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Abstract

The isoprenoid family of compounds is estimated to contain ~65,000 unique structures including medicines, fragrances,
and biofuels. Due to their structural complexity, many isoprenoids can only be obtained by extraction from natural sources,
an inherently risky and costly process. Consequently, the biotechnology industry is attempting to genetically engineer
microorganisms that can produce isoprenoid-based drugs and fuels on a commercial scale. Isoprenoid backbones are
constructed from two, five-carbon building blocks, isopentenyl 5-pyrophosphate and dimethylallyl 5-pyrophosphate, which
are end-products of either the mevalonate or non-mevalonate pathways. By linking the HMG-CoA reductase pathway
(which produces mevalonate) to the mevalonate pathway, these building block can be synthesized enzymatically from
acetate, ATP, NAD(P)H and CoA. Here, the enzymes in these pathways are used to produce pathway intermediates and end-
products in single-pot reactions and in remarkably high yield, ~85%. A strategy for the regio-specific incorporation of
isotopes into isoprenoid backbones is developed and used to synthesize a series of isotopomers of diphosphomevalonate,
the immediate end-product of the mevalonate pathway. The enzymatic system is shown to be robust and capable of
producing quantities of product in aqueous solutions that meet or exceed the highest levels achieved using genetically
engineered organisms in high-density fermentation.
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Introduction understand the social and commercial potential of this enormous,
diverse family of natural compounds, which is estimated to contain
approximately 65,000 unique structures [25]. Biotechnology
companies are attempting to synthesize isopreonoid-based med-
icines, cosmetics [26], flavors [27], fragrances [28] and biofuels
[29-31] by genetically engineering plants and bacteria to produce
desired i1soprenoids in commercial quantities [29,32-34]. Recent
efforts along these lines include attempts to genetically engineer
organisms to produce artemesinin (an antimalarial) at costs that
will significantly expand third-world access to this drug [35,36],
and to produce isoprenoid-based fuels [30,31].

The carbon backbones of isoprenoids are assembled from two
fundamental building blocks, isopentenyl 5-pyrophosphate and
dimethylallyl 5-pyrophosphate [37-40]. By linking the HMG-CoA
reductase pathway, which produces mevalonate, to the mevalo-
nate pathway, these building blocks can be enzymatically
assembled from acetate, ATP, NADP)H, and CoA (Fig 1).
Alternatively, they can be synthesized using the so-called non-
mevalonate pathway [41], which is mechanistically more complex
and less well defined [42]. Here, ten enzymes, including those that
comprise the HMG-CoA reductase and mevalonate pathways
[43-48] are strategically employed to accomplish efficient, high-
yielding (>85%) single-pot syntheses of the intermediates and
endproducts of the mevalonate pathway. Labeling strategies that
regio-specifically position carbon and hydrogen isotopes into the

Improved access to large numbers of pure proteins, and a
rapidly increasing repertoire of well characterized enzymes,
isoenzymes and mutants have substantially increased the potential
to utilize in situ metabolic pathways, or concatenated enzymatic
reactions, in the synthesis of complex natural and synthetic
products. Enzymes have been honed over evolutionary time to
accomplish specific catalytic tasks [1,2]. Many are extremely
efficient, regio-selective catalysts, while others exhibit broad
substrate specificities that can provide flexibility in synthetic
schemes. Indeed, significant efforts are underway to develop
enzymes whose catalytic properties have been altered to achieve
specific synthetic goals [3-5]. Enzymatic synthesis has been used to
produce numerous valuable compounds [6-16] and often provides
significant enhancements in yield, purity, production time and cost
when compared to traditional chemical synthetic methods [17,18].
Considerable effort is being expended to develop cell-free
enzymatic systems for the production of biofuels, including
dihydrogen [19] and butanol [20], biomass conversion to starch
[21], and high-energy-density biobatteries [22]. While enzymatic
synthesis will never replace traditional synthesis, it provides a
valuable adjunct to traditional approaches particularly when the
objective is to build complex natural products.

The medicinal values of isoprenoids have been documented as
early as 168 BC [23,24]. Today, we are only beginning to
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building-block backbone are developed and used to synthesize and
purify isotopomers of the immediate endproduct of the mevalo-
nate pathway, diphosphomevalonate (DPM, Fig 2) [44]. Finally,
the enzymatic system is shown to be robust and capable of
producing pathway end-products in simple, aqueous solutions at
levels that match or exceed the highest reported levels, which are
only achieved using high-density fermentation.

Materials and Methods

Materials

Lactate dehydrogenase (rabbit muscle), pyruvate kinase (rabbit
muscle), and inorganic pyrophosphatase (Baker’s yeast) were
purchased from Roche Applied Science. (R, S)-[*Hs]methyl-
mevalonolactone, (R, S)-mevalonolactone, acetyl-CoA, glutamate
dehydrogenase (bovine liver), acetyl-CoA synthetase (Baker’s
yeast), myokinase (rabbit muscle) and lysozyme (bovine) were
purchased from Sigma. Sodium acetate (**C, 99%), sodium
acetate (*H, 99%) and DO (99%) were purchased from Cam-
bridge Isotope Laboratories, Inc. All other chemical reagents were
of the highest grades available. Plasmids pET28efTR (encodes a
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bi-functional enzyme, Enterococcus faecalis acetoacetyl-CoA
thiolase/HMG-CoA reductase), pET28efS2 A100G (encodes
Enterococcus  faecalis HMG-CoA synthase), and pET28-efR
(encodes Enterococcus faecalis HMG-CoA reductase) were gener-
ous provided by Prof. V. W. Rodwell [43]. Mevalonate kinase
(Staphylococcus aureus), phosphomevalonate kinase (Streptococcus.
prneumoniae), and diphosphomevalonate decarboxylase (Strepto-
coccus. pneumoniae) were expressed and purified as described
previously [46,49].

Enzyme expression and purification

37°C LB/ampicillin media was inoculated with E. coli
BL21(DE3) freshly transformed with the expression plasmid of
interest. The cells were cultured to an ODsg5 of 0.8, protein
expression was induced by the addition of isopropyl-1-thio-B-D-
galactopyranoside (IPTG, 0.75 mM), and the incubation was
continued for 4 h at 37°C. The culture temperature was then
shifted to 18°C and incubation was continued for 16 h. The cells
were then harvested by centrifugation (30 min, RCF 5,000 g,
4°C). The MVK [46], PMK [46] and DPM-DC (diphosphome-
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Figure 1. Schematics for the in-situ enzymatic synthesis of DPM and its isotopomers. Panel A. The enzymatic synthesis of DPM from
acetate and CoA. The synthesis occurs in six steps (i - vi). CoA is consumed at reaction i, and regenerated at steps ii-iv. To prevent product inhibition
and thermodynamically bias the system toward DPM formation, ADP (vii) and AMP (vii and viii) are recycled and pyrophosphate is hydrolysed (ix).
Panel B. The incorporation of acetate into DPM. Acetate fragments are enzymatically concatenated to form the 6-carbon skeleton of DPM. Isotopic
labels can be introduced at various points in the DPM synthesis to achieve a particular labeling outcome. The enyzmes used in the synthesis are as
follows: i, acetyl-CoA synthetase; ii, acetoacetyl-coA thiolase; iii, hydroxymethylglutaryl-CoA synthase; iv, hydroxymethylglutaryl-CoA reductase; v,
mevalonate kinase; vi, phosphomevalonate kinase; vii, pyruvate kinase; viii, adenylate kinase; ix, inorganic pyrophosphatase.

