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Goal Statement

e Goal

— To develop cost-effective methods of increasing utilization of C5 and
C6 sugars by native yeast in the conversion of lighocellulosic biomass
to ethanol

e Alignment with DOE-BETO and industry goals and objectives

— Efficient utilization of C5 sugars essential for ethanol process
economics

e these sugars are a major portion of sugars present in lignocellulosic biomass

— Ability to employ proven native yeast from corn ethanol industry
allows seamless transition from corn to cellulosic ethanol




Quad Chart Overview

Timeline
e Start date: 09/30/2008
e End date: 06/30/2013

e Percent complete: 95%
(funds released in Feb. 2009)

Budget
e Total Project: $788,875

— DOE: $499,784
— UT: $289,091
e FY 11 funding:S 99,652/$80,622

e FY 12 funding: $ 106,725/521,555
e FY 13 funding: S 165,694/573,691
e No ARRA funding

Barriers

e Bt-J: Fuels Organism
Development

Partners

e UTis coordinating research
activities

e |Pislicensed to SuGanit Systems,
Inc.; SuGanit scale-up efforts are
not part of this project
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Project Overview
Our strategy for fermentation of sugars to ethanol

Cellulose

S. cerevisiae

Glucose > ethanol

Advantages

e Control over the isomerization step

Issues with implementation

e Unfavorable xylose/xylulose equilibrium

e X| enzyme recovery and reuse

Hemicellulose

Xy| ose x S. cerevisiae
\
\
~ ~ - _ -
GMO yeast or
Xl GMO bacteria

Xylulose

ethanol
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1. Approach

Strategy 1*: SIF in presence of soluble ketose binding agents

1a. Advantages Special requirements

Unfiltered * In addition to SIF, also permits SSI ¢ Co-immobilized urease-and-Xl

hydrolysates ¢ Hence, SSF becomes feasible pellets for isomerization at
fermentation pH

1b. * Permits SIF while allowing: * In addition to 1a, non-traditional

Filtered * Recovery and reuse of the co- fermentor configuration

hydrolysates immobilized enzyme pellets

* Recovery of lignin

Strategy 2**: Sequential | & F with immobilized ketose binding agents

Advantages Special requirements
* Off-the-shelf XI/no co-immobilization with urease ¢ pH adjustment between
* Recovery and reuse of Xl and ketose binding agent isomerization and fermentation

* Concentrate and purify xylulose

* 8. Varanasi, K. Rao, P. Relue, and D. Yuan, “Methods for Fermentation of Xylose and Hexose Sugars,” US utility patent application PCT/US09/30033
filed Jan. 2, 2009.

** Bin, Li, S. Varanasi, and Patricia Relue, "Aldose-Ketose Transformation for Separation and/or Chemical Conversion of C6 and C5 Sugars from
Lignocellulosic Biomass Hydrolyzate, US Provisional Patent filed, Ser No:61/325,710, 04/2010 6



Project Approach (con’t)

Milestones

A: Co-immobilized enzyme pellet production
B: Design of reactors

— Packed bed immobilized enzyme pellet reactor designed &
performance optimized

— Fermentation modules designed and tested for SIF

C: SSF with co-immobilized enzyme pellets and
native yeast

D: New ketose binding agents
— |dentify and test their performance

— Develop strategies for their recovery and reuse




2. Technical Accomplishments/Results
Strategy 1: Simultaneous isomerization and fermentation (SIF)

Method for sustaining two pH microenvironments in a single vessel

Fermentation broth, pH, 4-5

H7-8.5 Xl Zone 2
Xylose - p —— Xylulose h
Exogenous xylose isomerase (XI) Zone 1 R1
i.e. Gensweet®, Sweetzyme™ 4
pH 4-5 | : ERZ
S. cerevisiae : |
N Urea
Ethanol
/ !
Urease 4

e \While SIF drives the isomerization forward, the
xylulose:xylose ratio is never greater than 1:5 (34 °C)
e Low xylulose concentration results in long
fermentation times

v

R1 R2 r

S. Varanasi, K. Rao, P. Relue, and D. Yuan, “Methods for Fermentation of Xylose and Hexose Sugars,” US utility patent application
PCT/US09/30033 filed Jan. 2, 2009.




