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Abstract
Biological production of target chemicals is often constrained by the relative ease/difficulty of separating the chemical of interest from the bioreactor. In practice, chemicals that cannot be easily separated create inefficiencies in production that limit the
viability of biological routes to production. In many cases it may be advantageous to prefer limiting the steps in biological production of material before it reaches the target chemical, in order to more easily separate material of interest from the general
bioreactor substrate. In this work we use our previously reported RetSynth tool to characterize trade-offs in separation between purely biological and hybrid bio/chemical routes to synthesis of target chemicals. We define up an optimization protocol
using boiling point and solubility of chemical intermediates as a proxy for separability of chemical from a liquid substrate. The RetSynth tool provides six combined biological and chemical reaction databases, with tens of thousands of biological reactions
and millions of chemical reactions. This tool allows us to characterize and optimize production using differential halting, enzyme addition and hybrid routes to production. We report work characterizing alcohols, an important class of chemicals for both
Spark Ignition and Mixed Compression Controlled Ignition. There are many alcohols that have the potential to be produced biologically. We demonstrate under what conditions strictly biological vs. hybrid routes to approaches to production are optimal
and define a strategy for ranking paths to production more generally.
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RetSynth software for discovering optimal
synthetic pathways-to-production of high
value chemicals
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PATRIC https://www.patricbrc.org/ Software available: 

MetaCyc https://metacyc.org/ https://github.com/ 
SPRESI https://www.spresi.com/ sandialabs/RetSynth 

1. Solve for synthetic pathways
(optimal and sub-optimal) using
novel integer program

2. Find biological, chemical and
hybrid pathways to production

3. Predict maximum theoretical
yields using flux balance analysis
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Example output synthetic pathways for alcohols in E. Coli :
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4.1.1.1

3-methylbutanal
CO2

Boiling point: 181.72C Boiling point: 80.72C

OH

Phenol cyclohexane

~ivent® 1,4-dioxane,chrhlo
Solvent: oxidane,octane

Catalyst: phosphoric acid,molecular hydrogen
Temperature: 110 degree,None

Pressure: None,None
Time: 48 h,None

Yield: None

Boiling point: 248.89C

Benzoate

H+ + NADH

Boiling point: 68.89C

n-hexane

1.1.1.1
1

OH

3-methylbutanol

Boiling point (predicted): 138.65C

2-hexanol

Solvent: N,N-
methane,l, -dioxane,oxidane,dichloromethane,propan-2- dimethylformamide,etha r.I,toBuene

ol,oxoiane
Catalyst: aluminum;2-methylp ane;molecular hyd • •en,

bis[(1,1,1,3,3,3-hexafluoro-2-phenylpropan-2-ypoxy]l-diphenyl-lambda4-sulfane,
terbium(31;trichloride,

aluminum;ethanol e,aluminum;2Hmethylpropane;molecular hydrogen,chlorane,
ethylmorpholine, olecular hydrogen; iwn

Temperature: 80 degree,None,25 degree,80 degree,None,None,None
Pressure: None,None,None,None,None,None,None

Time: 6 h,2 h, 4 h, 6 h,None,None,None
Yield: 67.0-67.0,1 one

Boiling point: 178.89C

ATP + NADPH
OH o 0

v••

NADP + AMP + PPi
an aryl aldehyde

Catalyst:
2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,1
1,12,12,12-tricosafl uorod noic acid,

2-(2-cyanopropan-2-yldiazenyI)-2-
methylpropanenitrile

Temperature: 20 degree,None
Pressure: None,None

Time: 1 h,None
Yield: None

Pinacol
Solvent: oxidane,oxolane

Catalyst: chromium(21;dichloride,molecular iodine
Temperature: None,None

Pressure: None,None
Time: None, 20 h

Yield: None

OH

3 Hexanol

Boiling point: 205.00C

benzyl alcohol

OH
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Incorporation of separation metrics into
RetSynth
• Initially, optimal pathways are defined as pathways with the

minimum number of reaction steps needed to convert a
native metabolite in the chassis organism into the target
compound. However, post-processing steps, such as target
compound separation need to be taken into consideration
when designing an effective synthetic pathway.

