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Metabolic engineering uses enzymes to produce small molecules with industrial, pharmaceutical, and energy
applications. However, efforts to optimize enzymatic pathways for commercial production are limited by the
throughput of assays for quantifying metabolic intermediates and end products. We developed a multiplexed
method for profiling CoA-dependent pathways that uses a cysteine-terminated peptide to covalently capture
CoA-bound metabolites. Captured metabolites are then rapidly separated from the complex mixture by im-
mobilization onto arrays of self-assembled monolayers and directly quantified by SAMDI mass spectrometry.
We demonstrate the throughput of the assay by characterizing the cell-free synthesis of HMG-CoA, a key
intermediate in the biosynthesis of isoprenoids, collecting over 10,000 individual spectra to map more than
800 unique reaction conditions. We anticipate that our rapid and robust analytical method will accelerate ef-
forts to engineer metabolic pathways.
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INTRODUCTION
Biosynthetic pathways offer new opportunities for producing mole-
cules with medical, energy, and industrial applications at commercial
scales (1). Coenzyme A (CoA) is a central molecule in metabolism and
is required in more than 100 distinct reactions, serving as an obligate
cofactor for 4% of known enzymes (2). Acetyl-CoA (Ac-CoA) serves
as the universal precursor for numerous biosynthetic pathways includ-
ing isoprenoids, fatty acids/alkanes, polyketides, bioplastics, and a
number of biofuels (3). In yeast alone, Ac-CoA is involved in 34 dif-
ferent known metabolic reactions (1). A diverse range of bioengineer-
ing efforts have used CoA-dependent pathways; these include the
semisynthetic production of the antimalarial drug artemisinin (4),
the biosynthesis of methyl-butenol as a potential biofuel (5), and the
bioengineering of brewer’s yeast to produce the hop flavor compounds
linalool and geraniol (6). The importance of CoAmetabolism hasmo-
tivated the engineering of organisms such as Saccharomyces cerevisiae
as “chassis” strains for overproducing Ac-CoA (7) or other short-
chain acyl-CoA biosynthetic precursors (8).

While several pathways have been successfully developed at the
commercial scale (9), engineering cells is a time-consuming and non-
intuitive process that can require hundreds of person years to tune
enzymatic pathways (10). Many approaches use an iterative design-
build-test cycle to test numerous “weak hypotheses” and explore a large
parameter space in which the underlying biology is not completely un-
derstood or where the complexity of the system does not yet permit
rational design. Recent advances in DNA synthesis and assembly
highlight new capabilities to design and build biological systems
(11, 12) while emphasizing the need for additional methods to rap-
idly test biosynthetic reaction systems. For CoA-bound metabolites,
the current state-of-the-art detection methods rely on column-based
separation, followed by mass spectrometry (13–17). These methods
are highly sensitive (picomol of analyte per sample) (18) and can be
adapted to measure multiple acyl-CoA compounds in a single analysis
(19) but have low throughput, generally requiring greater than 15 min
per analysis. Colorimetric screens and intracellular metabolite-sensing
circuits offer increased throughput but are typically specific for a single
CoA-bound molecule and require laborious redesign to quantitate new
target molecules (20).

In this work, we developed an assay based on SAMDI-MS [self-
assembled monolayers for matrix-assisted laser desorption ionization
time-of-flight (MALDI-TOF)mass spectrometry] that is capable of rap-
idly detecting CoA-bound metabolites in high throughput. In SAMDI,
biochemical assays are performed on self-assembled monolayers
(SAMs) of alkanethiolates on gold, and the resulting immobilized reac-
tion products are directly quantified using MALDI-TOF MS (21). Pre-
viously, we have shown that SAMDI can be used as a general assay
platform to profile a wide range of enzyme activities in situ and in
complex lysates (22–26). Here, we demonstrate how SAMDI can char-
acterize biosynthetic pathways by immobilizing a specific class of me-
tabolites to the surface and obtaining mass spectra to quantitate each
metabolite. Specifically, we use selective bioconjugation to capture
all acyl intermediates on CoA, followed by quantitative analysis
by SAMDI-MS. The use of chemically defined monolayers enables
the rapid isolation of all acyl-CoA species from complex lysates while
simultaneously serving as the platform for detection.

