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Abstract

Methods for accurate and efficient quantification of metabolic fluxes are desirable in plant metabolic engineering and systems biology.
Toward this objective, we introduce the application of “bondomers”, a computationally efficient and intuitively appealing alternative to
the commonly used isotopomer concept, to flux evaluation in plants, by using Catharanthus roseus hairy roots as a model system. We
cultured the hairy roots on (5% w/w U-'3C, 95% w/w naturally abundant) sucrose, and acquired two-dimensional ['*C, 'H] and ['H, 'H]
NMR spectra of hydrolyzed aqueous extract from the hairy roots. Analysis of these spectra yielded a data set of 116 bondomers of -
glucans and proteinogenic amino acids from the hairy roots. Fluxes were evaluated from the bondomer data by using comprehensive
bondomer balancing. We identified most fluxes in a three-compartmental model of central carbon metabolism with good precision.
We observed parallel pentose phosphate pathways in the cytosol and the plastid with significantly different fluxes. The anaplerotic fluxes
between phosphoenolpyruvate and oxaloacetate in the cytosol and between malate and pyruvate in the mitochondrion were relatively
high (60.1 + 2.5 mol per 100 mol sucrose uptake, or 22.5 + 0.5 mol per 100 mol mitochondrial pyruvate dehydrogenase flux). The devel-
opment of a comprehensive flux analysis tool for this plant hairy root system is expected to be valuable in assessing the metabolic impact
of genetic or environmental changes, and this methodology can be extended to other plant systems.
© 2007 Elsevier Ltd. All rights reserved.

Keywords: Plant metabolic flux; Catharanthus roseus; Hairy roots; Bondomer; Compartmented metabolism; Anaplerotic flux; Plant metabolic engineering

1. Introduction (Ratcliffe and Shachar-Hill, 2006), the elucidation of meta-

bolic control (Stephanopoulos, 2002; Stephanopoulos and

Metabolic flux quantification facilitates the understand-
ing of carbon trafficking in plants. Fluxes are important
determinants of cell physiology (Stephanopoulos, 1999;
Sauer, 2004), and collectively represent the phenotype of
an organism (Ratcliffe and Shachar-Hill, 2005). Compara-
tive flux measurements between phenotypes can provide
valuable insights toward the manipulation of phenotypes
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Stafford, 2002; Sweetlove and Fernie, 2005), and the con-
struction of predictive models of plant metabolism (Ratc-
liffe and Shachar-Hill, 2001; Sweetlove et al., 2003).
Therefore, the systemwide measurement of fluxes can com-
plement transcriptomic, proteomic and metabolomic pro-
filing technologies as a powerful investigative tool in
plant systems biology (Sweetlove et al., 2003; Lange,
2006). Furthermore, since substantial changes in flux some-
times correspond only to minor changes in metabolite lev-
els (Fell, 2005), systemwide flux quantification is a very
useful counterpart to the profiling of metabolite concentra-
tions (through metabolomics) in the characterization of
phenotype (Ratcliffe and Shachar-Hill, 2006).
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Flux quantification in plants is challenging compared to
that in microbial and mammalian cells. This is largely
because flux quantification involves performing labeling
experiments and interpreting the ensuing labeling data by
mathematical techniques, and such techniques grow to be
quite non-trivial in case of plant metabolism due to its
inherent complexity, subcellular compartmentation, and
intercompartmental transport (Ratcliffe and Shachar-Hill,
2001; Shanks, 2005; Rhee et al., 2006). Consequently, flux
quantification in plants through labeling experiments has
received limited attention (Kruger et al., 2003; Sweetlove
et al., 2003; Fernie et al., 2005), although a few elegant
examples of the use of labeling experiments for pathway
elucidation or discovery have been reported (e.g. Wheeler
et al., 1998; Kruger et al., 2003; Schwender et al., 2004a).
Encouragingly, flux quantification in plants is gradually
gaining pace, as exemplified by recent articles demonstrat-
ing the use of carbon atom enrichment and isotopomer
data to evaluate fluxes (Rontein et al., 2002; Schwender
et al., 2003, 2004b, 2007; Sriram et al., 2004; Spielbauer
et al., 2006). In a recent publication (Sriram et al., 2004),
we reported the systemwide evaluation of compartmented
fluxes in soybean (Glycine max) embryos by using isoto-
pomer data and a generic computational framework
employing comprehensive isotopomer balancing.

In this article, we introduce the application of bondo-
mers and bondomer balancing to flux quantification in
plants. The bondomer (“bond isomer’) concept (Sriram
and Shanks, 2001, 2004; van Winden et al., 2002) is a com-
putationally efficient alternative to the popular isotopomer
(“isotope isomer”’) concept in interpreting data from label-
ing experiments employing a single fractionally U-'*C
labeled carbon source (Sriram and Shanks, 2004; Ratcliffe
and Shachar-Hill, 2006). Bondomer data also afford easier
interpretation than isotopomer data. Bondomers are iso-
mers of a metabolite that differ in the connectivity (intact
versus biosynthetic) of their carbon—carbon bonds
(Fig. 1). A bond between two consecutive carbon atoms
in a metabolite is defined “intact” or “unbroken” if those
atoms originated from the same molecule of the carbon
source and the bond between them was unbroken during
metabolism. Conversely, a bond between two consecutive
carbon atoms is defined ““biosynthetic” if those atoms orig-
inated from distinct molecules of the carbon source and the
bond between them was biosynthetically assembled during
metabolism (Sriram and Shanks, 2004). A linear metabolite
with n carbon atoms has 2" isotopomers and 2"~ bondo-
mers. For this and other reasons, a given metabolic net-
work has fewer bondomers than isotopomers. Bondomers
and NMR-detectable isotopomers are interconvertible
and provide identical metabolic information in an experi-
ment using a single U-"*C substrate. Therefore, bondomer
balancing is computationally efficient and saves significant
flux evaluation time. Further, bondomers afford a more
intuitive interpretation of labeling data than isotopomers.
This is because isotopomer data contain both metabolic
flux information and labeling experiment information
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Fig. 1. Isotopomers (isotope isomers) and bondomers (bond isomers) of a
three-carbon metabolite. All eight isotopomers (left) and all four
bondomers (right) of this metabolite are shown. The isotopomers differ
in the labeling state of their individual carbon atoms ['*C (black) versus
12C (gray)]. They are notated using boldface for '*C and regular font for
12C, as illustrated. Bondomers differ in the connectivity of their carbon—
carbon bonds [intact or unbroken (black) versus biosynthetic (gray)]. Two
consecutive carbon atoms in a metabolite linked by an intact bond
originated from the same carbon substrate molecule and the bond between
them was unbroken during metabolism. Whereas, two consecutive carbon
atoms linked by a biosynthetic bond originated from different carbon
substrate molecules and were biosynthetically assembled during metabo-
lism. Bondomers are notated using a dash (1-2) for an intact bond and no
dash (1 2) for a biosynthetic bond, as illustrated. A linear metabolite with
n carbon atoms has 2" isotopomers and 2"~ bondomers. For this and
other reasons, a given metabolic network has fewer bondomers than
isotopomers. Bondomers provide identical flux information as NMR-
detectable isotopomers in an experiment using a single fractionally U-'>C
labeled carbon source. Bondomers save significant flux evaluation time
and are more easily interpretable than isotopomers.

