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Goal Statement
Reduce research time and cost, increasing efficiency, using theory, 
modeling, and simulation to examine experimentally inaccessible 
solution space.
Provide actionable guidance to experimental, engineering and TEA 
research based on mechanistic predictions and design principles:

• Down select of targets, methods, and catalysts
• Mutations for enzymes
• Metabolic target products
• Chemical formulations for polymers
• Metabolic knockouts and insertions
• Reactor optimizations

Experiment 
alone

Time/Cost 
saved by 
modeling

Experiment +
Modeling

Outcomes: 
• Greater productivity in fuels and products leading to reaching the 

2022 $3 gasoline gallon equivalent (GGE) target
• Redox-balanced, thermodynamically feasible metabolic pathways 

that produce energy-dense product from variable biomass (Ct-L) 
• Accurate techno-economic analysis models for aerobic reactors
• Better carbon efficiency in conversion and higher-valued coproducts.

Relevance: Accelerates research, provides complementary 
insights and broadens research space
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Modeling Relevance

All science follows the process of 
• Observing how a system works
• Making assumptions about that system
• Testing those assumptions and iteratively 

refining them

Engineering and Design uses those 
assumptions to solve problems

How does Modeling improve Experiment and 
Engingeering?
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Modeling Relevance

Mathematical modeling 
à forces us to be explicit about our assumptions
à by converting them into mathematical relationships

Then rigorously explore consequences of assumptions
• Demonstrate that our understanding of the process 

is mathematically consistent (or not consistent)
• Perform ’what if’ analyses
• Optimize for a given goal
• Where models fail, quantify limits of our 

understanding

This defines our Goal, Objectives, and Relevance
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Modeling reduces experimental work and time.
Solution space is too big for experiment but accessible by modeling.

So
lv

en
t

Cata
lys

t

Reactant

Experimentally accessible

So
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en
t

Cata
lys

t

Reactant

Simulation
Accessible

Reduce Experimental Search

Example: Determine the right aliphatic compound for conversion from 
sugars in microbes based on ease of extraction before experimental efforts 
are put into implementing the conversion in microbes.

Modeling Relevance
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Experimental
Solution
Space

Modeling can find solutions unavailable to standard experimental search.

Best Solution

Modeling Accessible Space

Examples: Risk too high
• Mutations/knockouts believed to be fatal to microbe
• Testing reactor designs at Industrial scale
• Exploring triple mutants.

Modeling Relevance
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Quad Chart Overview
Timeline
• Project start date: October 1, 2018
• Project end date: September 30, 2021
• Percent complete: 17%

7

Barriers addressed
Ct-N Multiscale computational framework accelerating technology
Ct-C Process Development for Conversion of Lignin
Ct-F Increasing the yield from catalytic processes
Ct-G Decreasing the cost to developing novel ind. relevant catalysts
Ct-K Developing methods for Co-product Production
Ct-L Decreasing devel. time for ind. relevant microorgansims
Ct-M Current reactors are not designed to handle many harsh conditions

Objective
Provide actionable guidance to experiment, engineers and TEA 
from mechanistic predictions and design principles:

• Mutations for enzymes
• Metabolic target products
• Chemical formulations for polymers
• Metabolic knockouts and insertions
• Reactor optimizations

Reduce research time and cost, increasing efficiency, using theory, 
modeling, and simulation to examine experimentally inaccessible 
solution space.
End of Project Goal
Deliver complementary metabolic modeling and CFD 
methodologies (set of predicted metabolic pathway modifications, 
sugar feeding rates, oxygen sparging rates, reactor designs) leading 
to at least 20% increase in 2,3 BDO titer or 20% increase in yield of 
2,3 BDO.

Budget Total Pre 
FY17

FY 17 
Costs

FY 18 
Costs

FY 19-
Project 
End Date

DOE 
Funded

$1.5M/yr $1.2M $0.7M $3.15M 
(1.05/yr)

Partnering
2.5.1.307 CCPC Consortium Comp Chem and Phys

2.3.4.100 Lignin Utilization (LU)
2.5.3.105 Agile BioFoundry
2.5.4.100 Enzyme Engineering and Optimiz (EEO) 
2.3.2.105 Biological Upgrading of Sugars (BUS)
2.4.3.102 Targeted Microbial Developmnt (TMD) 
2.2.3.100 Low Temp Advanced Deconstruction
2.1.0.100 Biochemical Platform Analysis 
NREL_Computer Center

NSF XSEDE 
(Computers)
U. Kentucky
ORNL

U Portsmouth, UK
U. CO Boulder
U. CO Denver
U. South Florida

U. Michigan
Northeastern 

www.cpcbiomass.org
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1 – Project Overview

Three Tasks: 1 Molecular Modeling
2 Metabolic Modeling and Pathway Engineering
3 Mechanistic Process Modeling

This project grew over the past 4 years from enzyme modeling to include homogeneous

catalysis, metabolic modeling, and reactor and process design. Began in 2010 as subtask

to Enzyme Design Project.

