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Methanol is an important intermediate in the utilization of natural
gas for synthesizing other feedstock chemicals. Typically, chemical
approaches for building C-C bonds from methanol require high
temperature and pressure. Biological conversion of methanol to
longer carbon chain compounds is feasible; however, the natural
biological pathways for methanol utilization involve carbon diox-
ide loss or ATP expenditure. Here we demonstrated a biocatalytic
pathway, termed the methanol condensation cycle (MCC), by com-
bining the nonoxidative glycolysis with the ribulose monophos-
phate pathway to convert methanol to higher-chain alcohols or
other acetyl-CoA derivatives using enzymatic reactions in a carbon-
conserved and ATP-independent system. We investigated the robust-
ness of MCC and identified operational regions. We confirmed that
the pathway forms a catalytic cycle through *C-carbon labeling.
With a cell-free system, we demonstrated the conversion of methanol
to ethanol or n-butanol. The high carbon efficiency and low operating
temperature are attractive for transforming natural gas-derived
methanol to longer-chain liquid fuels and other chemical derivatives.

methanol metabolism | metabolic engineering | cell-free synthesis |
bio-ethanol | bio-butanol

M ethanol is industrially produced from synthetic gas-derived
olefins and alkanes (1-7). These reactions typically involve
high temperatures and pressures that require large capital in-
vestment (8, 9). The condensation of methanol to higher-chain
alcohols such as ethanol or n-butanol is thermodynamically favor-
able (AG*" = —68 and —182 kJ/mol, respectively), but the direct
condensation of methanol to higher-chain alcohols has been quite
challenging. Using the Guerbet reaction, methanol can upgrade
short alcohols (such as n-propanol) to longer alcohols; however,
methanol cannot self-couple (10). Metal acetylides can convert
methanol to isobutanol, although this process was demonstrated
to be noncatalytic (11).

Nature has evolved several distinct ways to assimilate methanol
to form metabolites necessary for growth. In principle, metabo-
lites resulting from these methylotrophic pathways can be used
to form higher-chain alcohols, although inherent pathway limi-
tations prevent complete carbon conservation (Fig. S1). In the
ribulose monophosphate pathway (RuMP), three formaldehydes
condense to pyruvate, which is decarboxylated to form acetyl-CoA
and CO,, reducing the carbon efficiency to 67%. The serine path-
way requires an external supply of ATP to drive otherwise unfa-
vorable reactions. Similarly, oxidation of methanol to CO, followed
by CO, fixation using the Calvin-Benson-Bassham (CBB) cycle
also requires additional ATP. To generate the required ATP input,
extra carbon must be spent to drive oxidative phosphorylation. To
our knowledge, natural methylotrophs are not capable of using the
reductive acetyl-CoA pathway, which can produce acetyl-CoA
without carbon loss or ATP requirement through carbon reas-
similation after complete oxidation of methanol. This route is
extremely oxygen sensitive and difficult to engineer due to the
complex cofactors involved, and achieving carbon conservation
would require that CO, produced in methanol oxidation is com-
pletely reassimilated. Thus, in all native pathways some carbon
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must be lost during the production of acetyl-CoA, the precursor
for n-alcohols.

Here we constructed an enzymatic cycle to achieve the cata-
lytic condensation of methanol to higher alcohols with complete
carbon conservation and ATP independence. This pathway is
modified from the combination of RuMP coupled with a non-
native pathway, nonoxidative glycolysis (NOG) (12) shown in
Fig. 14. However, the combined pathway, which we call the
methanol condensation cycle (MCC), can be simplified to be-
come completely ATP independent. A thorough list of reactions
is given in Table S1. The first step in MCC is the oxidation of
methanol to formaldehyde. This reaction can be catalyzed by
three classes of enzymes: alcohol oxidase (13), quinone-dependent
methanol dehydrogenase (14), and NAD-dependent methanol de-
hydrogenase (15). Only the last class of enzymes provides the cor-
rect reducing equivalents, which can be used to drive the reductive
portion of MCC for ethanol or n-butanol formation (Fig. S2).