2. Technical Accomplishments/Results (con’t)
Strategy 1: Simultaneous isomerization and fermentation (SIF)

Enhancing conversion of xylose to xylulose in co-immobilized enzyme pellets
via addition of a soluble ketose binding agent (HB)

Zone 1 Fermentation broth
Urease pH = 4.5-5.5

Isomerization
xylulose +—=— xylose ¢-------mrssmememmeeeeoooo- bulk xylose (X)

(Y) (X)
H*

B H === HB <« -
/ binding xylulose (Y)
Pellet interior — Zone 2 agent

immobilized XI region Fermentation
by native yeast

pH = 7.0-8.5
ethanol
Y-B- - - - - - - - - > Y-B-
xylulose-binding agent . . .
complex This mechanism shifts the xylulose to

xylose ratio from 1:5 to 9:1, significantly
reducing fermentation times

K. Rao; S. Chelikani; P. Relue; and. S. Varanasi, “A Novel technique for Optimizing the Simultaneous-Isomerization-and-
Fermentation (SIF) Approach of Converting Xylose to Ethanol,” Applied Biochemistry and Biotechnology, 146(1-3):101-117, 2008. 9



Bi-layered versus co-immobilized enzyme pellets

Co-immobilized enzyme pellets can be made using
commercial functionalized supports, much simpler to prepare

Both methods of immobilization sustain the two-pH
microenvironments

Immobilized

XI core

Immobilized urease layer

10




2. Technical Accomplishments/Results (con’t)
Strategy 1: Biocatalyst development (Milestone A)

We identified and tested 3 commercial functionalized supports (Eupergit®

250c, Sepabeads® HA, and Sepabeads® EP) for Xl and urease immobilization

EP.
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We found good activity of both enzymes when immobilized on Sepabeads

1 2 3 4 5 6 7 8 9 10 11

Number of continuous cycles of urea hydrolysis

Immobilized urease activity for repeated
cycles of urea hydrolysis, pH 7.5
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2. Technical Accomplishments/Results (con’t)
Strategy 1a: Unfiltered hydrolysate and soluble binding agent (SSI) (Milestone C)

Sugar concentration, g/I

i | Saccharification
Pretreated :
biomass ' PH = 4.5
i T=50°C
18 ,”'
» v
16 & —e

14
12

10

—eo—xylose, g/l
—=—glucose, g/l

Traditional saccharification

0 4 8 12 16 20 24

Sugar concentration, g/I

Isomerization Fermentation
pH 7.5 : pH 4.5
T =35-50 °C : T=32-35°C
157
r \\ —e—xylose, g/l
16 * v —m—glucose, g/l
4

——xylulose, g/l

Simultaneous isomerization
and saccharification, SSI

0 4 8 12 16 20

24

e Dilute acid pretreatment (1% H,SO, with 7.5% solids loading at 120 °C for 60 min)
* Pretreated biomass saccharified using standard enzyme cocktail after pH adjustment (citrate buffer @pH 4.5)
e Simultaneous isomerization is effected by adding co-immobilized XI pellets, urea, and borax

12



2. Technical Accomplishments/Results (con’t)
Strategy 1a: Unfiltered hydrolysate and soluble binding agent (SSF) (Milestone C)

T ' | Saccharification Isomerization Fermentation | .
lonic-liquid ! !
Pretreatedﬁ' pH=4.5 pH 7.5 pH 4.5 :

] | T=50°C T=35-50°C T=32-35°C :

biomass ! :
50 ~_\\\\ 150
v
g 440
: E
* We successfully demonstrated that ii o 3
SSF is feasible with the co- 8 —— ! £
immobilized enzyme pellets 5 i el
* Anadded benefit of isomerization is 3 —a— AceticAcid £
that cellulase inhibition during 2 fro ®
saccharification may be aleviated
= = 0
8 10

Time (hrs)

e |nitial sugar concentrations:
77 g/l glucose and 12 g/I xylose

¢ Ethanol productivity is 0.43 g ethanol/g
fermentable sugar
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2. Technical Accomplishments/Results
Strategy 1a summary: Unfiltered hydrolysate and soluble binding agent

e SSIF with native yeast was successfully demonstrated
for producing ethanol from major lignocellulose
sugars

e |n this approach, following separation of ethanol,
residual is a complex mixture of yeast, lignin, borate,
and saccharifying enzymes