An important benefit of SAMDI is the compatibility with microtiter
formats and laboratory automation to allow evaluation of tens of thou-
sands of reactions per day (22, 24, 27). Here, we use this robust and
high-throughput method to characterize a cell-free reaction system
engineered to produce hydroxymethylglutaryl-CoA (HMG-CoA), the
biosynthetic precursor to mevalonate and isoprenoid metabolites.
Cell-free engineering is a powerful approach for accelerating the design
and construction of biosynthetic pathways and has the further benefit
that it is compatible with assay automation (28). In cell-free reactions,
biosynthetic pathways are reconstituted in crude lysates, rather than liv-
ing cells. These cell-free systems are liberated from the regulatory pro-
cesses that, in vivo, support cell viability and growth, allowing for the
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design of synthetic pathways thatmay be difficult in living cells (28–30).
We demonstrate the combination of cell-free reactions and high-
throughput characterization with SAMDI to perform thousands of
biosynthetic reactions in a single experiment. This strategy, applied
here for the optimization of HMG-CoA biosynthesis, greatly in-
creases the speed at which a large reaction space can be mapped
for complex networks of enzymes.
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Developing a selective assay for CoA metabolites
We identified the thioester functional group, through which the CoA
cofactor binds metabolites, as a unique chemical handle for biospe-
cific capture. Thioesters have been used extensively to ligate peptides
via the native chemical ligation (NCL) chemistry pioneered by Kent
and co-workers (31). We recognized that this ligation strategy could
also be used to capture acyl moieties from CoA with the specificity re-
quired to operate in complex cell lysates. A peptide with an N-terminal
cysteinewas used for covalent capture, immobilization, and detection of
CoA metabolites. When the capture peptide is added to reactions
containing CoA-bound species, it readily scavenges the acyl groups
from CoA by a trans-thioesterification reaction followed by a rapid in-
ternal rearrangement to irreversibly transfer the captured analyte to the
N-terminal amine of the peptide. We then applied the reaction mixture
to amonolayer presenting amaleimide group,where the free thiol of the
cysteine undergoes immobilization to the monolayer and the lysate can
be removed by rinsing (Fig. 1A). The resultingmonolayers are covalent-
ly tethered to all of the intermediates and products from the CoA bio-
synthesis and can be directly analyzed by SAMDI-MS.

NCL has previously seen limited use for in vivo bioconjugation, with
this chemical strategy used to label proteins containing N-terminal cys-
teines with fluorophores that have thioester handles (32). However,
the possibility of cross-reactivity of NCL chemistry with biological
thioesters, such as acyl-CoA species and intermediates of fatty acid
synthesis, has been cited as a limitation of the chemistry for use as a
bioconjugation technique (33). In this work, we take advantage of this
potential shortcoming, using it to develop an assay targeting acyl-CoA
metabolites.

We first validated this chemical strategy for capture and detection
using a variety of commercially available, biologically relevant, CoA
O’Kane et al., Sci. Adv. 2019;5 : eaaw9180 5 June 2019
compounds. TheseCoA specieswere each reactedwith the capture pep-
tide, of sequence CAK(Me)3SA, in phosphate-buffered saline at pH 7
and 40°C, at concentrations of 500 mMCoA species and 1 mM capture
peptide for 2 hours. The reactions were then applied to SAMs present-
ing maleimide at a density of 20% against a background of tri(ethylene
glycol) groups and analyzed by SAMDI-MS to reveal peaks that corre-
spond to capture of the acyl groups (Fig. 1B). For the purposes of this
assay, the capture peptide requires an N-terminal cysteine, and the re-
maining sequence does not strongly affect the reaction. The peptide
used in this work was chosen because of its high ionization efficiency,
a characteristic that is important for maximizing the limit of detection
in mass spectrometry. We characterized the kinetics for the reaction of
the peptide with both Ac-CoA and HMG-CoA (fig. S1). Both species
were found to have similar second-order rate constants, which fall be-
tween 0.10 and 0.04 M−1 s−1 over the pH range of 7.5 to 6.5, where the
rate increases with increased pH.

