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We have a problem...
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We have a problem...
+ 35,000,000,000 mt/year CO,
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Introduction to Cupriavidus necator

* Well studied Gram-negative bacteria
e Genome: Cl= 4 Mbp, C2 = 2.9 Mbp, pHG1 = 0.45 Mbp

* Proven industrial host (PHA bioplastic)

* Very diverse metabolism
* Growth on sugars, gases (CO, + Hz) formate (CHzOz)
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The Dream: A Formate Bioeconomy
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he Dream: A Formate Bioeconomy
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in an all-solid-state reactor
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ABSTRACT: This work demonstrated a robust, scalable cell _KOH+O, K;50,+ CO; +HCOO ™+ H,
architecture for electroreduction of CO, (CO,R). An up to 90%
faradaic efficiency for the conversion of CO,R to formate at S00 mA/
em® was realized at a 25 cm® gas diffusion electrode (GDE) with a
carbon-supported Sn0, electrocatalyst. A 1.27 mm thick catholyte
was used between the bipolar membrane and cathode GDE, which
could be further reduced to tens of micrometers upon refinement.
The deconvelution of the potential drop from each individual
component,/process guides the pathways to higher energy efficiencies
of CO,R at this platform. Significant changes in the agglomerate size
and aspect ratio on the electrode before and after an 11 h test were
revealed by nano-CT, suggesting reduced CO, accessibility from
electrode dzgmiarmn The ve: ¢ of this CO,R testing platform
enables the al components, and interactions
at scales more in line with future devices.

Electrachemical CO; reduction reaction (COSRR) ta liquid fuels is currently challenged by low
product concentrations, as well as their mixture with traditional liquid electrolytes, such as
KHCO; salution, Here we repart an all-solid-state electrochemical CO,RR system for con-
tinucus generation of high-purity and high-concentraticn formic acid vapars and solutions.
The cathode and anode were separated by a porous solid electrolyte (PSE} layer, where
electrochemically generated formate and proton were recombined te form malecular formic
acid, The generated fermic acid can be efficiently removed in the form of vapors via inert gas
stream flowing through the PSE layer. Coupling with & high activity (formate partial current
K;50,+CO; densities ~450 mA cm ), selectivity (maximal Faradaic efficiency -97%), and stability (100
haurs) grain boundary-enriched bismuth catalyst, we demonstrated ultra-high concentrations
of pure formic acid solutions {up to nearly 100 wt.%) condensed from generated vapors via
flexible tuning of the carrier gas stream.

n recent years, remarkable efforts have been dedicated to temperature, "'~ Furthermore, formic acid can be used as an
I the electrochemical reduction of CO; (CO,R) into value- effective "in situ” hydrogen source for the conversion of

added chemicals and fuels, such arbon momuu:l» = biomass and biomass-derived platform molecules into value-
formic acid/formate, ' cl]u]m» ethanol,"""""" meth- added chemicals,” Formate can also be utilized downstream in
ane,”" ™" and methanol. -2 When coupled with renewable biological processes using formatotrophs, such as Cupriavidus
energy sources, COLR is an attractive approach for utilizing necator,” which can be engineered to convert formate to
carbon chemical feed stocks while reducing CO, emissions and higher alcohols.™ The advantage of coupling biological
closing the anthrepogenic crbon leop. systems to the electrochemical production of formate is that

formic acid/formate

Compared to the other CO,R products,

! many enzymes that can convert formate are also tolerant of
stands out as one of the few economicall . miner products that may be formed alongside formate,
to its high product value per electron.” The end-of-life (20 significantly relaxing the need to achieve a 100% FE for a

vears) net present value of formic acid was calculated to be single product, which has challenged the CO.R community.
S304 nillion lizad 03 glacteol | Snge P i & 2 ¥

viable products due

90% faradaic efficiency 97% faradaic efficiency
Current density: 500 mA/cm? Current density: 450 mA/cm?
87.4 mM formate at 40 mL/min 100 wt. % formic acid
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Adaptive Laboratory Evolution
Improving growth on formate by ALE:
* Six replicate wildtype cultures
* Minimal media + 50mM sodium formate
* Growth for = six months, 400+ generations

—CHCO001 (WT H16)
—CHCO045 (HA6)
—CHC046 (HB3)
CHC048 (HC8)
CHCO050 (GD2)
—CHC053 (GE7)
CHCO055 (GF4)
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Improving growth on formate by ALE:
* |solate best evolved strains
* Sequence their genomes
* Recreate by rational engineering