• Separation of target compound is a difficult, costly and time
consuming process. In many cases the compounds of interest
and not easily extracted from the bioreactor substrate
because of unfavorable characteristics such as boiling point
and/or solubility. For these target compounds it may be more
economically advantageous to halt biological production at an
easier to separate precursor and and then proceed with
chemical conversion to produce the target.

• To overcome this problem RetSynth identifies pathways
optimal for separation based on compound boiling points.

Workflow for identifying optimal for
separation synthetic pathways

1. For every biologically produced in a synthetic pathway,
boiling points and solubility were collected from:

ib© ht... NlST
National Institute of
Standards and Technolm
1_1.5. II:Orient r.4 Commeice

Or predicted using:

Stein and Brown group contribution method (Stein S. &
Brown R., 1994)

2. Identifying separation optimal hybrid pathways:

1. Find synthetic pathway with the highest number of biological
conversion steps to target synthesis

2. Identify biologically produced intermediate with lowest
boiling point

3. From that intermediate discover chemical route to complete
production of target

• This workflow was used to discover optimal synthetic
pathways, ranked by separability for biofuel alcohol chemical
targets for spark ignition (SI) and mixed compression
controlled ignition (MCCI) engines.
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li:Tptimal separation pathways for high
valued alcohol MCCI and SI targets
• Total of 40 MCCI and 11 SI alcohol chemical targets
• Synthetic pathways were identified in Escherichia coli DH1 for

18 MCCI and 8 SI targets.
• Optimal separation synthetic pathways were identified for 15

MCCI and 6 SI targets

MCCI alcohol chemical target pathways
Boiling point: 196.05C

OH

)(LO

0
4MOP

Boiling point (predicted): 576.68C

H+

H20

3-Oxodecanoyl-CoA  

Boling point (predicted): 263-95C

Famesyldiphosphate

1120

312.-

H+ + CoA

4.2.3.48"),

CO2

Boiling point: 92.50C Boiling point: 132.22C
H+ + NADPH

.1 .1 .265/
N OHDP

3-methylbutanal —
1.1 

3-methylbutanol
_Solvent: Toluene, Dichloromethane, Trifluoroacetic anhydride,
Dimethyl sulfoxide, chloroform, lsopropanol
Catalyst: p-toluenesulfonic acid, 1,8-diazabicyclo[5.4.0]undec-7-
ene, trifluoromethanesulfonic acid, carbon monoxide, dihydrogen
Temperature:  110 degree, -78-20 degree,40 degree,80 degree
Time: 18 h,None, 20 h,None,2 h
Yield: 90.0-90.0,98.0-98.0

Boiling point (predicted): 186.57C Boiling point (predicted): 184.67C

o
3-oxodecanoate

Boiling point (predicted): 291.94C

OH

PPi (3S,6E)-nerolidol

Boiling point (predicted): 287.56C

1.•••=•••

H

(E)-Cinnamate

OH H+

Chiral 02 + H+ + NADPH

1 .1 4.13.---"N

H20 + NADP

4.1.1.- -- 11

Boiling point: 81.67C

0

but-l-en-3-one

(3E)-4,8-dimethytnona-1,3,7-triene

Boiling point (predicted): 146.67C

4.1.1.102

CO2

.1•1,••• ••• ,11=11, MN MN ,11=•, •M• ,1•=••• M. MN M. \MOW "IMIWIN.

Boiling point (predicted): 484.39C H+ + NADH

Butyryl-CoA

styrene

2-nonanone

H + NADPH

1.3.1.- --)1

NADP

Color Key:

• Gray compounds: native to E.
Coli

• Blue compounds: non-native
intermediates

• Red compounds: target

• Green reactions: alternative
chemical reactions

• Black reactions: biological
reactions, below reactions are
corresponding enzyme

commission numbers

Boiling point (predicted): 202.16C

2-Nonanol
Solvent: methanol,toluene

Catalyst: diphenylsilane,chlorane
Temperature: 20 degree

Pressure: None
Time: 50 h

Yield: 89.0-8"

