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BIOCHEMISTRY

Exploring alternative pathways for the in vitro
establishment of the HOPAC cycle for synthetic CO,

fixation
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Nature has evolved eight different pathways for the capture and conversion of CO,, including the Calvin-
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Benson-Bassham cycle of photosynthesis. Yet, these pathways underlie constrains and only represent a fraction
of the thousands of theoretically possible solutions. To overcome the limitations of natural evolution, we intro-
duce the HydrOxyPropionyl-CoA/Acrylyl-CoA (HOPAC) cycle, a new-to-nature CO,-fixation pathway that was de-
signed through metabolic retrosynthesis around the reductive carboxylation of acrylyl-CoA, a highly efficient
principle of CO, fixation. We realized the HOPAC cycle in a step-wise fashion and used rational engineering ap-
proaches and machine learning-guided workflows to further optimize its output by more than one order of
magnitude. Version 4.0 of the HOPAC cycle encompasses 11 enzymes from six different organisms, converting
~3.0 mM CO, into glycolate within 2 hours. Our work moves the hypothetical HOPAC cycle from a theoretical
design into an established in vitro system that forms the basis for different potential applications.

INTRODUCTION
Globally, more than 350 Gt of carbon dioxide (CO,) is fixed by au-
totrophic organisms each year (I). Of this, more than 95% is fun-
neled through a single enzyme, ribulose-1,5-bisphosphate
carboxylase-oxygenase (Rubisco), the carboxylating enzyme in the
Calvin-Benson-Basham (CBB) cycle (2). In addition to Rubisco and
the CBB cycle, seven other autotrophic cycles have been found,
which revolve around eight alternative carbon-fixing enzymes (3).

Yet, these eight pathways represent only a small fraction of the
possible thousands of autotrophic CO,-fixation pathways that have
been available for nature to explore during evolution (4). Notably,
there are several CO,-fixing enzymes, which are not known to
operate in autotrophic CO, fixation, but instead in other metabolic
processes, such as the assimilation of organic compounds, anaple-
rosis, or biosynthesis (5). One prime example are enoyl-coenzyme
A (CoA) carboxylase/reductases (Ecr, EC 1.3.1.85). These enzymes
are the most efficient CO,-fixing enzymes described to date, out-
competing Rubisco by more than one order of magnitude (1, 6)
and, unlike Rubisco, do not show any side reaction with oxygen.
However, despite their highly favorable kinetic and biochemical
properties, Ecrs have thus far only been described in the context
of heterotrophic acetate assimilation via the ethylmalonyl-CoA
pathway and polyketide biosynthesis but were apparently not re-
cruited for autotrophic CO, fixation.

The ostensible inability of evolution to systematically assemble
the most promising enzymes into new pathways and cycles has
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inspired several approaches to overcome this roadblock by creating
alternative, “synthetic” CO, fixation pathways from the bottom-up.
This effort has mainly been a theoretical exercise so far (I, 6-10) but
has demonstrated that multiple pathways can indeed be designed
that outcompete natural CO, fixation in respect to kinetic and ther-
modynamic considerations.

In efforts to leverage the potential of Ecrs for synthetic CO, fix-
ation, we (and others) have drafted several new-to-nature CO,-fix-
ation pathways that are based on this newly found CO,-fixation
principle (I, 11). Notably, these designs are all superior to the
natural CBB cycle. We recently realized one of these designs, the
CETCH cycle (for Crotonyl-CoA/EThylmalonyl-CoA/Hydroxybu-
tyryl-CoA cycle), in vitro and optimized it in several steps (I, 12).
The CETCH version 5.4 cycle included 17 enzymes from nine dif-
ferent species including three re-engineered enzymes, and two re-
ductive carboxylation reactions working in tandem to convert CO,
into glyoxylate/glycolate in vitro at fixation rates that are compara-
ble to natural CO, fixation pathways. Further optimization of
CETCH using a machine learning—guided approach increased
yield by almost an order of magnitude, achieving a system that
can fix 5.9 mM CO, within ~3 hours (from 100 uM starting sub-
strate) in vitro.

Yet, the CETCH cycle is only one of the potential designs that we
had originally envisioned (I). In ongoing efforts in our laboratory to
realize other solutions, we present here the successful reconstruc-
tion of the HydrOxyPropionyl-CoA/Acrylyl-CoA (HOPAC) cycle
(Fig. 1A). The overall topology of the HOPAC cycle is similar to
the naturally existing 3-hydroxypropionyl-CoA (3HP) cycle (13,
14). However, the HOPAC cycle was designed to be energetically
more efficient than the 3HP cycle. To realize the HOPAC cycle,
we dissected the cycle into two partial pathways, a reductive and
an oxidative part, which allowed for the convenient screening and
prototyping of alternative variants of different enzyme chemistries
(Fig. 1, Band C, and Table 1 for different combinations). Successful
versions of the two parts were combined into a complete HOPAC
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Fig. 1. The HOPAC cycle and its alternative designs explored in this study. (A) Overall scheme of the HOPAC cycle. The cycle converts two molecules of inorganic
carbon (HCO5;™ and/or CO,) into one molecule of glyoxylate. The HOPAC cycle can be divided into a reductive and an oxidative part, for each of which two different
variants were developed in this study. Color coding indicates key metabolites that were analyzed in this study. Enzyme abbreviations are expanded in table S6. Option 1:
Scs, Smt, or Sch; option 2: Smt or Mcs; option 3: GabT or Bapt; option 4: 3cl or Bct. (B) Variants of the reductive part of the HOPAC cycle tested in this study with the
respective cofactors (C) Variants of the oxidative part of the HOPAC cycle variants tested in this study with the respective cofactors. ATP and NADPH balances for all
possible combinations of the reductive and oxidative parts of the HOPAC cycle are given in Table 1.
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Table 1. Cofactor requirements for all possible combinations of the
different reductive and oxidative part variants.

