by combining the

designer cellulosome concept with other recombinant

expression strategies [22], such as (1) the intercellular

complementation strategy [23�], which involves cocultur-

ing several different recombinant strains each secreting a

cellulosomal component; or (2) cell surface display (H

Zhao, unpublished), which involves in vivo surface assem-

bly synthesis of cellulosomal components that are then

assembled on the cell surface via the high affinity inter-

action between cohesins and dockerins. Pertinent to the

second strategy, three types of cellulases have been

displayed on yeast cell surface using a-agglutinin as

the anchor protein, resulting in simultaneous saccharifi-

cation and fermentation with a yield of 0.45 g of ethanol

per 1 g of amorphous cellulose [24]. Recombinant organ-

isms resulting from these engineering works have great

potential in achieving consolidated bioprocessing (CBP),

a highly compact and very promising process configur-

ation that integrates enzyme production, hydrolysis, and

fermentation in a single step [9��,25].

Pushing the limit of microbial biofuel
production
Engineering biofuel biosynthetic enzymes

Doubts about the sustainability of ethanol as a liquid

transportation fuel have sparked interest in engineering

microbes for the production of higher alcohols. Certain

Clostridia have been known since the 1960s to produce 1-

butanol, and heterologous expression of this pathway was

recently demonstrated in E. coli [26,27] and S. cerevisiae
[28]. The Liao group has since demonstrated that amino

acid biosynthetic intermediates can be rerouted by the

expression of heterologous enzymes to produce various

branched and linear alcohols [29�,30–32]. While most of

the work involved metabolic engineering, production of

some alcohols required protein engineering to increase

flux in the desired direction.

To produce 1-propanol and 1-butanol via the citramalate

pathway, Atsumi and Liao performed directed evolution

on citramalate synthase (CimA) from the thermophile

Methanococcus jannaschii and selected for functional

expression at moderate temperatures [31]. After six

rounds of mutagenesis and selection under increasing

selection pressure, they identified a mutant that was more

active than the wild-type enzyme at moderate tempera-

tures and was also insensitive to feedback inhibition.

Using this variant, they were able to simultaneously

produce high levels of 1-propanol and 1-butanol from
www.sciencedirect.com
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Figure 2

A schematic stereoview of the active site of ketoisovalerate dehydrogenase (KIVD) [30]. In order to produce long-chain alcohols (C5–C8) from amino

acid biosynthetic precursors, the active site of KIVD was modeled and altered to fit larger substrates. The shaded areas are representations of altered

binding pockets and those of double mutants M538A/V461A (green) and F381L/V461A (red), which offer less steric hindrance to larger substrates like

2-keto-4-methylhexanoate. Dotted side chains are wild type and highlight the changes in the substrate binding pocket as a result of mutations. ThDP:

thiamine diphosphate, a cosubstrate.
glucose. In order to produce longer chain alcohols, Zhang

and coworkers engineered the active site of both ketoi-

sovalerate decarboxylase (KIVD) and 2-isopropylmalate

synthase (IPMS or LeuA) to accept larger substrates by

minimizing steric clashes that may arise when bound to

larger substrates [30] (Figure 2). When expressed in a

metabolically engineered E. coli, the two mutant enzymes

could produce C5–C8 alcohols. In a final example for

producing branched alcohols using engineered enzymes

by the Liao group, they employed a previously described

feedback-insensitive mutant of IPMS that greatly

increased the flux toward 3-methyl-1-butanol [32].

Engineering hemicellulose assimilation enzymes

Unlike cellulose, hemicellulose is a highly branched

heterogeneous polymer of various pentoses, hexoses,

and sugar acids. Among these, pentoses D-xylose and L-

arabinose are the primary constituents, and as a result,

significant effort has been made to engineer yeast to

efficiently ferment these sugars into ethanol.