Joined CCPC (Consortium for Computational Physics and Chemistry) in FY18

14 collaborations finished in FY17-FY18 (see Addendum 3)

8 collaborative research projects in progress (see Addendum 3)

• Identify bottlenecks where theory and modeling are appropriate
• Improve hydrolytic and metabolic enzymes through enzyme design

• Formulate design principles via the understanding the effect of structure on function
• Engineer and modify metabolic pathways; increase yield, titer, and productivity
• Determine best fermentation conditions, media, gas sparging for microbes
• Predict best configurations and conditions for industrial-scale reactors
• Provide reliable models for TEA analysis where data or models are inadequate.

www.cpcbiomass.org



2 – Approach
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2 – Approach (Management)

Project split into tasks by modeling 
type, managed by person with 
appropriate expertise
Task Managers responsible for:
• Relevance
• AOP, Milestones, quarterly reporting 

according to the guidance of BETO
• Communication with other projects
• Tracking go/no-go activities
• Budget management

Project: Biochemical Process Modeling and Simulation
M. Crowley

1 - Molecular Modeling - Brandon Knott
Molecular dynamics
Quantum mechanics QM and QM/MM approaches 

to upgrading chemistry and 
catalysis

Structure/function
Enzyme design
Molecular processes
Specificity

2 - Metabolic Modeling and Pathway
Engineering      - Yannick Bomble

• Metabolic models
• Metabolic pathway 

flux analysis
• Kinetic modeling
• DBTL Learn efforts 

and omics analyses

3-Mechanistic Process Modeling - James Lischeske

Coupled CFD/Rxn-diffusion
Multi-scale modeling
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2 – Approach (Management)

Project: Biochemical Process Modeling and Simulation

Algae

Catalysis

Co-Optima

Agile 
BioFoundry 

CO2

PABP/ 
Separations

Waste-to-
Energy

ADO  Integration 
Scale-up

FCIC

Feedstock 
Logistics

ADO Analysis/ 
Modeling

Analysis & 
Sustainability

Lignin

Biochemical 
Conversion

2.5.1.100
Biochemical 

Process Modeling 
and Simulation
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2 – Approach (Management)

Project: Biochemical Process Modeling and Simulation

Agile BioFoundry

PABP/ 
Separations

Analysis & 
Sustainability

Lignin

Biochemical 
Conversion

2.5.1.100
Biochemical 

Process Modeling 
and Simulation

Consortium for 
Computational 
Physics and 
Chemistry

2.5.4.100 Enzyme Engineering and Optimiz (EEO) 
2.3.2.105 Biological Upgrading of Sugars (BUS)
2.4.3.102 Targeted Microbial Developmnt (TMD)
2.2.3.100 Low Temp Advanced Deconstruction

2.3.4.100 Lignin Utilization (LU)

2.1.0.100 Biochemical 
Platform Analysis 

2.5.3.105 Agile BioFoundry

2.5.1.307 CCPC Consortium 
Comp Chem and Phys
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2 – Approach (Technical)
• Objective:

• Gain insight, discover new approaches and solutions
• Guide and stimulate design, experiment, and engineering; select most promising directions
• Increase research efficiency

• Approach: 
• Bolster experiment and design with theory, simulation, and modeling
• Use MultiScale Approach: 

Molecular (Task 1), Metabolic/Cellular (Task 2), and Macroscopic (Task 3) simulation
• Leverage EERE computer resource: Peregrine/Eagle (NREL)
• Leverage CCPC (Consortium for Computational Physics and Chemistry) collaborations using all theory 

and modeling expertise across laboratories
• Strong and regular communication between experimental and modeling efforts
• Target most relevant bottlenecks and barriers in most BETO-relevant processes
• Go/no-go decisions to stop ineffective approaches, replace with new approaches that will deliver 

needed insight in time for 2022 and 2030 targets

• Success Factors:
• Insights achieved, solutions found, unproductive efforts avoided
• Reduced time to solution: increasing titer, efficiency, speed, performance
• New routes to advanced fuels and co-products

• Challenges:
• Software and methods need to be developed to meet the questions and necessary speed for timely 

answers (MD, CFD, QM/MM, FE, analysis)
• Local computer hardware needs to stay at state-of-the-art



3 – Technical Accomplishments
Progress
Results
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3 – Progress – Membrane Transport (molecular)

• For biological funneling, the very 
heterogeneous slate of lignin 
degradation monomers must get into 
the cell and...

• For biological upgrading, products 
must then get out of the cell

• Membrane permeability dictates 
product egress from host cells and 
toxicity of product molecules

• Developed high-throughput method 
for determination of mechanism and 
rate of membrane crossing 

• We can then answer: 
– Active vs. passive transport – are 

transporter proteins needed?
– Which target molecules diffuse 

readily out of cells? Should products 
be functionalized? 