doi:10.1371/journal.pone.0105594.g001
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Figure 2. The isotopomers of (R)-diphosphomevalonate. Dots (@, ['3C]) and asterisks (*, [*H]) mark the positions of heavy atoms in the
synthesized compounds. Each mark represents a separate, singly-labeled compound. A triply-labeled compound, enriched at all of the [H]-positions,

was also synthesized.
doi:10.1371/journal.pone.0105594.9002

valonate decarboxylase) [46] expression vectors fuse a Hiso-GST-
tag to the N-terminus of the enzyme; whereas, the acetoacetyl-
CoA thiolase [47], HMG-CoA synthase [50] and HMG-CoA
reductase [47] vectors fuse a Hisg-tag to the N-terminus. Dual-tag
proteins were purified using a GST resin followed by a His resin.
All buffers and columns were equilibrated at 4°C prior to use.
Purification began by suspending cell pellets (5.0 ml/g cell paste)
in Buffer A [H,KPO, (50 mM), NaCl (140 mM), KClI (2.7 mM),
pH 7.3] supplemented with lysozyme (0.10 mg/ml), PMSF
(290 pM), and pepstatin A (1.5 uM). EDTA (1.0 mM) was added
to Buffer A when purifying dual-tag systems. After suspension for
1 hr at 4°C, cells were disrupted by sonication and debris was
removed by centrifugation (50 min, RCF 15,000 g, 4°C). Super-
natants containing dual-tag proteins were loaded onto a Gluta-
thione Sepharose 4 FF column equilibrated with Buffer A +
EDTA, the column was then washed with three column volumes
of the same buffer, and protein was eluted using Tris/Cl (250 mM,
pH 8.0), KCl (500 mM) and reduced glutathione (10 mM).
Supernatants containing singly tagged proteins, or GST-resin
eluants containing dual-tag proteins, were loaded onto a Ni-NTA
column equilibrated with Buffer B [HoKPO, (50 mM), NaCl
(300 mM), imidazole (10 mM), pH 8.0]. The column was washed
with Buffer C [Ho,KPO, (50 mM), NaCl (300 mM), imidazole
(20 mM), pH 8.0], and fusion protein was cluded with Buffer D
[HoKPO, (50 mM), NaCl (300 mM), imidazole (300 mM), B-
mercaptoethanol (B-ME) (10 mM), pH 8.0]. Glycerol was then
added to the singly-tagged eluants (5% v/v) and stored (see below).
Tags were removed from the dual-tag proteins by incubation with
PreScission protease [51] during overnight dialysis at 4°C against
Hepes/K* (50 mM, pH 8.0) containing DTT (10 mM, dithio-
threitol) and KCI (100 mM). Following proteolysis, the dialysate
was passed over a GSTrap column to remove the GST-tagged
protease. The purity of the single- and double-tags proteins was
estimated, using SDS-PAGE, at >85 and >95%, respectively.
Eluants containing purified proteins were frozen rapidly and
stored at —80°C.
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Enzymatic assays

To establish conditions for the synthesis of DPM, the activity of
cach enzyme was assessed under the synthesis conditions.
Apparent kinetic constants were extracted from reaction progress
curves [11] and were in good agreement with published values
(Table 1). Acetyl-CoA synthetase activity was monitored by
coupling the production of AMP to the oxidation of NADH
[52]. The assay conditions were as follows: inorganic pyrophos-
phatase (4.0 U/ml), myokinase (4.0 U/ml), PK (4.0 U/ml), LDH
(lactate  dehydrogenase, 8.0 U/ml), NADH (3.0 mM,
€305 =0.136 mM ™' cm™Y), acetate (2.0 mM), CoA (2.0 mM),
ATP (4.0 mM), PEP (6.0 mM), MgCl, (1.0 mM + [nucleotide]),
KCl (50 mM), B-ME (10 mM). Acac-Coa thiolase activity was
monitored by following the appearance of acac-CoA (acetoacetyl-
CoA) at 302 nm [53]. The conditions were: Ac-CoA (acetyl-CoA)
(6.0 mM), MgCly (2.0 mM). HMG-CoA synthase activity was
monitored at 386 nm (e}{APPH =0.61 mM ™! em™!) by coupling
the production of 3-hydroxy-3-methyl glutaryl-CoA to the
oxidation of NADPH using HMG-CoA reductase. The conditions
were: HMG-CoA reductase (1.0 uM), acac-CoA (1.0 mM), Ac-
CoA (1.0 mM), NADPH (1.5 mM), KCI (50 mM), B-ME
(10 mM). HMG-CoA reductase activity was monitored by follow-
ing oxidation of NADPH. The conditions were: 3-hydroxy-3-
methyl glutaryl-CoA (0.50 mM), NADPH (0.20 mM), KCI
(50 mM), B-ME (10 mM). Mevalonate kinase activity was moni-
tored by coupling the production of ADP to the oxidation of
NADH [46,49]. The conditions were: PK (4.0 U/ml), LDH
(8.0 U/ml), NADH (200 uM, €330=6.22 mM ' cm™ '), PEP
(7.0 mM), mevalonate (135 uM), ATP (5.0 mM), MgCl,
(1.0 mM + [nucleotide]), KCI (50 mM), B-ME (10 mM). Phos-
phomevalonate kinase activity was monitored by coupling the
production of ADP to the oxidation of NADH [46,49]. The
conditions were identical to those used for mevalonate kinase
except phosphomevalonate (50 uM) replaced mevalonate. DPM
Decarboxylase activity was monitored by coupling the production
of ADP to the oxidation of NADH [46,49]. The conditions were
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Table 1. Enzymes used in the synthesis of DPM.

Isoprenoid Biosynthesis

“Enzyme EC # Gene Source Substrate UKy (MM) s (sec™)
bacs 6.2.1.1 Acsl S. cerevisiae Acetate CoA 0.28 0.24 10
‘ACT 23.19 mvak E. faecalis Ac-CoA 0.60 23
‘HMGS2 2.3.3.10 mva$s E. faecalis acac-CoA Ac-CoA 0.015 0.35 1.0
“ThRed 1.1.1.34 mvaE E. faecalis HMG-CoA 0.023 0.55
‘HMGR 1.1.1.34 mvaE E. faecalis HMG-CoA 0.020 0.67
‘MVK 2.7.1.36 mvak1 S. aureus Mev 0.027 19
PMK 2742 mvak2 S. pneumoniae P-mev 0.0042 5.0
bpK 2.7.1.40 PKM2 O. cuniculus PEP 0.040 160
bMK 2743 AK1 O. cuniculus AMP €0.50 €410
Pp.ase 3.6.1.1 Ppal S. cerevisiae PP; €0.0050 €260

pyrophosphatase.