Laboratory evolution

Whole Targeted

genome % genome
sequencing engineering

Growth

Time



Genome sequencing of ALE strains

Megaplasmid pHG1 Chromosome 1
Hydrogenase | Hydrogenase Total Deletion phcA
(membrane) (soluble) CBB Operon (=bp) Regulator
HA6 0 SNP
HB3 42,177 SNP
HC8 124,302 _
GD2 120,753 SNP
GE7 120,730 SNP
GF4 12,282 _

04

AphcA

ACBBp AMBH ASH
AMBH

.~ Reconstituted ALE strains:

* A Megaplasmid CBB Operon (CBBp)
* A Transcriptional Regulator (phcA)

A Membrane Hydrogenase (MBH)
* A Soluble Hydrogenase (SH) °

12 24 36 48
Time (h)



C. necator ALE: AphcA

Chromosome 1
phcA
Regulator
HAG SNP
HB3 SNP
HC8
GD2 SNP
GE7 SNP
GF4

* Most ALE strains have phcA deletions.

e CHCO76 (AphcA): improved growth on formate

* phcA = LysR family transcriptional regulator

e What does it do?



C. necatorALE: AphcA RNA Seq

Valcana plat for CHCO01 (WT) vs. CHOOTE (Apheh) Fru
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 CHCO01 (WT) vs. CHCO76 (AphcA) [Fructose/Formate]

* PhcA controls: flagella, chemotaxis, adhesion, secretion

* Activates expression of 100’s of genes
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C. necator ALE: AphcA

* R. solanacearum guorum sensing system

. /\/\/\/\/\/\)\/LC,CHA
* PhcA controls virulence factors x °

* Only during (high OD) plant invasion ™. - ™

e Uses signaling molecule 30H-PAME . ™ Y @20
\J

* C. necator: also quorum sensing! « ™y
d
* H16 PhcA: very similar regulon ) S— =

S ] 4 S ""'-.._Jr 1
1 i " N, I
: = Y RN other - PhcA

* Deletion of phcA during ALE? AT G, e

: EPS flagella

¢ Re d U Ce S U n n e Ce SS a ry eX p re SS i O n Tar:g,_M., 2020. Modulation of Quorum Sensing as an Adaptati_o{to

Nodule Cell Infection during Experimental Evolution of Legume Symbionts

* Conserves valuable ATP
* AphcA: broad utility

* Improves growth on fructose!
* Improves growth on succinate!

~=-CHC001 (H16)

«=CHC076 (AphcA)

0 2 4 6 8 10 12
Time (h)




C. necator ALE: Megaplasmid Deletions

Megaplasmid pHG1

Hydrogenase | Hydrogenase Total Deletion

(membrane) (soluble) CBB Operon (=bp)
HAb6 0
HB3 42,177
HCS 124,302
GD2 120,753
GE7 120,730
GF4 12,282

* Most ALE strains have deletions in pHG1.
* CHCO/77: AMBH
* CHCO7/8: ASH
 CHC079: ACBBp

* All show improved growth on formate, but why?,



Genome sequencing of ALE strains

Huge deletions found in the megaplasmid pHG1

Membrane-bound

Aromatic Hydrogenase
Degradation cbb hox]/3 fg[J)/P
#
Toxin/Antitoxin | - CN Junkyard
'0@,,.;5 Region
v
-
e
v Soluble
Hydrogenase

hox/hyp
(SH)

Replication
&
Maintenance "

452,156 bp

14

Mergeay, M. 2009. Megaplasmids in Cupriavidus Genus and Metal Resistance



C. necator ALE: A Hydrogenases

r - =
._ e Schwartz, E., 2009. Megaplasmids of Aerobic Hydrogenotrophic and

Carboxidotrophic Bacteria.
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* Hydrogenases are expressed even when not needed

* Hydrogenase production is energetically expensive
e Account for up to 3% of the proteome by mass!

* Deletion of SH/MBH during formate ALE?
* Conserves valuable carbon and energy! .



Genome sequencing of ALE strains

Huge deletions found in the megaplasmid pHG1

Membrane-bound

Aromatic Hydrogenase
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C. necator ALE: A Megaplasmid pHG1

degradation cbb  hox/hyp
. . e ©, “"_ junkyard
Plasmid addiction system: 3 Tg \g

* pemK: Toxin Y
* mMRNA endoribonuclease
e Stable

* peml: Antitoxin
* PemK inhibitor
 Unstable

* Ensures pHG1 inheritance

denitrification

e Step 1: pCHCO027 (ApemK)
* Removes megaplasmid addiction system

17



C. necator ALE: A Megaplasmid pHG1

degradation cbb hox/hyp

. . . <, p——— S junkyard
pHG1 Replication Region Zis g,-on

* Origin of replication: g
o oriV pil/tra/ /
trb
* Replication initiation:
* repAB
* Plasmid partitioning:
* parAB

 Helicase:
 helD

denitrification

e Step 2: pCHCO36 (Arep)
* Removes 9kb replication cluster

18



C. necator ALE: A Megaplasmid pHG1

degradation cbb hox/hyp

Two stage strategy for ApHG1: ﬂé:%/ F—N;;ff
1) A Addiction toxin: pemK i * |
2) A Replication region i /
* Origin of replication: oriV i

il \

452,156 bp

6.1%
Genome
Reduction!

