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Abstract

Limitations on biofuel production using cell culture (Escherichia coli, Clostridium,
Saccharomyces cerevisiae, brown microalgae, blue-green algae and others) include low product
(alcohol) concentrations (<0.2 vol%) due to feedback inhibition, instability of cells, and lack of
economical product recovery processes. To overcome these challenges, an alternate simplified
biofuel production scheme was tested based on a cell-free immobilized enzyme system. Using
this cell free system, we were able to obtain about 2.6 times higher concentrations of iso-butanol
using our non-optimized system as compared with live cell systems. This process involved two
steps: (1) converts acid to aldehyde using keto-acid decarboxylase (KdcA), and (i1) produces
alcohol from aldehyde using alcohol dehydrogenase (ADH) with a cofactor (NADH) conversion
from inexpensive formate using a third enzyme, formate dehydrogenase (FDH). To increase
stability and conversion efficiency with easy separations, the first two enzymes were
immobilized onto methacrylate resin. Fusion proteins of labile KdcA (fKdcA) were expressed to
stabilize the covalently immobilized KdcA. Covalently immobilized ADH exhibited long-term
stability and efficient conversion of aldehyde to alcohol over multiple batch cycles without
fusions. High conversion rates and low protein leaching were achieved by covalent
immobilization of enzymes on methacrylate resin. The complete reaction scheme was
demonstrated by immobilizing both ADH and fKdcA and using FDH free in solution. The new
system without in situ removal of isobutanol achieved a 55% conversion of ketoisovaleric acid to
isobutanol at a concentration of 0.5 % (v/v). Further increases in titer will require continuous
removal of the isobutanol using our novel brush membrane system that exhibits a 1.5 fold
increase in the separation factor of isobutanol from water versus that obtained for commercial
silicone rubber membranes. These bio-inspired brush membranes are based on the presence of
glycocalyx filaments coating the luminal surface of our vasculature and represent a new class of
synthetic membranes. They, thus, meet the requirements/scope of the Bimolecular Materials
program, Materials Science and Engineering Div., Office of Science, US DOE.
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The increasing demand 1o find mare earbon neutral enerpy sources has motivaed the search
lor bologically-derived fuel producis. The largest concem facing aleohel-based bivhuels is the
ability to develop an e(Ticien high-yield commercitlly evailable produciion |:|Imr:~|.-ss-'. Exciving
new biologically bazed methedz for the production of high velue liguid fu=ls heve recemly
been reported’.

The rescarch funded by wthis grant Tor the past year fooused on the bioconversion af acids
aldehydes 10 alcohol | butanol) uzing & wo-enzyme system. While this enzymalic oute ollers
greal promize end exce llem seleciivity for the production of biofsels. enzymes exhibin show
kinciics, low volume cepacity in solulion and product fcedback inhimion. These miuetions
have to be pvercome 5o thatl b fucls con be produced coonomicalby. A novel approech 13 wsed
here o address these limiwions Enzymes synthesized via recombinant DMNA rechnology are
immobilized on & 2olid subsirme in order pr soabilize them and sllow the produa 1o cominsously
e removed while relgining calely:. This cell-free enzyme sysiem will be coupled with 8
scparmlion lechnigue, poasibly perapereuen, to consuniby remove Lthe desired butanol. Thus we
address slow kinenes (genclic mulalon, endyme coupling And remoa] oF inhibtory proxduect ),
low valume capacity {immobilization and siabilizaton of enzymes) and produc feedbmek
inhibition (product removal) wilh our approach.

We offer an nliemere simplified biofuel production approsch vo cell cubure with the ope of
overceming all three limitationa lisied ebove, whilke speeding up the process considerably end
possibly reducing the cosl of fuel production. Owr sermi-is wiire partisal cell-froe scheme oquines
the ollowing sieps (Fig. L)

{i) E Codl cells Production/isolation of bwo critical enzyvines (kevoacd decarboxilase,
KdeA, end alcohel dehy drogenase, ADH) using sianderd fermemuation.