Process design via deep
understanding of substrate
and product membrane
permeability

RELEVANCE: Crossing of multiple 
substrates and products spurs the 
engineering of enhanced biological hosts 
for upgrading to fuels and chemicals

Video Fatty acid transport across lipid bilayer
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3 – Progress – Membrane Transport (molecular)

• We determined the permeability 
of fatty acids and terpenoids 
across biological membranes

Functionalization? Fatty alcohols 
demonstrate superior passive 
transport rates relative to other 
fatty acid products 

Barrier to 
fatty acids

Alkyls 
collect
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3 – Progress – Membrane Transport (molecular)

• We determined the permeability 
of fatty acids and terpenoids
across biological membranes

Transporters? We predict 
transporter proteins are not 
needed for terpenoid products
Functionalization? 
Oxidizing terpenoids would 
not improve membrane transit



NREL    |    18

3 – Progress – Membrane Transport (molecular)
• Context: Lignin valorization
• Only possible lignin force field 

developed in this project
• Lignin breakdown products must cross 

the cell membrane

This work enabled by 
breakthroughs in the 
molecular modeling of…

Video Syringyl monomer crossing lipid bilayer
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3 – Progress – Enzymatic plastics recycling (molecular)

• Leveraging BETO investment in 
biomass recalcitrance, metabolic 
engineering, and process 
development to drive enzyme 
engineering towards the cost-efficient 
upcycling of commodity plastics (e.g. 
PET) 

• Docking – how does PET bind to 
PETase?
– Provides engineering targets
– First step in mechanism studies

Guiding enzyme
engineering for
enhanced
plastics recycling

RELEVANCE: Plastics (a major MSW component) 
represent a carbon waste product and major 
environmental problem. We are enabling the 
Circular Economy for plastics. 
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3 – Progress – Broadening lignin substrate utilization

Biological funneling
for lignin valorization

RELEVANCE: Driving the engineering of 
bottleneck enzymes for the upgrading of lignin 
degradation products to biofuels and products

Lignin is a heterogeneous, aromatic biopolymer found in
abundance in plant cell walls where it is used for defense,
structure, and nutrient and water transport1. Given its

prevalence in plant tissues, lignin is the largest reservoir of
renewable, aromatic carbon found in nature. The ubiquitous
availability of lignin in the environment, coupled to its inherent
structural heterogeneity and complexity, has led to the evolution
of microbial strategies to break lignin polymers down to smaller
fragments using powerful oxidative enzymes secreted by rot fungi
and some bacteria2–4. These lignin oligomers can be further
assimilated as carbon and energy sources, through at least four
known catabolic paradigms5.

The most well understood aromatic catabolic mechanism,
mainly studied in aerobic soil bacteria, relies on the use of non-
heme iron-dependent dioxygenases to oxidatively ring-open
structurally diverse, lignin-derived aromatic compounds5,6.
These dioxygenases act on central intermediate substrates, such as
catechol, protocatechuate, and gallate, either in an intra- or extra-
diol manner. Lignin is primarily based on coniferyl (G) and
sinapyl (S) alcohol subunits, which exhibit one or two methoxy
groups on the aromatic ring, respectively. Nearly all lignin-
derived compounds must therefore be O-demethylated to diols
before they can be oxidatively cleaved to generate ring-opened
compounds, which are ultimately routed to central carbon
metabolism (Fig. 1)7. More recently, the same aromatic-catabolic
pathways have been invoked as a potential means to convert
lignin to useful products in biorefineries4,7–11. O-demethylation is
therefore a critical reaction for assimilating lignin-derived carbon
in both natural carbon cycling as well as in emerging bio-
technology applications.

The importance of O-demethylation has motivated substantial
efforts toward the discovery and characterization of enzymes

capable of demethylating the methoxy substituents of diverse
lignin-derived substrates12–20. For example, Ornston et al.
described the VanAB O-demethylase in Acinetobacter baylyi
ADP1, which converts vanillate to the central intermediate,
protocatechuate, via a Rieske non-heme iron monooxygenase
mechanism14,15. VanAB, which is common in many aromatic-
catabolic soil bacteria, is active on vanillate analogs, but to our
knowledge, has not been reported to be active on other lignin-
derived compounds. Masai and colleagues first described LigX18

from Sphingobium sp. SYK-6, a model bacterium for aromatic
catabolism7. LigX also employs a Rieske non-heme iron mono-
oxygenase mechanism to demethylate a biphenyl compound
representing a common lignin linkage. Masai et al. additionally
reported, in SYK-6, two tetrahydrofolate-dependent O-demethy-
lases, LigM and DesA. LigM primarily demethylates vanillate and
3-O-methylgallate, whereas DesA principally demethylates syr-
ingate with very weak activity on vanillate16,17.