HOPAC cycle combination Cofactor

Reductive + Oxidative part variant ATP NADPH

part variant

B-Alanine route CoA route 2 2%

B-Alanine route Free acid route (Smt or Scs/ 2 2%
Mcs variant)

3HP route +  CoAroute 2 3

(Ccr variant)

3HP route +  Free acid route (Smt or Scs/ 2 3

(Ccr variant) Mcs variant)

B-Alanine route +  Free acid route 3 2%
(Sch variant)

3HP route +  Free acid route 3 3

(Ccr variant) (Sch variant)

3HP route +  CoAroute 3t 3

(Pcs variant)

3HP route +  Free acid route (Smt or Scs/ 3t 3

(Pcs variant) Mcs variant)#

3HP route +  Free acid route 4t 3

(Pcs variant) (Sch variant)

*These values relate to the number of NADPH consumed by the core
chemistry of the cycle, an additional NADPH is required if the amino acid is
regenerated. tThese values relate to the number of ATP consumed by
the core chemistry of the cycle, an additional ATP is required if the AMP is
regenerated to ATP. This version of the HOPAC cycle, using the Pcs
variant of the 3HP route and the Smt variant of the free acid route, is the
option used in the first cycle of the natural 3-hydroxypropionate bicycle.

cycle, which was further optimized through rational and machine
learning—guided efforts to reach activities that compare to other
in vitro CO,-fixation pathways (1, 11). Notably, the final, optimized
version of the HOPAC cycle differs in several key reactions from the
3HP cycle, which makes it a truly new-to-nature CO, fixation
pathway with potential for different in vitro and in vivo
applications.

RESULTS

Design of the HOPAC cycle

In its initial design, the HOPAC cycle combines two carboxylation
reactions to build up one molecule of glyoxlate from CO,. Starting
from the C, acceptor molecule acetyl-CoA, the first carboxylation
reaction yields malonyl-CoA, which is converted into 3HP
through subsequent reduction steps and further into acrylyl-CoA.
In the second CO,-fixation step, acrylyl-CoA is reductively carbox-
ylated into the C, compound (2S)-methylmalonyl-CoA, which is
subsequently converted into succinyl-CoA and further into malyl-
CoA. Malyl-CoA is cleaved into glyoxylate, the primary output mol-
ecule of the cycle, as well as acetyl-CoA the initial acceptor mole-
cule, thus closing the cycle.

The overall reaction sequence of the HOPAC cycle is similar to
the 3HP bicycle of Chloroflexus aurantiacus. However, the use of a
reductive carboxylation reaction that directly converts acrylyl-CoA
into (25)-methylmalonyl-CoA renders the cycle more adenosine
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triphosphate (ATP) efficient compared to the 3HP bicycle, where
the conversion of acrylyl-CoA into (25)-methylmalonyl-CoA is sep-
arated into two steps: first reduction into propionyl-CoA, followed
by an ATP-dependent carboxylation of the latter into (2S)-methyl-
malonyl-CoA. Thus, the overall reaction of the HOPAC cycle re-
quires one fewer ATP compared to the 3HP and can be
summarized as 2 CO, + 3 NADPH +2 ATP + FAD = glyoxylate
+3 NADP* + H* + 2 ADP + 2 Pi + FADH,. To realize the
HOPAC cycle in vitro, we decided to separate the overall reaction
sequence into two parts: a reductive part, converting acetyl-CoA
into (25)-methylmalonyl-CoA, and an oxidative part that regener-
ates (2S)-methylmalonyl-CoA into acetyl-CoA (and glyoxylate).

The reductive part: Overall design

To realize the reductive part of the HOPAC (Fig. 1B), we mainly
relied on reactions from the 3HP bicycle of C. aurantiacus.
However, because many of the enzymes are thermophilic, we re-
placed these enzymes with mesophilic alternatives, whenever neces-
sary and/or possible.

For the conversion of malonyl-CoA to malonic semialdehyde,
we selected malonyl-CoA reductase (Mcr) from C. aurantiacus
(WP_012258473) (15). Mcr is a bifunctional enzyme that has a
dual activity for the reduction of both malonyl-CoA as well as
malonic semialdehyde and sufficiently active at mesophilic temper-
atures (24 U/mg; app. Ki_malonyl-Coa> 1.3 UM; app. Ky nappns 10
uM). For the conversion of malonyl-CoA into malonic semialde-
hyde, we produced a C-terminal version of Mcr (McrC), which
has been shown to catalyze the reduction of malonyl-CoA but not
malonic semialdehyde (Fig. 2B) (16).

For the subsequent multistep conversion of malonic semialde-
hyde to acrylyl-CoA, we explored two alternative routes. In the
first route (“p-alanine route”), malonic semialdehyde is transami-
nated to P-alanine, which is ligated to CoA, deaminated to
acrylyl-CoA, and further carboxylated into (2S)-methylmalonyl-
CoA. In the second route (“3HP route”), malonic semialdehyde is
directly reduced to 3HP, which is ligated to CoA, subsequently de-
hydrated to acrylyl-CoA, and further converted into (2S)-methyl-
malonyl-CoA.

The B-alanine route of the reductive part

For the B-alanine route, we established p-alanine—pyruvate trans-
aminase (BApt, PON06840) from Rhizobium hidalgonense and4-
aminobutyrate-2-oxoglutarate transaminase (GabT, AKK18527)
from Escherichia coli (17, 18). We confirmed activity of pAptwith
L-alanine and GabT with L-glutamate (1.1 U/mg, app.Ky malonic-
semialdehydes 98 UM, apP. K 1_glutamates 7 M), giving rise to two dif-
ferent options to produce B-alanine from malonic semialdehyde
(Fig. 2 and fig. S18). To maintain the amino acid pool, we tested
L-alanine dehydrogenase from Cereibacter (formerly Rhodobacter)
(19) sphaeroides (ABA79899) (1L-alanine variant) andi-glutamate
dehydrogenase from Paracoccus denitrificans (MBB4626159, 47
U/mg> app. Km-z-oxoglutarate) 36 HM) appj(m-NADPH’ 11 P-M> app.
Ky nm4 86 mM) (1-glutamate variant) that regenerate the respec-
tive amino acid from pyruvate and a-ketoglutarate (fig. S10).

To ligate B-alanine to CoA, we screened 10 synthetases with
primary activities ranging from acetate to malonate but failed to es-
tablish this activity (fig. S13). Instead, we used a previously identi-
fied B-alanine CoA-transferase from Anaerotignum propionicum
(CAG29276) (fig. S14) (20). Unfortunately, the enzyme showed
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Fig. 2. Construction of the p-alanine route. (A) Reaction sequence includes reduction of malonyl-CoA into malonic semialdehyde by the C-terminal domain of Mcr
(McrC), transamination of malonic semialdehyde to -alanine by GabT (or BApt), CoA ligation of B-alanine by BCl (or Ct), and lastly deamination of B-alanyl-CoA by BCal.
(B and C) Michaelis-Menten kinetics of Chloroflexus aurantiacus McrC for Malonyl-CoA (B) and NADPH (C), respectively (D) Michaelis-Menten kinetics of S. aurantiaca BCal
on B-alanyl-CoA. (E and F) Michaelis-Menten kinetics of Escherichia coli GabT for malonic semialdehyde (E) and L-glutamate (F), respectively. (G) Validation of the $-alanine
route using GabT and Gdh (assay with BApt and Adh can be found in fig. S18). Values refer to relative concentrations of intermediates as determined by LCMS. Colors

correspond to compounds in (A).