* Process economics warrants approaches that are

capable of recovering and reusing most of these
components

14




2. Technical Accomplishments/Results (con’t)
Strategy 1b: Filtered hydrolysate and soluble binding agent

Biomass _| Saccharification
pretreatment| | with cellulases Saiaiaiaaaaiaa e e et e
|
| A
I . .
3 filtered : Isorpenzahon = Farmansos o
Filter hydrolysate ' biocatalyst east confined
FH ! confined Y
(FH) I
: S I
|
I
solids/lignin :
| \ 4
I
|
1
] Hydrolysate
: subject to SIF SIF
Unique Aspects of approach: :
* No pH adjustment needed A
between process units
* Yeast and biocatalyst can be »| Distillation

reused
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2. Technical Accomplishments/Results (con’t)
Strategy 1b: Filtered hydrolysate and soluble binding agent (SIF)

Containment devises for reuse of enzyme pellets (Milestone B)

Packed bed reactors designed and tested with pellets

— Designed for ease of recovery and reuse of the pellets in SIF

— Kinetics are significantly faster than in shake flask due to improved
mass transfer (10 hrs vs. 24 hrs for 83% isomerization yield)

®m  Packed Bed

30 0 Shake flask 100

N
[4,]
1

1 83

N
o

67

—_
(S,
1

.50

—_
o
1

133

o
1

L17

Total Xylulose Concentration (g/l)

o

0

% Xylulose Yields

xylose
g ©

/—f/

Urease

xylulose
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2. Technical Accomplishments/Results (con’t)
Strategy 1b: Filtered hydrolysate and soluble binding agent (SIF)

Fermenter design for confinement of yeast (Milestone B)

HFMF designed for rapid fermentation while preventing direct yeast and pellet
contact

— Enables reuse of yeast and pellets

— Yeast used for sugar fermentation for up to 7 days with no reduction in yield (longest time
tested)

— Byproduct (glycerol and acetic acid) formation is low as compared to shake flask
fermentation

—o— HFMF
30} === Shakeflask 130
T I .................................................
o 1 Membrane Yeast 5
_ 5 : - - [
3 2 | '
2 20 8 |
= 20} 120 5 :
S - Ethanol é Lumen ———  Ethanol Sugars
g g |
2 T I S
By-products Shell-side —> Yeast i
10F 1 :
Radial cross-section Axial cross-section of fiber
y of HFMF
= —— — -
o " i A i 0
0 1 2 3 4 5

Time (hrs)
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2. Technical Accomplishments/Results (con’t)
Strategy 1b: Filtered hydrolysate and soluble binding agent (SIF)

SIF of filtered hydrolysate (Milestone B)

Isomerization Fermentation
Glucose Glucose
Xylose | Xylulose Ethanol

e r g

| I

| S | . :

! Packed bed of Hollow fiber !

: co-immobilized membrane fermentor !

! enzyme pellets (HFMF) :

e e e e e e e, e, e, e, e, e, —,——m—m-— | eememeem e e e e e e e e e - — - ————

| |
Kby
Fresh hydrol | v valve
res ydrolysate T Ethanol to
feed stream  — k> k] > ecover
Yy
==
Batch/continuous stirred tank
hydrolysate reactor
. Ethanol yield . . . .
Mode of Operation Ethanol (g ethanol/ Sugar utilization | Xylitol | Glycerol | Acetic Acid
(all data is at 24 hrs) (g/) g (60 g G+30 g X) (g/l) (g/l) (g/)
g sugar)