(extent of labeling and natural abundance of '*C); however
bondomer data contain purely metabolic flux information
(Sriram and Shanks, 2004).

We employed biosynthetically directed fractional '*C
labeling (Szyperski, 1995) and comprehensive bondomer
balancing to evaluate fluxes through central carbon metab-
olism in Catharanthus roseus hairy roots. This is a model
plant system of pharmaceutical significance and produces
high-value terpenoid indole alkaloids (TIAs), some of
which possess therapeutic properties (Bhadra and Shanks,
1997). It is an attractive metabolic engineering target since
the natural production of indole alkaloids by the hairy
roots is very low. Recently, engineering of C. roseus hairy
roots for TIA overproduction has resulted in several
genetic variants (Hughes et al.,, 2004b; Hong et al.,
2006a) that are promising candidates for the application
of flux analysis and consequent metabolic reengineering.
This work accomplished the development of a metabolic
flux analysis tool to investigate the metabolism of a tissue
type (hairy roots) wherein metabolic fluxes have not been
previously analyzed in detail. We expect this tool to be use-
ful in characterizing genetic variants of the hairy roots that
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have been engineered to overexpress anthranilate synthase,
tryptophan decarboxylase, and other enzymes intended to
enhance TIA overproduction (Hughes et al., 2004c; Hong
et al., 2006a), which can be expected to have an effect on
primary metabolism. For example, in tobacco, the overex-
pression of tryptophan decarboxylase had a substantial
effect on upstream pathways (Guillet et al., 2000).

Our results showed parallel pentose phosphate pathways
in the cytosol and the plastid with significantly different
fluxes, and high anaplerotic fluxes. To the extent of our
knowledge, this is the first application of bondomer theory
in flux analysis of a compartmented metabolic or plant sys-
tem, and the first '*C labeling-based flux analysis of a plant
hairy root system.

2. Results

We cultured C. roseus hairy roots on fractionally U-'*C
labeled sucrose by transferring five hairy root tips to Gam-
borg B5/2 media containing 5% (w/w) U-">C sucrose as the
sole carbon source. These root tips exhibited normal
growth and lateral branching, and were visually indistin-
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guishable from controls grown on unlabeled sucrose. The
growth rate and extracellular fluxes of the 5% U-'*C
sucrose-grown hairy roots were not significantly different
from those of the unlabeled sucrose-grown controls (data
not shown; p > 0.30, n = 4).

2.1. 2-D [°C, 'H] HSQC spectra, fine structures, and
isotopomer abundances

We measured isotopomer abundances of biomass com-
ponents of C. roseus hairy roots and evaluated bondomer
abundances from the isotopomer abundances. To measure
isotopomer abundances, we obtained an aqueous extract of
C. roseus hairy roots grown on 5% U-'">C sucrose, acid
hydrolyzed the extract, and acquired two-dimensional
(2-D) ['*C, "H] heteronuclear single quantum correlation
(HSQCQC) spectra of the hydrolysate (e.g. Fig. 2a). Herein,
we identified carbon atoms of 16 amino acids, levulinic acid
(LVA), and hydroxyacetone (HyA). Unequivocal identifi-
cation of these carbon atoms was possible due to their
unique '*C/'H chemical shifts, distinctive coupling pat-
terns, and J-coupling constants (Jcc) (Harris, 1983; Sriram
et al., 2004). Because protein was detected in the aqueous

allf 4, .@ @Aaa—
Glx q@ Leu
i O Thr o b
T 3 -
21 [T -
a @ === Ser
o Pro -
S -
B' - . Glup
c ThrB@; L. vagz
g31 1 T . T
g - - Asp |
'= B P Tyrp ¢
[&] Phe p PR
% a1t : hial -
@Gy a S EWA ",
Arg & H
L E ¥ 3 By
4
: L : |
5 4 3 2 1 0
1H frequency (ppm)
b C
I - 11.4 j8d
_16.6; = - -
E 3 d2
-] 21167
g 7T & di
5 g
516.81 5118 i
= =
E - E 120 4 <, ::
17.0+ \.dd
12.2 1
0.94 0.89 0.84 0.79 0.74 475 470 465 460 4.55 450
1H frequency (ppm) 1H frequency (ppm)

Fig. 2. (a) 2-D ['*C, "H] HSQC spectrum of hydrolyzed aqueous extract of C. roseus hairy roots grown on (5% w/w U-'3C) sucrose. Cross-peaks represent
carbon atoms of hydrolysate constituents (proteinogenic amino acids, LVA, HyA). The names of some amino acid nuclei are omitted for clarity.
Expanded views of (b) Ile >, and (c) Asp o cross-peaks. One-dimensional slices are shown alongside. The multiplet peaks are s: singlet; d, d1, d2: doublet;

dd: double doublet.
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extract (data not shown), the amino acids identified in its
hydrolysate resulted from degradation of the protein under
the hydrolysis conditions (145 °C, vacuum, 6 N HCI).
Hence, they are proteinogenic amino acids that were
mostly synthesized in the hairy roots during the labeling
experiment. The LVA and HyA peaks appeared on the
spectrum because aqueous extracts of mid-exponential
phase C. roseus hairy roots contain mostly B-glucans
(~95% w/w; Sriram et al., 2006), which are polymers of
glucose. Under the hydrolysis conditions employed, the
hexose skeleton of glucose is converted to LVA and HyA
(Sriram G, Iyer VV, Shanks JV, unpublished data).

The cross-peaks in the ['°C, "H] spectrum displayed
peak splitting along the '*C dimension, due to "*C-'*C
scalar coupling. This is evident in expanded views of the
cross-peaks, e.g. Ile 7> (Fig. 2b) and Asp o (Fig. 2¢). These
satellite peaks observed in the fine structure of a cross-peak
are termed multiplets, and each multiplet represents a par-
ticular isotopomer of the detected compound (Sriram et al.,
2004). For instance, in the Ile y? cross-peak (Fig. 2b), the
central singlet peak (s) represents a population of Ile iso-
topomers in which the y* atom has a '*C nucleus and the
B atom adjacent to it has a 'C nucleus. Whereas, the
two doublet peaks (d) distributed on either side of the sin-
glet together represent a population of Ile isotopomers in
which both the y? and B atoms have '*C nuclei. Using
the isotopomer notation explained in Fig. 1, the isoto-
pomer population corresponding to the singlet may be rep-
resented as [fy?], and the one corresponding to the doublet
as [By’]. Likewise, the fine structure of the Asp o cross-peak
shows a singlet (s), a doublet (d1), a doublet (d2) and a
double doublet (dd) (Fig. 2c). As per the isotopomer nota-
tion in Fig. 1, the isotopomer populations corresponding to
these multiplets are: singlet, [Cafx]; doublet d1, [Cafx];
doublet d2, [Cafix]; double doublet, [Capx]. Here ‘C’ and
‘B’ stand for the carboxyl and P atoms adjacent to the
Asp o atom, and ‘x’ stands for an undeterminable labeling
state, i.e. the labeling state of the atom represented by ‘x’
(Asp 7v) cannot be detected from the Asp a fine structure.

The abundances of the isotopomer populations repre-
sented by the multiplets are directly proportional to the
integrals of the respective multiplet peaks. We quantified
peak integrals by various methods depending on the com-
plexity of the fine structure (see Section 5), to obtain 116
relative isotopomer abundances of proteinogenic amino
acids, LVA, and HyA (Supplementary material 1).