promiscuous activity with r-alanine in addition to f-alanine, which
ruled out the r-alanine dehydrogenase variant. Hence, we focused
solely on the L-glutamate variant. For the conversion of B-alanyl-
CoA into acrylyl-CoA, we established B-alanyl-CoA:ammonia
lyase from Stigmatella aurantiaca (ADO72524; 12 U/mg, K,

alanyl-Coa> 70 uM; Fig. 2D) and for the final carboxylation step,
Ccr from Methylorubrum (formerly Methylobacterium) (21) extor-
quens AM1 (ACS38140, 274.4 U/mg; app. Ki,-acrylyi-coa> 0.78 mM;
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app. K .nappms 0.21 mM), which showed 40% carboxylating activ-
ity with acrylyl-CoA compared with crotonyl-CoA (22).

The 3HP route of the reductive part

For the 3HP route, we used the full-length construct of Mcr from C.
aurantiacus that reduces malonyl-CoA in two subsequent steps into
3HP (Fig. 3, Band C) (15). For the activation of 3HP, we screened 10
synthetases and three transferases and decided for propionyl-CoA
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Fig. 3. Construction of the 3HP route. (A) Reaction sequence of the 3HP route includes reduction of malonyl-CoA to malonic semialdehyde and 3-hydroxypropionate by
Mcr, CoA ligation of 3-hydroxypropionate by Pcl (or Pct), and dehydration of 3HP by Ech. (B and C) Michaelis-Menten kinetics of Chloroflexus aurantiacus Mcr for Malonyl-
CoA (B) and NADPH (C), respectively. (D) Michaelis—-Menten kinetics of P. aeruginosa Ech on 3HP. Michaelis-Menten kinetics of Cupriavidus necator Pcl (E) 3-hydroxypro-
pionate, (F) CoA, and (G) ATP. (H) Validation of the 3HP route using Ccr (assay with Pcs/Pcc can be found in fig. $19). Values refer to relative concentrations of intermediates

as determined by LCMS. Colors correspond to compounds in (A).

ligase from Cupriavidus necator (QCC01349) (Fig. 3, E to G). For
the dehydration of 3HP, we chose Ech (CDI91698, 720 U/mg;K,,.
sup> 330 M) from Pseudomonas aeruginosa (Fig. 3D) which was
able to produce acrylyl-CoA at favorable kinetics for the subsequent
carboxylation by Ccr (23).

As an alternative to the above multienzyme variant, which we
termed the “Ccr variant,” we also considered the use of the multi-
functional propionyl-CoA synthetase (Pcs) from Erythrobacter
NAPI (EAQ29651; 140 mU/mg; app. Kp_3-hydroxypropionates 85 HM;
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app. Ky arp 10 uM; app. Kiy_coas 0.34 mM, and app. Ky, napphs
0.14 mM) (fig. S7). Pcs forms a multicatalytic nanocompartment
that activates 3HP to 3HP and dehydrates the latter to acrylyl-
CoA, which it further reduces to propionyl-CoA (24). Notably,
Pcs was recently engineered to catalyze the reductive carboxylation
of acrylyl-CoA (see Discussion) (25). However, for initial tests, we
used wild-type Pcs in combination with ATP-dependent propionyl-
CoA carboxylase (Pcc, ACS40950/ AMB43430) to generate (2S)-
methylmalonyl-CoA, albeit this came at the cost of one additional
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ATP per carboxylation of propionyl-CoA. For this reaction, we se-
lected the Pcc of Methylobacterium extorquens AM1 (26) (22 U/mg;
app. Km—propionyl—CoA) 55 P‘M’ app. Kmfacetyl—CQA> 0.27 mM; and app.
Km_atp, 0.33 mM) after which we named this variant the "Pcs/
Pcc variant.”

Having established the individual enzyme activities for the -
alanine and 3HP routes, as well as their variants, we tested the dif-
ferent versions of the reductive part of the HOPAC cycle (Figs. 2G
and 3H and fig. S19). While all versions were able to convert
malonyl-CoA into (2S)-methylmalonyl-CoA, the Ccr variant and
the Pcs/Pcc variant of the 3HP route showed rapid conversion
without obvious bottlenecks, which made these two variants
viable options for the construction of the full HOPAC cycle.

The oxidative part: Overall design

The first step in the oxidative part is the conversion of methylma-
lonyl-CoA into succinyl-CoA. For this reaction, we relied on meth-
ylmalonyl-CoA mutase (Mcm, ABA80144; 450 U/mgK,,.
methylmalonyl-Coa> 19 UM) and methylmalonyl-CoA epimerase (Epi,
ABA79990; 440 U/mg; Ki_methylmalonyl-Coas 80 um) (27) from C.
sphaeroides that had been successfully used already in the CETCH
cycle (1, 27). We also tested MeaB (WP_012640779), a native Mcm
chaperone (28). MeaB protects Mcm from inactivation and stimu-
lates the guanosine triphosphate—dependent ejection of aquacoba-
lamin (OH,Cbl), the oxidation product of adenosyl-cobalamin
(AdoCbl), which is generated during suicide inactivation. In stand-
alone assays, MeaB markedly extended the life span of Mcm in the
presence of its substrates (fig. S16). However, when tested in the
context of the full HOPAC cycle, addition of MeaB resulted only
in a minor improvement on overall productivity (see below,
HOPAC 3.0).

For the subsequent multistep conversion of succinyl-CoA to (S)-
malyl-CoA, we investigated two potential routes. In the first variant,
analogous to the tricarboxylic acid (TCA) cycle (“free acid route”),
succinyl-CoA is cleaved into CoA and succinate, which is oxidized
to fumarate and hydrated to malate (Fig. 4G), before being religated
to CoA. In the second variant (“CoA route”), we sought to oxidize
succinyl-CoA directly into fumaryl-CoA and further into (S)-malyl-
CoA without release of the CoA ester.