(ii}  Srorrime Subsrrore: Srepromyces cinnamoneisis mutants overpreduce 2-
ke sove kerie acid o fiters of 2.4 gL

{iil) Cell-free. Simulwneous fr vitro application ol the iwo enzymes (Kde A and ADH)
atached 1o solid subsirares 10 conven acid (kemisovaleric ecid) bo aldshyde
{isoburyraldehvda) end en to alechol (izobimenol, te fuel)

(v} Recovery: Conlinuows remevel and meovery of izobutenol in order (o dnove the
reactions 1w ard isohutanal’,

This proeess is anractive beesnge there are na cells thar underge product [eed-back
inhibilion, enzymes are produwced m high viter using nandard fermenation sees leed-back
limielions (siep (1) above), pretein engineering is used 1o siebilize the rwo enzymes 1o high
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and ADH, in the lirst mnmm:ripl’. Two menuscrpls, eaplonng the elTecls nt"hjrdmphl:lhic"' and
hydrophilic’ surfeces bath using experiments and simulaions. The founh manuserips will repor
on KdeA siabilizatkon using proiein engineering and a comnbination of the rwo enzymes {KdcA
and ADH) into (the compleiz schemne". Finzlly, a new class ol polymer brush membranes will be
reporied in m manuscn focused on product (isobunel) remoyel uwsing puwnmmim?‘".

Arxearch Rexubb::

We demonsirated that the enzyme aivity differs when immohbilized on eiter 280 nm and 180
om mean dianerer silica panicles. In addition, SBA-15 a mesoporous silica, provided a
negalive curvature surfece in which confinemem sabilized the prouein amd releined L5 acivigy,
Furiher siuwdics were performed o 1cad Lthe effec] of surfece coverage and panticle loading. The

mamck sysiem was esicd with 8 model enzyme, B4mlacinsidase, and our two cratical onzymes
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Fig. 2. formalized E-gu idneede poriviey v soduchan sl ImemierbRued pue lvsby [ s oo o cermdem by s msn-
puareary {Hea, and paorgury mun oyl ey (rebn] particey, (&) 2@l in polopeon (0] 8- R paper smmobd| | eation op A0 nm
narrpartkias |4 8] A Lad im cobuban (B Frae Bpa noa physhc miomes sdlh parmces (D). covskerm by immob|Led &gl
(%), (Th Rearmhen rae of d-gal when pmemobHied, pH 5 (eokd], 6 Cratohedl, or 7 {empdy] and varkes e
e AT ra. [0 B-gad In wobedan (), Bpal covm bty aolathed b BT furn e a4 nmethae relsce realn (4 ), ond
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for alcohol prodeetion, aleohol dehydropenase (ADH) and kero-acid decarboxylace {Kdea )
Thiz pas year, we developed a viable merhod lor immobilizing enzymes with muhiple domains

on commercial methacrylawe reain. When immobilized, the enzyme mus exhibil high activity or
relein m Jargs frection of = solution activity and be eblke to remein immobilized and aclive
through multiple pachons without leaching [rom the suppod, OF the four Seps hsled abave on
pagee 2, this pad year we have:



Pig 3 Musrried ADH hine e & citwity In SebuTiem s Inmeb e porsheeby (e s e of comibe ity o8 i
porows WHea, porowe SE8-15 S parein murdhas rilats (rmin) pardeles. (A ACH covaben by sdached on 200 [ and
10 [l | el FirCTHOA 2 sllica narepareicles, In pHurion () e ransparckes with o mmobdized uoH (a], (B]
ADH ponalee |y mumerdlleed o SBA-15 (4 L ADH pavdwely smimctdized on SE-15 sfter mubdple wadhes (& |, SAA-15
Pl w Wit s et ibed ACH [, S0 e i ek e (0] {C] A0 e onable ikl dtlnehed b deimie Dot bed
methacrplete revin e e fonckien of b ADH oo cenrafion: methar nare reen mo ADH (#), 3 g ADH my redin{ B ), 7
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| Tesied the eaction of @ model multi-domain enzyme, P -gelactosidase (P -gel), with »
simple colorimerrie assay ~immahbilized on various surfaces 1o idemify the bear surface
ared curvamre (concave of convex) (Fig. 2).