Earlier reports from Eltis et al. and Bell et al. described cyto-
chrome P450-based demethylation of aromatic compounds;
though either the full gene sequences were not reported until
recently13,21, or the para-substituted substrate (4-methox-
ybenzoate) was of limited interest for the lignin degradation
problem22,23. Similarly, Dardas et al. found evidence of a P450 in
Moraxella GU2 responsible for the O-demethylation of guaiacol
and guaethol; however, neither the gene sequence nor identity of
the P450 or its reductase partner was isolated24.

The relatively narrow substrate specificities elucidated to date
for aryl-O-demethylation, coupled to the potentially broad dis-
tribution of structurally distinct, methoxylated lignin products
found in nature, prompted us to search for alternative mechan-
isms for this key reaction. Because G-unit monomers constitute a
majority of plant-derived lignin, we initially focused on O-
demethylation of guaiacol (2-methoxyphenol), which in turn
represents the simplest G-unit monomer derivable from lignin.
As reported in a companion study21, we isolated a cytochrome
P450-reductase gene pair, gcoAB, from Amycolatopsis sp. ATCC
39116 (encoding proteins with accession numbers
WP_020419855.1 and WP_020419854.1). Introduction of this
pair via plasmid-based expression into Pseudomonas putida
KT2440, a robust aromatic-catabolic bacterium, was sufficient to
confer growth on guaiacol21. Here, we report a comprehensive
structural, biochemical, and computational description of this
new cytochrome P450-based mechanism for aryl-O-demethyla-
tion. Unlike other known tetrahydrofolate- or non-heme iron-
dependent demethylases, which are fairly substrate specific, the
P450-reductase pair characterized here (GcoAB) demethylates
diverse aromatic substrates, potentially providing an important
advantage in both natural and biotechnological contexts. The
results presented here suggest a remarkably flexible active site that
may promote promiscuous substrate usage.

Results
GcoA crystal structures suggest broad substrate specificity. The
X-ray crystal structures of GcoA (in complex with guaiacol) and
GcoB were determined to resolutions of 1.4 Å and 1.7 Å,
respectively (Figs. 2 and 3, Supplementary Figs. 1–7, and Sup-
plementary Table 2). The GcoA structure reveals a typical P450
single-domain architecture with a central heme adjacent to a
buried active site, captured with the substrate access loop in the
closed position (Fig. 2a, b). GcoA possesses a broadly hydro-
phobic pocket with the two oxygen atoms of the substrate coor-
dinated by backbone carbonyl and amide nitrogen groups from
residues Val241 and Gly245, respectively. A series of hydrophobic
amino acids is responsible for positioning the aromatic ring,
including a triad of phenylalanine residues lining the active site

O-demethylation

Ring cleavage

Central intermediates

NAD+ Fe2S2ox Fe(IV)por•+

Fe(III)por

HO

OH

OH CH2

OCH3

+

+

H2O

O2

O

O

Fe2S2red
NADH FAD ox

2×

2×2e-

1e-

1e-

FADH–red

GcoB GcoA

Upper pathways

a

b

S-ligninG-lignin

R R

O O

OH

O

OH

OH OH

OH

OHHO

OH

COOH COOH

OH

R=H, OH, CHO, COOH, CHCHCH2OH,
CHCHCHO, COCH3, CH3, CHCHCH3, CH2H3

Fig. 1 O-demethylation in aromatic catabolism. a O-demethylation provides
a central role in the upper pathways of aromatic catabolism5,6,76–80. G- and
S-lignin, the primary units in lignin, are O-demethylated to form central
intermediates. These are then cleaved by intradiol (red lines) or extradiol
(blue lines) dioxygenases. b Coupled reactions catalyzed by GcoA and
GcoB. por, porphyrin

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-04878-2

2 NATURE COMMUNICATIONS | �(2018)�9:2487� | DOI: 10.1038/s41467-018-04878-2 | www.nature.com/naturecommunications

• Engineering microbes to convert a broad slate of lignin 
degradation products is a promising strategy for lignin 
valorization 

• GcoA is a P450 protein capable of natively demethylating 
guaiacol to catechol

• MD simulations revealed that the substrate access “lid” opens 
spontaneously on the microsec time scale with empty active 
site, but is an activated process when substrate/product are 
bound
– Also, MD reveals critical roles for active site hydrophobic 

residues that subsequently become engineering targets… 
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3 – Progress – Broadening lignin substrate utilization

• A single point mutation 
makes GcoA active on 
syringol (simplest 
monomer of S lignin) and 
improves its activity on 
native guaiacol (simplest 
monomer of G lignin) 

• Simulations reveal the 
link between the 
mutation (sequence / 
structure) and the 
enhanced activity on non-
native substrates 
(function)

Guaiacol in WT GcoA

Syringol in WT GcoA

Next up
Vanillin   and   vanillate
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3 – Progress DBTL (step 1)

“Learn”-ing from omics data RELEVANCE:
• Convert ‘Omics data from high-throughput 

experiments into actionable strategies to 
improve processes in industrially-relevant hosts.