The free acid route of the oxidative part

To realize the free acid route, we considered three options to cleave
succinyl-CoA (Fig. 4). First, analogous to the TCA cycle, we used a
succinyl-CoA synthetase (Scs, POAGE9/ AVS48775, 37.7 U/mg;
app. K succinate> 0.25 mM; app. Ky, coa> 4.0 uM; app. Ky atpes 70
M) (29) from E. coli. Second, as in the 3HP-bicycle, we used a suc-
cinyl-CoA:L-malate CoA transferase (Smt, Q1KLK1/ Q1KLKO, 78
U/mg; app. Kusuccinyl-coa> 0.96 mM; app. Ky malater 0.91 mM;
Fig. 4, B and C) from C. aurantiacus. Last, we also considered suc-
cinyl-CoA hydrolase (Sch, NP_599008, 468 U/mg; Ky succinyl-Coas
1.8 mM; Fig. 4E) from Mus musculus. When tested, all three
enzymes were active, however, their integration into the HOPAC
cycle posed different challenges. Scs requires a delicate balancing
of nucleoside triphosphate (NTP) to nucleoside diphosphate
(NDP) pools. This, however, interferes with other reactions in the
HOPAC cycle that require a constantly high NTP:NDP ratio, in par-
ticular the carboxylation by Pcc and the ligations by malyl-CoA syn-
thetase (Mcs, P53595/ P53594) (30), Hps, and Pcs. Smt, on the other
hand, preserves the energy of the CoA thioester bond in an NTP-
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and NDP-independent fashion but requires a constant malate con-
centration, which would interfere with the HOPAC cycle when it is
not in its steady state. Last, the use of Sch would increase the net
NTP requirements of the HOPAC cycle, due to its hydrolysis of
the CoA-thioester bond which is exacerbated by promiscui-
ty (Fig. 4F).

For succinate oxidation, we tested membrane-bound succinate
dehydrogenase (Sdh) and/or soluble fumarate reductase (Frd,
AAN40014). Soluble Frd from Trypanosoma brucei was incapable
of performing this reaction because of the highly endergonic
nature of this reaction using NAD" as an electron acceptor (31).
We also purified soluble versions of the Sdh complex from E. coli
(32), in particular, Sdh subunit A alone (STL43511), which contains
the active site and a flavin adenine dinucleotide (FAD) cofactor, and
a construct of Sdh subunits A and B (P07014), which contains ad-
ditional iron-sulfur clusters. In both cases, the enzyme was active
with ferrocenium hexafluorophosphate as electron acceptor
(Fig. 4D) at specific activities of 230 mU/mg (SdhA) and 590
mU/mg (SdhAB), respectively.

Although we could demonstrate all individual reactions for the
succinyl-CoA cleaving enzymes and Sdh, none of the combinations
allowed for production of acetyl-CoA from methylmalonyl-CoA,
which led us to focus on the CoA route (Fig. 5) in the follow-
ing section.

The CoA route of the oxidative part
To establish this route, we needed to identify two new-to-nature
enzyme activities. One enzyme that could oxidize succinyl-CoA
to fumaryl-CoA and another to hydrate fumaryl-CoA to (S)-
malyl-CoA. To establish the latter, we tested Ech from P. aeruginosa,
which had previously shown high activity on 3HP, as well as mesa-
conyl-CoA hydratase (Mch, Q3IZ78, 1.7 x 10° U/mg K fumaryl-Coas
280 uM) from C. sphaeroides (Fig. 5C (33). As only the latter showed
activity with fumaryl-CoA, we used this enzyme moving forward.
For the oxidation of succinyl-CoA to fumaryl-CoA, we screened
different acyl-CoA dehydrogenases, including nondecarboxylating
glutaryl-CoA dehydrogenase (C3UVBO0) (34), as well as different
(28)-methylsuccinyl-CoA dehydrogenase (Mcd) homologs and
active site variants with ferrocenium hexafluorophosphate as elec-
tron acceptor (figs. S11 and S12). We identified one homolog from
Pseudomonas migulae (PmMcd, D3JV03) that showed very favor-
able side activity with succinyl-CoA, outcompeting all other
enzymes by more than one order of magnitude (5.2 U/mg;K, succin-
yl-Coas 78 UM; Fig. 5B). To understand the factors influencing sub-
strate specificity in PmMcd, we determined the structure of the
enzyme in complex with FAD and methylsuccinyl-CoA at 1.9-A
resolution [Protein Data Bank (PDB): 8CIW, Fig. 6 and fig. S25).
Residue 1275 caught our attention, as mutation of the analogous
residue A282 in C. sphaeroides Mcd (ADC44452) to valine had in-
creased oxidase activity with succinyl-CoA. We explored several
mutations of this residue in PmMcd including 1275H/K/L/Q/S/T.
However, all variants showed a marked loss in catalytic activity
(fig. S26) necessitating the use of the wild-type enzyme. PmMcd
in combination with its native electron transfer protein (EtfAB,
SEE84602/ MCP1497298) had a modest activity with O, as an elec-
tron acceptor. Notably, addition of EtfAB together with its cognate
quinone reductase EtfQO (MCP1497299) (35) (solubilized with de-
tergents) enabled the rapid recycling of reduced FAD cofactors in
the presence of O, (Fig. 6C). This allowed us to use the enzyme
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without natural or artificial electron acceptors in solution, which we
exploited especially during optimization of the HOPAC cycle (see
below, Fig. 7B). With all required enzyme activities in hand, we re-
constructed the oxidative part of the HOPAC cycle and confirmed
formation of acetyl-CoA from (2S)-methylmalonyl-CoA (Fig. 5D).

Engineering acetyl-CoA carboxylase activity

Last, we sought to identify a suitable acetyl-CoA carboxylase (Acc)
for the HOPAC cycle. Acc are commonplace in nature; however,
they are typically multisubunit enzymes that are prone to dissocia-
tion, which complicates their purification and in vitro handling
(36). Pcc, on the other hand, are often fusion proteins and are
more robust. Pcc from M. extorquens (see above) showed some
basal activity with acetyl-CoA (1.1 U/mg; app. K, 270 uM),
which we sought to improve further through active site mutation.
Acc from Streptomyces coelicolor that is structurally similar to Pcc
from M. extorquens (26) was recently engineered for improved ac-
tivity with propionyl-CoA by a D4221 mutation (37). Installing the
analogous mutation in Pcc from M. extorquens increased the
enzyme's activity with acetyl-CoA substantially (15.5 U/mg; app.
Kin-acetyl-coas 560 UM; app. Kp_arp, 50 uM) yielding variant
Pcc(pao7n (fig. S6), which we subsequently used to construct the
full HOPAC cycle.

McLean et al., Sci. Adv. 9, eadh4299 (2023) 14 June 2023

Uniting and optimizing the HOPAC cycle

Having successfully established the CoA route for the oxidative part
of the HOPAC and two different routes for the reductive part(Ccr
route and Pcs/Pcc route), we next assembled the Ccr variantof
HOPAC (HOPAC(,,), as well as the Pcs/Pcc variant(HOPACp,,
pec) and assessed their performance.