2. Immaobilize ADH onto the optima) surface abtained fromn {1} and compared s conversion
clliciency with that in free solution for aldehyde 1o afcohel (Fips. 3 & 4).

Provluction snd eptimizative of keto-ucid decarfooyloe (Kded] One kéy compoment of the
\wo-SEAge ETLZYMALC redction 15 the (sl enzyme of b remeion, Kdea, which is mor
commercially available. We have sarlier cloned, overproduced and punified kdcA and
successfully resied i3 aclivity alons and in cxnbingtien with immobilized ADH end KdeA in
free solulion (Fig 5). KdcA i5 unstsblke «hen immebilized and looacs i ecipvity.

Fig. 4. Long-tevm stability of nenoblaed ADH cn methaorylate resin, (&) Peccent conversion of kobotwidehyde io
isabutangl over 19 dayy. [B) Gin chenmstograph of freicios mides {lop), raction frishoie ibir Sk ben wiik

nethacrglibe res withoud mmobilined ADN [middie] and redcSion minkuare gfer insubabion with S0H mmmocbikoed o
methatrglete revin (bottam ). MeMa; s RAD" el aide hyde; islabitang]
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Fig. # Normallzed HdcA in schution &ADH immobllawd coralmmily
o amina-functenelirad mathac eyl st mabn . Kdeh engpmotic
Aty frid o sohshon vith Malrthairty by il wilUl et
ADH), rrmobbered ADH eyl scinily sl e Kook after
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Cofacior Recycling — Formeis Dehydrogenase (£ D) In order [or the in viiro imnvobilizad
enzyme system o be vieble, g siralegy For recycling the valuable ared expensive co-lecior needs
1o bz develeped. Ome suilable mechanism employs the enzymatic conversion of [formate o COk
by formate dehy drowenase’. We will use this biolegically inspired mechanism to regencrate the
MADH co-faelor

FDH was uzed 1o demonsirate cofacmr recycling in solwion. To san the reaction we added
formate 10 the mixmwre af WAL, ADH, and buffer. An increase in absorbance a1 140 nm
indicating thai Lhe WALH undergocs B reduction reection with the aid of FDH w produce WADH
n obmerved (Fig 6), This reacuon by edding isobulymeldehyde (23 min £ 33 min} end additiona)
farmare { M) min) could be recycbed.

Fiyg. ¥ Mormadivged FOH and ADH Kinsta Actisnty In Bokrdon,
Soduem Fmats cddasd o [ = 0 & 30 mm eolnstyroldemeds ecded ol
L=24 & 5% men ABS 20 rem meamw s e ooosireeon of HalDH
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KdcA Fusieon Projein Developmenit- Super-folded GFP or previowshy stabilized MB L wns
penetically fused 1o wild-type Kde A, acearding 1o the procedure owlined in Semion 3.2.7. GFP
aind MBD weare selecied bevansze they have previously been shown by increase Lhe solubilicy of
proweina' ™', In order 1o understend (he impea of the fused prmeins en enzyme kinelics and
determine which Busion proicin exhibiied the greacst improveanent over wild-type, enzymalic
aciivily was lnacked by obsorving the coraimplion of Ketoisovakne acmd over imme, Froom fhese
measurements, we were able 1o obain the wal eonsumplion per Lime and enzyme concentration
{Fig. 7). The mahose binding proi=in kero-acid decarboxy laze | MK ) fusion prowein showed the

best subsirate consumplion. g3 watoisavaleric Acid Consumption Over Time. Wild-type KdcA

over lime: 1his cnzyme (&), HGK{®), MKH (O], and MK (M), Fil ines are calculated using non-
constracl hed the highesi linear regression modeling of the Michaslis—Meanten aguation
enFymatie acivity {ky = —

24+ 1.3 x10" 'y Table
1). The his-tag green
Morescent protein keto-acid
decarboxy e (HUK) and
rmalieree binding prowin
keto-acid decarboxylase
his-.ag i MKH) fusion
proteins hed simalar

CNZy MELC ACTivITY (hew ™
16=25%10" s and 20+
0.3 x10" &7 respeciively).
Wild-type KdcA had the
worsl ectlivity (Ka = 5.8 £
0,07 2 10° ') and el
axhibrited subsirale
inhibition (Fig. 7).