2.2. 5% U-">C sucrose is uniformly incorporated into hairy
roots

We quantified the extent of '*C label incorporation into
the 5% U-'>C sucrose-grown hairy roots by acquiring a
2-D ['H, 'H] total correlation (TOCSY) spectrum of acid
hydrolyzed aqueous extract of the hairy roots (not shown).
Cross-peaks on this spectrum corresponded to protons of
the constituents of the hydrolysate (proteinogenic amino
acids, LVA, and HyA identified in the ['*C, '"H] HSQC

spectra above). These cross-peaks displayed peak splitting
along both "H dimensions. From the resultant multiplets,
we quantified positional *C enrichments of the carbon
atoms attached to the detected protons as explained in
Schmidt et al. (1999; who used correlation spectroscopy,
COSY, instead of TOCSY). The average '*C enrichment
across the carbon atoms of the proteinogenic amino acids
and B-glucans was 5.52 + 0.33%. This agrees well with
the expected value (5.60%) calculated from the '*C enrich-
ment of the carbon source (5% w/w), natural '*C abun-
dance (1.1%), and dilution (9%) by initially present
unlabeled hairy root biomass. Therefore, the uptake of
the 'C label into proteinogenic amino acids and p-glucans
was uniform and in the same '*C:'>C proportion as in the
growth medium.

2.3. Bondomer abundances

We converted the isotopomer abundances measured
from the ['*C, "H] HSQC spectra to bondomer abundances
of metabolic precursors by using retrobiosynthetic recon-
struction, statistical relationships from Szyperski (1995),
and the extent of '*C labeling (5.52 4 0.33%) determined
above. To illustrate, the B and y* atoms of Ile are respec-
tively synthesized from atoms 2 and 3 of pyruvate (Pyr).
Therefore, the abundances of the Pyr[23] and Pyr[23] iso-
topomers are respectively equal to those of the isotopomers
Ile[fy*] (=0.33 +0.00) and Ile[py*] (=0.67 + 0.00). Fur-
ther, the Pyr[23] and Pyr[23] isotopomer abundances are
related to the Pyr[2 3] and Pyr[2-3] bondomer abundances
through statistical relationships derived in Szyperski
(1995). Using these relationships and the measured extent
of *C labeling, we calculated the abundance of the Pyr[2 3]
bondomer to be 0.19 £ 0.00 and that of the Pyr[2-3] bond-
omer to be 0.81 4 0.00. In this manner, we evaluated 116
relative bondomer abundances (listed in Supplementary
material 1).

The bondomer abundances provide many interesting
insights into metabolic flux patterns, as illustrated below.
Five out of the six OAA bondomers (as derived from
Asp) were not significantly different (» > 0.05, Fig. 3a) from
the OAAP bondomers (derived from Met, Ile, Lys, and
Thr), with the single exception being the [1 2 3] bondomers,
which were slightly, but significantly different with p = 0.04
(possibly due to their low standard deviations). Since
plants synthesize Asp from cytosolic, plastidic and mito-
chondrial OAA but synthesize Met, Ile, Lys, and Thr
exclusively from plastidic oxaloacetate (OAAP) (Singh,
1999), this observation indicates that the OAAP pool and
the OAA pools in other compartments have very similar
metabolic history. The OAAP bondomers derived from
Thr o were not considered in the above comparison
because the Thr a signal on the 2-D HSQC spectrum had
significant noise, and this made the quantification of iso-
topomers/bondomers from this cross-peak rather difficult
(Supplementary material 1). However, the OAAP[3 4] and
OAAP[3-4] bondomers derived from Thr y? did not exhibit
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Fig. 3. Selected bondomer abundances of intracellular precursor metabolites in C. roseus hairy roots grown on (5% w/w U—”C) sucrose. Bondomer
abundances were retrobiosynthetically evaluated from measured isotopomer abundances of sink metabolites (proteinogenic amino acids, LVA, HyA)
from ['3C, 'H] spectra, and are reported as fractions of the corresponding metabolite pool. Error bars represent standard errors estimated as described in
Materials and Methods. Bondomers are grouped by metabolic precursor, as follows: (a) OAA (evaluated from Asp o and Asp B) and OAAP (evaluated
from Met o, Ile 8, Ile y', Lys v, and Thr Y?): (b) Pyr (from Ala o) and PEPP (from Phe a); (¢) Pyr (from Ala B, Ile v?, Leu 61) and neighboring metabolites
ACo0AP (from Leu o)/PEP (from Phe B and Tyr B); (d) G6P° (from LVA); (e) P5P° (from His); (f) Val?. “” denotes bondomer abundances that are
significantly different (p < 0.05) from the rest of the group. A superscript ‘p’ indicates that the metabolite is located in the plastid, the absence of a
superscript indicates that compartmentation could not be unambiguously determined. Metabolite abbreviations: OAA (oxaloacetate), Pyr (pyruvate), PEP
(phosphoenolpyruvate), ACoA (acetyl CoA), G6P (glucose-6-phosphate), PSP (pentose-5-phosphate). In the online version of this article, bondomers are
color-coded as in Supplementary Material 1.



2248 G. Sriram et al. | Phytochemistry 68 (2007) 2243-2257

this problem, and were in agreement with other OAAP[3 4]
and OAAP[3 4] bondomers derived from Ile, Lys, and Met
(Supplementary material 1).

Similarly, the bondomer abundances of Pyr evaluated
from Ala o were not significantly different from those of
phosphoenolpyruvate (PEP) evaluated from Phe o and
Tyr o (p > 0.05, Fig. 3b), although there was a small but sig-
nificant difference between the corresponding [2-3] bondo-
mers, possibly due to the very small standard deviations of
the [2-3] bondomers. Since plants synthesize Ala from cyto-
solic, plastidic and mitochondrial Pyr but synthesize Phe
and Tyr only from plastidic phosphoenolpyruvate (PEPP),
(Singh, 1999) this observation indicates that the successive
three-carbon metabolites PEP and Pyr in the cytosol and
the plastid have very similar metabolic history. The abun-
dances of the bondomers PEPP[2-3], Pyr[2-3], plastidic
pyruvate (PyrP)[2-3], and plastidic acetyl CoA (ACo0AP)
[2-3] evaluated from various amino acids were statistically
similar (Fig. 3c), indicating that these consecutive glycolytic
metabolites have the same metabolic history, whether
located in the cytosol or the plastid. However, Leu 8' was
a notable exception: the PyrP[2-3] bondomer abundance
evaluated from Leu &' (0.65 & 0.00) was significantly differ-
ent (p <0.01) from that evaluated from other amino acids
Ile or Val (0.81 4 0.00) synthesized from Pyr® (Fig. 3c).

The bondomers of cytosolic glucose-6-phosphate
(G6P°), evaluated from pB-glucan-generated LVA and
HyA, were mostly intact (Fig. 3d). This suggests that the
non-oxidative pentose phosphate pathway (n-oxPPP) in
the cytosol was either non-existent or had very low activity.
The n-oxPPP includes carbon skeleton-rearranging reac-
tions that can produce biosynthetic G6P bondomers. In
contrast, biosynthetic bondomers of plastidic pentose-5-
phosphate (P5PP) were abundant (Fig. 3e). Particularly,
the abundances of the P5PP bondomers that have an intact
bond between carbon atoms 2 and 3 (P5PP[2-3 4] and
P5PP[2-3-4]) were not statistically different from zero. This
is a hallmark of the transketolase reaction in the n-oxPPP

OO m(2) + (De(2) =

OMA ACoA TCA

-0 - O

(Szyperski, 1995) and therefore suggests that the n-oxPPP
was relatively active in the plastid. Therefore, the bondo-
mer abundances suggest parallel pentose phosphate path-
ways (PPP) in the cytosol and the plastid, with different
fluxes in their n-oxPPP branches. The cytosolic n-oxPPP
flux is either zero (the observed biosynthetic bonds could
be due to equilibration by G6P from the plastid) or very
low compared to that in the plastid.