* Replication initiation: repAB
* Plasmid partitioning: parAB
* Helicase: helD

denitrification

* Successfully deleted the entire megaplasmid!
e Strain CHC105 (ApHG1)

* Improved growth on both formate and fructose



pH-stat bioreactor cultivation

* Formic acid consumption = raises pH

* pH (setpoint 6.8) controlled with a 25% formic acid feed

* Formic acid is fed exactly as quickly as it is consumed

* Concentration of formic acid in the bioreactor is minimized

O é 0 0 4/0
oD

Time 0
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C. necator ALE: Bioreactor Runs ~CHC023 (phaCAB)

25 | ==CHC124 (ApHG1 AphcA AphaCAB)

* 500 mL bioreactors
e 35% formic acid feed

* pH-stat feeding method
* Best ALE-inspired strains  -;

e ApHG1 0

Time (h)

* AphcA
p —CHC023 (AphaCAB)
¢ AI SO Aph aCA B 60 1—CHC124 (ApHG1 AphcA AphaCAB)

50 -

* Excellent performance:
e 24% faster growth
* 32% faster feeding
e SOTA for formatotrophy! “;

Formic acid (g)

0 12 24 3-6 43
Time (h)
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Improving growth of Cupriavidus necator H16 on formate using adaptive e
laboratory evolution-informed engineering

Christopher H. Calvey®, Violeta Sanchez i Nogué ®, Aleena M. White ®, Colin M. Kneucker *,
Sean P. Woodworth *, Hannah M. Alt®, Carrie A. Eckert °, Christopher W. Johnson *~

= Renewable Resources and Enabling Sciemces Center, National Renewable Energy Laboratory, Golden, €0, 80401, ISA
® Binsciences Division, Oak Ridge National Laboratory, Oak Ridgs, TN, 37831, U'5A

ARTICLEINFO

Feywaords:

Cuprigvidus necator H16
Formate

Adaptive laboratory evolution
Metabolic engineering
Genome minimizadon
Quorum zenzing

phed

ABSTRACT

Conversion of CO; to value-zdded products presents an opportunity to reduce GHG emissions while generating
revenue. Formate, which can be generated by the electrochemiesl reduction of CO;, has been propozed =5 a
promizing intermediate compound for microbizl upgrading. Here we prezent progress towardz improving the zo1l
bactarium Cuprimvidus recater H16, which iz capable of growing on formste as itz sole zource of carbon and
energy using the Calvin-Benson-Bassham (CBB) eyvele, as a host for formate ublization. Using adaptive labo-
ratory evolution, we generated severszl 1solates that exhibited faster growth rates on formats. The genomes of
these izolates were sequenced, and resulting mutstions were systematically reintroduced by metabolic engi-
neesring, to identify those that improved growth. The metabolic impact of several mutations was investigated
further uzing RNA-zeq transcriptomicz. We found that deletion of a tranzcrptional regulator implicated in
quorum zensing, PheA, reduced exprezsion of zeverz]l operons and led to improved growth on formate. Growth
was alzo mmproved by deleting large genomic regions present on the extrachromosomal megaplasmad pHGI,
particularly fwo hydrogensse operons and the megaplazmid CBB operon, one of two coples present in the
genome. Bazed on these findings, we gensrated a rationally snginesred ApheA and megaplasmid-deficient strain
that exhibited a 24% faster maximum growth rate on formate. Moreover, this strain achieved a 7% growth rate
improvement on succinate and a 199 Increase on fructose, demonstrating the broad uhlity of microbial genome
reduction. Thiz strain has the potential to s=rve as an improved microbial chassis for biological conversion of
formate to value-added products. 22



Perspectives: Engineering for Alternative Feedstocks

* No microbes on earth evolved under your specific,
controlled laboratory conditions!

* We can harness the power of ALE to improve naturally
occurring microbes on any feedstock.

* Many microbes are “generalists” — capable of
pivoting towards many alternate growth modes.
* In nature, agility is advantageous
* In the lab, this is energetically wasteful

* Consider also the concept of “genome reduction.”

* Much of the genome may be dispensable, and even
worse than useless, under your growth conditions!
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