The core portion of MCC is the biochemical condensation of
two formaldehydes with a CoA to form acetyl-CoA and water
(Fig. 1 B and C). Similar to the initial steps in the RuMP pathway,
formaldehyde combines with ribulose-5 phosphate (RuSP) to
produce hexulose-6-phosphate, which is isomerized to fructose-
6-phosphate (F6P). The formaldehyde assimilation is catalyzed
by hexulose-6-phosphate synthase (Hps) and phosphohexulose
isomerase (Phi), respectively. A similar conversion could be achieved
using dihydroxyacetone synthase (12) and fructose-6-phosphate
aldolase (16) as shown in Fig. S2. Once fructose-6-phosphate
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Conversion of methanol to higher n-alcohols. (A) The MCC is the combination of RUMP with NOG that bypasses ATP dependency. See Table S1 for

details. (B) The major MCC mode uses the more active X5P-phosphoketolase (Xpk). (C) The minor MCC mode can achieve the same result with the less active

F6P-phosphoketolase (Fpk).

is formed, half of the molecules are saved for carbon rear-
rangement to regenerate RuSP, whereas the rest are cleaved
irreversibly by phosphoketolase (F/Xpk). This promiscuous
enzyme can cleave either F6P (Fpk) or X5P (Xpk) to acetyl-
phosphate and its corresponding sugar phosphate (17). Although
Xpk activity is higher, both Xpk and Fpk can be used to achieve
the same net conversion. F/Xpk is able to conserve ATP by
phosphorylating the two carbon keto group cleaved from F6P or
X5P using inorganic phosphate. The produced acetyl-phosphate
can be readily converted to acetyl-CoA by the phosphate ace-
tyltransferase (Pta). By avoiding pyruvate decarboxylation to
form acetyl-CoA, no carbon is lost. The E4P produced then
reacts with FOP through a series of reactions involving transaldolase
(Tal), transketolase (Tkt), ribose-5 phosphate isomerase (Rpi),
and ribulose 5-phosphate epimerase (Rpe), to regenerate two
molecules of Ru5P to complete the cycle. MCC does not in-
volve an essential RuMP enzyme (phosphofructokinase) and
avoids three NOG enzymes: triose phosphate isomerase (Tpi),

fructose-1,6-bisphosphate aldolase (Fba), and fructose-1,
6-bisphosphatase (Fbp).

A unique feature of MCC is the conservation of phosphates in
the cycle. The sum of all sugar phosphates remains constant
throughout the catalytic cycle as long as no nonenzymatic degra-
dation reactions occur to deplete the sum. No new sugar phosphate
intermediates are generated or degraded by pathway reactions.
Other pathways like CBB and RuMP do not conserve phosphate
groups and instead lose these high energy bonds by the action of
phosphatases. The final phase in MCC involves the reduction of
acetyl-CoA to alcohols (Fig. S3). Ethanol can be directly produced
from acetyl-CoA by an acylating aldehyde dehydrogenase and an
alcohol dehydrogenase. The biosynthesis of n-butanol can be ac-
complished by a pathway previously established (18) that involves
reactions similar to the one use by Clostridia.

Results

To demonstrate the feasibility of MCC, we first focused on
the core portion from formaldehyde to acetate using purified

A EMRA Analysis B Simulated Acetate Isotope Distribution C 4 In vitro Production of Acetate
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Fig. 2. Simulation and in vitro demonstration of a kinetic trap. (A) Ensemble model robustness analysis (EMRA) of the core MCC pathway (19). Yg m is the

fraction of robust models constrained to a steady state. The variation of phosphoketolase is shown in red and variation of transaldolase in blue. (B) Simulated
distribution of acetic acid isotopes using '*C-formaldehyde as the substrate (C) In vitro production of acetic acid and GC-MS analysis using '*C-formaldehyde
as substrate. Seven enzymes (Hps, Phi, Tkt, Tal, Rpe, Rpi, and F/Xpk) were used to produce acetyl-phosphate from 13C—formaldehyde. For GC analysis, the AcP
was then converted to acetate by acetate kinase using ATP recycling by glucokinase. An acetate standard curve was established with R* = 0.998 up to 5 mM to
ensure reliable quantitation. Assays were independently run in triplicate (n = 3) with error bars representing SD.
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Fig. 3. '3CTracing from '*C-formaldehyde and formate to ethanol. (4) The
mass spectra of all four ethanol isotope standards including unlabeled ethanol,
[1-'3Cl-ethanol, [2-'3C]-ethanol, and double-labeled [1,2-'3CJ-ethanol. All
spectra were normalized to the most abundant internal peak. Only double-
labeled ethanol has a significant 48 ion (red asterisks). (B) Mass spectrum of
ethanol experimentally produced from '3C-formaldehyde, unlabeled formate,
and unlabeled R5P using the full MCC pathway with formate dehydrogenase.
The assays were analyzed after 2 h at room temperature. Formate was oxi-
dized to CO, by formate dehydrogenase to provide the necessary NADH to
reduce acetyl-CoA to ethanol. (C) The “No Tal” control contained the same
conditions as the full pathway except for omitting transaldolase. No 48 ion
was detected for the control. m/z, mass to charge ratio; R.A., relative
abundance.