Characterization of pathway kinetics and flux
We applied this strategy to analyze the cell-free biosynthesis of HMG-
CoA (Fig. 2A)—a biosynthetic precursor to isoprenoids, which rep-
resent a diverse and useful class of molecules with applications in
pharmaceuticals, flavorings, fragrances, commodity chemicals, and
biofuels (4, 34–37). This pathway proceeds from intermediates Ac-CoA
and acetoacetyl-CoA (AA-CoA) to HMG-CoA.We assembled the bio-
synthetic reactions by mixing crude Escherichia coli lysates that sepa-
rately overexpressed the necessary Ac-CoA acetyltransferase and
HMG-CoA synthase enzymes. The cell-free reactions also allowed pre-
cise control of the concentrations of glucose substrate, buffer, salts, and
cofactors (38). All cell-free reactions were done in standard 384-well
microtiter plates and were quenched by addition of formic acid. For
capture of CoAmetabolites, the pH was adjusted to 6.5 and the capture
peptidewas introduced. After capture, the reactionmixtures were diluted
several folds and applied to arrays of monolayers presenting maleimide
functional groups using liquid-handling robotics, where captured ana-
lytes were selectively isolated from the reactionmixture (Fig. 2B).We
performed the analysis using SAMDI arrays of 1536 spots, where each
spot is 1 mm in diameter. The reactions from the 384-well plates were
each spotted in quadruplicate so that four replicate spectra could be
averaged for each reaction. For each spot, we used 0.5 ml of the reaction
mixture for immobilization.
 2024
Fig. 1. A generalized approach for capturing CoA-bound metabolites. (A) A peptide with an N-terminal cysteine readily reacts with the thioester of CoA metab-
olites, creating a stable amide bond with the acyl group. After capture, the thiol of the peptide can then be used to immobilize the analyte and peptide onto a
maleimide-presenting monolayer. (B) Five-hundred micromolar CoA conjugates of acetyl, acetoacetyl, HMG, and succinyl was reacted with the peptide CAK(Me3)
SA. The resulting SAMDI spectra show that all analytes can be efficiently detected. m/z, mass/charge ratio.
2 of 10
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We first characterized the kinetics ofHMG-CoAproduction in these
cell-free reaction systems with cofactors adenosine 5′-triphosphate
(ATP), nicotinamide adenine dinucleotide (NAD+), and CoA each
supplemented at 1 mM (Fig. 2, C and D). We measured the rate of
HMG-CoA production in two systems containing either acetate or
glutamate salts, commonly used in cell-free reactions as necessary
counterions for K+, NH4

+, andMg2+ ions (39). Both systems reached
similar yields of just over 600 mMHMG-CoA, although HMG-CoA
accumulated more rapidly in the acetate salts, where it was detectible
at the earliest reaction times. The same reaction in the glutamate salts
required approximately 30min of reaction time to observe HMG-CoA.

While glucose is the intended primary carbon source for metabo-
lism, acetate and glutamate act as secondary sources of carbon and
can also be metabolized by enzyme pathways native to E.coli and
O’Kane et al., Sci. Adv. 2019;5 : eaaw9180 5 June 2019
converted to HMG-CoA (Fig. 2A) (40). We explored the utilization
of these different carbon sources by repeating the experiments with
13C6-glucose and quantifying the isotopic incorporation into the final
product. Similarly, we used 13C2-acetate tomonitormetabolic flux from
acetate. HMG-CoA is composed of three, two-carbon acetyl subunits
such that four possible label states (0, +2, +4, or +6 mass units) are ob-
served. We quantified the relative abundance of each from the mass
spectra and then used these values to determine the fraction of labeled
carbon, f C13, and the corresponding fraction of unlabeled carbon, f C12,
in the HMG-CoA produced (fig. S2).