• Collaboration with Agile Biofoundry

• Large omics analyses underlie automated 
Design-Build-Test-Learn bioprocess design

• Interpreting the results of these analyses 
without mathematical models is challenging
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3 – Progress DBTL (step 2)

Calvin-Benson-Bassham cycle

Design Suggestions for 
next DBTL iteration

“Learn”-ing from omics data RELEVANCE:
• Convert ‘Omics data from high-throughput 

experiments into actionable strategies to 
improve processes in industrially-relevant hosts.

• Collaboration with Agile Biofoundry

• Models provide framework for 
rational exploration of 
modifications to improve strain 
performance
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3 – Progress 2,3 BDO Upgrading

O2 Requirements of 2,3-BDO RELEVANCE:
• Found feasible pathways for anaerobic 2,3-

BDO production, quantified maximum 
carbon yield and growth rate
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• 2,3 BDO fermentation requires an 
external electron acceptor, i.e., oxygen

• Succinic acid can be catalytically 
converted to 1,4-BDO, and can serve 
as an electron acceptor

• Modeled 2,3-BDO (with optional 
succinate production) as a function of 
external O2 concentration
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Aerobic Bioreactor CFD

• Adapted OpenFOAM two-phase solver
• Gas-liquid mass transfer
• Oxygen depletion in the liquid (mimicking 

microorganism metabolism) 
• Tested bubble-column reactor types

• Central inlet reactor
• Draft-tube air-lift reactor

• Simulations of aeration rates needed to achieve 
specific oxygen-transfer rates—important to determine 
reactor costs
• Commercial-scale reactors have improved OTR 

because higher head pressures increase O2
saturation

• CFD results confirmed empirical-engineering 
calculations for costs.

Draft-tube air-
lift reactor

3 – Progress – Aerobic Reactor Design

RELEVANCE: Enable (micro-)aerobic pathways and 
inform techno-economic analysis

3 – Progress – Aerobic Bioreactor
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3 – Progress—Aerobic Reactor Design3 – Progress – Aerobic Reactor Design

Continuing development 
of dynamic model in 
more reactor 
geometries, focused on 
scale-up of micro-
aerobic fermentation 
pathways

The product distribution of BDO-producing 
organisms is highly sensitive to aerobic 
environment. Homogeneity across the reactor is 
important for translating high-titers at the bench 
to productivity at scale.

Implemented dynamic 
model in a rotational 
geometry to simulate 
a 1000L CSTR with a 
Rushton impeller.

Over-oxygenated regions 
may lead to undesirable 

products

Under-oxygenated regions are 
less productive

Oxygen concentration (top) and 
oxygen-limited volume fraction 
(bottom) v superficial velocity 
for large bubble column reactor 
(solid) and airlift reactor 
(dashed) at different oxygen 
uptake rates.

Bubble and Airlift CSTR
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14 collaborations finished in FY17-FY18

8 collaborative research projects in progress

Listed in Addendum 3

3 – Progress – Completed



4 – Relevance
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4 – Relevance

Reduce Cost of Research and Time-to-Solution
• Membrane transport modeling and screening for sugar and lignin 

upgrading 
• Membrane composition screening and design for determining and 

removing toxicity of reactants and products
• Lignin-upgrading enzymes designed for more substrates, increasing 

carbon efficiency
• Plastic-degrading enzymes designed for circular economy
• New Polymers co-designed with degrading pathways in mind
• Explain mechanism of action for enhancing deconstruction enzymes, 

reducing cost of hydrolysis steps
• New Omics Methods developed for DBTL cycles – more accurate, 

more efficient
• Reactor models predict outcomes outside of experiment, lowering 

uncertainties of TEA
• Reactor modeling to quantify viability of current micro-aerobic 

pathways
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4 – Relevance

Discover NEW solutions to bottlenecks
• Discovered possible solutions for BDO production redox imbalance
• Determined optimal fatty-acid derivatives for production in continuous 

production mode
Provide NEW insights
• TEA enhanced by accurate models; can now accurately include many 

reactor design variables at full industrial scale
• Knockouts considered lethal provide higher productivity
• Lignin demethylation step enzyme active site essentials uncovered à

increase range of effectiveness, increase carbon utilization
Technology Transfer
• Lignin Force Field  and Builder publicly available for all lignin-related 

molecular modeling
• Omics methods to be released for public use
• Reactor models are publicly available for industrial use
• Record of Invention, publications



5 – Future Work
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5 – Future Work

• Automate learn-and-design methodology using ensemble-
based kinetic models and derive optimal changes to enzyme 
expression from metabolomics, proteomics, and fluxomics
measurements in P. putida 