enzymes (primers listed in Table S2). Each enzyme was
demonstrated to have activity in individual assays. Similar to
other nonlinear metabolic cycles (like TCA or CBB), an initial
pool of intermediates was needed to prime the pathway. 1*C-
labeled formaldehyde was used to detect the carbon flow.
According to MCC, double-labeled acetic acid (molecular
weight = 62) was expected if *C-formaldehyde was catalytically
converted and the ribulose-5-phosphate was regenerated.
Unfortunately, after buffer optimization, even this core pathway
could not be demonstrated. No difference in double labeled ace-
tate was observed with or without carbon rearrangement enzymes.

Robustness of MCC to Enzyme Variation. The failure of these initial
tests prompted us to examine the robustness of the pathway. Be-
cause the cycle enzymes involve bifurcating branches, unbalanced
enzyme activities may have led to failure of the cycle. We used
ensemble modeling for robustness analysis (EMRA) to determine

15930 | www.pnas.org/cgi/doi/10.1073/pnas.1413470111

if the cycle is robust against loss of steady state due to nonlinear
effects (19). The analysis showed that the MCC cycle is most
robust using intermediate levels of phosphoketolase (Fig. 24)
and will produce less acetyl-phosphate as the enzyme amount in-
creases or decreases. At excessive levels of phosphoketolase, a
kinetic trap occurs that significantly diminishes the total acetyl-
phosphate produced because an accumulation of G3P or E4P
occurs. This phenomenon was only predicted for phosphoketo-
lase, whereas other enzymes were immune to this trap at high
amounts (Fig. S4). To further investigate the kinetic trap, we
simulated the effect of increasing phosphoketolase on con-
version of *C-formaldehyde and unlabeled R5P to acetic acid
(Fig. 2B). All enzymes were modeled using Michaelis-Menten
kinetics and a batch simulation was solved using a set of or-
dinary differential equations in Matlab. Enzyme parameters
were chosen at random except for V.« of phosphoketolase,
which was varied systematically. The average of 10 parameter
sets was calculated, and a maximum amount of acetic acid was
predicted at intermediate levels F/Xpk.

Cell-Free Verification of Kinetic Trap. To experimentally verify
the kinetic trap, we varied the amount of phosphoketolase using
3C-formaldehyde and R5P as substrates to produce acetyl-phos-
phate. By using glucose phosphorylation to recycle the ADP, acetyl-
phosphate was converted to acetate to enable GC-MS analysis
(20). GC-MS allowed us to see the distribution of 60, 61, and
62 acetate isotopes. The maximum amount of acetate was ob-
served when F/Xpk was around 90 mg/L (Fig. 2C). Consistent with
our previous simulations, increasing the amount of phosphoke-
tolase above this observed maximum caused a twofold decrease in
total acetic acid. Single and unlabeled acetic acid both increased at
higher F/Xpk values because the initial R5P could isomerize
to X5P. The total acetic acid and isotope distribution from the
cell-free experiment matched the trend shown in the simula-
tion as the amount of phosphoketolase is varied.

Demonstration of the Catalytic Cycle Using ">C Tracing. Because sugar
phosphates must be added to prime the cycle, it is important to
establish whether the carbon in the final product comes from
formaldehyde or the initial sugar phosphate pool. Having opti-
mized the amount of F/Xpk in the core portion of MCC, we then
extended the pathway further to ethanol using an external source
of reducing equivalents. Phosphate acetyltransferase (Pta from
Bacillus subtilis) was used to convert acetyl-phosphate to acetyl-coA,
which can be reduced by a bifunctional alcohol dehydrogenase
(AdhE). However, this enzyme is known to be oxygen labile and
forms long rod-like structures (21, 22), making in vitro purification
difficult. Instead, the oxygen-tolerant acylating acetaldehyde de-
hydrogenase (PduP) from Salmonella enterica (23) can be used in
a two-step reduction process via an aldehyde intermediate. We
used a homolog of PduP from Bacillus methanolicus for converting
acetyl-CoA to acetaldehyde and a commercial Adh (Saccharo-
myces cerevisiae) for producing ethanol. Instead of starting from
methanol, here we used formic acid and formate dehydrogenase
from Candida boidinii (24) to provide the NADH needed reduce
acetyl-CoA to ethanol. This strategy allowed us to optimize the
pathway from formaldehyde to ethanol independently without the
complication of Mdh. To verify that the carbon rearrangement is
essential, we compared the full pathway to a control without
Tal. "*Carbon labeled formaldehyde was used to track the carbon
flow (Fig. S5). Because there is an initial pool of pentose phos-
phates, some unlabeled ethanol can form by cleavage of X5P.
Additionally, a single pass of formaldehyde assimilation would
produce a single labeled [2-'*C]-ethanol. However, if the MCC is
functional, fully labeled [1,2-*C]-ethanol can be made. Using the
complete cycle, the pentose phosphates can be regenerated and
fully labeled ethanol can be produced. The fragmentation pattern
of ethanol leads to a [M-1]* ion that is roughly three times more
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Ethanol and n-butanol production from formaldehyde or methanol using MCC. (A) Steady-state production of ethanol from formaldehyde with MCC