Obtained from commercial sources.

“Expressed in E. coli and purified.

dStandard errors are <5% in all cases (see Materials and Methods).
®Parameters taken from literature (MK [77,78], PP;ase [79,80]).
doi:10.1371/journal.pone.0105594.t001

identical to those used for mevalonate kinase except dipho-
sphomevalonate (50 uM) replaced mevalonate. In all cases,
reactions were buffered with Hepes/K* (50 mM), pH 8.0, and
T=25*2°C.

The synthesis of (R)-diphosphomevalonate

DPM was synthesized in a one-pot reaction using the following
conditions: Ac-CoA synthetase (2.0 pM), acac-CoA thiolase
(2.0 uM), HMG-CoA synthase (4.0 uM), HMG-CoA reductase
(2.0 uM), mevalonate kinase (2.0 pM), phosphomevalonate kinase
(3.0 uM), pyruvate kinase (5.0 U/mL), myokinase (2.0 U/ml),
inorganic pyrophosphatase (2.0 U/ml), ATP (5.0 mM), PEP
(10 mM), acetate (12 mM), CoA (5.0 mM), NADPH (10 mM),
KCI (50 mM), MgCls (1.0 mM + [ATP]), -ME (10 mM), Hepes/
K* (50 mM), pH 8.0, T=25+2°C. Reactions progress was
monitored by following the oxidation of NADPH associated with
the HMG-CoA reductase reaction. DPM formation was assayed
by adding an aliquot the DPM-synthesis reaction into a DPM
decarboxylase assay mixture (DPM-DC (0.10 pM), PK (4.0 U/
ml), LDH (8.0 U/ml), NADH (200 uM), PEP (4.0 mM) ATP
(2.0 mM), MgCl, (1.0 mM + [nucleotide]), KCI (50 mM), B-ME
(10 mM), Hepes/K* (50 mM), pH 8.0, T=25%2°C) and
monitoring NADH oxidation at 340 nm. The assay-reaction
dilution was sufficient (330-fold dilution) to prevent the HMG-
CoA reductase reaction from contributing significantly to the
measurement. The reactions yielded essentially quantitative
conversion of acetate to the endproduct, DPM.

The synthesis of labeled acetyl-CoA precursors

The synthesis of regiospecifically labeled DPM requires
appropriately labeled Ac-CoA. Labeled Ac-CoA precursors were
synthesized using the following conditions: acetyl-CoA synthetase
(2.0 uM), pyrophosphatase (2.0 U/ml), labeled acetate (4.0 mM),
CoA (4.0 mM), ATP (4.0 mM), MgCl, (5.0 mM), Hepes/K"
(50 mM), pH 8.0. The reactants were mixed gently for 10 hr at
T=25%2°C. Reaction progress was monitored by assaying
aliquots of the reaction for AMP synthesis using the Ac-CoA
synthetase assay described above. The conversion of CoA to
labeled Ac-CoA was >95%.

PLOS ONE | www.plosone.org

“Abbreviations: ACS, acetyl-CoA synthetase; ACT, acetoacetyl-CoA thiolase; HMGS2, HMG-CoA synthase; ThRed, acetoacetyl-CoA thiolase/HMG-CoA reductase (dual-
function enzyme); HMGR, HMG-CoA reductase; MVK, mevalonate kinase; PMK, phosphomevalonate kinase; PK, pyruvate kinase; MK, myokinase; PP;ase, inorganic

Synthesis of acac-CoA

The synthesis of acac-CoA was achieved using the conditions
identical to those described for the synthesis of Ac-CoA with the
exception that acac-CoA thiolyase (2.0 uM) and DTNB (10 mM,
5, 5’-Dithio-bis(2-nitrobenzoic acid) were present. DNTB reacts
with CoA and was used to draw the acac-thiolase reaction
forward. The DTNB reaction was monitored at 412 nM [54].
Acac-CoA formation was monitored at 302 nm (see, Enzymatic
assays, Materials and Methods). The reaction reached completion
after approximately 17 hr, after which >98% acetyl-CoA had
converted to acac-CoA. The reaction was filtered (10 kDa
membrane) to remove enzymes prior to using the acac-CoA in
subsequent syntheses.

The synthesis of [1-'*CIDPM or [2-°H,]DPM

Labeled Ac-CoA ("*C or ?H) was prepared from CoA and
labeled acetate as described above (see, Synthesis of labeled acetyl-
CoA precursors). Labeled DPM was synthesized by adding the
following reagents to the labeled Ac-CoA reaction mixture: PK
(10 U/mL) (U, umoles product formed min~ ' at a saturating
substrate), HMG-CoA synthase (4.0 uM), HMG-CoA reductase
(2.0 uyM), MVK (2.0 uM), PMK (1.0 uM), PEP (10 mM),
NADPH (5.0 mM), unlabelled acac-CoA (2.0 mM), ATP
(5.0 mM), KCl (50 mM), and B-ME (10 mM). The unlabeled
acac-CioA was prepared as describe above (see, Synthesis of acac-
CoA). The reaction was stirred gently overnight (~16 h, 25*=2°C),
at which point >97% of the labeled Ac-CoA had incorporated
into DPM. The quantitation of DPM is described above (see, The
synthesis of (R)-diphosphomevalonate).

The synthesis of DPM from acetate at high concentration

DPM synthesis was accomplished in a one-pot reaction using
the following conditions: Ac-CoA synthetase (5.0 pM), acac-CoA
thiolase (7.0 uM), HMG-CoA synthase (10 uM), HMG-CoA
reductase (7.0 uM), mevalonate kinase (5.0 uM), phosphomevalo-
nate kinase (3.0 uM), pyruvate kinase (10 U/mlL), myokinase
(5.0 U/ml), inorganic pyrophosphatase (5.0 U/ml), ATP
(100 mM), PEP (800 mM), acetate (340 mM), CoA (5.0 mM),
NADPH (300 mM), MgCl; (110 mM), B-ME (10 mM), Hepes/
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K* (50 mM), pH 8.0, T=25%22°C. Reaction progress was
monitored as described above (see, Enzymatic Assays). Under
the high ionic strength conditions of this reaction, the conversion
of acetate to DPM decreased to sixty-three percent.

The synthesis of IPP from acetate at high concentration

IPP synthesis was accomplished in a one-pot reaction using the
following conditions: Ac-CoA synthetase (7.0 uM), acac-CoA
thiolase (10 uM), HMG-CoA synthase (12 uM), HMG-CoA
reductase (10 uM), mevalonate kinase (7.0 uM), phosphomevalo-
nate kinase (5.0 uM), diphosphomevalonate decarboxylase
(3.5 uM), pyruvate kinase (20 U/mL), myokinase (7.0 /ml),
inorganic pyrophosphatase (7.0 U/ml), ATP (200 mM), PEP
(800 mM), acetate (340 mM), CoA (5.0 mM), NADPH
(300 mM), MgCl, (220 mM), B-ME (10 mM), Hepes/K"
(50 mM), pH 8.0, T=25x2°C. The conversion of acetate to
IPP yields nine IPP-equivalents of pyruvate (two equivalents for
cach of the three Ac-CoAs required to synthesize HMG-CoA
(hydroxymethylglutaryl-CoA), two for conversion of Mev to DPM
and one for the decarboxylation of DPM to IPP). Pyruvate was
quantitated by adding an aliquot of the IPP-synthesis reaction to a
lactate dehydrogenase assay mixture: (LDH (8.0 U/ml), NADH
(200 uM), KCl1 (50 mM), B-ME (10 mM), Hepes/K* (50 mM),
pH 8.0, T=25%2°C). Dilution of the synthesis reaction was
sufficient (>500-fold) to prevent enzymes from the reaction from
contributing significantly to the pyruvate measurements. Sixty-
nine percent of the acetate was converted to DPM.