The B and y* atoms of Val are synthesized from distinct
Pyr® molecules (Szyperski, 1998); therefore, the bond
between them should always be biosynthetic irrespective
of the metabolic fluxes affecting the bondomer abundances
of PyrP. Not surprisingly, the abundances of the Val[ 7]
and Val[p—y*] bondomers were 1.00+0.00 and
0.00 + 0.00, respectively (Fig. 3f). This provides a consis-
tency check for our evaluation of bondomer abundances
from the NMR data.

2.4. Direct calculation of anaplerotic flux from bondomer
abundances

Bondomer abundances enable the straightforward cal-
culation of fluxes at certain branchpoints in metabolism,
in an approach that is analogous to the MetaFoR
approach introduced previously (Fiaux et al., 1999; Sauer
et al., 1999). For instance, the relative contributions of
the two pathways that synthesize OAA can be determined
directly from the abundance of the OAA[2-3] bondomer.
The two pathways for OAA synthesis [tricarboxylic
(TCA) cycle and anaplerotic pathway] are depicted in
Fig. 4. In the TCA cycle (flux v;), OAA is synthesized from
citrate, which is itself synthesized from OAA and ACoA.
This pathway always synthesizes OAA with a biosynthetic
bond between carbon atoms 2 and 3 (OAA[2 3]). In the
anaplerotic pathway (flux v,), OAA is synthesized from
PEP and CO,. Here, PEP[2-3] results in OAA with an
intact [2-3] bond, whereas PEP[2 3] results in OAA with
a biosynthetic [2 3] bond.

DD Dm® = DD @D
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Fig. 4. Two pathways for OAA synthesis. In the first (TCA cycle; flux v;), OAA is synthesized from citrate, which is itself synthesized from OAA and
ACoA. This pathway always synthesizes OAA with a biosynthetic [2-3] bond. In the second (anaplerotic pathway; flux v,), OAA is synthesized from PEP
and CO,. In this pathway, PEP[2-3]/PEP[2-3], respectively, produce OAA with an intact/biosynthetic [2-3] bond. Metabolite abbreviations: OAA
(oxaloacetate), PEP (phosphoenolpyruvate), ACoA (acetyl CoA). In the online version of this article, reactant metabolites (OAA, ACoA) and the OAA/
citrate atoms originating from them are color-coded as in Supplementary Material 1.
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Therefore, a steady state bondomer balance (Sriram and
Shanks, 2004) for the OAA[2-3] bondomer can be written
as

Z(influxes) = Z(effluxes), (1)
or
[ PEP[2,3] e (1)1 + l)z) . OAA[2,3]. (2)

On rearrangement, this gives
Uy o OAA[2,3]
U] + 0y PEP[2_3] '

(3)

The left-hand side represents the fractional contribution of
the anaplerotic pathway to OAA synthesis, or the relative
flux of the anaplerotic pathway at the OAA branchpoint.
Substituting the bondomer abundances of OAA[2-3] (de-
rived from Asp o and Asp B) and PEP[2-3] (derived from
Phe o) (Supplementary material 1) into Eq. (3), we deter-
mined the relative flux of the anaplerotic pathway to be
21 + 1%.

2.5. Extracellular and biomass synthesis fluxes

During hairy root growth on 5% U-"2C sucrose, mea-
surements of extracellular fluxes (those between the hairy
roots and the growth medium) were as follows. The bio-
mass growth rate was 4.70 + 0.7 mg d ™' flask !, and the
biomass dry weight at harvest time was 0.0775 g flask .
The sucrose uptake rate was 21.1 +£0.2mgd ' flask™',
or 0.80 +0.01 mmold~' g~ biomass. During mid-expo-
nential phase, sucrose was the only metabolite detected
in the medium. Glucose, fructose, Pyr, malate (Mal),
and succinate were below HPLC-detectable levels, and
therefore the fluxes of their production by the hairy roots
were negligible. This is consistent with previous work
from our laboratory (Bhadra and Shanks, 1997), except
that 3 mM formate was detected in that work. Biomass
synthesis fluxes were determined in a previous work (Sri-
ram et al., 2006) from the measured biomass composition
of the C. roseus hairy roots in mid-exponential phase of
growth.

subs1
glucoseCr

thtBn

Fig. 5. Flux map of primary and intermediate metabolism in C. roseus hairy roots grown on (5% w/w U-'3C) sucrose. Arrow widths are directly
proportional to fluxes. Dashed lines indicate fluxes that could not be identified satisfactorily. A table containing values and standard deviations of fluxes is
provided in Supplementary Material 2. Intracellular metabolites are shown in white ovals, and gray ovals show sink metabolites (e.g. proteinogenic amino
acids, polysaccharides) that are components of biomass. Metabolic pathways are color-coded as follows: dark red (glycolysis and sucrose metabolism),
pale blue (pentose phosphate pathway), orange (TCA cycle), blue-gray (pyruvate dehydrogenase link), mauve (anaplerotic fluxes), dark yellow (glyoxylate
shunt), green (glutamate metabolism, GABA shunt, and associated intercompartmental transport fluxes), gray (fluxes towards biomass synthesis), and
black (all intercompartmental transport fluxes except those involved in Gln metabolism and GABA shunt). F6P and T3P appear at two different locations
each in the cytosol and the plastid to reduce intersections of lines. Each flux is assigned a short name based on the name of the gene encoding one of the
metabolic reactions represented by it. Intracellular metabolites and fluxes with a superscript are located in specific subcellular compartments: ¢ (cytosol), p
(plastid), m (mitochondrion). If a flux is has no superscript, its compartmentation could not be unambiguously determined (such as gap, eno and pyk, and
some fluxes toward biosynthesis). Intracellular metabolite abbreviations: Suc (sucrose), G6P (glucose-6-phosphate), F6P (fructose-6-phosphate), T3P
(triose-3-phosphate), P5P (pentose-5-phosphate), S7P (sedoheptulose-7-phosphate), E4P (erythrose-4-phosphate), 3PG (3-phosphoglycerate), PEP
(phospho enol pyruvate), Pyr (pyruvate), acetCoA (acetyl CoA), iCit (isocitrate), aKG (o-ketoglutarate), Scn (succinate), Mal (malate), OAA
(oxaloacetate), GABA (y-aminobutyric acid), SSA (succinic semi-aldehyde), GOx (glyoxylate). Sink metabolite abbreviations: PSac (glucose
polysaccharides/B-glucans), Nuc (carbon skeleton of nucleotides), Sta (starch). Asp and Asn are denoted together as Asx. Glu and Gln are denoted
together as Glx.
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2.6. Metabolic fluxes

From the measured bondomer abundances, extracellu-
lar fluxes and biomass synthesis fluxes, we evaluated 84
metabolic fluxes in a three-compartmental model of central
carbon metabolism. Our metabolic model consisted of gly-
colysis, PPP, and TCA cycle, as well as anaplerotic fluxes,
glyoxylate, and y-aminobutyric acid (GABA) shunts.
Effluxes to the shikimate pathway and onward to lignin
and TIA biosynthesis were also included (Fig. 5). Photo-
synthesis, photorespiration, and the Calvin cycle were
excluded from the model since C. roseus hairy roots are
heterotrophic. Employing bondomer balancing or isoto-
pomer balancing to evaluate fluxes resulted in an identical
flux solution, as expected. However, bondomer balancing
was 4.3-fold faster than isotopomer balancing.