No isomerization of xylose 30.93 0.34 84% 2.75 5.32 1.94
SIF 37.22 0.41 84% 2.07 5.32 1.95
Pre-isomerization of xylose (to 50%) 41.22 0.46 98% 5 61 4.9 1.94

followed by SIF




2. Technical Accomplishments/Results (con’t)
Strategy 2: Sequential | & F with immobilized binding agents

Evaluation and immobilization of ketose binding agents (Milestone D)

e Economics/environmental concerns require recovery and
reuse of the binding agent

e Suitable complexing agents were borate, germanate,
phenylboronic acid (PBA), 3-amino-PBA, 4-carboxy-PBA,
and Amino-Napthalene 2-boronic acid (N2B)

e The 3aPBA, 4cPBA and aN2B are easily immobilized to

solid supports
P HO
@’E’\ : >
_____ QB;}H OH HO
o, HNG OH pH>8 11 H<s

“l .0 OH
Microporous ™~ BV e > CI:—C—NH—PBA
Sepabead® > -
cpabes TS @— ) + 2H0
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% PBA bound to sugar

2. Technical Accomplishments/Results (con’t)
Strategy 2: Sequential | & F with immobilized binding agents

e Ketoses selectively complex with the binding agents
e N2B shows much higher selectivity than PBA at the

100 r
90 |
80 r
70
60 |
50 |
40 r
30
20 F
10 r

pH of isomerization

® xylulose
A fructose —
0 xylose g
>
A glucose n
o)
~ 60
©
c
>
o
®)
m
AN
Z
X
0
6.5 7.5 8.5 9.5 10.5
pH

100 -
90 |
80 -
70 -

50 -
40
30 |
20 -
10 -

m xylulose
a fructose
o xylose

a glucose

6.5 7.5 8.5 9.5

10.5
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2. Technical Accomplishments/Results (con’t)
Strategy 2: Sequential | & F with immobilized binding agents

Batch isomerization of hydrolysate with

Immobilized XI

column — Not

co-immobilized |

enzymes

solid-phase extraction of xylulose

| |
i v v ¥ | Saccharified
base hydrolysate, !

pH 7.5-9.0 pH 4.5
T=50°C

. Glucose-rich
7 mediumto !
fermentation " e '

Stripping of xylulose from solid-
phase to low pH aqueous medium

Immobilized

Y binding agent
o column with

xylulose

pH 2-4.5

stripping media

Concentrated
xylulose-rich
medium to
fermentation
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2. Technical Accomplishments/Results (con’t)

Strategy 2: Fermentation of pure xylulose

Fermentation can be done in a
conventional fermentor

No need for co-immobilized
enzyme pellets

Simpler to implement and
easily scalable while retaining
the advantages of non-GMO
yeast

Immobilized binding agent
columns retain their viability
indefinitely

The sugars can also be
converted to other more
energy-dense fuels i.e. furans

Concentration, g/|

30 -
\
25 -\
\ ——xylulose (g/I)
20 4\ —e— ethanol (g/l)

\ —e—xylitol (g/1)
—o—glycerol (g/l)

_—

=
o
1

0 5 10 15
Time, hr

20 25 30

Xylulose fermentation using native yeast

at initial pH 4.5 and 34°C.
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Relevance

e The goal of our research project is to enable
conversion of both C5 and C6 sugars to ethanol,
increasing utilization of the feedstock

e This goal is in-line with the MYPP 2012

— R&D portfolio goal of technology development for
producing fuels and bioproducts from lignocellulosic
feedstocks

— Conversion R&D goal to develop commercially viable
technologies for converting biomass feedstocks via
biochemical routes into energy-dense fungible liquid
transportation fuels

23




Success factors and challenges

e Critical Success Factors

— Minimize cost and maximize life of the co-immobilized
enzyme pellets

— Industrial collaborator anticipates pilot implementation
within 12 months

e Advance the state of technology and positively
impact commercial viability of biomass and/or
biofuels

— Added cost for xylulose fermentation must be less than
the revenue generated from additional ethanol produced

— (Biocatalyst + native yeast) cost vs. GMO licensing,
propagation and nutrient cost

24




Possible future work
outside the scope of this project

e Fermentation of hydrolysates in SIF

— Testing ethanol-tolerant/adapted yeast strains
from corn-ethanol industry for ethanol
productivity and sugar utilization

e |somerization/fermentation of hydrolyzates from
other pretreatments and other feedstocks

e Recovery of soluble binding agents used in Strategy
1b before/after fermentation

— jon exchange resins work for borate, will they
work for the other binding agents?