The synthesis of DPM from (R/S)-mevalonate at high
concentration

DPM synthesis was accomplished in a reaction using the
following conditions: mevalonate kinase (5.0 pM), phosphomeva-
lonate kinase (3.0 uM), pyruvate kinase (10 U/mL), (R/S)-meval-
onate (370 mM), ATP (50 mM), PEP (350 mM), MgCl, (60 mM),
B-ME (7.0 mM), Hepes/K" (50 mM), pH 8.0, T=25+2°C.
Reaction progress was monitored as described above (see,
Enzymatic Assays). It should be noted that mevalonate kinase
converts only the R-isomer of mevaloante to phosphomevalonate
[55], and the enantiomeric composition of commercial (R/S)-
mevalonate i1s 1:1 [11]; hence, a maximum of 50% of the
commercial product can be converted to DPM. Seventy-one
percent of the (R)-mevalonate in the (R/S)-mixture was converted
to DPM.

The synthesis of IPP from (R/S)-mevalonate at high
concentration

IPP synthesis was accomplished in a reaction using the following
conditions: mevalonate kinase (5.0 uM), phosphomevalonate
kinase (3.0 pM), diphosphomevalonate decarboxylase (1.6 uM),
pyruvate kinase (10 U/mL), (R/S)-mevalonate (375 mM), ATP
(50 mM), PEP (450 mM), MgCl, (60 mM), B-ME (7.0 mM),
Hepes/K* (50 mM), pH 8.0, T =25%2°C. The conversion of (R/
S)-mevalonate to IPP was monitored by following the formation of
pyruvate using lactate dehydrogenase (see, The synthesis of IPP
from acetate at high concentration). Seventy-seven percent of the
(R)-mevalonate in the (R/S)-mixture was converted to IPP.

The purification (R)-diphosphomevalonate

To maximize the purity and recovery of DPM, PEP (which
chromatographs near DPM) was converted to pyruvate by adding
one PEP-equivalent of ADP to the synthesis reaction mixture.
Small and large molecules were separated by ultrafilitration (10-
kDa cutoff). The small-molecule filtrate was passed through a

PLOS ONE | www.plosone.org
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35 mL bed of anion exchange resin (AG MP-1) equilibrated with
Hepes/K* (10 mM, pH 7.5), and the column was “washed” with
five volumes of equilibration buffer. The compounds were eluted
using a 750 ml, linear salt gradient (0—1.0 M KCl) at 2.0 mL/min.
DPM eluted at 0.32 mM KCI and contained <1% nucleotide. To
remove excess KCl and concentrate the DPM, the purified
compound was loaded onto a 5.0 ml bed of AG MP-1 equilibrated
with NH,HCO; (10 mM, pH 7.5). The column was then
“washed” with five volumes of NH,HCOs (10 mM, pH 7.5)
before eluting the DPM with 1.8 volumes of NH,;HCO3 (350 mM,
pH 7.5). Excess NH,;HCO5 was removed by rotary evaporation at
45°C. The desalted compounds were dissolved in ultra pure water
(2.0 mL) and the solution was adjusted to pH 7.5 with KOH.
NH, HCOg in the desalted, purified DPM was measure using an
enzymatic assay that couples the reduction of NADP" to the
synthesis of glutamate from NH;" and o-ketoglutarate [56]. The
assay conditions were as follows: o-ketoglutarate (5.0 mM),
NADP" (0.20 mM), glutamate dehydrogenase (14 U/mL),
Hepes/K* (45 mM) pH 8.0 at T=25%=2°C. The NH; /DPM
stoichiometry was ~4:1. The DPM concentration and purity,
presence of mevalonate and phosphomevalonate, were determined
spectrophotometrically using the assay described above (see,
Enzymatic assay), and the purified compounds were stored in
Hepes/K* (10 mM, pH 8.0) at —80°C.

NMR protocols

One dimensional NMR was used to confirm the structure and
isotopic labeling of the DPM isotopomers. A Bruker DRX
300 MHz spectrometer equipped with a 5 mm broadband probe
was used to acquire data. Sample temperature was 25%2°C.
Proton spectra were the average of 32 scans (64K points each)
acquired over 20 ppm using a 1.0 s recycle delay. The residual
water signal was suppressed by presaturation of the HOD
resonance. Spectra were processed with 1.0 Hz line broadening,
and proton chemical shifts were referenced to 3-(trimethylsilyl)
propionate [57]. Proton-decoupled carbon spectra were the
average of 100 scans (61K points each) acquired over 315 ppm
using a 3.0 s recycle delay. Spectra were processed with a 1.5 Hz
line broadening, and chemical shifts were referenced indirectly
[57]. Proton-decoupled phosphorus spectra were the average of
256 scans (64K points each) acquired over 50 ppm using a 6.0 s
recycle delay. Spectra were processed with a 3.0 Hz line
broadening, and chemical shifts were referenced to phosphocre-
atine [58].

Results and Discussion

The enzymatic synthesis of DPM

Diphosphomevalonate is synthesized from acetate, ATP and
NADPH in six consecutive enzymatic steps (¢ - vi, Fig 1A). The
first four reactions produce mevalonate from 3 acetate, 3 ATP,
and 2 NADPH [55,59,60]. CoA, which acts as an acetyl-carrier, is
(see, dashed green arrows, Fig 1A). Reactions v and wvi are
catalyzed by kinases that phosphorylate mevalonate to produce the
pyrophosphoryl-group of DPM. To bias the reactions toward the
endproduct and avoid product inhibition, ADP and AMP were
recycled to ATP using pyruvate kinase and myokinase, and PP;
was hydrolyzed to P; using inorganic pyrophosphatase. In total,
nine enzymes were used in the synthesis [43-48].

Enzymes it - vi were cloned, expressed in E. coli and purified
(see, Materials and Methods); i and vii - ix were obtained from
commercial sources. The purified enzymes were 80-95% pure, as
judged by Comassie staining [61] of SDS PAGE [62] gels, and
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were obtained in yields of 30—40 mg pure protein/liter of E. coli.
The kinetic constants of the purified enzymes were determined
under the conditions used for the synthesis, and were in good
agreement with literature values (Table 1). The assays are
described in Enzymatic Assays (see, Materials and Methods). The
enzymes showed no significant loss of activity over an 8 month
period when frozen rapidly and stored at —80°C in Hepes
(50 mM, pH 8.0), 150 mM KCI, 5% glycerol (v/v).