• Lignin-derived polymers
• Enzymatic degradation of plastics – broadening substrate 

specificity
• Molecular interactions of lignin with biomass polysaccharides
• Design of chemically recyclable polymers
• Engineering catabolic enzymes for upgrading of lignin 

degradation products
• De-risk scale-up of micro-aerobic fermentation through reactor 

design and simulation
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5 – Future Work

GO/NOGO Q2 FY20
BDO titer and yield increases through prediction and modeling.
Develop complementary metabolic modeling and CFD methodologies (set of predicted metabolic 
pathway modifications, sugar feeding rates, oxygen sparging rates, reactor designs) A GO decision 
indicates continuation as planned.  A NOGO decision can take different directions, pursuant to 
discussion with DOE.  One direction could be to reevaluate the methodologies used and modify as 
needed another direction could be refocus efforts elsewhere where metabolic modeling and CFT 
could have a greater impact.
There are three major directions of research toward predictions for improvement:
1) Metabolic modeling leading to prediction of pathways to reduce the need for sparging.
2) Dynamic process modeling to develop timing sequences for oxygen sparging and other 
process parameters
3) Reactor design for maximum sparging control leading to specific aeration rates that produce 
maximum yield and titer.

Criteria: Produces at least a 10% increase in 2,3 BDO titer or 10% increase in yield of 2,3 BDO over 
current strains from either glucose, xylose, arabinose, or all of these C5/C6 sugars. This project will 
improve yield through a combination of metabolic pathway, dynamic modeling for sparging rates 
and timing, and sparging reactor design.



6 – Summary
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Summary
Overview: Solve Bottlnecks where theory and modeling are 

appropriate in enzyme design, metabolic pathways, industrial-
scale reactors, and TEA analysis

Approach: Use Quantum, Molecular, and Finite-Element methods 
to model, understand, and predict solutions for bottlenecks in 
close collaboration and iteration with experimental and 
engineering BETO projects

Membrane permeability of upgrading reactants 
and products

Machine-learning approaches for microbe design

Lignin model for complete biomass modeling Solutions for BDO production

Plastic-degrading enzyme design Aerobic bioreactor conditions optimized

increased enzymatic processing of lignin: Ferulic 
acid esterase mechanism 

Metabolic model of low-pH yeast to design 
optimal C5 and C6 sugars for acids and esters

GH5 cellulase engineering for thermostability Mechanistic enzymatic hydrolysis model 
explaining rate slowdown

GH45 cellulase mechanism (FY18 Q4 milestone 
met)

Low-order phenomenological model for 
implementation in CFD and process models

Progress/Accomplishments
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Summary

Relevance: Reduced cost of research and time-to-solution 
reduces cost and time-to-market for bioproducts. 
Codesign of plastics and enzymes enabling circular bio-
economy. Decrease toxicity of bioprocess intermediates 
and products drives cost down in upgrading

Future Work: Automate learn-and-design methodology, 
derive optimal changes to enzyme expression, design 
lignin-derived polymers, broaden enzyme specificity in 
plastics degradation and lignin upgrading, design bio-
derived chemically recyclable polymers, de-risk scale-up 
of micro-aerobic fermentation
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Additional Slides
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Responses to Previous Reviewers’ 
Comments

• If your project is an on-going project that was reviewed 
previously, address 1-3 significant questions/criticisms 
from the previous reviewers’ comments (refer to the 
2017 Peer Review Report, see notes section below)

• Also provide highlights from any Go/No-Go Reviews

Note:  This slide is for the use of the Peer Reviewers only – it is not to 
be presented as part of your oral presentation.  These Additional Slides 
will be included in the copy of your presentation that will be made 
available to the Reviewers.

https://www.energy.gov/eere/bioenergy/downloads/2017-project-peer-review-report
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• Task1: Membrane design via small molecule permeability
• Fatty acids, terpenoids, lignin derivatives

• Task1: Parameterization of lignin forcefield
• Task1: Lignin model builder
• Task1: Enzymatic recycling of plastics
• Task1: Enzymatic upgrading of lignin degradation products 
• Task2: Analyzed omics data to suggest strain designs for improved 

muconate production
• Task2: Designed pathways for 2,3-BDO production under limited O2

environments
• Task3: Built a validated platform for interrogating aerobic bioreactors 

at scale with multi-phase transport and reaction

Addendum 3 – Progress – Completed



NREL    |    41

• Molecular mechanism of (rate-limiting) dissociation 
of processive cellulases

• Lignin solvation dependence on molecular structure
• Membrane permeability of lignin monomers
• Binding of GcoA to biological membranes
• Ion diffusion within biomass
• Cis/trans lipid isomerization – impact on membrane 

structure and permeability
• ReaxFF
• Application of bioreactor models to novel reactors 

for micro-aerobic fermentation

Addendum 3 – Progress – Work in Progress 
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and Commercialization
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Allen, Munir S. Skaf, Michael F. Crowley, Ellen L. Neidle, Kendall N. Houk, Gregg T. Beckham, Jennifer L. DuBois, John E. McGeehan, A 
Promiscuous Cytochrome P450 Aromatic O-demethylase for Lignin Bioconversion. Nature Communications 2018, 9, 2487.