The evaluated metabolic fluxes are depicted in Fig. 5
(where arrow widths are directly proportional to flux).
Fluxes of key metabolic pathways and reactions are shown
in Fig. 6, and a complete listing is available in Supplemen-
tary material 2. Fig. 7 depicts the correlation between
experimental bondomer abundances and those simulated
from the evaluated fluxes. Clearly, the evaluated fluxes
account for the experimental bondomer abundances well,
with Leu 8' bondomers being the only major exception.

Most fluxes were well-identified with nominal standard
deviations, except for fluxes in the GABA shunt and the
flux through fructose-1,6-bisphosphatase in the plastid
(f16bp”). Fluxes of parallel pathways in separate compart-
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ments (e.g. cytosolic and plastidic PPP) were quantified
with good precision. The flux through the oxidative pen-
tose phosphate pathway (oxPPP) in the cytosol was
0.34+0.11 mmol d~' g~' biomass or 42.6 & 13.2 mol per
100 mol sucrose uptake, while that through the plastidic
oxPPP was 0.74 + 0.22 mmold~! g~ biomass or 92.5 +
27.6 mol per 100 mol sucrose uptake. The fluxes through
the cytosolic n-oxPPP (0.07 4 0.03 mmol d ' g~! biomass)
and the plastidic n-oxPPP (0.30 + 0.09 mmol d ' g~! bio-
mass) were significantly different (p <0.01). Conversely,
the fluxes through the lower glycolytic pathway [triose-3-
phosphate (T3P) to Pyr] in the cytosol and the plastid were
not distinguishable, since the three-carbon intermediates of
this pathway (PEP and Pyr) from the cytosol or the plastid
had the same metabolic history (Fig. 3b, c). Therefore, only
their combined flux is reported. The anaplerotic flux from
PEP to OAA in the cytosol (0.48 + 0.02 mmol d ' g~! bio-
mass) as well as that from Mal to Pyr in the mitochondrion
(0.49 + 0.03 mmol d ! g~! biomass) were substantial. The
flux through the glyoxylate shunt was negligible
(0.02 + 0.02 mmol d~' g~! biomass). What the model iden-
tified as plastidic malic enzyme flux (me”) is a malic enzyme
flux that was distinct from the mitochondrial malic enzyme
flux. This non-mitochondrial malic enzyme flux could be,
strictly, either cytosolic or plastidic as per the isotopic data;
however, it is distinct from the mitochondrial malic enzyme
flux. Similarly, the phosphoenolpyruvate carboxykinase
flux detected by the model could be either cytosolic or plas-
tidic, but because this enzyme is cytosolic (Chollet et al.,

sucrose uptake
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hexose isomerase (p) (F6P—G6P)
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Fig. 6. Selected metabolic fluxes in for C. roseus hairy roots grown on (5% w/w U-'>C) sucrose. Absolute fluxes are expressed in mmol d~! g biomass™'.
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Error bars represent standard deviations of the fluxes evaluated as described in Section 5.
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Fig. 7. Comparison of experimental and simulated bondomer abun-
dances, portraying how closely the evaluated fluxes account for the
experimental bondomer abundances. The x-axis represents experimental
bondomer abundances, obtained by converting isotopomer abundances
measured from ['3C, "H] spectra (error bars represent standard deviations
derived from measured signal:noise ratios of the spectra); the y-axis
represents bondomer abundances that were simulated by the computer
program NMR2Flux, corresponding to the evaluated fluxes of Figs. 5 and
6 (error bars represent standard deviations of the simulated intensities
from 200 simulations). Bondomer abundances are shown as fractions of
the corresponding metabolite pool. The thick diagonal line is the 45°
diagonal, on which the error between measurement and simulation is zero.
The thin lines enclose 90% of all data points (all points with error
<0.0540). The bondomer abundances of Leu 5! are shown as closed
circles.

1996), we have designated the corresponding flux as
cytosolic.

3. Discussion

In this article, we introduce the use of bondomers, a
computationally efficient and intuitively interpretable alter-
native to isotopomers, to quantify metabolic fluxes in a
plant system. Because the isotopomer and bondomer data
obtained in this work were interconvertible, we could eval-
uate metabolic fluxes by employing either bondomer bal-
ancing or isotopomer balancing. As expected, the results
of both methods were statistically identical (i.e. identical
within the standard deviations of the fluxes as estimated
by either method). Hence, the fluxes obtained from either
method were not statistically different from each other
(p > 0.05). Flux evaluation using bondomer balancing
was substantially (4.3-fold) faster than that using isoto-
pomer balancing. This is because bondomer/isotopomer
balancing is the slowest step in flux evaluation. Since the
number of bondomers in a given metabolic network is
fewer than the number of isotopomers [usually by an order
of magnitude (Sriram and Shanks, 2004)], bondomer bal-

ancing is a significantly faster process than isotopomer
balancing. Because flux evaluation in plants is computa-
tionally demanding due to the intrinsic complexity of plant
metabolism, the reduction in computation time facilitated
by the use of bondomer balancing is a valuable benefit (Sri-
ram and Shanks, 2004; Ratcliffe and Shachar-Hill, 2006).
This advantage should be more evident during the applica-
tion of instationary flux analysis to plants. Instationary
flux analysis (Wiechert and Noh, 2005; Noh and Wiechert,
2006), an emerging technique that could have wide applica-
tion in plants, is computationally highly demanding and
could benefit from the use of efficient techniques such as
bondomer balancing.

Besides being a computationally efficient alternative to
isotopomers, bondomers are also more intuitively inter-
pretable. This is because isotopomer data contain both
metabolic flux information and labeling experiment infor-
mation (extent of labeling and natural abundance of
13C); however bondomer data contain purely metabolic
flux information. Statistical relationships derived in Szy-
perski (1995) that convert isotopomer data to bondomer
data essentially decouple labeling experiment information
from metabolic flux information. The intuitive interpret-
ability of bondomers enables the direct, accurate calcula-
tions of fluxes at certain branchpoints in metabolism
without having to implement comprehensive bondomer
balancing. For instance, we used bondomer abundances
derived from Asp o, Asp B, and Phe o to calculate the
relative flux of the anaplerotic pathway at the OAA
branchpoint, and obtained the result 21 4+ 1%. This is
not significantly different from the value evaluated later
by comprehensive bondomer balancing, 23 + 1% (Supple-
mentary material 2).