The relative enzyme concentrations used in the DPM syntheses
were determined empirically by adjusting concentrations such that
flux through the pathway was not rate-limited by any single step.
This was accomplished by setting PMK (v7) at a fixed concentra-
tion and titrating each preceding enzyme successively until the
DPM-synthesis rate was 80-90% of the maximum rate achievable
at cach step. For example, MVK (v) was titrated at a fixed
concentration of PMK until the rate of DPM synthesis became
independent of MVK' concentration — the maximum rate. The
MVK concentration was then adjusted to allow 80-90% of the
maximum rate, and an analogous procedure was performed with
HMG-CoA reductase (7). The procedure was performed in
succession for each enzyme in the pathway to determine the
relative enzyme concentrations to be used in the synthesis. Once
relative concentrations were established, the absolute concentra-
tions were set to achieve the desired reaction times, which ranged
from 8-72 hr. Mevalonate kinase from S. aureus was selected
because, unlike the S. prneumoniae enzyme, it is not allosterically
inhibited by DPM [11].

Substrates were set at saturating, sub-inhibiting concentrations.
ATP, a substrate for five of the enzymes (i, v, vi, vii and viit), was
set at 5.0 mM, which ranges from 5.8-68 xK,,,. Typical substrate
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concentrations of the other reactants were as follows: acetate
(12 mM, 42xK,); CoA (2.0 mM , 8.0xK,,); NADPH (10 mM,
320%K,,); and PEP (10 mM, 250 ><Km). Under these conditions,
and using the enzyme concentrations detailed in Synthesis of (R)-
diphosphomevalonate (Materials and Methods), ~98% of the
acetate was incorporated into DPM in this single-pot reaction.

The incorporation of isotopes into DPM

The regiospecific incorporation of isotopes has proven extreme-
ly valuable in the elucidation of metabolism [63-65] and
determining enzyme mechanism [66]. Indeed, this was the basis
for the discovery of the non-mevalonate pathway of isoprenoid
biosynthesis [40]. The enzymatic scheme shown in Fig. 1 offers a
flexible and efficient means of synthesizing numerous radiolabeled
and stable isotopomers of mevalonate, many of which are not
commercially available. The six-carbon backbone of DPM is
constructed in the first three enzymatic steps of the scheme (¢ — ).
Each step adds a single acetate to the CoA thioester R-group. The
pattern of acetate incorporation into the R-group, and ultimately
DPM, is shown in Figure 1B. Acetate is first esterfied onto the
CoA thiol, and subsequent two-carbon units are added by forming
carbon-carbon bonds with the existing R-group. Isotopes can be
incorporated into specific positions in DPM (Fig 2) using labeled
acetate or acetyl-CoA, or via solvent exchange with exchange-
intermediates. Achieving certain labeling patterns
required removal of enzymes by ultrafiltration at intermediate
stages of the synthesis, and/or that reactions were run in DyO (see
below).

sensitive
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Figure 4. 'H and ">C NMR spectra of (R)-diphosphomevalonate
isotopomers. Spectra indicate specificity and efficiency of labeling.
Panel A. 'H NMR spectra of labeled and unlabeled DPM. The efficiency
and specificity of [ZHZ]—IabeIing were estimated at >98% and >95%,
respectively. Panel B. 3C NMR spectrum of [1-'>CIDPM. The resonance
at 181 ppm corresponds to C;. The efficiency of labeling at C; is
estimated at >92% (see Results and Discussion). Based on the absence
of non-C; signals and the S/N, the labeling specificity is calculated at
>098%. Asterisks indicate instrumental artifacts.
doi:10.1371/journal.pone.0105594.g004

The synthesis of [2, 4, 6,-°H,]- and [6-*H5]DPM

The compounds were synthesized in approximately 50 mg
quantites in one-pot reactions using commercial [2-?Hg]acetate or
(R, S)-[6-*Hs]mevalonolactone as starting material (see, Supple-
mentary Material). Reactions were complete after 22 hrs, and
virtually quantitative conversion of starting material to DPM was
achieved in all cases. Approximately ~86% of the maximum
theoretical maximum yield of DPM was obtained after purification
(see, Material and Methods). The labeling of DPM was confirmed
using '"H NMR (Fig. S1).
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Synthesis of [4-*H,]DPM

The synthesis of [4-?Hy]DPM was carried out in several steps.
First, unlabeled Ac-CoA was synthesized using acetyl-CoA
synthetase () and inorganic pyrophosphatase (ix) (see, Synthesis
of acetyl-CoA, Malterials and Method). Acetyl-CoA thiolyase (iz)
and DTNB (in excess over Ac-CoA) were then added to form
acac-CoA. DTNB reacts quantitatively with CoA [54] and was
used to draw the unfavorable acac-CoA-forming reaction to
completion [47]. Acac-CoA tautomerizes [67], and its enol-form
exchanges protons with solvent (Fig. 3). To streamline the
synthesis, both enzymatic reactions were run in D,O. 'H NMR
confirmed that exchange was complete and occurred exclusively at
the Cy-position of DPM (Fig. S1). It is notable that this exchange
suggests the possibility of using equilibrium isotope exchange to
produce Ac-CoA in which the methyl-protons have been
exchanged with solvent. To attach the third acetate without
forming unlabelled acac-CoA, which would dilute isotopic
enrichment, the Ac-CoA thiolyase was removed by ultrafiltration
before adding the reactants that complete the synthesis of DPM
(see, Synthesis of [4-°Hy-DPM, Supplementary Material). The
reactions were essentially quantitative and the production of DPM
was ~96% of the theoretical maximum.

The synthesis of [1-'3C]- and [2-*H,]DPM

The strategy used to synthesize these compounds was similar to
that used in the synthesis of [4-?Hy]DPM. Unlabeled acac-CoA
was synthesized, the enzymes used in the synthesis were “strained”
from the reaction by ultrafiltration, labeled Ac-CoA was then
added along with the enzymes, and reagents needed to complete
the synthesis of DPM (see, Materials and Methods). Care was taken
to ensure that the Ac-CoA remaining in the acac-CoA synthesis
reaction was ~0.2% of the labeled Ac-CoA used in the subsequent
conversion to DPM. The yield was quantitative; DPM levels
reached ~95% of the theoretical maximum.