We further used the label incorporation to calculate the concen-
tration of HMG-CoA produced. A known amount of commercially
available, unlabeled HMG-CoA was spiked into each capture reac-
tion and the fraction of label incorporation determined before and
Fig. 2. A cell-free metabolic pathway from glucose to isoprenoid intermediate HMG-CoA. (A) Cellular overexpression of Ac-CoA acetyltransferase and HMG-CoA
synthase and subsequent lysis produces enzyme-enriched lysates, which can convert glucose to HMG-CoA, as well as acetate and glutamate. The pathway includes Ac-CoA
and AA-CoA intermediates. SAMDI can capture metabolites from crude lysates. NADH, reduced form of NAD+. (B) Cell-free reactions containing lysates, cofactors, salts, and
substrate were performed in standard 384-well microtiter plates. Reactions were then quenched, and any CoA-bound products were captured by incubation with the sensor
peptide. Complex reaction mixtures were printed onto monolayer arrays using liquid-handling robotics for isolation and detection. HMG-CoA accumulates in the reaction
over time for both (C) acetate salts and (D) glutamate salts. The dominant carbon source used for HMG production was determined by feeding cell-free reactions 13C-labeled
glucose and 13C-labeled acetate and monitoring isotopic incorporation into the HMG product. The concentration of cofactors ATP, NAD+, and CoA was set to 1 mM each.
3 of 10
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after. The change in measured label content can be used to calculate
the original concentration of HMG-CoA, as described in Eq. 1, where
f C12i represents the fraction of unlabeled carbon before the spike and
f C12spike represents the fraction of unlabeled carbon after the spike. From
these values, the initial concentration of HMG-CoA, [HMG]i, can be
determined.

f C12spike ¼
f C12i � ½HMG�i þ ½HMG�spike

½HMG�i þ ½HMG�spike
ð1Þ

This quantification method is robust to any variations in signal in-
tensity across spectra, as it relies on the peak splitting pattern for the
HMG product, and enabled the tracking of both HMG-CoA concen-
tration and carbon usage simultaneously. The cell-free reactions per-
formed here contained 200 mM glucose and 150 mM either acetate or
glutamate. We observed that acetate was the primary source of carbon
O’Kane et al., Sci. Adv. 2019;5 : eaaw9180 5 June 2019
in the acetate system, and for early time points, it was the source for
the bulk of the HMG-CoA produced (Fig. 2C). With longer reaction
times, glucose utilization increased and leveled off at 30% of the in-
corporated carbon. In the glutamate system, glutamate was also a ma-
jor source of carbon, but the carbon fraction from glucose reached the
higher level of 55% after 6 hours (Fig. 2, C and D). These results show
that acetate metabolism and glutamate metabolism are active and that
both are significant carbon sources and not just passive components
of the cell-free system, consistent with previous reports (40).

Identification of an additional metabolite
It is difficult to independently and quantitatively control the concentra-
tions of cofactors in cell-based metabolic engineering. The cell-free ap-
proach used here enables straightforward, independent optimization of
buffer composition, cofactor concentrations, and carbon sources to
achieve the greatest yield of biosynthetic targets. In particular, supple-
mentation of ATP, NAD+, and CoA can markedly influence cell-free
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Fig. 3. G3P can be detected. The initial steps of glycolysis were reconstituted in situ using purified enzymes and fed glucose. When sufficient enzymes are present,
G3P is captured and detected.
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metabolism (38). As described below, we mapped the dependency of
HMG-CoA synthesis over a wide range of these cofactors. However,
during initial experiments, we observed an unidentified product bound
to the peptide sensor that did not correspond to any of the expected
CoA metabolites. This unidentified product gave a mass shift of
+72 Da, and this peak increased by 3 mass units when the lysates
were supplemented with 13C6-glucose. This mass and carbon con-
tent was consistent with a lactate-functionalized peptide, but no en-
zyme in E.coli is known to produce lactyl-CoA.

We suspected that this unidentified product was derived from
glycolysis and identified the source as glyceraldehyde-3-phosphate
(G3P) by biochemically reconstituting the initial steps of glycolysis
using five purified enzymes (Fig. 3). When the pathway was recon-
structed stepwise and fed glucose, this species appeared only when
all of the enzymes necessary to produce G3P were present. We hy-
pothesize that the peak derives from a pyruvaldehyde intermediate,
which is formed from G3P and dihydroxyacetone phosphate (DHAP)
through elimination of the phosphate and which is a known toxic by-
product of glycolysis (41). The enzyme that interconverts G3P and
DHAP, triosephosphate isomerase, has also been shown to catalyze
the formation of pyruvaldehyde from these species (42–44). Pyruv-
aldehyde reacts with thiols, through a thiohemiacetal rearrangement,
to produce a lactyl-thioester (Fig. 4A) (45, 46). In this case, the resulting
lactyl-thioester can further react to yield an N-lactyl-peptide.