25




Summary

This project has the potential to significantly increase the ethanol yield
from lignocellulosic biomass

Approach is to exogenously isomerize xylose to xylulose and ferment with
other C6 sugars using native yeast

By successfully executing all the proposed tasks and meeting all the
project milestones, we have demonstrated

a viable technology for fermenting C6 and C5 sugars to ethanol using (i)
abundantly available Xylose Isomerize enzyme, (ii) ketose-selective binding
agent and (iii) native yeasts;

how the readily-available immobilized Xylose Isomerize pellets and ketose-
selective-agents leads to high yield conversion of xylose to xylulose, while
simultaneously concentrating the ketose sugar;

simple, robust, and scalable methods for producing immobilized biocatalyst
and ketose-binding agent pellets, using commercially-available functionalized-
supports;

biocatalyst and ketose-binding agent recovery and reuse strategies;

simultaneous saccharification and fermentation (SSF) by adding X/ particles
(with co-immobilizing urease) along with cellulases and native yeast to the
pretreated-biomass;

26




Summary (con’t)

e Further economic optimization can result through
identification of

— cheaper supports and methods of immobilization for X/ and binding
agents

— yeast strains with higher ethanol tolerance
e Tangible outcomes of the project
— Five peer-reviewed publications
— Nineteen conference presentations
— Two patents filed and licensed to SuGanit Systems, Inc.

27




Additional Slides
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Responses to Previous Reviewers’ Comments

Question 1: The use of non-GMO co-fermenting organisms are always of interest for the program; however these
systems should be streamlined for industrial purposes. The current project has considerable challenges ahead with
regards to industrial applications. The economics of enzyme pellets and hollow fiber reactors as applied here (i.e.,
relatively low cost bulk commodity fuels industry) is questionable.

Pl Response: Immobilized XI pellets are used in the high fructose corn syrup (HFCS) industry on a commercial scale
routinely. Based on this experience, we do not anticipate issues with the scaling-up of the enzyme pellet technology.
The use of hollow fiber reactors for waste water treatment on a significantly larger industrial scale is common
practice (see ZeeWeed membrane bioreactors, GE). Some of the perceived concerns with use of hollow fibers for
hydrolysate conversion are already proven to be tractable through this proven technology. We revised the project
goals to focus on further cost-improvements via recovery and reuse of the complexing agents. We are currently
addressing simplification of the process to reduce the cost for scale-up.

Question 2: A clever idea to promote fermentation of xylose by native [non-GMO] yeasts. The research represents
an honest assessment of merits and demerits of this approach. Impediments to practical application include the
inability to use unfiltered hydrolysates and need to capture and recycle complexing agents [e.g. borate].

Pl Response: The technology can indeed handle unfiltered hydrolysates. However, based on the value proposition
offered by lignin, we focused on filtered hydrolysates and methods to improve the process economics for this mode
of implementation. Recycling and reuse of borate (or whatever complexing agent is employed), although adding cost
to the process, reduces the cost of the reagent replacement.

Question 3: The experimental approaches being used to address the proposed research appear appropriate. It is the
proposed research itself, the whole concept that seems to be a long-shot for providing the most economical route
for xylose utilization.

Pl Response: At its heart, our process is not significantly different than commercially-implemented HFCS production
connected in tandem with a corn-ethanol process. The fact that we reuse the Xl pellets (up to 6 months), coupled
with a non-GMO yeast fermentation, makes a compelling economic case.

29




Publications and Presentations

Publications:

e “High yield aldose-ketose transformation for isolation and facile conversion of C5 biomass sugar to furan,” Bin Li, P.
Relue, and S. Varanasi, under review.

e “Evaluation of complexing agents for shifting the xylose:xylulose equilibrium with commercial immobilized xylose
isomerase,” B. Li, D. Yuan, H. Shao, P. Relue, S. Varanasi, in preparation for I&EC Research.