To test HOPACc,,, we combined all 11 enzymes of the basic
variant (i.e., without EtfQO and MeaB) in 150 pl of MOPS (pH
7.5) with 3 mM ATP, 3 mM NADPH (reduced form of nicotin-
amide adenine dinucleotide phosphate), and 0.5 mM CoA. We
added ATP (38) and NADPH-regeneration systems, (39) as well
as enzymes for the repair of hydrated NADPH, (40) reduction of
oxidized CoA dimers (41), and phosphorylation of dephosphorylat-
ed CoA (42), carbonic anhydrase to maintain the CO,/HCO; " equi-
librium, and superoxide dismutase and catalase to decompose
reactive oxygen species. In addition, we provided a glyoxylate reduc-
tase to reduce the output molecule of the cycle, glyoxylate, to glyco-
late, additionally driving the cycle forward.

The Ccr-based variant of HOPAC was functional in its initial
version but further improved with the implementation of Etf and
EtfQO as well as MeaB and Mcm supplementation (Fig. 7). The
first version of HOPACc, (HOPAC¢,, 1.0) produced ~100 pM gly-
colate from 200 pM acetyl-CoA, which could be increased to ~300
uM with the addition of EtfQO (HOPAC,, 2.0). Addition of MeaB
increased glycolate production to ~350 pM (HOPACc., 3.0).
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Glycolate production could be further increased to ~500 uM with
Mcm supplementation (every 15 min, HOPAC¢,, 3.1), suggesting
that MeaB alone was not sufficient to prevent Mcm inactivation
in the complex setup of the HOPAC cycle.

Although the Pcs/Pcc variant of the HOPAC cycle was also func-
tional (HOPACp./pc.), it failed to outperform HOPACc,, 1.0 even
with EtfQO and supplemented Mcm, so we focused exclusively on
the Ccr variant of the HOPAC. To further improve HOPAC¢,,, we
took advantage of an active learning—guided workflow for optimi-
zation of complex in vitro systems ("METIS") that we had recently
established in our laboratory (12). This workflow combines labora-
tory automation with active learning to explore the combinatorial
space of a given system in iterative cycles for (local) optima.

To set up the METIS workflow, we miniaturized/reduced the
assay volume to 10 pl, constrained each of the 36 compounds in
the HOPA(,, 3.0 cycle to a maximum of five different concentra-
tions and tested 30 different combinations in triplicate in each
round. After eight rounds of optimization and a total of 240 differ-
ent tested HOPAC(., conditions, we achieved a maximum

McLean et al., Sci. Adv. 9, eadh4299 (2023) 14 June 2023

production of ~1500 uM glycolate (Fig. 7C) from 200 uM acetyl-
CoA as substrate (HOPACc,, 4.0), which represents a ~3-fold im-
provement compared to the starting point (HOPACc,, 3.0) and
~15-fold compared to HOPAC,, 1.0. Notably, with 2.4 nmol
CO, min~" mg~' protein, CO,-fixation productivity of the
HOPAC is comparable to the CETCH (1), the reductive glyoxylate
and pyruvate synthesis-malyl-CoA-glycerate (rGPS-MCG) cycle
(11), and the THETA cycle (table S8) which lifts the HOPAC
cycle from a theoretical design to a functional in vitro system.

DISCUSSION

In this work, we prototyped and optimized a new-to-nature CO,-
fixation pathway, the HOPAC cycle. The core cycle consists of 11
enzymes from six different organisms and is similar to the naturally
existing 3HP bicycle. However, for the conversion of acrylyl-CoA
into (2S)-methylmalonyl-CoA, the HOPAC cycle uses a reductive
carboxylation instead of a combination of acrylyl-CoA reduction
and ATP-dependent carboxylation. This makes the HOPAC,,
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be oxidized by ferrocenium, or as part of a chain through Etf terminating in molecular O,. (D) Fumaryl-CoA production by Mcd alone, with Etf, with Etf and EtfQO, or with

ferrocenium.

33% more ATP-efficient than the 3HP, which underlines the poten-
tial of synthetic biology to realize more efficient metabolic pathways
than natural evolution.

Beyond this difference in acrylyl-CoA carboxylation, the
HOPAC,, cycle also differs in respect to other enzyme chemistries
from the 3HP. The central oxidation of succinyl-CoA to malyl-CoA
proceeds through a new-to-nature metabolite, fumaryl-CoA, and
involves two new-to-nature reactions: one reaction producing
fumaryl-CoA (through oxidation of succinyl-CoA) and another re-
action that consumes fumaryl-CoA (through hydration into malyl-
CoA). We succeeded in establishing these reactions through screen-
ing multiple enzymes candidates for promiscuous activities with
these metabolites that we could potentially exploit for construction
of the cycle. Thus, the final implementation of our design differs not
only from 3HP but also from other natural reaction sequences and
pathways, qualifying the HOPACc., as a bona fide “new-to-
nature” pathway.

During our design, we explored other variants to the HOPAC,
such as the free-acid variant in the oxidative part or the B-alanine
variant in the reductive part. Although we did not pursue these
options further in the framework of this study, these pathway var-
iants are still viable and could be used in the context of other in vitro

McLean et al., Sci. Adv. 9, eadh4299 (2023) 14 June 2023

setups or efforts to establish the HOPAC in vivo. One of the most
promising alternatives is the Pcs/Pcc variant of the HOPAC cycle, in
which we used Pcs in combination with Pcc for the conversion of
3HP into (25)-methylmalonyl-CoA—at the cost of one extra ATP.
The acrylyl-CoA reductase domain of Pcs has been recently engi-
neered toward a reductive carboxylase, reaching 97% carboxylation
activity at saturating CO, concentrations, albeit at lowered overall
catalytic activity of the enzyme. Using a "carboxylating” Pcs (with
improved overall rates) could omit the need for Pcc in the future.
This would lower the extra ATP need for carboxylation and make
the Pcs/Pcc-based variant energetically equivalent to HOPACc,,.