Confirming the structure and labeling patterns of the

compounds

The specificity and efficiency of isotopic labeling were assessed
using 'H and "C NMR. Deuterium incorporation at a given
position was assessed by quantitating the loss of proton signal at
that position. The "H NMR spectra of the synthesized compounds
are compiled in Figures 4A and S1. In all cases, proton signal at
the targeted position(s) was below detection (i.e., >97% incorpo-
ration efficiency) and the integrated intensities of the remaining
proton peaks were identical within error (£3%); thus, deuterium
did not incorporate significantly into positions other than the
target sites. Comparison of the 'H spectra of [1-'*C]- and natural
abundance C;-DPM reveals that the AB quartet associated with
the Gy of DPM (2.41 ppm) is split to into an ABX pattern by the
incorporation of '*C (Fig 4A). This splitting is consistent only with
"C incorporation at Cj. If the synthesis had resulted in a
significant fraction of natural abundance C,-DPM, the AB and
ABX resonances are expected to overlap. Close inspection of the
upfield doublet of the ABX pattern gives no indication of the AB
species (Fig 4 inset) indicating that the incorporation efficiency is
quite high (>95%). The labeling specificity of [1-'*C]DPM is
given by the "*C spectrum (Fig 4B), which shows the expected C-
resonance [68] and no detectible signal at the positions associated
with the other carbon atoms in the molecule (dotted arrows). The
integrity of the pyrophosphoryl moiety was confirmed using *'P
NMR (Figure S2).
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The synthesis of highly concentrated DPM and
isopentenyldiphosphate

Given the considerable societal value of isoprenoids, the
difficulties obtaining them, and the current efforts to bio-synthesize
these compounds at commercial scale, it was of interest to assess
the potential of the in-situ enzymatic synthesis to produce large
quantities of product. Toward this end, the velocity of the acetate-
to-DPM conversion was studied as a function of initial-reactant
concentration with the goal of determining the highest, useful
concentrations. The system proved remarkably robust. Only slight
inhibition (~30%) was observed at 0.50 M acetate. PEP and
NADPH could be increased to near saturation (~500 and
200 mM, respectively) without significant decrease in velocity,
and ATP could be added to 0.15 M without inhibition or
noticeable precipitation. The concentration-optimized system
contained acetate, ATP, PEP and NADPH at 0.35, 0.10, 0.40,
0.30 M, respectively, and yielded DPM and IPP at 22 and 18 g/
liter, respectively —63% and 69% conversions of acetate to
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product (Fig 5). Product formation was limited by the solubility of
nucleotide and high ionic strength of these reactions.. To assess
whether the enzymatic system was capable of producing even
higher product concentrations, DPM and IPP synthesis was
initiated from mevalonate. Reactions contained (R/S) mevalonate,
ATP, and PEP at 0.370, 0.05, 0.35 M, respectively, and yielded
DPM and IPP at 42 and 35 g/liter, respectively —73% and 76%
product yields (Fig 5). The reactions conditions are further
described in Materials and Methods (see, Reactions that yield
highly concentrated product).

The syntheses outlined in the preceding paragraph are highly
scalable. Reaction yields were independent of volume from
0.10 ml-1 liter and are expected to be similar at larger volumes.
Under the high ionic strength conditions of these assays, the
enzymes proved to be quite stable. The majority lost =20% of
their activity over 2 days at room temperature. The exceptions
were acetoacetyl-CoA thiolyase and inorganic pyrophosphatase,
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which lost 63% and 72% of their activity, respectively, over this
time period.

Attempts to genetically engineer plants and bacteria to produce
commercial quantities of isoprenoids have met with variable
success. Artemisinin, a potent antimalarial, is currently isolated
from the quinghao plant (Artemisia annua) at ~3 mg/g dry
weight. In contrast, genetically engineered tobacco produces
artemisinin at ~0.8 mg/g dry weight [69], and transgenic yeast
secrete artemisinic acid (an artemisinin precursor [70] at 100 mg/
liter [71]. Using E. coli as the host, pathway optimization has
yielded ~0.3 g/liter of artemisinic acid in shaking flasks [34,72],
high-density batch fermentation of enginecered E. coli has
produced yields as high as 23g/liter [73] and recent breakthroughs
in understanding of the pathway have produced artemisinic acid at
~25 g/liter in moderately high-density E. coli cultures [74].
Similar efforts in E. coli have produce taxadiene (a precursor of
Taxol, an anticancer therapeutic) at ~1g/liter in shaking flasks
[75]. Production of farnesol, a relatively simple isoprenoid and
potential biofuel [29], has reached 130 mg/liter in engineered E.
coli grown in shaker flasks [76].

While these efforts have helped define the complexities
associated with expressing and controlling the isoprenoid biosyn-
thetic pathway in living organisms, only fermentation in conjunc-
tion with genetic engineering is vyielding product quantities
required for successful commercial application. The cell-free
approach described here yields product quantities that are
comparable to, or exceed those achieved in high-density fermen-
tation and have the advantage that product is formed in a simple
aqueous system from which it can be recovered readily.

Conclusions

The enzymes that comprise the HMG CoA reductase and
mevalonate pathways have been used along with enzymatic
substrate-recycling and product-removal systems to efficiently
synthesize intermediates and end products of these pathways in
high yield. Strategies for using these enzymes to regio-specifically
position isotopes in the isoprenoid backbone are described and
used to synthesize and purify isotopomers of DPM, the immediate
end product of the mevalonate pathway. The enzymatic platform
1s robust and produces isoprenoid precursors, DPM and IPP, in
quantites ranging from 20-40 g/liter. These values meet or exceed
all published values for isoprenoid production using genetically
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sphoryl-moiety. The asterisk identifies the resonance of phospho-
creatine, which was added as an internal standard. The absence of
a peak at ~5 ppm indicates that phophomevalonate is undetect-
able.

(TIF)

Text S1.
(DOCX)

Acknowledgments

We thank Dr. Victor W. Rowell for providing the plasmids pET28-efTR,
pET28efS2 A100G, and pET28-efR. We thank Dr. Sean Cabhill for helpful
discussions on the NMR data. This work was supported, in whole or in
part, by National Institutes of Health Grants GM 54469, GM 106158 Al
068989.

Author Contributions

Conceived and designed the experiments: SBR TSL. Performed the
experiments: SBR. Analyzed the data: SBR TSL. Contributed reagents/
materials/analysis tools: SBR TSL. Contributed to the writing of the
manuscript: SBR TSL.

11. Lefurgy ST, Rodriguez SB, Park CS, Cahill S, Silverman RB, et al. (2010)
Probing ligand-binding pockets of the mevalonate pathway enzymes from
Streptococcus pneumoniae. J Biol Chem 285: 20654-20663.

12. Kuberan B, Lech MZ, Beeler DL, Wu ZL, Rosenberg RD (2003) Enzymatic
synthesis of antithrombin III-binding heparan sulfate pentasaccharide. Nat
Biotechnol 21: 1343-1346.

13. Kajiwara Y, Santander PJ, Roessner CA, Perez LM, Scott Al (2006) Genetically
engineered synthesis and structural characterization of cobalt-precorrin 5A and -
5B, two new intermediates on the anaerobic pathway to vitamin B12: definition
of the roles of the Chil' and CbiG enzymes. ] Am Chem Soc 128: 9971-9978.

14. Ohdan K, Fujii K, Yanase M, Takaha T, Kuriki T (2007) Phosphorylase
coupling as a tool to convert cellobiose into amylose. J Biotechnol 127: 496-502.

15. Van Den Heuvel RH, Fraaije MW, Laane C, van Berkel WJ (2001) Enzymatic
synthesis of vanillin. J Agric Food Chem 49: 2954-2958.