We also observed a peak corresponding to the aldol condensation
product of two molecules of pyruvaldehyde (Fig. 4B). This dimeric ad-
duct results in a product with the samemass shift as HMG-CoA. How-
ever, it can be differentiated from HMG because it derives from two,
three-carbon subunits and has a characteristic +3, +6 labeling pattern
when isolated from lysates that are supplementedwith 13C6 glucose.We
found that this aldol condensation product was only observed at a pH
above 7. Therefore, to exclude capture of this adduct that can inter-
fere withHMG-CoA detection, we performed all capture reactions at
O’Kane et al., Sci. Adv. 2019;5 : eaaw9180 5 June 2019
pH 6.5. The thioester rearrangement still proceeds at this pH, but the
aldol condensation does not occur.

Mapping metabolite levels and pathway flux
To optimize HMG-CoA production and better understand the effect of
cofactor concentrations on the reaction network, we performed a high-
throughput experiment that tested 768 unique cofactor conditions—
where the concentrations of NAD, CoA, and ATP were systematically
varied. For each condition, three replicate cell-free reactions were per-
formed, and for each reaction, four spectra were collected and averaged,
totaling more than 9000 individual spectra (Fig. 5). All cell-free reac-
tions were allowed to proceed for 2 hours, quenched, reacted with the
capture peptide, and immobilized as described above. Once immobi-
lized, each 1536-spot array can be read by MALDI-TOF MS in just
50 min. We did not observe AA-CoA under any conditions tested.
In a separate control, we supplemented reactions with commercial
AA-CoA and found that it was readily converted back to Ac-CoA,
suggesting that the Ac-CoA acetyltransferase favors the reverse reac-
tion and so no significant amount of AA-CoA accumulates (fig. S3).
For each spectrum, we determined the percent conversion for the
three primary observed species (HMG-CoA, Ac-CoA, andG3P) using
the integrated areas under the peaks (AUPs) for the unreacted capture
peptide and the products. Below, Eq. 2 shows how this calculation was
done for HMG, and analogous calculation was also performed for ace-
tyl and G3P products.

Percent conversion for HMG ¼
AUPHMG

AUPHMG þ AUPAc þ AUPG3P þ AUPpeptide
� 100% ð2Þ

These high-throughput experiments revealed several notable trends
(Fig. 5). First, when low concentrations of CoA and high concentrations
iversity on O
ctober 07, 2024
Fig. 4. Derivatives of non–CoA bound G3P were captured by the sensor peptide. (A) A possible mechanism for detection of G3P as N-lactyl-peptide is via
pyruvaldehyde, which is known to be generated from G3P and can undergo rearrangement with thiols to form lactyl-thioesters. (B) Pyruvaldehyde can also
undergo pH-dependent aldol condensation to yield a six-carbon species that overlaps in mass with the desired HMG product.
5 of 10
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of ATP were used, G3P dominated as the major product. This is per-

haps not unexpected as low CoA limits the total amount of HMG-CoA
the system is capable of synthesizing, and the high ATP accelerates the
early, pay-in phase of glycolysis. Second, as the concentration of CoA
was increased, the amount of G3P decreased; this trade-off was much
more significant when reactions were performed in the system using
acetate. Thus, G3P was prominent under conditions favoring early gly-
colysis but where metabolic flux was unable to proceed to Ac-CoA.

We analyzed the same reaction dataset to monitor yield of and
metabolic flux to HMG-CoA (Fig. 6A). As described earlier, we used
13C-labeled glucose to monitor metabolic flux from glucose across the
array. For both acetate and glutamate systems, we identified the three
reactions that produced the highest concentration of HMG-CoA
among the set of 768 reactions. The averages of these highest yielding
reactions were 6.4 ± 0.5 and 2.6 ± 0.1mM for the acetate and glutamate
systems, respectively. Across the array, the AUP for the HMG-CoA
product was normalized to an internal standard present at a constant
concentration across all reactions to control for variations in ionization
O’Kane et al., Sci. Adv. 2019;5 : eaaw9180 5 June 2019
across spectra. For this standard, we used the peptideAc-SK(Me)3GGC,
which has similar ionization efficiency to the capture peptide but lacks
anN-terminal cysteine and does not overlap inmass with any species of
interest. We explored the limit of detection by performing reactions
with known quantities of HMG-CoA under reaction conditions identi-
cal to those used for the array (fig. S4). Under these conditions, HMG-
CoAwas detectible at concentrations as low as 5 mM, suggesting that the
observed concentration range for the array spans roughly three orders
of magnitude.