However, comprehensive bondomer balancing is indis-
pensable in the evaluation of fluxes through more complex
pathways that involve bidirectional reactions (such as gly-
colysis and PPP). For example, when the ‘““local bondo-
mer” approach is applied to the OAA[3 4]/OAA[3-4]
bondomers instead of the OAA[2 3]//OAA[2-3] bondomers,
it gives an (apparently) incorrect result for value of the ana-
plerotic flux. This is because the [1-2] and [3-4] bonds of
OAA can likely be equilibrated by the bidirectional reac-
tions OAA < Mal < fumarate/succinate (where OAA
and Mal are asymmetric molecules while fumarate and suc-
cinate are symmetrical molecules). This is especially so
when the above bidirectional reactions are fairly rapid
compared to the TCA cycle and anaplerotic reactions
(Klapa et al., 1999). This equilibration significantly affects
the abundances of the OAA[3 4)/OAA[3-4] bondomers
(which are at the end of the OAA molecule) due to asym-
metry, but does not affect those of the OAA[2 3J/OAA[2-3]
bondomers (which are at the center of the OAA molecule)
due to symmetry. Therefore, anaplerotic flux calculations
using the “local bondomer” approach are quite straightfor-
ward when the OAA[2 3)/OAA[2-3] bondomers (that are
not affected by reversibilities of bidirectional reactions)
are used, but complicated when the OAA[3 4/OAA[3-4]
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bondomers (that are affected by reversibilities) are used.
This is why we did not illustrate the local bondomer
approach with the OAA[3 4)/OAA[3-4] bondomers.

Four practical requirements for the accurate quantifica-
tion of fluxes from a '*C labeling experiment are normal
growth on the '*C-'C carbon source mixture, uniform
incorporation of this mixture into biomass, the attainment
of isotopic steady state, and the existence of a metabolic
steady state during the course of the experiment. C. roseus
hairy roots grown on 5% U-'"2C sucrose satisfied the first
two of these criteria well (see Section 2). To verify isotopic
steady state, we examined the extent of incorporation of
13C into proteinogenic amino acids and B-glucan during
the labeling experiment. The extent of '*C incorporation
was 98.5 £+ 5.8% of the steady state value (see Section 2),
which verifies that isotopic steady state was attained over
the course of the labeling experiment. Furthermore, we cal-
culated the residence time of sucrose in the hairy roots
from the measured sucrose uptake rate (0.80 mmol d ' g~!
biomass), and the intracellular concentration of sucrose in
the hairy roots [~0.15mmol g~' biomass; Schlatmann
et al. (1995)]. The evaluated residence time was 0.19 d.
Since isotopic steady state is usually attained in five resi-
dence times (~1 d) and the 16.5 d labeling period employed
in this work is substantially higher than this, the residence
time calculation provides an additional confirmation of
isotopic steady state attainment. Therefore, all the labeling
data obtained in this work can be assumed to be at isotopic
steady state. Metabolic steady state is partially verified by
constant slopes of extracellular fluxes during the mid-expo-
nential phase (Bhadra and Shanks, 1997) and constancy of
cell protein composition during different growth phases
(Sriram et al., 2006). However, the strictest verification of
metabolic steady state would involve measurement of iso-
topomer/bondomer abundances and consequent flux esti-
mation at different times during the 16.5 d period of the
experiment. This was not performed in this work due to
the prohibitive cost of U-'C sucrose, but may be feasible
in the future after the development of more sensitive isoto-
pomer measurement techniques. Therefore, the fluxes esti-
mated in this work are an average of the fluxes in the hairy
roots during the period of the labeling experiment.

Flux identifiability, the prospect of being able to find a
unique flux solution from the labeling data, is an important
computational requirement of '*C labeling-based meta-
bolic flux analyses. In this work, we identified most central
metabolic fluxes in three compartments from bondomer
abundances of metabolites in a single analyte (acid hydro-
lysate of aqueous extract of hairy roots). The few fluxes
that were not well-identified were those in the GABA shunt
and gluconeogenic fluxes from T3P to F6P through f16bp”
(plastid) and pfp (cytosol). The GABA shunt fluxes were
not identifiable because a labeling experiment employing
U-"3C sucrose as the sole carbon source will produce indis-
tinguishable isotopomer patterns for TCA cycle intermedi-
ates irrespective of the flux through GABA (Sriram and
Shanks, unpublished calculations). The f16bp” and pfp©

fluxes could not be identified since we did not measure iso-
topomer abundances from starch hydrolysate, which is
necessary to quantify flux through f716bp” (Sriram et al.,
2004; Iyer et al., 2007). Nevertheless, non-green heterotro-
phic plant tissues such as C. roseus hairy roots are not
expected to contain f16bp”, whose primary function is the
conversion of photosynthate to starch (Entwistle and ap
Rees, 1990). However, the estimated values of the cytosolic
and plastidic oxPPP fluxes were not affected by the inclu-
sion or omission of the gluconeogenic f16bp” and pfp©
fluxes — we calculated oxPPP fluxes using metabolic models
that both included and did not include the reverse flux from
2 T3P to F6P (in both the cytosol and the plastid), and
both models gave the same (cytosolic and plastidic) oxPPP
fluxes within the same standard deviations.

Our bondomer data suggested that fluxes through the
cytosolic and plastidic n-oxPPPs were different — the cyto-
solic n-oxPPP had a small flux, whereas the plastidic
n-oxPPP had a relatively higher flux. This was confirmed
by flux evaluation with comprehensive bondomer balanc-
ing. Conversely, the fluxes through the lower glycolytic
pathway in the cytosol and the plastid were not distinguish-
able (Fig. 5, Table 1). This suggests that C. roseus hairy
roots may contain a single lower glycolytic pathway com-
mon to the cytosol and the plastid. This finding is consis-
tent with previous findings (Table 1) in soybean embryos
(Sriram et al., 2004) and Brassica napus embryos (Schw-
ender et al., 2003), and as discussed Sriram et al. (2004),
it may be a feature of metabolism in many higher plants.

Interestingly, we found many differences (Table 1) in
metabolic flux patterns between C. roseus hairy roots,
and plant systems previously analyzed in detail: soybean
embryos (Sriram et al., 2004) and Brassica napus embryos
(Schwender et al., 2003). For example, the oxPPP flux in
C. roseus hairy roots, although lower than that in soybean,
was higher than that in B. napus (Table 1). In addition, the
amount of NADPH supplied by the (plastidic) oxPPP as a
percentage of NADPH demand by biosynthetic pathways
was very high in C. roseus hairy roots as compared to the
other two systems (Table 1). This points other sinks for
plastidic NADPH such as combating oxidative stress.
Amongst mitochondrial fluxes, the flux through the TCA
cycle in C. roseus hairy roots was considerably larger than
that in the other two plant systems, indicating respiration
as a principal metabolic activity in C. roseus hairy roots
during mid-exponential phase. However, the glyoxylate
shunt flux was negligible in C. roseus as well as the other
two plant systems, which is expected since the glyoxylate
shunt is usually turned on only in germinating (not grow-
ing) embryos and in leaves during senescence.