Table 15 Michuglis- Menten Kinetic Comvinnly

Mkl s fm .k Ak, YKH

Kw tmb) 228 dj+ 10 it 1 LR

g L (x10Y) S B+ 002 6425 2aa11 20403
v e Vo [5] - "l"ﬂ [E], enzyme concenirahon
K, + 5] = [E] [5], substrate concenretion

KA Fuvien Protein fmmobilizadion Stokifity: The addilion of GFP or MBD was enough Lo
srahilize 1he KdeA for immobilizaton (Fhg8). We found 1hat the MK fision immohilized
beter and had higher activity than the ;ibwer rwve construcis. This is likely due o the M tha
trere i3 a porlion of prowein on both sides of KdeA: MBL en onz end, and the his-leg on the
olher. The immabilizelion reaciion is bebween the epoay and e free WH: group. By creeling
mame solvenl exposed seviions an the two sides of the enzyme, we can biss (e immohi ization to
those sites mher than 1o the Kdea sorucrare, where i could disrapt the stabiliny of the enzyme.



Fig. 8 KdcA Activity Immobilized on Amino-Epoxy Methacrylate (B) vs.
Free in Solution (#).
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Low Caxcertration fmmalbilizeson Reacoanw Scheme: [n order 10 #95055 the impact of
colanor reryeling on the two-siep immobilized enzyme system, we compared the abiliy of the
reaction 1o go 10 completion in the absence and presenice ol NADH recycling (withour and with
addivion of formate, respectively). When limited cofacior NADH (1.2 pmel} and &4 pmal of
ketoisoveleric acid wers reacted with immoebilized MKH, immaobilized ADH. and FDH in
snjulion, withoul lormete, enly the Intermediale (sobutymldehyde) was produced (Table 23,
The same sysiem reagled with 1 30 umal fopmare sobulenol was prodiced, There was s 55+
1.5% conversion of acid 1o alechel after 24 hours. From a mass balance, (e cofactor was
recycled abont 30 dmes befor= the reaclion reached sieady sate.

Table 17 Small-5cale Renction »ith Immobilized ADH, lmmuobilized KdcA snd FDH in
Saletion

Korr-pavaleric Acid MADH Irobubyr idehy de laabulamol
Sinniing Remclion
mi & pmal 1.2 pmed e e
At =i Negl1gible Neghiaihle 622 1.2 amel Negligible
Pl— gl sl -2 amo eyl
Resmeticn wi 0 0.TF1+0,18 5
Fusromie Megligibde R 24 3.2 wmol A5 £ 2.2 pmal

Highk Concertraflon Immobiifaifon Reaetfon Schems, To drive the reeciion w0 eompletion,
formare was added in greater excess end the reaclion as a whole wes scaled up Lo produce &
larger Lheoretical percent of isobuanc]. Kewisovaleric acid (120 pmol) was reacied with & pmaol
of MADH end 1500 pmol of fermate, 17 the reachon were o go o complehon, a dal of 2%



(v/v) of isobutanol would be produced. At 24 hours the reaction reached a steady state with 57
umol of starting material, 162 umol of intermediate, and 101 pmol of alcohol (Table 3). These
concentrations were determined via absorbance at 340 nm for the starting material, and from gas
chromatography peaks for the intermediate and product. The resulting concentration of
isobutanol was 0.5% (v/v); this result demonstrates that the second reaction is reversible and the
presence of a significant concentration of isobutanol and isobutyraldehyde inhibits the first
reaction. By using an in sifu removal technique, such as pervaporation, the reaction could be
driven to completion.