Protein engineering work for efficient fermentation of D-

xylose has focused primarily on the fungal pentose assim-

ilation pathway enzymes xylose reductase (XR) and xylitol

dehydrogenase (XDH). The accumulation and secretion of

intracellular xylitol, an intermediate in pentose assimila-

tion, has led many to look into the cofactor preferences of

the enzymes. XR generally prefers NADPH, whereas

XDH prefers NAD+. The inability of yeast to regenerate

these cofactors is thought to be a major bottleneck in this

pathway. Several attempts have been made to close this
www.sciencedirect.com
loop by engineering one of the two enzymes such that both

preferentially utilize either NAD+/NADH or NADP+/

NADPH. Since XR can use both reduced cofactors, albeit

with orders of magnitude difference in efficiency, decreas-

ing its affinity for NADPH is a viable technique to force

NADH use. Mutant XRs with disrupted electrostatic

interactions with the 20-phosphate of NADPH did indeed

enhance ethanol production when expressed in yeast [33–
36]. An alternative to engineering the cofactor preference

of XR is to alter that of XDH. Unlike the more promiscuous

XRs, all characterized XDHs have a strict preference for

NAD+. Watanabe and coworkers first described the XDH

cofactor preference reversal by structure-guided mutagen-

esis of residues in the cofactor binding site in proximity to

the 20-hydroxyl moiety of NAD+ [37]. They have since

shown that this mutant does indeed enhance ethanol

productivity from D-xylose when expressed in yeast

[38–40]. Since then, there have been some other examples

of similar engineering work [41], as well as observations of

improved ethanol production [42].

L-Arabinose metabolism in recombinant yeast is also a

difficult problem since L-arabinose assimilation is extre-

mely slow when a fungal L-arabinose utilizing pathway is

used (H Zhao, unpublished). Cofactor preference is also

an even more significant issue in this pathway since it uses

an additional two oxidoreductases, L-arabinitol-4-

dehydrogenase (LAD) and L-xylulose reductase (LXR),

both of which create an even greater imbalance in the

cofactor pool. Little work has been published to address

this issue; although Zhao and coworkers have engineered
Current Opinion in Biotechnology 2009, 20:412–419
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Figure 3

A schematic representation of the global transcriptional machinery engineering gTME method developed by Stephanopoulos and coworkers [47��,49].

Complex phenotypic changes are possible via altered regulation of multiple genes. Such transformations can be achieved by concentrating

mutagenesis on a single protein among the various components of yeast’s transcriptional machinery. Expression of the mutant TATA-binding

transcriptional factor Spt15-300 (red) resulted in significant upregulation of 14 genes. All these overexpressions act in a concerted manner to increase

yeast’s tolerance to high concentrations of ethanol and glucose.
an LAD with almost completely reversed cofactor pre-

ference from NAD-specific to NADP-specific using a

combined structure–function guided and directed evol-

ution method (H Zhao, unpublished). No engineering

work has been described for LXR, however. Another area

of interest is engineering transporters for more efficient

import of these ‘unnatural’ sugars. Since yeast does not

naturally metabolize these sugars, there are no transpor-

ters with high affinity toward them. Heterologous expres-

sion of pentose-specific transporters has demonstrated

promising results [43–46], although engineering work

may also be required to enhance the transport capacity

and efficiency. Interest in this area ensures forthcoming

results in the near future.

Engineering transcriptional factors

Most examples of protein engineering involved in bio-

fuels production concentrate on increasing the catalytic

efficiency of a single reaction. Engineering transcriptional

factors creates a more global change in metabolism, and

this strategy has been applied successfully in both E. coli
and S. cerevisiae for improving biofuels production. The

best known example is the process developed by the

Stephanopoulos group known as global transcriptional

machinery engineering (gTME) [47��] (Figure 3). Using

error-prone PCR, they focused their mutagenesis on a

transcription factor (Spt15p) and were able to increase

ethanol tolerance of yeast. This work provided an alterna-

tive to adaptive evolution and demonstrated that complex

phenotypic improvements were achievable by concen-

trating on a single cellular protein. The generality of this
Current Opinion in Biotechnology 2009, 20:412–419
concept has been demonstrated with further examples in

yeast for xylose fermentation [48], as well as in E. coli for

enhanced alcohol tolerance, metabolite overproduction,

and altering multiple phenotypes [49,50].