• Melodie M. Machovina, Sam J. B. Mallinson, Brandon C. Knott, Alexander W. Meyers, Marc Garcia-Borràs, Lintao Bu, Japheth E. 
Gado, April Oliver, Graham P. Schmidt, Daniel J. Hinchen, Michael F. Crowley, Christopher W. Johnson, Ellen L. Neidle, Christina M. 
Payne, Kendall N. Houk, Gregg T. Beckham, John E. McGeehan, Jennifer L. DuBois, Enabling Microbial Syringol Conversion Through 
Structure-Guided Protein Engineering. Proceedings of the National Academy of Sciences. 2019, in revision.

• Vermaas, J. V.; Beckham, G. T.; Crowley, M. F., Computational Insights into Fuels and Chemicals Extraction from Microbial 
Biorefineries. Biophysical Journal 2018, 114 (3), 99a.

• Taylor, L. E.; Knott, B. C.; Baker, J. O.; Alahuhta, P. M.; Hobdey, S. E.; Linger, J. G.; Lunin, V. V.; Amore, A.; Subramanian, V.; Podkaminer, 
K., Engineering enhanced cellobiohydrolase activity. Nature communications 2018, 9 (1), 1186.

• Settle, A. E.; Berstis, L.; Zhang, S.; Rorrer, N.; Hu, H.; Richards, R.; Beckham, G.; Crowley, M.; Vardon, D., Iodine-catalyzed 
isomerization of dimethyl muconate. ChemSusChem 2018.

• Prates, E. T.; Guan, X.; Li, Y.; Wang, X.; Chaffey, P. K.; Skaf, M. S.; Crowley, M. F.; Tan, Z.; Beckham, G. T., The impact of O-glycan 
chemistry on the stability of intrinsically disordered proteins. Chemical Science 2018, 9 (15), 3710-3715.

• Nag, A.; John, P. C. S.; Crowley, M. F.; Bomble, Y. J., Prediction of reaction knockouts to maximize succinate production by 
Actinobacillus succinogenes. PloS one 2018, 13 (1), e0189144.

• Ciesielski, P. N.; Pecha, M. B.; Bharadwaj, V. S.; Mukarakate, C.; Leong, G. J.; Kappes, B.; Crowley, M. F.; Kim, S.; Foust, T. D.; Nimlos, 
M. R., Advancing catalytic fast pyrolysis through integrated multiscale modeling and experimentation: Challenges, progress, and 
perspectives. Wiley Interdisciplinary Reviews: Energy and Environment 2018, e297.

• Austin, H. P.; Allen, M. D.; Donohoe, B. S.; Rorrer, N. A.; Kearns, F. L.; Silveira, R. L.; Pollard, B. C.; Dominick, G.; Duman, R.; El Omari, 
K., Characterization and engineering of a plastic-degrading aromatic polyesterase. Proceedings of the National Academy of Sciences 
2018, 201718804.

Presentations 2018:
• Brandon Knott, Josh Vermaas, Jerry Ståhlberg, Gregg Beckham, Mike Crowley, Computational Insights into the Catalytic Function of 

Processive Cellulases. Invited Talk. American Institute of Chemical Engineers Annual Meeting, Pittsburgh, PA. October 2018.
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Publications, Patents, Presentations, Awards, 
and Commercialization

Publications 2017
• Vermaas, J. V.; Petridis, L.; Beckham, G. T.; Crowley, M. F., Systematic Parameterization of Lignin for the Charmm Force Field. 

Biophysical Journal 2017, 112 (3), 449a.
• Vermaas, J. V.; Beckham, G. T.; Crowley, M. F., Membrane Permeability of Fatty Acyl Compounds Studied via Molecular 

Simulation. The Journal of Physical Chemistry B 2017, 121 (50), 11311-11324.
• Sprague, M.; Stickel, J.; Sitaraman, H., Formulation and validation of a computational model for a dilute biomass slurry 

undergoing rotational mixing. Bulletin of the American Physical Society 2017, 62.
• John, P. C. S.; Crowley, M. F.; Bomble, Y. J., Estimation of the Maximum Theoretical Productivity of Fed-Batch Bioreactors. 

IFAC-PapersOnLine 2017, 50 (1), 9883-9888.
• John, P. C. S.; Crowley, M. F.; Bomble, Y. J., Efficient estimation of the maximum metabolic productivity of batch systems. 

Biotechnology for biofuels 2017, 10 (1), 28.
• Haarmeyer, C. N.; Smith, M. D.; Chundawat, S. P.; Sammond, D.; Whitehead, T. A., Insights into cellulase-lignin non-specific 

binding revealed by computational redesign of the surface of green fluorescent protein. Biotechnology and bioengineering 
2017, 114 (4), 740-750.