We observed rather high anaplerotic fluxes from PEP to
OAA in the cytosol and Mal to Pyr in the mitochondrion
(48.1 mmol d ' g~! biomass; alternatively, 60.1 & 2.5 mol
per 100 mol sucrose uptake, 30.0 4+ 1.2 mol per mol of
uptake of glucose equivalents, or 22.5 4 0.5 mol per
100 mol mitochondrial pyruvate dehydrogenase flux).
These fluxes constitute the elementary flux mode
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Comparison of key metabolic flux ratios between mid-exponential Catharanthus roseus hairy roots (this work), canola (Brassica napus) embryos
(Schwender et al., 2003, 2004b, 2007), and soybean (Glycine max) embryos (Sriram et al., 2004)

Catharanthus roseus hairy
roots (this work)

Canola (Brassica
napus) embryos

Soybean (Glycine
max) embryos

oxPPP flux (cytosol + plastid) relative to uptake of glucose 67+ 1
equivalents (%)

NADPH supplied by (plastidic) oxPPP as a proportion of NADPH 356 4+ 1
demand by biosynthetic pathways (%)

Non-oxidative PPP flux (cytosol) relative to uptake of glucose 442
equivalents (%)

Non-oxidative PPP flux (plastid) relative to uptake of glucose 19+6
equivalents (%)

Separate ‘lower’ glycolytic pathways (T3P — — Pyr) identified in No
cytosol and plastid?

TCA cycle (mitochondrion) flux relative to uptake of glucose 129 +4
equivalents (%)

Cytosolic phosphoenolpyruvate carboxykinase (ppc°) flux, relative to 2341
TCA cycle (%)

Mitochondrial malic enzyme (me™) flux, relative to TCA cycle (%) 23+1

Mitochondrial malic enzyme (me™) flux, relative to uptake of glucose 30+ 1
equivalents (%)

Glyoxylate shunt (ms™) flux, relative to TCA cycle (%) 1+1

3 37413 104 £ 23

07 22 to 45 98 + 45
12+4 3+1

28+8

No No
10+1 2747
64+5 42+6
41 £5 18+8
140 442
0 040

PEP® — OAA° — Mal® — Mal™ — Pyr™ (anaplerotic mode),
which is an alternative to the usual elementary flux mode
through pyruvate dehydrogenase (pdh), PEP® — Pyr® —
Pyr™ (pdh mode). On a sucrose/glucose uptake basis, the
flux through the anaplerotic mode in C. roseus hairy
roots is much higher than that in soybean embryos (Sriram
et al., 2004) or Brassica napus embryos (Schwender et al.,
2007).

It is well-known that the usual role of anaplerotic fluxes
is to support export of organic acids from the TCA cycle for
synthesis of the aspartate family of amino acids. However,
the amount of anaplerotic flux measured by us
(48.1 mmol d ! g~ ! biomass) is very substantial compared
to that expected (0.2 mmol d~' g~! biomass) if anaplerotic
fluxes played only this TCA cycle-replenishment role. A
likely explanation for such a high flux is that the anaplerotic
mode enables transport of reductant (NADH or NADPH)
from the cytosol to the mitochondrion, and that actively
respiring mid-exponential phase C. roseus hairy roots may
require a high supply of reductant in the mitochondrion.
For every 1 mol of flux through the anaplerotic mode, cyto-
solic malate dehydrogenase (that catalyzes OAA® — Mal®)
consumes 1 mol cytosolic NAD(P)H, whereas mitochon-
drial malic enzyme (that catalyzes Mal™ — Pyr™) produces
1 mol mitochondrial NAD(P)H. Therefore, this mode indi-
rectly facilitates the intercompartmental transport of
NAD(P)H (Zoglowek et al., 1988; King and Opie, 1998),
which by itself cannot cross membranes (van Gulik et al.,
2000). On the contrary, the pdh mode does not effect
NAD(P)H transport. The NAD(P)H transported into the
mitochondrion by the anaplerotic mode may lower the
cytosolic NAD(P)H/NAD(P)" ratio and/or supplement
the mitochondrial NAD(P)H provided by the TCA cycle
for respiration. The respiration flux of the mid-exponential
phase hairy roots was substantial (933 + 8.5 mol per

100 mol sucrose uptake, or ~78% of the sucrose intake on
a weight basis), and this high flux may necessitate additional
mitochondrial NAD(P)H than what could be provided by
the TCA cycle. From the evaluated fluxes (Supplementary
material 2), we calculated the NAD(P)H provided by the
anaplerotic mode (0.48 4 0.02 mmol d~' g biomass™') to
be ~8% that provided by the TCA cycle (6.05+0.18
mmol d~! g biomass ™).

The bondomer abundances of the Pyr’[2 3] and Pyr’[2-3]
bondomers derived from Leu &' were significantly different
from those derived from other amino acids (Ile or Val)
synthesized from PyrP (Fig. 3c). Moreover, the Leu &'
bondomer abundances were the largest contributors to
the y* error (26.7% of the %> error) between the experimen-
tal and simulated bondomer abundances (Fig. 7). We have
also observed this anomaly reproducibly in soybean
embryos (Sriram et al., 2004; Iyer, Sriram, Westgate,
Shanks, unpublished data). This is unlikely to be an artifact
of protein hydrolysis or NMR; therefore, it suggests the
metabolism of Leu by pathways not considered in our met-
abolic model (Sriram et al., 2004). Supplementary material
3 shows a hypothesized mechanism of Leu degradation or
cycling to account for this anomaly. We wrote and solved
bondomer balances for the Leu[y—3'] bondomer in a man-
ner similar to that illustrated for the anaplerotic pathway
(see Section 2), and found that the flux of Leu degradation
or cycling (v3 or v4, Supplementary material 3) was 25.4%
of the flux of Leu biosynthesis or incorporation into pro-
tein (v; or v,, Supplementary material 3). In plants, Leu
is principally catabolized toward the synthesis of fatty acids
(Gerbling and Gerhardt, 1989; Anderson et al., 1998; Das-
chner et al., 1999; van der Hoeven and Steffens, 2000;
Fujiki et al., 2001; Schuster and Binder, 2005). A possible
degradation route consistent with that hypothesized in
Supplemental material 3 is the conversion of Leu to propi-
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onyl CoA (Gerbling and Gerhardt, 1989). While this
hypothesis needs verification, the anomaly in Leu bondo-
mer abundances emphasizes that comprehensive flux anal-
ysis can assist in the elucidation of unknown pathways.

4. Concluding remarks

This article reports the application of bondomers to
plant metabolic flux analysis and a comprehensive '*C
labeling-based metabolic flux analysis of a plant hairy
root system. We showed that bondomers are not only
computationally more efficient than isotopomers, but also
more intuitively interpretable. Both these features should
make bondomer-based flux evaluation broadly applicable
in plants, especially in future applications such as insta-
tionary flux analysis. The current formulation of the
bondomer concept only permits the analysis of labeling
experiments that employ a single fractionally U-'3C
labeled carbon source; isotopomers (or future extensions
of the bondomer concept) will have to be used to analyze
other kinds of labeling experiments. Currently in our lab-
oratory, we are employing this methodology to assess the
impact of genetic or environmental changes in the hairy
roots, especially in recently engineered genetic variants
of C. roseus hairy roots (Hughes et al., 2004a,b; Hong
et al., 2006b,a).

5. Experimental
5.1. Hairy root culture

C. roseus LBE-6-1 hairy roots were cultured as described
previously (Bhadra and Shanks, 1997) at 26 °C in 50 mL
liquid medium containing 30gL~' sucrose and
1.65 g L~' Gamborg B5 salts (Sigma—Aldrich). The sucrose
was either fractionally (5% w/w or 10% w/w) U-'3C
labeled (Sigma—Aldrich, St. Louis, MO), or unlabeled
(0% U-'3C; therefore containing only naturally abundant
13C). The growth rate and extracellular fluxes of the 5%
U-'3C sucrose-grown hairy roots were not significantly dif-
ferent from those of the unlabeled sucrose-grown controls
(p > 0.30, n =4, see Section 2). However, the hairy root
tips transferred to 10% U-'2C sucrose media exhibited no
lateral branching or growth, callused slightly, and were
visually distinguishable from the 5% U-'2C sucrose-grown
and the unlabeled sucrose-grown controls (n =4). This
observation could not be investigated further due to the
high cost of U-'3C sucrose. Therefore, all subsequent label-
ing experiments were performed by growing hairy roots in
media containing 5% U-'3C sucrose.