Apart from gTME, a previously recognized constitutively

active mutant transcriptional factor in E. coli, crp* (cyclic

AMP receptor protein), has been used to engineer E. coli
for simultaneous utilization of glucose and D-xylose [51].

This mutant could be a useful tool for biofuels production

from hemicellulosic sugars using E. coli as a platform

organism, rather than yeast. Other opportunities for tran-

scription factor engineering also exist within the zinc-

finger family of proteins, an avenue as yet to be utilized

for biofuels production.

Conclusions and future perspectives
Biofuels are of rapidly growing interest thanks to energy

security, sustainability, and climate change. The first-

generation biofuel technology has been used to produce

ethanol from corn and sugarcane on a large scale in the

United States and Brazil. However, the limited crop

supply will not satisfy society’s growing energy demand;

thus, the second-generation biofuel technology based on

lignocellulose is under intense investigation. Several fac-

tors will influence the economic viability of lignocellu-

losic biorefinery (Figure 1). With the development of

high-throughput screening/selection methods, protein

engineering will play an important role in producing

new, more active enzymes for the hydrolysis of biomass

to sugars and subsequent microbial conversion of sugars
www.sciencedirect.com
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Figure 4

DNA assembler method developed by Zhao and coworkers [61�]. Multiple gene expression cassettes (encoding promoter–gene–terminator) are

prepared by splicing PCR. Each fragment contains sequence homology to adjacent fragments at its termini enabling crossover events at both ends. All

fragments are cotransformed and correctly assembled in S. cerevisiae with a linearized vector (or a helper fragment, not shown in the figure), yielding a

plasmid encoding a functional pathway (or integration of a functional pathway into yeast chromosome). This method should significantly simplify the

protein engineering of biochemical pathways and has various potential applications including biofuels production.
to biofuel molecules, although the progresses reported to

date have been incremental.

One possible reason for the limited success of protein

engineering might be that the enzymes used as engin-

eering templates so far were derived from a very limited

sequence space — namely culturable microorganisms,

which, on average, represent<1% of the genetic diversity

found in nature [52]. To overcome this limitation

imposed by traditional microbiological techniques, new

strategies such as metagenomics [53] and single-cell

genomics [54,55] were developed. A recent metagenomic

study of a wood-degrading termite revealed hundreds of

hitherto unknown glycoside hydrolase genes [56]. These

novel cellulolytic proteins might expand the current

plant-cell-wall-degrading enzyme paradigm and enable

more fruitful protein engineering studies.

It is expected that metagenomics, single-cell genomics,

and the genome sequencing projects of more than 40

cultivated cellulolytic microbes [57,58] will result in an

exponential increase in the number of potential carbo-

hydrate-reactive enzymes, as well as related biosynthesis

and regulation pathways. Such massive genetic infor-
www.sciencedirect.com
mation requires the development of efficient gene clon-

ing and expression tools to examine the putative protein

functions in a context-dependent manner. The functional

expression of putative genes in E. coli, S. cerevisiae, or

other established industrial hosts might be difficult,

especially those genes isolated from extreme environ-

ments [59]. Development of expression systems that

include tRNA synthetase genes and/or stress-response

elements might enable or improve the expression of such

enzymes [59]. Of particular interest, S. cerevisiae has been

recently shown to possess the ability of simultaneously

taking up and correctly assembling DNA fragments into a

large molecule in a single step ([60,61�], Figure 4). This

extraordinary ability will greatly accelerate and simplify

the discovery, characterization, and engineering of indi-

vidual genes and biochemical pathways applicable to

biofuels production. It is especially useful to assemble

large complex enzymatic pathways for consolidated bio-

processing.

With the continuing development of new tools and

scientific knowledge, significant advances will be made

toward the development of next generation biofuels.

Concerted efforts in protein engineering, metabolic
Current Opinion in Biotechnology 2009, 20:412–419
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engineering, plant engineering, chemical catalysis, and

chemical process engineering will lead to an economically

viable lignocellulosic biorefinery in the near future.
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