Table 3: High Concentration Reaction Scheme with Immobilized ADH, Immobilized KdcA,
and FDH in Solution

Keto-isovaleric Acid NADH Isobutyraldehyde Isobutanol
Startlng Reaction 320 pmol T e —
mixture
Reaction Cofactor 57+ 2.1 umol 2+ 1.1 umol 162 + 1.8 umol 101 1.8 umol

Recycling

The reaction system produced a final concentration of 0.5% (v/v) isobutanol. Unreacted
starting material (acid) and intermediate (aldehyde) were still present in the solution. The first
reaction was the conversion of the acid to aldehyde (Fig. 1). This reaction produced CO,, and is
nearly irreversible because of the creation of a dissolved gas product. The second reaction in the
system involves the conversion of the aldehyde to the alcohol. This reaction is a reversible
reaction; in natural systems ADH is used as a dehydrogenase to remove the hydrogen and
produce an aldehyde. Even with the driving force imposed by FDH, the reaction still will reach
equilibrium. The reason the initial substrate was still present was likely due to the build-up of
the aldehyde and alcohol, which are solvents that can harm the stability of the KdcA fusion
protein.

In Situ Removal of Isobutanol (Pervaporation): The term “pervaporation” is derived from
a combination of “permeation” and “vaporization”. Pervaporation (PV) is a membrane
separation technique that utilizes a non-porous, selectively permeable membrane to separate the
components of a complex liquid feed mixture'®. PV relies on the differences in membrane
permeability and the thermodynamic activity of the components™. The process exploits the
unique chemical potentials and partial pressures of each component of the mixture'®. The
meche}gigm by which a component is transported in PV is described by three consecutive
steps:

1. Sorption of a component on the upstream-feed side of the membrane.
Diffusion of the adsorbed species through the polymer matrix down a chemical
potential gradient.

3. Desorption and evaporation of the component on the downstream side of the
membrane.

A custom PV system (Fig. 9) was used to quantify the flux of material that passed through
each membrane. Gas chromatography (GC) analyses of the retentate and permeate were used to
determine molar separation factor (o = [(Xiso/ Xw )permeate/(Xiso/ Xw )retentate] Where Xiso and X, are
mole fractions for isobutanol and water, respectively). Commercial PDMS membranes, Sil5 and
Sil20, have an active layer thickness of 5 and 20 microns, respectively, and serve as the industry
gold standard for hydrophobic PV membranes.



Fig. 9 Laboratory Pervaporation Set-Up.
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APP-induced grafi poly merizavion was used togerher with our high throughpa plaform
{Fig. 10)'"". This approsch enabled the crestion of e library of PES nenofilravion membranes
wiith dilferemt chemical and merphologycs! proper s and the companison of ther PY
periormence with commercial silicone nubber (PDMS)) membmanes. The following monamers
were grafied: Isobuty] Methasry lare {C-B4), | lexyl Medhacry late (C6), Srearyl Methaery late
{C 18}, and Poly{ethy kene plvcol) methy| ether mahacrylate {PEG) (n=43). The grafi density of
the polymerized surisce layer was measured and was determingm for the separaiion of
modmrann | Fom en squeows solunien

Fig. 10 Schwmatics and Process Diegram for Synihemizing and Tasting
Brush Mambranes. ATmosphen: prassurs plasma-indussd grafl polymarzation
[(APF} of vinyl monomer on poly(ether sutfone} {PES) membranes, Monomera
polyathylans glycal (PEG), atyrana, hexyl mathacrylais {C6), mobulyl mmathacrylats
(C-B4), and stesry| methaoyele (S18). Viny! functional groups are label=d “R".