Metabolic flux and HMG-CoA production complexly interplayed
with cofactor concentrations, and we observed significantly different
reaction profiles for the systems using acetate and glutamate salts. For
the acetate system, higher CoA concentrations improved HMG-CoA
titers but also required an associated increase in ATP concentration to
achieve this maximal concentration. At low ATP concentrations, in-
creasing available CoA inhibited HMG-CoA production (Fig. 6B).
Conversely, over the 2-hour reaction time, the glutamate system
reached peak HMG-CoA production at 4 mM CoA. Increasing CoA
Fig. 5. Parallel measurement of metabolites. Ac-CoA, HMG-CoA, and G3P production was profiled in 768 unique cofactor conditions. Each product was quantified by
calculating percent conversion relative to the unreacted peptide sensor using the area under the curve for each species. All reactions proceeded for 2 hours at 37°C.
6 of 10
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concentration further to 6 and 8mMdid not increase the production of
HMG-CoA. However, this shifted the region where highest product
concentrations were observed, requiring a shift to higher NAD+ con-
centration and somewhat higher ATP concentration to maintain the
same titers (Fig. 6C).

When product concentration is highest, the fraction of carbon
derived fromglucose accounted for 5%of the product in the acetate salts
and 22% in the glutamate salts (Fig. 6A). As shown in Fig. 3, we see
significant incorporation of nonglucose carbon (i.e., acetate and gluta-
mate) in the final product for all cofactor conditions tested.At highCoA
concentrations, the glucose incorporation decreased. Counterintui-
tively, in the acetate system, the best cofactor conditions limit glycolytic
flux in favor of optimizing the four-step reaction from acetate to HMG-
CoA exclusively. These results suggest that multiple substrates are an
important consideration when optimizing cofactors for crude-lysate
cell-free metabolic engineering.
O’Kane et al., Sci. Adv. 2019;5 : eaaw9180 5 June 2019
DISCUSSION
Nonintuitive relationships underlie the optimization of complex bio-
logical reaction networks. In many cases, understanding the complex
interdependency between system variables can be ascertained only by
methodical testing of a large number of reaction conditions. In thiswork,
we describe the design of an assay that enables the high-throughput anal-
ysis of CoA using metabolic pathways. This assay combines a general
strategy for biospecific capture of CoA-bound metabolites with simple
purification by covalent immobilization onto SAMs that serve as the
platform for detection by SAMDI-MS. We expect this strategy to be
applicable to a wide range of CoA anchored metabolites with the only
limitation being metabolites present at large concentration disparities,
100-fold or more, may become difficult to detect. In this work, we ap-
plied this assay to the characterization of a cell-free reaction system for
the biosynthesis of HMG-CoA, demonstrating the ability to perform
and analyze thousands of individual biosynthetic reactions and tomap
Fig. 6. HMG-CoA concentration and carbon source shifts in response to cofactor conditions. (A) To analyze HMG-CoA yield across all conditions, the dataset was
normalized to an internal standard, a peptide of similar sequence to the sensor without an N-terminal Cys, present at a constant concentration across all reactions.
13C-labeled glucose was used to concurrently monitor the fraction of HMG-CoA product coming from glucose. HMG production was also visualized as four-dimensional
plots for both (B) acetate and (C) glutamate systems. For the three highest yielding conditions in each system, average [HMG] was determined. In these plots, each
point represents a specific concentration condition of cofactors with [ATP], [NAD+], [CoA] on the x, y, and z axes, respectively. Color of each point represents yield with
the highest yield represented by red. From acetate to glutamate, the red region shifts from high CoA and high ATP to moderate CoA and low ATP.
7 of 10



SC I ENCE ADVANCES | R E S EARCH ART I C L E
the reaction space for this complex system with respect to multiple
variables.