using formic acid as electron source; 6 mM formaldehyde, 10 mM formate, and 0.5 mM R5P were added at the 0-, 1-, and 2-h points. (B) Sugar phosphate
measurement over time using HPIC-PAD for the batch conversion of formaldehyde to acetyl-phosphate. Most of the carbon rearrangement occurred within
the first minute. F6P and R5P standards overlap so the combine area is provided in the full assay. (C) Conversion of methanol to ethanol and (D) to n-butanol
over 24 h. The productivity drops after five hours, likely due to instability of intermediates. The alcohol production assays were independently run in triplicate.
Methanol consumption (for full assay only) is shown in red circles, whereas ethanol and n-butanol production is shown with diamonds. Blue colors indicates
the full MCC pathway, whereas green illustrates the “No Tal” control. Assays were independently run in triplicate (n = 3), with error bars representing SD.

abundant compared with the molecular ion [M]*. This ratio of
[M-1]" to [M]* ions was consistently observed for all four ethanol
isotopes (Fig. 34). The full pathway produced mostly double-
labeled ethanol as determined by the ratio of 48-47 ions (Fig. 3B).
In this cell-free system, no 48 ion could be detected in the “No
Tal” control (Fig. 3C). Some unlabeled carbon was still present
because the 46 ion, which is absent in the double-labeled ethanol
standard, could be detected. The presence of the 48 ion demon-
strates a catalytic MCC cycle.

Continuous Production of Ethanol. Next, we attempted to show that
the production of ethanol can be continuous if there is constant
supply of formaldehyde. The optimal productivity was achieved
when formaldehyde was added at a rate of 6 mM CH,O/h (Fig. 44).
Although feeding RSP should not be necessary because it can
theoretically be replenished, improved production was achieved
when also fed at low levels (0.5 mM/h). Because MCC should have
conserved metabolites, this suggested that the pool of interme-
diates was degraded during the course of the reaction. To identify
the distribution of metabolites and possible bottlenecks, we used
high-performance ion chromatography (HPIC) with pulsed
amperometric detection (PAD) (25, 26) to quantify the sugar
phosphates (Fig. 4B). Within the first minute, the R5P quickly
rearranges to other intermediates. Between the 1st and 20th
minutes, the overall pool decreases to a third of the initial point
(although relative quantities remain about the same) indicating

Bogorad et al.

substrate degradation. G3P is known to be fairly unstable and
was not detected in this system (27, 28). The decrease in pool
of intermediates explains why feeding low levels of RSP
was required to maintain continuous ethanol production from
formaldehyde.

Production of Ethanol and n-Butanol from Methanol. Finally, we aimed
to demonstrate the conversion of methanol to ethanol and
n-butanol. Because a NAD-dependent methanol dehydrogenase
(EC 1.1.1.244) is only found from B. methanolicus (15, 29), our
initial target was to use this unique enzyme. However, its low
specific activity (<1 U/mg) and high K, (>100 mM) in the opti-
mized buffer conditions led to trace amounts of alcohols. We
purified six methanol dehydrogenases from B. methanolicus and
constructed activator-insensitive mutants for each homolog. A
single point mutation has been shown to make Mdh 40 times
more active in the absence of the Nudix activator (30). Addition-
ally, we bioprospected a wide variety of predicted NAD-dependent
alcohol dehydrogenases from other organisms. Unfortunately, all
purified enzymes demonstrated relatively poor activity toward
methanol with higher specificity toward longer-chain alcohols,
consistent with previous results (31). We chose the commercial
alcohol dehydrogenase from S. cerevisiae, which is the same en-
zyme used for ethanol production. Although it does not have the
highest activity toward methanol, its availability made it a more
reasonable option than purifying large amounts other enzymes.