• Elder, T.; Berstis, L.; Zwirchmayr, N. S.; Beckham, G. T.; Crowley, M. F. In The application of computational chemistry to lignin, 
In: Proceedings of the 19th International Symposium on Wood, Fibre and Pulping Chemistry, 2017; pp na-na.

• Elder, T.; Berstis, L.; Beckham, G. T.; Crowley, M. F., Density Functional Theory Study of Spirodienone Stereoisomers in Lignin. 
ACS Sustainable Chemistry & Engineering 2017, 5 (8), 7188-7194.

• Amore, A.; Knott, B. C.; Supekar, N. T.; Shajahan, A.; Azadi, P.; Zhao, P.; Wells, L.; Linger, J. G.; Hobdey, S. E.; Vander Wall, T. A., 
Distinct roles of N-and O-glycans in cellulase activity and stability. Proceedings of the National Academy of Sciences 2017, 
201714249.
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and Commercialization

Publications pre-2017

• Sammond, D. W.; Kastelowitz, N.; Himmel, M. E.; Yin, H.; Crowley, M. F.; Bomble, Y. J., Comparing residue clusters from 
thermophilic and mesophilic enzymes reveals adaptive mechanisms. PloS one 2016, 11 (1), e0145848.

• Mayes, H. B.; Knott, B. C.; Crowley, M. F.; Broadbelt, L. J.; Ståhlberg, J.; Beckham, G. T., Who's on base? Revealing the 
catalytic mechanism of inverting family 6 glycoside hydrolases. Chemical Science 2016, 7 (9), 5955-5968.

• Knott, B. C.; Crowley, M. F.; Himmel, M. E.; Zimmer, J.; Beckham, G. T., Simulations of cellulose translocation in the bacterial
cellulose synthase suggest a regulatory mechanism for the dimeric structure of cellulose. Chemical science 2016, 7 (5), 3108-
3116.

• Jarnigan, A. Enhancing Cellulase Commercial Performance for the Lignocellulosic Biomass Industry; Danisco, US Inc., 
Copenhagen (Denmark): 2016.

• Humbird, D.; Sitaraman, H.; Stickel, J.; Sprague, M. A.; McMillan, J. CFD Study of Full-Scale Aerobic Bioreactors: Evaluation of 
Dynamic O2 Distribution, Gas-Liquid Mass Transfer and Reaction; National Renewable Energy Lab.(NREL), Golden, CO 
(United States): 2016.

• Hobdey, S. E.; Knott, B. C.; Momeni, M. H.; Taylor, L. E.; Borisova, A. S.; Podkaminer, K. K.; VanderWall, T. A.; Himmel, M. E.; 
Decker, S. R.; Beckham, G. T., Biochemical and structural characterizations of two dictyostelium cellobiohydrolases from the 
amoebozoa kingdom reveal a high level of conservation between distant phylogenetic trees of life. Applied and 
environmental microbiology 2016, 82 (11), 3395-3409.

• Elder, T.; Berstis, L.; Beckham, G. T.; Crowley, M. F., Coupling and reactions of 5-hydroxyconiferyl alcohol in lignin formation. 
Journal of agricultural and food chemistry 2016, 64 (23), 4742-4750.

• Crawford, N. C.; Sprague, M. A.; Stickel, J. J., Mixing behavior of a model cellulosic biomass slurry during settling and 
resuspension. Chemical Engineering Science 2016, 144, 310-320.

• Berstis, L.; Elder, T.; Crowley, M.; Beckham, G. T., Radical nature of C-lignin. ACS Sustainable Chemistry & Engineering 2016, 4
(10), 5327-5335.
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(20), 6129-6143.
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determination and validation for a mechanistic model of the enzymatic saccharification of cellulose-I$\beta$. Biotechnology 
Progress 2015, submitted.

• Hobdey, S. E.; Donohoe, B. S.; Brunecky, R.; Himmel, M. E.; Bomble, Y. J., New Insights into Microbial Strategies for Biomass 
Conversion. In Direct Microbial Conversion of Biomass to Advanced Biofuels, Elsevier: 2015; pp 111-127.

• Happs, R. M.; Guan, X.; Resch, M. G.; Davis, M. F.; Beckham, G. T.; Tan, Z.; Crowley, M. F., O-glycosylation effects on family 1 
carbohydrate-binding module solution structures. The FEBS journal 2015, 282 (22), 4341-4356.

• Ciesielski, P. N.; Crowley, M. F.; Nimlos, M. R.; Sanders, A. W.; Wiggins, G. M.; Robichaud, D.; Donohoe, B. S.; Foust, T. D., 
Biomass Particle Models with Realistic Morphology and Resolved Microstructure for Simulations of Intraparticle Transport 
Phenomena. Energy & Fuels 2015, 29 (1), 242-254.
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