16. Yamaguchi S, Komeda H, Asano Y (2007) New enzymatic method of chiral
amino acid synthesis by dynamic kinetic resolution of amino acid amides: use of
stereoselective amino acid amidases in the presence of alpha-amino-epsilon-
caprolactam racemase. Appl Environ Microbiol 73: 5370-5373.

17. Koeller KM, Wong CH (2001) Enzymes for chemical synthesis. Nature 409:
232-240.

18. Schmid A, Dordick JS, Hauer B, Kiener A, Wubbolts M, et al. (2001) Industrial
biocatalysis today and tomorrow. Nature 409: 258-268.

19. Martin del Campo JS, Rollin J, Myung S, Chun Y, Chandrayan S, et al. (2013)
High-Yield Production of Dihydrogen from Xylose by Using a Synthetic
Enzyme Cascade in a Cell-Free System. Biocatalysis 52: 4587-4590.

August 2014 | Volume 9 | Issue 8 | 105594



20.

21.

22.

23.

24.

26.

27.

28.

30.

31.

32.

33.

34.

37.

38.

39.

40.

41.

42,

43.

44.

46.

47.

48.

49.

50.

Krutsakorn B, Honda K, Ye X, Imagawa T, Bei X, et al. (2013) In vitro
production of n-butanol from glucose. Metab Eng 20: 84-91.

You C, Myung CH, Sathitsuksanoh N, Ma H, Zhang XZ, et al. (2013)
Enzymatic trnsformation of nonfood biomass to starch. PNAS 110: 7182-7187.
Zhu Z, Kin Tam T, Sun F, You C, Percival Zhang YH (2014) A high-energy-
density sugar biobattery based on a synthetic enzymatic pathway. Nat Commun
5: 3026.

Arsenault PR, Wobbe KK, Weathers PJ (2008) Recent advances in artemisinin
production through heterologous expression. Curr Med Chem 15: 2886-2896.
Hsu E (2006) The history of qing hao in the Chinese materia medica.
Trans R Soc Trop Med Hyg 100: 505-508.

. Oldfield E, Lin FY (2012) Terpene biosynthesis: modularity rules. Angew Chem

Int Ed Engl 51: 1124-1137.

Osbourn A, Goss R], Field RA (2011) The saponins: polar isoprenoids with
important and diverse biological activities. Nat Prod Rep 28: 1261-1268.

Puri M, Sharma D, Tiwari AK (2011) Downstream processing of stevioside and
its potential applications. Biotechnol Adv 29: 781-791.

Caputi L, Aprea E (2011) Use of terpenoids as natural flavouring compounds in
food industry. Recent Pat Food Nutr Agric 3: 9-16.

. Rude MA, Schirmer A (2009) New microbial fuels: a biotech perspective. Curr

Opin Microbiol 12: 274-281.

Peralta-Yahya PP, Ouellet M, Chan R, Mukhopadhyay A, Keasling JD, et al.
(2011) Identification and microbial production of a terpene-based advanced
biofuel. Nat Commun 2: 483.

Zhang F, Rodriguez S, Keasling JD (2011) Metabolic engineering of microbial
pathways for advanced biofuels production. Curr Opin Biotechnol 22: 775-783.
Dugar D, Stephanopoulos G (2011) Relative potential of biosynthetic pathways
for biofuels and bio-based products. Nat Biotechnol 29: 1074-1078.

Farhi M, Marhevka E, Ben-Ari J, Algamas-Dimantov A, Liang Z, et al. (2011)
Generation of the potent anti-malarial drug artemisinin in tobacco. Nat
Biotechnol 29: 1072-1074.

Wu T, Wu S, Yin Q, Dai H, Li S, et al. (2011) [Biosynthesis of amorpha-4,11-
diene, a precursor of the antimalarial agent artemisinin, in Escherichia coli
through introducing mevalonate pathway]. Sheng Wu Gong Cheng Xue Bao
27: 1040-1048.

. Hale V, Keasling JD, Renninger N, Diagana TT (2007) Microbially derived

artemisinin: a biotechnology solution to the global problem of access to
affordable antimalarial drugs. Am J Trop Med Hyg 77: 198-202.

5. Lacaze C, Kauss T, Kiechel JR, Caminiti A, Fawaz F, et al. (2011) The initial

pharmaceutical development of an artesunate/amodiaquine oral formulation for
the treatment of malaria: a public-private partnership. Malar J 10: 142.
Hemmerlin A, Rivera SB, Erickson HK, Poulter CD (2003) Enzymes encoded
by the farnesyl diphosphate synthase gene family in the Big Sagebrush Artemisia
tridentata ssp. spiciformis. J Biol Chem 278: 32132-32140.

Thulasiram HV, Erickson HK, Poulter CD (2008) A common mechanism for
branching, cyclopropanation, and cyclobutanation reactions in the isoprenoid
biosynthetic pathway. J] Am Chem Soc 130: 1966-1971.

Wouters J, Oudjama Y, Barkley SJ, Tricot C, Stalon V, et al. (2003) Catalytic
mechanism of Escherichia coli isopentenyl diphosphate isomerase involves Cys-
67, Glu-116, and Tyr-104 as suggested by crystal structures of complexes with
transition state analogues and irreversible inhibitors. J Biol Chem 278: 11903~
11908.

Rohmer M (1999) The discovery of a mevalonate-independent pathway for
isoprenoid biosynthesis in bacteria, algac and higher plants. Nat Prod Rep 16:
565-574.

Rohmer M, Knani M, Simonin P, Sutter B, Sahm H (1993) Isoprenoid
biosynthesis in bacteria: a novel pathway for the early steps leading to
isopentenyl diphosphate. Biochem J 295 (Pt 2): 517-524.

Zhao L, Chang WC, Xiao Y, Liu HW, Liu P (2013) Methylerythritol phosphate
pathway of isoprenoid biosynthesis. Annu Rev Biochem 82: 497-530.
Sutherlin A, Rodwell VW (2004) Multienzyme mevalonate pathway bioreactor.
Biotechnol Bioeng 87: 546-551.

Miziorko HM (2011) Enzymes of the mevalonate pathway of isoprenoid
biosynthesis. Arch Biochem Biophys.

. Middleton B (1974) The kinetic mechanism and properties of the cytoplasmic

acetoacetyl-coenzyme A thiolase from rat liver. Biochem J 139: 109-121.
Andreassi JL, 2nd, Dabovic K, Leyh TS (2004) Streptococcus pneumoniae
isoprenoid biosynthesis is downregulated by diphosphomevalonate: an antimi-
crobial target. Biochemistry 43: 16461-16466.

Hedl M, Sutherlin A, Wilding EI, Mazzulla M, McDevitt D, et al. (2002)
Enterococcus faecalis acetoacetyl-coenzyme A thiolase/3-hydroxy-3-methylglu-
taryl-coenzyme A reductase, a dual-function protein of isopentenyl diphosphate
biosynthesis. ] Bacteriol 184: 2116-2122.

Miziorko HM, Lane MD (1977) 3-Hydroxy-3-methylgutaryl-CoA synthase.
Participation of acetyl-S-enzyme and enzyme-S-hydroxymethylgutaryl-SCoA
intermediates in the reaction. J Biol Chem 252: 1414-1420.