Having established a first version of the HOPAC cycle, we could
further optimize the system through iterative rounds of rational and
machine learning—guided efforts. Addition of auxiliary enzymes,
such as MeaB, and adjusting the concentration of individual com-
ponents was crucial to improve the system by 10-fold compared to
version 1.0, which strongly emphasizes the potential and the need of
design-build-test-cycles in complex in vitro biology. In its current
form, HOPAC ., fixes CO, at a rate of 2.4 nmol min™" mg_l, which
matches well the efficiencies of other in vitro CO,-fixation pathways
and provides the basis for the further development of the HOPAC
cycle toward different in vitro and in vivo applications.
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MATERIALS AND METHODS

Protein expression and purification

General expression protocol

Whenever possible, enzymes were produced in E. coli BL21 DE3
ArcticExpress (DE3)RIL (unless stated otherwise below). Transfor-
mations were plated on LB agar supplemented with chloramphen-
icol (34 pug/ml) for the selection of the ArcticExpress cells and the
antibiotic corresponding to each plasmid [ampicillin (100 pg/ml),
kanamycin (50 pg/ml), and streptomycin (100 pg/ml)] and incubat-
ed at 37°C overnight. One-liter cultures were grown in Terrific
Broth (TB) medium containing the same antibiotics as above at
37°C with moderate agitation until an ODg (optical density at
600 nm) of ~1.5 was reached. Cultures were chilled to 20°C,
induced with 500 uM isopropyl-p-p-thiogalactopyranoside, and in-
cubated for an additional 16 hours before harvest. After expression,
cultures were harvested by centrifugation at 8000 g for 10 min. The
resulting pellets were resuspended in resuspension buffer contain-
ing 20 mM MOPS (pH 7.5), 500 mM NaCl, 5 mM MgCl,, and 20%
(v/v) glycerol. Suspensions were sonicated to homogeneity and cen-
trifuged at 100,000¢ for 1 hour. Last, lysates were decanted and
passed through 0.45-um cutoff filters. His-tagged protein was puri-
fied with 5-ml HisTrap FF columns (GE Healthcare, Freiburg,
Germany). Bound columns were washed with resuspension buffer
and eluted in a stepwise manner with resuspension buffer supple-
mented with 500 pM imidazole.The resulting protein was concen-
trated to ~1 ml before being passed through two HiTrap 5 ml
Desalting Columns (GE Healthcare, Freiburg, Germany) for
buffer exchange into 20 mM MOPS (pH 7.5), 200 mM NaCl, 5
mM MgCl,, and 20% glycerol (v/v). Proteins were concentrated
again, and the concentration was determined by measuring the ab-
sorbance at 280 nm with extinction coefficients determined with
ExPASy ProtParam (43).

Acetyl-/propionyl-CoA carboxylase

Pcc and Pcc(pyo7ry are biotin-dependent enzymes and as such,
require biotinylation of their active sites for activity. Biotinylation
by native E. coli enzymes is possible; however, incomplete reaction
typically yields a pool of inactive enzyme. Instead, we coexpressed
the cognate biotin ligase (BirA), and activity is increased several fold
(44). To maximize biotinylation, 5 pmol biotin was added to the
growth medium during induction.

Mcds, Etf, and CoA-disulfide reductase

FAD-containing proteins were purified as described above, except
that an approximately equimolar volume of FAD was added before
desalting. Because FAD absorbs significantly, it results in inaccurate
concentrations if determined from absorbance at 280 nm (A,go)
alone. Instead, absorbance was measured at 280 and 450 nm. The
AysolAsgo ratio for FAD alone is 0.57 between A5, 0.04 and 0.3.
Using this ratio to determine the absorbance at 280 nm caused by
FAD, we used the remaining absorbance to determine the protein
concentration as above.

Etf-QO

Because ETF-QO in a membrane-bound protein, it first needs to be
extracted from the membrane. It was extracted as described previ-
ously (35). Briefly, we maintained our lysis protocol except the pellet
was recovered rather than the supernatant after centrifugation. The
pellet was homogenized in resuspension buffer supplemented with
5% (w/v) Dodecyl-B-p-maltoside (CAS 69227-93-6) by sonication.
The resulting suspension was incubated on ice for 1 hour and
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centrifuged at 100,000¢ for 1 hour. The supernatant from this
step was treated as the lysate in the general expression protocol.

Synthesis and purification of acyl-CoA

Acetyl-, propionyl-, crotonyl-, and succinyl-CoA

Acetic, propionic, crotonic, or succinic anhydride were used to syn-
thesize their respective acyl-CoA using the symmetric anhydride
method (45). First, 200 mg of Coenzyme A was dissolved in 5 ml
of 500 mM NaHCOj; on ice. An approximately 1.5x molar excess
of anhydride (acetic, 42 mg; propionic, 53 mg; crotonic, 63 mg;
or succinic, 41 mg) was added, and the solution incubated on ice
with constant agitation for 1 hour. Completion was confirmed
with Ellman’s reagent (46).

3HP and methylsuccinyl-CoA

3HP and methylsuccinyl-CoA were synthesized from CoA and their
respective acids using the carbonyldiimidazole method (45). CoA
(200 mg) was dissolved in 2 ml of 500 mM NaHCO; on ice. An ap-
proximately 5x molar excess of each acid (methylsuccinate160 mg,
3-hydroxypropionate 350 pl, 30%) was dissolved in 8 ml of tetrahy-
drofuran (THF) with 160 mg of carbonyldiimidazole (CDI) and in-
cubated for 45 min with constant agitation. The solutions were
combined and incubated for a final hour after which completion
was confirmed with Ellman's reagent (46). Reactions were lyophi-
lized before purification.

Fumaryl-CoA

Fumaryl-CoA was synthesized from fumarate and CoA using the
ethylchloroformate method (45). CoA (190 mg) was dissolved in
10 ml of 500 mM NaHCOj on ice. An approximately 10x molar
excess of fumarate (290 mg) was dissolved 10 ml of THF on ice.
Triethylamine (180 pl) and 140 mg of ethylchloroformate were
added and incubated for 45 min with constant agitation. The solu-
tions were combined and incubated for a final hour after which
completion was confirmed with Ellman's reagent (46). Reactions
were lyophilized before purification.

Acrylyl-, malonyl-, and methylmalonyl-CoA

Acrylate, malonate, and methylmalonate were used to synthesize
their respective acyl-CoA using acyl-CoA synthetases. CoA (20
mg), 15 mg of ATP, and 50 pumol acid (3.6 mg of acrylate, 5 mg of
malonate, 6 mg of methylmalonate) were dissolved in 10 ml of 50
mM MOPS (pH 7.5) with 15 mM MgCl,. The reaction was initiated
with the addition of 10 uM Pcl from C. necator (acrylate) or MatB
from Rhizobium leguminosarum (45) (malonate/methylmalonate)
and was incubated at 30°C. Completeness of reaction was moni-
tored using Ellman's reagent. Reactions were stopped by the addi-
tion of 4% formic acid, centrifuged, and the supernatant was
lyophilized before purification.