Boiling poiit 79.61C Boikig poiit (predicted): 91.79C

butan-2-one 2-butinol

OH

Solvent: propan-2-ol,propan-2-ol,propan-2-ol,ethanol,ethanol,propan-2-ol,1,2-dichloroethane,propan-2-
ol,toluene,ethanol,propan-2-ol

Catalyst: 1,3-bis(4-fluorophenyl)imidazol-1-ium;tetrafluoroborate,lnChl=1S/K.H20.H/h;1H2:/crl ;-1;,sodium;boron(1-)
trihydride,copper;diacetate,copper;diacetate,sodium;boron(1-) trihydride,copper;sulfate,molecular

hydrogen;silver,lnChl=1S/K.H20.H/h;1H2Vq+1;-1;,2,3,4,6,7,8,9,10-octahydropyrimido[1,2-a]azepine;,sodium;boron(1-)
trihydride

Temperature: None,None,None,None,None,None,None,None,None,82 degree,None,None,20 degree,None,82 degree,None,O
degree,0 degree,0 degree,0 degree,0 degree,0 degree,0 degree,20 degree

Time: 5 h,5 h,5 h,5 h,5 h,5 h,5 h,5 h,5 h,12 h,None,None,None, 24 h,5 h, 10 min,3-4 h,3-4 h,3-4 h,3-4 h,3-4 h,3-4 h,3-4
h,2 h

Yield: 85.0-85.0,56.0-56.0,56.0-56.0,36.0-36.0,36.0-36.0,99.0-99.0,99.0-99.0,89.0-89.0,89.0-89.0,None,
92.0-92.0,83.0-83.0,None,None,95.0-95.0,94.0-94.0,94.0-94.0,94.0-94.0,97.0-97.0,97.0-97.0,97.0-97.0,99.0-99.0

Boiling point (predicted): 224.88C

2-phenylethanol

Solvent: toluene,oxolane
Catalyst: chloromethylbenzene,N,N-diethylethanamine,molecular oxygen

Temperature: 20 degree,0-20 degree
Pressure: None,None
Time: 3 h,2-12 h

Yield: 86.0-86.0,69.0-69.0
GP —

Boiling point: 75.00C

Boiling point (predicted): 214.58C

OH H+

3-Methy1-2-oxobutanoate

1.2.1.57Thl

NAD + CoA

\MI .11=11.•

butan-1-al

OH

Boiling point: 117.72C

butan-1-ol

Solvent: pentane
Catalyst: chloro-bis[[(1R,2R,3R,55)-2,6,6-trimethy1-3-bicyclo[3.1.1]heptanylloxylborane

Temperature: 0 degree
Pressure: None
Time: None
YiAlri• Nnnin

Boiling point (predicted): 69.87C Boiling point: 107.22C

isobutanal

Conclusions: Using RetSynth's newly
added ability to identify separation optimal
pathways, we identified and ranked 21 synthetic
pathways (7 shown above). Of the 21 synthetic
pathways for alcohol targets 10 showed that it was
beneficial for separation based on BP to stop
biological production at the aldehyde precursor
and then perform chemical conversions to produce
the target (4 shown above). 3 pathways showed it
was advantageous to stop production at the

ketone precursor (2 shown above). By identifying common intermediates which have ideal
separation characteristics synthetic pathways can be designed more efficiently decreasing the
time and cost associated with the separation process. We intend to integrate other separation
relevant characteristics (i.e. solubility and vapor pressure) to provide further accuracy and
information important for designing effective and efficient synthetic production pathways to high
valued target chemicals.

isobutanol
Solvent: methanol

Catalyst: butane;molecular hydrogen;tin
Temperature: 20 degree

Pressure: None
Time: None

Yield: 17.0-17'0

Boiling point: 48.89C
H+ + NADH

Propanal
1.1.1.1

NA()

Solvent: Ethanol
Catalyst: carbon tetrachloride,N-
bromosuccinimide, dioxoplatinum,
dihydrogen, triethylamine
Time: 2 h, 12 h
Yield: 99.0-99.0

Boiling point: 97.22C

OH

1-propanol
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