* “Immobilization of urease for a microenvironmental pH control system for xylose isomerization: effect of media
additives on enzyme activity,” B. Li, D. Yuan, H. Shao, P. Relue, S. Varanasi, in preparation for Enzyme and Microbial
Technology.

e “Simultaneous isomerization and reactive extraction of biomass sugars for high yield production of ketose sugars,”
Bin Li, P. Relue, and S. Varanasi, Green Chemistry, 14 (2012) 2436-2444.

e “Aviable method and configuration for fermenting biomass sugars to ethanol using native Saccharomyces
cerevisiae,” Y. Dawei, K. Rao, P. Relue and S. Varanasi, Bioresource Technology, 117(2012) 92-98.

* “Fermentation of biomass sugars to ethanol using native industrial yeast strains,” Dawei Yuan, Kripa Rao, Patricia
Relue, and Sasidhar Varanasi, Bioresource Technology, 102 (2011) 3246-3253.

* “A Novel technique for Optimizing the Simultaneous-Isomerization-and-Fermentation (SIF) Approach of Converting
Xylose to Ethanol,” K. Rao, S. Chelikani, P. Relue, and S. Varanasi, Applied Biochemistry and Biotechnology, 146,
(2008) 101-117.

Patents:

e Bin, Li, S. Varanasi, and Patricia Relue, “Aldose-Ketose Transformation for Separation and/or Chemical Conversion of
C6 and C5 Sugars from Lignocellulosic Biomass Hydrolyzate, US Provisional Patent filed, Ser No:61/325,710, 04/2010

e S. Varanasi, K. Rao, and P. Relue, “A Novel technique that enables efficient fermentation of xylose and hexose sugars
from biomass hydrolysates using native non-GMO yeasts,” US Utility Patent filed, 01/02/09.
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Publications and Presentations (con’t)

Presentations:

e “Mathematical modeling of furfural production from high purity xylulose,” K. Marbaugh, B. Li, S. Varanasi and P.
Relue, 35th Symposium of Biotechnology for Fuels and Chemicals, Poster 18-23, April 29-May 2, 2013, Portland, OR.

e “Furfural production from xylulose in a bi-phasic reaction system,” B. Li, P. Zhang, S. Varanasi and P. Relue, 35th
Symposium of Biotechnology for Fuels and Chemicals, Poster 18-24, April 29-May 2, 2013, Portland, OR.

e “2,3-Butanediol production from xylulose fermentation,” P. Zhang, B. Li, H. Shao, S. Varanasi and P. Relue, 35th
Symposium of Biotechnology for Fuels and Chemicals, Poster 2-14, April 29-May 2, 2013, Portland, OR.

e “Simultaneous isomerization and reactive extraction of biomass sugars for efficient furan production via high yield
ketose intermediate,” B. Li, P. Zhang, S. Varanasi and P. Relue, 35th Symposium of Biotechnology for Fuels and
Chemicals, Poster 3-45, April 29-May 2, 2013, Portland, OR.

e “Fermentation of Biomass Sugars to Ethanol Using Native Yeast,” B. Li, S. Varanasi and P. Relue, AIChE Annual
Meeting, Pittsburg, PA, Oct, 2012.

e “Simultaneous aldose isomerization and separation/concentration of ketose by reactive extraction,” B. Li, P. Relue
and S. Varanasi, Session 13-33; 34th Symposium on Biotechnology for Fuels and Chemicals, April, 2012 New Orleans,
LA.

e “Methods for simultaneous xylose isomerization and separation/concentration of xylose and xylulose by liquid-liquid
extraction,” B. Li, P. Relue, and S. Varanasi.; Paper 293a; 2011 AIChE Annual Meeting; October 16-21, 2011,
Minneapolis, MN.

* “A novel SIF strategy for co-fermentation of C5 and C6 sugars with native yeast,” P. Relue and S. Varanasi, DOE
Office of the Biomass Program, Biochemical Platform Review Meeting, Denver, CO, February 16, 2011.

e “Evaluation of Complexing Agents for Shifting the Xylose:Xylulose Equilibrium with Immobilized Xylose Isomerase,”
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A comparison of saccharification-followed-by-
fermentation versus SSF-based processes

EtOH
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e A: Saccharification followed by isomerization/fermentation
e Lignin valorization feasible; yeast reuse possible; simpler distillation
e B: SSF-based process
e One less unit operation; recovery and reuse of isomerization enzyme, binding
agent, and yeast not feasible; lignin valorization complicated by other solids
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