This assay represents a new, generalizablemethod for understanding
and optimizing biosynthetic pathways. Technologies for rapid charac-
terization can synergize with existing high capacity methods for design
and construction of biological systems; these projects can also provide
large experimental datasets to inform development of improved design
tools. The method described can track multiple metabolites simulta-
neously and unambiguously usingmass spectrometry and is compatible
with tracking ofmetabolic flux using isotopic labeling.When compared
to conventional column-based analysis of CoAmetabolites, this strategy
offers an orders-of-magnitude increase in scale and speed of analysis,
which should enable high-throughput metabolic engineering and de-
crease the time needed to develop high-yielding biosynthetic systems.
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MATERIALS AND METHODS
Preparation of enzyme-enriched lysates
Two strains of E. coli BL21(DE3) containing plasmids pETBCS-
ACAT(Eco) and pETBCS-HMGS(Sce) were grown in a 1-liter fer-
menter at 37°C (250 rpm) at constant pH 6.95 in rich medium [glucose
(18 g liter−1), yeast extract (16 g liter−1), tryptone (10 g liter−1), NaCl
(5 g liter−1), potassium phosphate dibasic (K2HPO4; 7 g liter−1), and
potassium phosphate monobasic (KH2PO4; 3 g liter−1)] containing
carbenicillin (100 mg ml−1; IBI Scientific, Peosta, IA). After induction
with 0.1 mM isopropyl-b-D-thiogalactopyranoside at OD600 (optical
density at 600 nm) of 0.6, growth continued for 4 hours at 30°C until
harvest by centrifugation. See (38) for plasmid sequences and expres-
sion characterization. E. coli cells were lysed, and crude lysates were
generated using methods previously described (38).

Cell-free reactions
Cell-free reactions were performed at a volume of 15 ml in 384-well
plates and incubated at 37°C. The standard reaction contained the fol-
lowing components: 200mMglucose, 100mMbis-tris buffer, acetate or
glutamate salts (8 mM magnesium, 10 mM ammonium, and 134 mM
potassium), and 10mMpotassium phosphate [K2HPO4 (pH 7.2)]. Un-
less specified, reactions also included 1 mM NAD+, 1 mM ATP, and
1 mM CoA (38). All reagents and chemicals were purchased from
Sigma-Aldrich (St. Louis, MO). Two lysates, enriched in ACAT(Eco)
and HMGS(Sce), were mixed together at a total protein concentration
of 5 mg ml−1 each. Reactions were quenched by precipitating proteins
using 2.25 ml of 10% formic acid and immediately stored at −80°C
until peptide incubation. Acetic acid-2-13Cwas neutralized to acetate
(pH7.00) by titrationwith 45% (w/w) potassiumhydroxide and diluted
to 5 M stock concentration.

Preparation of monolayer arrays
Array plates were prepared by patterning 1536 gold spots, in a standard
microtiter format, on steel plates using electron beammetal evaporation
to deposit 5 nM titanium, followed by 30 nM gold. These plates were
soaked in a solution of disulfide molecules in ethanol for 24 to 48 hours
to form a self-assembled monolayer on the gold surfaces. The solu-
tion consisted of a mixture of tri(ethylene glycol)-alkanethiol (EG3-
alkanethiol) disulfide and a mixed disulfide of EG3-alkanethiol and
maleimide-terminated EG3-alkanethiol (47). The two disulfide mole-
cules were present in a stoichiometric ratio to yield a 20% maleimide
surface density, with an overall concentration of 1 mM. After the for-
mation of this primary monolayer on the gold spots, the plates were
O’Kane et al., Sci. Adv. 2019;5 : eaaw9180 5 June 2019
rinsed with ethanol and dried. The array plates were then soaked in a
10 mM hexadecylphosphonic acid solution in ethanol for 15 min. The
phosphonic acid terminated hydrocarbon molecules react selectively
with the steel background giving it hydrophobic properties that aid with
delivery of submicroliter reaction volumes to the spots.