Hairy roots were harvested at mid-exponential phase
(16.5d) of growth, at which time the dry weight was
0.0775 g flask . The harvested hairy roots were lyophi-
lized at —50°C and 133 x107° bar for 72 h, weighed,
ground, and stored at —80 °C.

5.2. Aqueous extraction of hairy roots, hydrolysis, and NMR
sample preparation

Aqueous extracts (containing protein and B-glucans) of
lyophilized, ground hairy roots were prepared by contact-
ing the hairy roots in 100 mM phosphate buffer (pH 7.2)
at 4 °C for 15 min, in four stages (with a centrifugation
and resuspension between each stage). Protein was detected
in the extract by using the Bradford test (Bio-Rad Labora-
tories, Hercules, CA). The extract was acid hydrolyzed for
4 h at 150 °C in hydrolysis tubes (Pierce Endogen, Rock-
ford, IL) containing 6 N HCI. Before hydrolysis, the tube
was evacuated, flushed with nitrogen to remove residual
oxygen, and re-evacuated. The acid in the protein hydroly-
sate was evaporated in a Rapidvap evaporator (Labconco,
Kansas City, MO). The residue was re-dissolved in 2 mL
deionized water, lyophilized for 72 h, and dissolved in
500 pL D,O in an NMR tube. The pH of the NMR sample
was adjusted to 0.5 using DCL

5.3. NMR spectroscopy and calculation of bondomer
abundances

All NMR spectra were acquired at 298 K on a Bruker
Avance DRX 500 MHz spectrometer (Bruker BioSpin,
Billerica, MA). The methyl signal of dimethylsilapentane-
sulfonate (Sigma—Aldrich) was used as an internal stan-
dard, and its "H chemical shift was set to zero ppm.

To measure isotopomer abundances, 2-D ["*C, 'H]
HSQC spectra were acquired by employing a modified ver-
sion of the INEPT (insensitive nuclei enhanced by polariza-
tion transfer) pulse sequence from Bodenhausen and
Ruben (1980). Acquisition parameters were as follows:
13C (F1) resonance frequency, 125.7 MHz; 'H (F2) reso-
nance frequency, 499.9 MHz; spectral width along F1
dimension, 5028.05 Hz (minimized by using peak aliasing);
spectral width along F2 dimension, 5482.26 Hz; number of
complex data points, 900 ('°C)x 1024 ('H); number of
scans, 16. Assignment of amino acid peaks on the spectrum
was verified using 2-D ['H, 'H] and 3-D [*C, 'H, 'H]
TOCSY spectra (Braunschweiler and Ernst, 1983) of a
100% labeled protein sample. To measure '*C atom enrich-
ments, a 2-D ['H, '"H] TOCSY spectrum was acquired by
using the DIPSI-2 (decoupling in the presence of scalar
interactions-2) sequence (Shaka et al., 1988) for isotropic
mixing, with a mixing time of 76 ms.

The software Xwinnmr™ (Bruker BioSpin) was used to
acquire all spectra, and the software NMR View™ (Johnson
and Blevins, 1994; available at www.onemoonscien-
tific.com) was used to quantify multiplets on the TOCSY
spectrum and non-overlapping multiplets on the HSQC
spectra. To quantify overlapping multiplets (a-amino acid
and LVA peaks) on the HSQC spectra, a peak deconvolu-
tion software was written based on a spectral model origi-
nally proposed by van Winden et al. (2001). Additionally,
2-D spectra were acquired that were J-scaled along the
F1 dimension, by incorporating pulse sequences described
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by Willker et al. (1997) and Brown (1984) into the HSQC
pulse sequence. J-scaling increases multiplet separation
by an even integral factor J and eliminates multiplet over-
lap. J-scaling factors of 6 or 8 were employed. Isotopomer
abundances were converted to bondomer abundances by
using formulae from Szyperski (1995) and their extensions.

5.4. Extracellular fluxes

Extracellular fluxes (those between the hairy roots and
the surrounding liquid medium) were measured by quanti-
fying the metabolites sucrose, glucose, fructose, Pyr, Mal,
and succinate in the growth medium. 15 pL of each sample
or standard was injected in duplicate into an HPLC system
(Waters, Milford, MA) that utilized a carbohydrate analy-
sis column (30 x 3.9 cm, pore size 125 A) and a refractive
index (RI) detector. The mobile phase was a 75:25 mixture
of acetonitrile and deionized water. The temperature was
maintained at 24 °C and the flow rate was maintained con-
stant at 0.5 mL min~'. Data acquisition and analysis were
performed with the Empower™ software (Waters).

5.5. Metabolic flux evaluation

To evaluate fluxes from the measured bondomer abun-
dances and extracellular/biomass synthesis fluxes, we
employed our previously reported computer program
NMR2Flux (Sriram et al., 2004), which we adapted in this
work to utilize bondomer abundance data. Our previous
publications provide mathematical details on bondomer
balancing (Sriram and Shanks, 2004) and on the working
of NMR2Flux (Sriram et al., 2004). Briefly, the version
used in this work evaluates fluxes from '>C labeling data
by employing comprehensive bondomer balancing and a
global optimization (simulated annealing) routine. Further,
identifiability of fluxes from the supplied data as well as
solution uniqueness were verified, and statistical analysis
was performed to calculate standard deviations of the
fluxes (Sriram et al., 2004). NMR2Flux accepts metabolic
network information (reaction stoichiometries and carbon
skeleton rearrangements), bondomer abundances, and
extracellular flux/biomass composition data in a spread-
sheet format and is therefore generic. It is implemented
in the programming language C, on the Red Hat Linux
operating system.

5.6. Estimation of errors in measurements and evaluated
fluxes, and statistical analysis

The extracellular fluxes and biomass growth rate were
measured for four biological replicates, and errors were
calculated as the standard deviations of these measure-
ments. Errors in fluxes contributing to biomass synthesis
were taken from our previous work (Sriram et al.,
2006). To measure isotopomer abundances by 2-D
NMR, we pooled the four '*C-grown biological replicates
of C. roseus hairy roots into a single NMR sample (due to

NMR sensitivity and high cost of *C sucrose). Therefore,
the isotopomer abundances reflect the average of those of
the four biological replicates, while the errors only include
instrumental errors arising due to the NMR spectrometer,
and errors arising due to isotopomer quantification proce-
dure. Since isotopomers and bondomers are linearly
related, these errors in isotopomer abundances were
appropriately converted to errors in bondomer abun-
dances. Errors in evaluated fluxes were estimated from
errors in the extracellular fluxes, biomass growth rate,
biomass synthesis fluxes, and isotopomer/bondomer
abundances by performing a bootstrap Monte Carlo sta-
tistical analysis as explained in Press et al. (1992) and in
our previous paper (Sriram et al., 2004, Supplementary
material IV). Significant differences between results were
evaluated by using a Student’s 7-test.
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