g e s e S

PES Membrane PES Membrane :I:'I PFES Membrane PES Membrane

In Figg LL, the isobuanal s=lemivigy over waler is plohed agains permeation {lux of
isobwanel for 10 single grafed monarmers, 5 dillerem grafied mixmres of C18 with C&
moromers, end 2 commercial membmanes (5115 and 5il20%. The C18 brush membrane had a (ux
J, of 0.8 £ 0.15 LMH (L‘m™-h}; thia is comparebk to whe (uxes for Sil5 and Sil20 0f 1 = 0.7+
000 LAl end | & 0.11 LMH, respectively. However, the sclecnviry [or the C18 brush
membrane was o= 10.] £ 086 compared witha= 6.7 £ 011 and 6.7 £ 0.05 for 5il5 and Sil20
respeclively. All the other single-grafted brush membranes had much higher Nuxes {(J > 1.5
LMH], bul with signilicanily lower seleclivilies {a = 4). Addition of C& 10 CLE in eny amount
reduced a significantly. 6 {al 1 M monomer concecnimation) es & single graft exhibited the

highesa J (3.8 LMH) wit v = 2.5, Further work 15 underwey 1o determine if one can shifl the C18
a-values 1w the right 1o schieve hipgher Muxes.
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Fig. 11 Sepamation Fector (o] Yermus Permeation Flux [J) for 2 Range of
DiRerenl Brush Membranes. Commercial FOMS membranes () (SIS
Bt 20}, pure mornemers (), C18 O6 moromer muciines (0}, and plasma
only (&) the red doroerd lina indicates no saparanon (a=1), e rad sodd ks
ghenars T e et of J vsrsus o fod peerfoarmisnee of mens msmiira s QAT
eErshng membmanes Monomess polyethylne glypsdd (PEG), elyreng, Ryl
methacrylate (C8), Bobubd methacrylele [C-B49), and steard metheorylate
(C18) Inaart Dagres of Gratang (DG) o wimyl monomears  Heaod
mevthacrylate (CA), smary| methacrytam (C18), and (scbury| mathacrylam
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Cur model enzyme sysiem provided us wilh an increazed understanding of whal factors
alleet kinclic activity, especially durimg enzyme immebilization. 'With respeet Lo immaobilized
enzyme systems, our cxperimenal indings confirmed previous obsorvations and expanded the
krow ledee and undersanding ol these syaems. Thus, hydraphabic surfaees like carbon causes
proweins 1o be more suscepiible 1o denamring because of surface-prorein and prvein-prowein
imeraclions. Concave geomemies offer higher enzymatic conversion kinelics than free
cquivelen! prowein in solution due 1o their stabilization in conlinemem. Desorpuion and proein
kceching cap be avaudad by immeobi lizetian fhrough covalent bands. Changmg the reaction me
for immobilization, pll of the solution, and amownt of enzyme on the sudace allowed us 1o
obain a wide range of enzyme oriemations, degrees of surface coverage, and Lhe ability o probe

10




both protein-protein and protein-surface interactions. Methacrylate surfaces with an extended
tether provided the best support for  — galactosidase (-gal), alcohol dehydrogenase (ADH), and
keto-acid decarboxylase (KdcA) fusion proteins. The beads are easily removed from the reaction
solution for replenishing the enzyme and offer a stable, reusable, and robust system.

Characterization of ADH and KdcA in solution provides us with a better understanding of the
stability of the enzymes. Alcohol toxicity/inhibition can be detected not only at a cellular level
(>2% (v/v)), but also at an enzyme level (>10% (v/v)) [Data not shown]. Formate dehydrogenase
(FDH) can be used as a viable cofactor regeneration technique. The enzyme uses an inexpensive
sacrificial substrate and creates CO; as a byproduct. FDH does not retain its activity when
immobilized. As was the case with KdcA, FDH could benefit from being genetically fused to a
stable protein or domain, like maltose binding domain.

Fusion proteins are a direct way of increasing a desired property of a protein. In our system,
GFP and MBD were used to increase solubility. These highly stable proteins can be attached to
an unstable protein, such as KdcA, to allow for better expression, increased solubility, and
ultimately improved stability. The additional structure that MBD and GFP provide to the fusion
protein helped to screen protein-protein interactions. The propensity of KdcA to self-aggregate
diminished and the enzyme was able to perform better in solution. The enzyme fusion protein no
longer exhibits substrate inhibition and is able to be easily immobilized without losing its
activity.