Synthesis of peptide reagents
The peptide of the sequence CAK(Me)3SA was used in this work for
capture of acyl-CoA species. This sequence was chosen after testing a
small set of potential 5-mer sequences, all containing N-terminal cys-
teine residues. While the sequence identity did not strongly influence
the reactivity toward CoA metabolites, it did affect the analysis by
SAMDI-MS.We found the trimethyl-lysine residue to provide excel-
lent ionization efficiency. Ionization efficiency is critical with respect
to the assay’s limit of detection, determining how abundant a species
must be for a peak to be observed. In addition, this sequence and all
of its observed reaction products ionized as a single molecular ion
peak, rather than a set of salt adducts commonly observed with
MALDI-TOF MS. This greatly simplified the resulting spectra and
their interpretation. These advantageous properties likely stem from
the enforced positive charge provided by the trimethyl-lysine residue.
The peptide Ac-SK(Me)3GGC was used as an internal standard for
normalization of signal across reactions, as it has similar sequence
and ionization efficiency to the capture peptide but is mass-resolved
from all reaction species and lacks an N-terminal cysteine. Standard
Fmoc (9-fluorenylmethoxycarbonyl) solid phase peptide synthesis on
Rink amide resin was used to synthesize both peptides. To introduce
the non-natural trimethyl-lysine residue, Fmoc-Lys(Me)3Cl was pur-
chased from Novabiochem and used along with standard amino acid
coupling conditions.

Capture of CoA-bound moieties in lysates
After completion, cell-free reactions were quenched with formic acid to
denature the proteins and stop the reactions. The reactions, in 384-well
plates, were centrifuged at 3500g for 15 min to pellet any precipitated
protein. For the acyl-CoA capture reactions, 3ml of this cell-free reaction
was transferred to a new 384-well plate, and the following species were
added, bringing the final reaction volume to 8 ml with the final concen-
trations as follows: 100mMphosphate buffer at pH 6.5, 40 mMEDTA,
0.9 mM capture peptide, and 0.1 mM normalization peptide. The well
plates were sealed, and the reactionmixtures were incubated at 42°C for
3 hours. It is important to choose and appropriate concentration of
capture peptide. If the concentration is too high, the signal from un-
reacted sensor peptide may overwhelm the signal from any captured
species. In this work, the total added peptide concentration was chosen
to be 1 mM across all reactions, a reasonable concentration relative to
the expected yield from the best cell-free reactions while also giving
good dynamic range for detection of acyl-species under low-yield
conditions.

Immobilization of captured products
The 8 ml of capture reactions in 384-well plates were diluted threefold to
24 ml with 100mMphosphate buffer at pH 7.2. This serves to dilute the
concentration of a peptide, which will immobilize efficiently at concen-
trations as low as 10 mM, and adjust the pH to an optimal range for the
reaction with maleimide. A TECAN liquid-handling robot equipped
with a 384-tipped head was used to print the reaction mixtures onto
1536-spot array surfaces, generating four replicates per reaction, at a vol-
ume of 0.5 ml per spot. The surfaceswere placed in a humidified chamber
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and incubated at 37°C for 60 min to allow the cysteine-containing
peptides to react with the maleimide-functionalized SAM. After re-
action, the surfaces were rinsed with 1% SDS detergent, then rinsed
with distilled water, and dried under a stream of nitrogen gas.

Analysis of reactions
Matrix of 2′,4′,6′-trihydroxyacetophenone (THAP) in acetonitrile
(20 mg/ml) was applied directly to the 1536-spot surface. The matrix
was allowed to dry, and each spot was analyzed by MALDI-TOF MS
using an AB Sciex 5800 series instrument. Captured metabolites of the
cell-free reactions were identified by their mass shifts relative to the un-
reacted peptide. Analysis ofmore than 10,000 spectra collected was per-
formed using in-house, Python-based software package to automate the
integration of peaks of interest from the mass spectra dataset. The
software calculates the area under the curve at any mass/charge ratio
value given to it over a user-defined half-width mass window. For this
work, a half-width mass window of 0.2 mass units was used across all
spectra analyzed. For every spectrum in this dataset, the following peaks
were integrated: 1371 Da (capture peptide), 1385 Da (normalization
peptide), 1413 Da (Ac-CoA reaction product), 1515 Da (HMG-CoA
reaction product), and 1443 Da (pyruvaldehyde adduct). In addition,
for each peak analyzed, regions immediately flanking the peak were
integrated to determine a local spectral baseline, which was subtracted
from the peak area. For isotopic labeling experiments, the area under
the curve for various isotope peaks was also collected.
.science.org at Stanford U
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