PNAS | November 11,2014 | vol. 111 | no.45 | 15931
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The optimal production was identified by mapping a 2D parameter
space (Fig. S5), varying F/Xpk and Adh (S. cerevisiae). This con-
dition was used for a 24-h time course (Fig. 4C). We tested sev-
eral methanol concentrations, and 200 mM methanol was
chosen because it produced the highest carbon yield. After 5 h,
the productivity decreases, and this led to a final titer of 610 mg/L
(13.3 mM) ethanol from 6,200 mg/L (200 mM) methanol. The
carbon yield was 80% (33.5 mM methanol consumed), exceeding
the theoretical yield (66%) from the native pathway RuMP fol-
lowed by EMP.

We then extended the pathway to n-butanol by including the
enzymes from acetyl-CoA to n-butanol. These enzymes include
thiolase (Escherichia coli), 3-hydroxybutyryl-CoA dehydrogenase
(Clostridia acetobutylicium), crotonase (C. acetobutylicum), trans-
enoyl-CoA reductase (Treponema denticola), acylating aldehyde
dehydrogenase (PduP from Salmonella enterica), and alcohol
dehydrogenase (S. cerevisiae). Starting with 6,200 mg/L (200 mM)
of methanol, the final titer for n-butanol was 170 mg/L (2.3 mM).
Because only 21.1 mM of methanol was consumed, this represents
a 50% carbon yield (Fig. 4D). Remaining carbons were in ethanol
(about 15%), acetate and possibly some degradation products
of sugar phosphates. Here we used the same alcohol de-
hydrogenase for methanol oxidation, as well as ethanol and
n-butanol production. Interestingly, even though this enzyme
is reversible and has higher activity toward n-butanol and
ethanol oxidation than methanol oxidation, the thermodynamic
driving force (Fig. S6) effectively drives the reaction toward the
longer chain alcohol.

Discussion

The above results demonstrate that MCC is indeed functional,
although kinetics of the cycle needs to be tuned to avoid the kinetic
trap. We expect that with some moderate protein engineering, the
activities of Mdh, Fpk, and PduP could be improved to enable
substantially higher fluxes (Table S3). Because MCC is completely
redox balanced and independent of ATP, a cell-free system could
be a viable application for larger-scale production after optimizing
the conditions for enzyme and intermediates stability. Unlike mi-
crobial systems, cell-free conversion can achieve high theoretical
yields, achieve high productivity, and are easier to control (32-34).
Alternatively, MCC could be engineered into a variety of hosts
because all of the enzymes are oxygen tolerant. Because of the
abundance of natural gas, methanol is expected to become an
abundant feedstock (35). The building of specific C—C bonds
with high carbon and energy efficiency from methanol is of high
interest.

Materials and Methods
For details and full list of abbreviations, see S/ Text.

Chemicals and Reagents. All reagents were purchased from Sigma-Aldrich
unless otherwise stated. The following enzymes were also purchased
from Sigma-Aldrich: hexokinase (S. cerevisiae), phosphoglucose isomerase
(S. cerevisiae), glucose-6-phosphate dehydrogenase (S. cerevisiae), and al-
cohol oxidase (Pichia pastoris). Alcohol dehydrogenase (S. cerevisiae) and
formate dehydrogenase (C. boindlii) were purchased from Worthington Bio-
chemical Corporation.

Simulation of MCC Robustness and 13C-Tracing Prediction. For details, see
SI Text.

. Fiedler E, Grossman G, Kersebohm D, Weiss G, Witte C (2012) Methanol. Ullmann’s
Encyclopedia of Industrial Chemistry, eds Ott J, et al. (John Wiley & Sons, Hoboken, NJ)
pp 1-27.

2. Summers DP, Leach S, Frese KWJ (1986) The electrochemical reduction of aqueous
carbon dioxide to methanol at molybdenym electrodes with low overpotentials.
J Electroanal Chem Interfacial Electrochem 205(1-2):219-232.

. Jones JH (2000) The Cativa(TM) process for the manufacture of acetic acid. Platin Met
Rev 44(3):94-105.