The immobilized ADH and immobilized KdcA fusion reaction system with cofactor
recycling could be used to produce isobutanol from ketoisovaleric acid. The reaction; however,
did not go to completion. The aldehyde to alcohol reaction is reversible under limiting cofactor
conditions. Additionally, the build-up of the intermediate (isobutyraldehyde) and product
(isobutanol) decreased the activity of the immobilized KdcA fusion protein to the point that it
could not convert the remaining substrate (ketoisovaleric acid). The immobilized enzyme
reaction system could be pushed towards completion if we employ an in situ system to remove
isobutanol.

Pervaporation is a solution-diffusion governed separation process that can be used to
continuously remove isobutanol from the reaction system and also can be used to dehydrate
isobutanol. We developed a new brush-like membrane that is capable of removing isobutanol
(minor component) from water (major component). Using atmospheric plasma graft
polymerization (APP), we grafted a variety of hydrophobic monomers to the surface of the
poly(ether sulfone) (PES) membrane. The best monomer was an 18 repeat carbon chain. The
flux we obtained was similar to the commercial gold standard membrane (PDMS); however, the
separation factor was 1.5 times higher when using our new brush-like membrane.

List of people working on the project:
e Dr. Georges Belfort (PI), Professor, 5%
e Joseph Grimaldi, Graduate Student, 100%
e Dr. Cynthia Collins, Assistant Professor (Free to the project — assisting with the protein
engineering of KdcA), 5%
e Dr. Sanat Kumar and Mithun Radhakrishna, Collaborators from Columbia University.

Collaboration

This project involves collaboration between our group at RPI (Dr. Georges Belfort, PI, and
Joseph J. Grimaldi, PhD Student) and a molecular modeling group at Columbia University in NY
City (Dr. Sanat Kumar PI, and Mithun Radhakrishna PhD Student). Both groups reinforce each
other’s research. We, at RPI, conduct laboratory experiments optimizing enzyme immobilization
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and performance, while the Columbia University group conduct molecular simulations on
proteins at interfaces in order to determine their structural and thermal stability. We have
submitted one manuscript to an ACS peer-reviewed journal “Langmuir” and have met three
times in NY City (Feb 23 2012), Troy (September, 2012) and Pittsburgh, PA in November, 2012
(at the AIChE Annual Meeting) to discuss our collaboration.

Unexpended Funds: 0%

Conference Presentations

Grimaldi J, Collins CH, Belfort G; “Optimizing immobilized enzyme performance in cell-free
environments to produce liquid fuels”; 244™ ACS National Meeting, Philadelphia, PA,
August 19-23, 2012 Poster Presentation
“Acknowledgements: Funding and support from the U.S. Dept. of Energy DOE (DE-
SC0006520)”

Grimaldi J, Collins CH, Belfort G; “Optimizing immobilized enzyme performance in cell-free
environments to produce liquid fuels”; 2012 AIChE Annual Meeting, Pittsburg, PA, Oct.
28- Nov. 2, 2012 Oral Presentation
“Acknowledgements: Funding and support from the U.S. Dept. of Energy DOE (DE-
SC0006520)”

Grimaldi J, Collins CH, Belfort G; “Optimizing immobilized enzyme performance: in vitro
production of isobutanol”; 27" symposium of the Protein Society, Boston, MA July 20-24
2013
“Acknowledgements: Funding and support from the U.S. Dept. of Energy DOE (DE-
SC0006520)”

Grimaldi J, Collins CH, Belfort G; “Optimizing immobilized enzyme performance: in vitro
production of isobutanol”; ACS National Meeting, Dallas, TX March 16-20 2014
“Acknowledgements: Funding and support from the U.S. Dept. of Energy DOE (DE-
SC0006520)”
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