Pilloff D, Dabovic K, Romanowski MJ, Bonanno JB, Doherty M, et al. (2003)
The kinetic mechanism of phosphomevalonate kinase. J Biol Chem 278: 4510~
4515.

Sutherlin A, Hedl M, Sanchez-Neri B, Burgner JW, 2nd, Stauffacher CV, et al.
(2002) Enterococcus faecalis 3-hydroxy-3-methylglutaryl coenzyme A synthase,
an enzyme of isopentenyl diphosphate biosynthesis. ] Bacteriol 184: 4065-4070.

PLOS ONE | www.plosone.org

51.

59.

60.

61.

62.

64.

66.

67.

68.

69.

70.

71.

72.

76.

77.

78.

79.

80.

Isoprenoid Biosynthesis

Romanowski MJ, Bonanno JB, Burley SK (2002) Crystal structure of the
Streptococcus pneumoniae phosphomevalonate kinase, a member of the GHMP
kinase superfamily. Proteins 47: 568-571.

. Pilloff DE, Leyh TS (2003) Allosteric and catalytic functions of the PPi-binding

motif in the ATP sulfurylase-GTPase system. J Biol Chem 278: 50435-50441.

. Clinkenbeard KD, Sugiyama T, Lane MD (1975) Cytosolic acetoacetyl-CoA

thiolase from chicken liver. Methods Enzymol 35: 167-173.

. Kredich NM, Tomkins GM (1966) The enzymic synthesis of L-cysteine in

Escherichia coli and Salmonella typhimurium. J Biol Chem 241: 4955-4965.

. Cornforth RH, Fletcher K, Hellig H, Popjak G (1960) Stereospecificity of

enzymic reactions involving mevalonic acid. Nature 185: 923-924.

. Ozer N (1985) A new enzyme-coupled spectrophotometric method for the

determination of arginase activity. Biochem Med 33: 367-371.

. Wishart DS, Bigam CG, Yao J, Abildgaard F, Dyson HJ, et al. (1995) 1H, 13C

and 15N chemical shift referencing in biomolecular NMR. J Biomol NMR 6:
135-140.

Gorenstein DG (1984) Phosphorus-31 NMR : principles and applications.
Orlando, Fla.: Academic Press. xiv, 604 p. p.

Cornforth JW, Phillips GT, Messner B, Eggerer H (1974) Substrate
stereochemistry of 3-hydroxy-3-methylglutaryl-coenzyme A synthase. Eur -
J Biochem 42: 591-604.

Popjak G (1970) Stereospecificity of Enzymic Reactions. In: P. D . Boyer,editor
editors. The Enzymes. New York: Academic Press, Inc. pp. 115-215.

Neuhoff V. SR, Eibl H. (1885) Clear background and highly sensitive protein
staining with Coomassie Blue dyes in polyacrylamide gels: A systematic analysis.
Electrophoresis 6: 427-448.

Shapiro AL, Vinuela E, Maizel JV, Jr. (1967) Molecular weight estimation of
polypeptide chains by electrophoresis in SDS-polyacrylamide gels. Biochem
Biophys Res Commun 28: 815-820.

53. Fokt I, Skora S, Conrad C, Madden T, Emmett M, et al. (2012) D-Glucose and

D-mannose-based metabolic probes. Part 3: Synthesis of specifically deuterated
D-glucose, D-mannose, and 2-deoxy-D-glucose. Carbohydr Res 368: 111-119.
Huang YQ, Liu JQ, Gong H, Yang J, Li Y, et al. (2011) Use of isotope mass
probes for metabolic analysis of the jasmonate biosynthetic pathway. Analyst
136: 1515-1522.

. Xiao Y, Guo L, Wang Y (2013) Isotope-coded ATP probe for quantitative

affinity profiling of ATP-binding proteins. Anal Chem 85: 7478-7486.
Klinman JP (2014) The power of integrating kinetic isotope effects into the
formalism of the Michaelis-Menten equation. FEBS J 281: 489-497.

“ederstav AK (1994) Investigations into the Chemistry of Thermodynamically
Unstable Species. The Direct Polymerization of Vinyl Alcohol, the Enolic
Tautomer of Acetaldehyde. Journal of the American Chemical Society 116:
4073-4076.

Levy GC, Nelson GL (1972) Carbon-13 nuclear magnetic resonance for organic
chemists. New York,: Wiley-Interscience. xiii, 222 p. p.
Fox JL. (2011) Interest groups jostle to influence PDUFA V. Nat Biotechnol 29:

1062.

Brown GD (2010) The biosynthesis of artemisinin (Qinghaosu) and the
phytochemistry of Artemisia annua L. (Qinghao). Molecules 15: 7603-7698.
Ro DK, Paradise EM, Ouellet M, Fisher KJ, Newman KL, et al. (2006)
Production of the antimalarial drug precursor artemisinic acid in engineered
yeast. Nature 440: 940-943.

Anthony JR, Anthony LC, Nowroozi F, Kwon G, Newman JD, et al. (2009)
Optimization of the mevalonate-based isoprenoid biosynthetic pathway in
Escherichia coli for production of the anti-malarial drug precursor amorpha-
4,11-diene. Metab Eng 11: 13-19.

. Tsuruta H, Paddon CJ, Eng D, Lenihan JR, Horning T, et al. (2009) High-level

production of amorpha-4,11-diene, a precursor of the antimalarial agent
artemisinin, in Escherichia coli. PLoS One 4: e4489.

. Paddon CJ, Westfall PJ, Pitera DJ, Benjamin K, Fisher K, et al. (2013) High-

level semi-synthetic production of the potent antimalarial artemisinin. Nature
496: 528-532.

. Ajikumar PK, Xiao WH, Tyo KE, Wang Y, Simeon F, et al. (2010) Isoprenoid

pathway optimization for Taxol precursor overproduction in Escherichia coli.
Science 330: 70-74.

Wang C, Yoon SH, Shah AA, Chung YR, Kim JY, et al. (2010) Farnesol
production from Escherichia coli by harnessing the exogenous mevalonate
pathway. Biotechnol Bioeng 107: 421-429.

Noda L (1958) Adenosine triphosphate-adenosine monophosphate transphos-
phorylase. III. Kinetic studies. J Biol Chem 232: 237-250.

Noda L (1962) Nucleoside triphosphate-nucleoside monophosphokinases. In: P.
D Boyer, Lardy, H and Myrbick, K, editor editors. The Enzymes New York:
Academic Press. pp. 139-149.

Zyryanov AB, Shestakov AS, Lahti R, Baykov AA (2002) Mechanism by which
metal cofactors control substrate specificity in pyrophosphatase. Biochem J 367:
901-906.

Pohjanjoki P, Lahti R, Goldman A, Cooperman BS (1998) Evolutionary
conservation of enzymatic catalysis: quantitative comparison of the effects of
mutation of aligned residues in Saccharomyces cerevisiae and Escherichia coli
inorganic pyrophosphatases on enzymatic activity. Biochemistry 37: 1754-1761.

August 2014 | Volume 9 | Issue 8 | 105594