(S)-malyl- and (2R, 3S)-p-methylmalyl-CoA

(S)-Malyl- and (2R,3S)-p-methylmalyl-CoA were synthesized from
glyoxylate and acetyl-CoA or propionyl-CoA respectively using the
Mcl method (47). Acetyl- or propionyl-CoA (4 mg) was dissolved in
10 ml of 50 mM MOPS (pH 7.5) with 10 mM glyoxylate. The reac-
tion was initiated with the addition of 10 pM Mcl from C. sphaer-
oides and the was incubated at 30°C. Completeness of reaction was
monitored using Ellman'’s reagent. Reactions were stopped by the
addition of 4% formic acid and centrifuged, and the supernatant
was lyophilized before purification.

p-Alanyl-CoA

B-alanyl-CoA was synthesized from B-alanine and propionyl-CoA
using the A. propionicum B-alanyl-CoA transferase. Propionyl-
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CoA (10 mg) was dissolved in 10 ml of 50 mM MOPS (pH 7.5) with
10 mM f-alanine. The reaction was initiated with the addition of 10
uM Bct and the solution was incubated at 30°C. Completeness of
reaction was monitored using Ellman’s reagent. Reactions were
stopped by the addition of 4% formic acid and centrifuged, and
the supernatant was lyophilized before purification.

Purification

Samples were purified with a Gemini 10 um NX-C18 110 A Column
(Phenomenex, Aschaffenburg, Germany) in a 1260 Infinity HPLC
(Agilent Technologies GmbH) using a methanol/sodium formate
(pH 4.2) gradient. Purified fractions were flash-frozen in liquid ni-
trogen, lyophilized, and stored with desiccant at 20°C for future use.
CoA-thioester concentration was determined by spectrophotomet-
ric absorbance at 260 nm with & = 22.4 mM ™' cm™" for unsaturated
(fumaryl-CoA) and e = 16.4 mM ™! cm™! for saturated CoA-thioest-
ers (all others).

Kinetics

ATP-dependent reactions

The activity of ATP-dependent reactions was determined using the
pyruvate kinase, lactate dehydrogenase—coupled reaction (Sigma-
Aldrich, P0294). Triethanolamine (1 mM), 1.6 mM phosphoenol-
pyruvate, 4.2 mM magnesium sulfate, 6.8 mM potassium chloride,
300 uM NADH, 40 U of pyruvate kinase, and 100 U of lactic dehy-
drogenase were used. The oxidation of NADH was monitored at 340
nm enapy = 6.22 M~ em™L. This was used for Pcc, Pccpaorny Pcs,
Pcl, and Mcs. For activity screens, reactions were quenched with
formic acid and samples were analyzed by liquid chromatogra-
phy—mass spectrometry (LCMS).

NADPH-dependent reactions

The activity of NADPH-dependent reactions was determined by di-
rectly monitoring the oxidation of NADPH at 360-nm eysppy = 3.4
mM "' cm™". This was used for Ccr, Gdh, Mcr, and Pcs. In the case
of Mcr, the enzyme performs the reduction of malonyl-CoA and
malonic semialdehyde, it was assumed that for every two molecules
of NADPH consumed, one molecule of malonyl-CoA was reduced
to 3-hydroxypropionate. In the case of Pcs, the rate of NADPH ox-
idation was used as a proxy for the complete reaction of ligation,
dehydration, and reduction of 3-hydroxypropionate and CoA to
propionyl-CoA.

Enoyl-CoA hydratase

The activity of Ech was determined in a coupled assay using Cecr.
Ech was incubated with 3HP, NADPH, NaHCOj; and an excess of
Ccr. As 3HP was dehydrated to acrylyl-CoA, it was reductively car-
boxylated by Ccr and the NADPH oxidation was monitored
as above.

p-Alanyl-CoA lyase

The activity of BCal was determined in a coupled assay using Ccr.
BCal was incubated with p-alanyl-CoA, NADPH, NaHCO3, and an
excess of Ccr. As 3-alanyl-CoA was deamiated to acrylyl-CoA, it was
reductively carboxylated by Ccr and the NADPH oxidation was
monitored as above.

Mcm and MeaB

The activity of Mcm was determined in a coupled assay using a suc-
cinyl-CoA reductase from Clostridium kluyveri. Mcm was incubated
with methylmalonyl-CoA, NADPH, and an excess of Scr. As meth-
ylmalonyl-CoA was converted to succinyl-CoA, it was reduced by
Scr and the simultaneous oxidation of NADPH was monitored as
above. The effect of MeaB was determined by incubating
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methylmalonyl-CoA alone, with Mcm, or with Mcm and MeaB.
Time points were incubated with Scr and NADPH to consume
any succinyl-CoA produced before being quenched with formic
acid and analyzed by LCMS.

(S5)-malyl-CoA lyase

The activity of Mcl was determined with a coupled assay using Grd.
Mcl was incubated with either (S)-malyl- or (2R,3S)-p-methylmal-
yl-CoA, NADPH, and an excess of Grd. As (methyl)malyl-CoA
were cleaved, the glyoxylate was reduced by Grd and the NADPH
oxidation was monitored as above.

Succinyl-CoA:L-malate CoA transferase

The activity of Smt was determined in a coupled assay using Mcl
and Grd. Smt was incubated with succinyl-CoA, malate, NADPH,
and an excess of Mcl and Grd. As malyl-CoA was generated, it was
cleaved by Mcl and monitored as above.

Succinyl-CoA hydrolase

The activity of Sch was determined using the Ellman's Assay (46).
Sch was incubated with 2.5 mM sodium acetate, 100 uM 5,5'-dithio-
bis-(2-nitrobenzoic acid) (DTNB), and succinyl-CoA. 2-Nitro-5-
thiobenzoic acid (TNB) formation was monitored at 412 nm &g
=13.6 mM ' cm™". To screen for promiscuity, Sch was incubated
with various acyl-CoAs. Time points were quenched with formic
acid and analyzed by LCMS.

Hydratases

The activity of Mesaconyl-C1-CoA hydratase was determined by di-
rectly monitoring the alkenyl formation/depletion at 290 nmejyes,-
conyl-CoA = 3.1 o emTt(48). As (methyl)fumaryl-CoA is hydrated
to (methyl)malyl-CoA, the absorbance at 290 nm decreases. The ac-
tivity of fumarate hydratase was determined by directly monitoring
the alkenyl formation/depletion at 240 nm €gymarate = 2.4 MM ™"
cm™! (49). As fumarate is hydrated to malate, the absobance at
240 nm decreases.