4. Chang CD (1983) Hydrocarbons from methanol. Catal Rev Sci Eng 25(1):1-118.
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Cloning and Purification MCC Enzymes. All enzymes were cloned onto the pQE9
(Qiagen) backbone and purified on a Ni-NTA column. Large-scale purification
(500 mL) typically produced about 10-50 mg of for each enzyme. For primers
and details, see Table S2 and S/ Text.

Individual Enzyme Assays. For details, see S/ Text.

Formaldehyde to Acetate Assay with F/Xpk Variation. A 200-pL reaction con-
tained 50 mM Tris-HCl buffer, pH = 7.5, 25 mM potassium phosphate buffer,
10 mM MgCl,, 48 ug Tkt, 76 pg Tal, 24 pg Rpe, 70 pg Hps, 15 pg Phi, 20 pg Rpi,
1 mM R5P, 0.5 mM thiamine pyrophosphate, 5 mM '*C-formaldehyde, 0.1 mM
ATP, 5.4 pg Ack, 2.5 U hexokinase, and 5 mM glucose. Various amounts of
F/Xpk were used. The reaction time for formaldehyde to acetate assays
was 3 h, and the reactions were conducted at room temperature.

Continuous Ethanol Production. A 200-pL reaction contained 50 mM potassium
phosphate, pH 7.5, 0.2 mM NAD*, 0.2 mM CoA, 10 mM MgCl,, and 1 mM TPP.
The enzyme amounts were as follows: 30 pg Hps, 10 pg Phi, 100 pg Tkt, 60 pug
Tal, 10 pg Rpi, 10 ug Rpe, 15 pg F/Xpk, 10 pg Pta, 50 pg PduP (Bm), 0.01 U Adh,
and 0.1 U Fdh. The initial substrates were 6 mM '3*C-formaldehyde, 0.5 mM
R5P, and 10 mM sodium formate. The same amount of substrates was fed at
1 and 2 h. Tal was excluded for the control. Samples were analyzed by GC-MS
every 30 min for 3 h.

For Methanol to Ethanol Assays. The buffer conditions were changed because
methanol oxidation by alcohol dehydrogenase is extremely slow at pH 7.5.
Diglycine buffer (pH 8.5) was chosen as a compromise between optimal
activity for Mdh and F/Xpk. Because F/Xpk is slower at pH 8.5, more enzyme
was added to compensate. A 550-pL reaction contained 100 mM Diglycine
buffer, pH = 8.5, 1 mM dipotassium phosphate, 10 mM MgCl,, 1 mM NAD™,
1 mM thiamine pyrophosphate, 0.2 mM CoA, 200 mM '*C-methanol, and
4 mM F6P. The enzyme amounts were as follows: 55 pg Tkt, 431 pg Tal, 53 pug
Rpe, 79 pg Rpi, 393 pg Hps, 431 pg Phi, 344 pg Fpk, 55 pg Pta, 297 pg PduP
(Bm), and 2.75 mg Adh. A reaction was carried out at 37 °C. At each time
point, 120 pL of sample was taken out and mixed with 12 uL of 8 M urea to
quench the reaction. Samples were subject to filtration (Costar Centrifuge
Devices, cellulose acetate, 0.22 um; Corning) if precipitation occurs. After
2 min, 120 pL of 1 g/L 1-pentanol was added as an internal standard for GC
analysis. The samples were kept at —20 °C before further analysis.

For Methanol to n-Butanol Assays. The buffer and components of the reaction
mixture were identical to the methanol to ethanol assay except for the
enzymes. In a 550-pL reaction, the following enzymes were added: 55 pg Tkt,
431 pg Tal, 53 ug Rpe, 79 pg Rpi, 393 ug Hps, 431 pg Phi, 344 ug Fpk, 55 pg
Pta, 743 ug AtoB, 88 pg Hbd, 38 pug Crt, 30 ug Ter, 59 pg PduP (Se), and 2.75 mg
Adh (Sc). The procedure of sample preparation for GC is identical to the
methanol to ethanol assay.

Analytical Methods. Individual assays were followed spectrophotometrically
using a Beckman Coulter DU 800 (Beckman Coulter) or Agilent 8453 UV-Vis
spectrophotometer (Agilent Technologies). Acetic acid, ethanol, and n-butanol
were analyzed by GC-flame ionization detector (FID) or GC-MS (Agilent
Technologies). Details are provided in S/ Text.

Sugar Phosphate Analysis. Sugar phosphates were analyzed using a modified
method from Groussac et al. (25). Details are provided in S/ Text.
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