Aminotransferase

Malonyl-CoA was preincubated with McrC to generate malonic
semialdehyde. r-alanine or rL-glutamate was added with NH,CI
and Adh or Gdh, respectively. To maintain consistent NADPH con-
centration, sufficient volumes were added to reduce all malonyl-
CoA and to have reported concentrations remaining.
Dehydrogenases

The activity of Mcd and Sdh were determined using ferrocenium
hexafluorophosphate as an electron acceptor and monitoring ferro-
cenium oxidation at 300 NM €gerrocenium = 275 mM™" em™.
Because (methyl)succinyl-CoA are prone to intramolecular
general base catalysis, they were synthesized regularly and moni-
tored for integrity using Ellman’s reagent (46).

Etf and EtfQO

The effect of Etf and EtfQO were determined by incubating meth-
ylsuccinyl-CoA with Mcd, Mcd and Etf, or Mcd, Eft, and EtfQO.
Timepoints were quenched with formic acid and analyzed
by LCMS.

CoA kinase

Acetyl-CoA, malonyl-CoA, 3HP, propionyl-CoA, methylmalonyl-
CoA, fumaryl-CoA, malyl-CoA, or B-alanyl-CoA were incubated
with shrimp alkaline phosphatase from Sigma-Aldrich
(GEE70092Y) to generate dephosphorylated analogs. To remove
phosphatase, samples were then passed through a 5-kDa cutoff
filter. These samples were then incubated with CoAE and ATP.
Samples were quenched with formic acid and analyzed by LCMS.
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Partial cycle assays

To determine the compatibility of various enzyme combinations,
the cycle was split into two pathways allowing for a simplified work-
flow to test different options. Reductive paths were started with
malonyl-CoA, time points were quenched with formic acid, and
malonyl-CoA, 3HP, B-alanyl-CoA, propionyl-CoA, and methylma-
lonyl-CoA were detected using LCMS. Oxidative paths were started
with methylmalonyl-CoA, and methylmalonyl-CoA, succinyl-CoA,
malyl-CoA, and acetyl-CoA were detected with LCMS. Concentra-
tion of enzymes and cofactors in reductive pathway assays are listed
in table S1. Concentration of enzymes and cofactors in oxidative
pathway assays are provided in table S2.

Full cycle assays

Full cycle variants were tested similarly to the partial cycles except
ferrocenium could not be used as an electron acceptor due to cross-
reactivity with NADPH, assays were started with acetyl-CoA, and in
addition to acyl-CoA intermediates, glycolate was quantified. °*C
labeled HCO;™ and formate were used in assays for acyl-CoA mea-
surements, which allowed for the tracking of compounds across
multiple cycles because one net '*C was incorporated per cycle.
>C HCO;™ and formate were used in assays for glycolate quantifi-
cation which allowed for the use of an internal 13C glycolate stan-
dard. In addition, a glycolate standard curve ranging from 10 pM to
2 mM were used for quantification. Concentration of enzymes and
cofactors in full HOPAC cycle assays are listed in table S3.

Optimization of HOPAC

Optimization of HOPAC 3.0 was performed with METIS (12). Con-
centrations of enzymes and cofactors from previous assays were
taken as a baseline and two and four additional concentrations
were fed to METIS for recombination. Thirty conditions were se-
lected by METIS in each iteration, tested in triplicate, and analyzed
by LCMS after 120-min reactions. Concentrations for METIS opti-
mization are provided in table S4.

Ultraperformance liquid chromatography-high

resolution MS

Acyl-CoA

Detection of acyl-CoAs was performed using isotope dilution mass
spectrometry. The chromatographic separation was performed on
an Agilent Infinity IT 1290 HPLC system using a Kinetex EVO
C18 column (150 mm by 1.7 mm, 3-um particle size, 100-A pore
size, Phenomenex) connected to a guard column of similar specif-
icity (20 mm by 2.1 mm, 5-pm particle size, Phenomoenex) a cons-
tant flow rate of 0.25 ml/min with mobile phase A being 50 mM
Ammonium Acetate in water at a pH of 8.1 and phase B being
100% methanol (Honeywell, Morristown, New Jersey, USA). The
injection volume was 5 pl. The mobile phase profile consisted of
the following steps and linear gradients: 0 to 1 min constant at
2.5% B; 1 to 6 min from 2.5 to 95% B; 6 to 8 min constant at 95%
B; 8 to 8.1 min from 95 to 2.5% B; 8.1 to 10 min constant at 2.5%
B. An Agilent 6550 ion funnel QTOF mass spectrometer was used in
positive mode with an electrospray ionization source and the fol-
lowing conditions: ESI spray voltage 3500 V, nozzle voltage 500
V, sheath gas 400°C at 12 liters/min, nebulizer pressure 20 psig
and drying gas 225°C at 13 liters/min. Compounds were identified
on the basis of their accurate mass (mass error < 5 ppm) and
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retention time compared to standards. Chromatograms were inte-
grated using MassHunter software (Agilent, Santa Clara, CA, USA).
Glycolate

Quantitative determination of Glycolate was performed using
isotope dilution mass spectrometry. The chromatographic separa-
tion was performed on an Agilent Infinity II 1290 HPLC system
using a Kinetex EVO C18 column (150 mm by 1.7 mm, 3-pm par-
ticle size, 100-A pore size, Phenomenex) connected to a guard
column of similar specificity (20 mm by 2.1 mm, 5-um particle
size, Phenomoenex) a constant flow rate of 0.1 ml/min with
mobile phase A being 0.1% formic acid in water and phase B
being 0.1% formic acid methanol (Honeywell, Morristown, New
Jersey, USA) at 25°C. The injection volume was 0.5 pl. The
mobile phase profile consisted of the following steps and linear gra-
dients: 0 to 4 min constant at 0% B; 4 to 6 min from 0 to 100% B; 6 to
7 min constant at 100% B; 7 to 7.1 min from 100 to 0% B; 7.1 to 12
min constant at 0% B. An Agilent 6495B ion funnel mass spectrom-
eter was used in negative mode with an electrospray ionization
source and the following conditions: ESI spray voltage 2000 V,
nozzle voltage 500 V, sheath gas 400°C at 11 liters/min, nebulizer
pressure 50 psig and drying gas 80°C at 16 liters/min. Compounds
were identified on the basis of their mass transition and retention
time compared to standards. Chromatograms were integrated using
MassHunter software (Agilent, Santa Clara, CA, USA). Absolute
concentrations were calculated on the basis of an external calibra-
tion curve prepared in sample matrix, using uniformly 13C-labeled
Glycolate as internal standard. Mass transitions, collision energies,
Cell accelerator voltages and Dwell times have been optimized using
chemically pure standards. Parameter settings of all targets are given
in table S8.
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