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The natural 13C/12C isotope composition (d13C) of plants and organic compounds within plant organs
is a powerful tool to understand carbon allocation patterns and the regulation of photosynthetic or
respiratory metabolism. However, many enzymatic fractionations are currently unknown, thus
impeding our understanding of carbon trafficking pathways within plant cells. One of them is
the 12C/13C isotope effect associated with invertases (EC 3.2.1.26) that are cornerstone enzymes for Suc
metabolism and translocation in plants. Another conundrum of isotopic plant biology is the need to
measure accurately the specific d13C of individual carbohydrates. Here, we examined two complementary methods for measuring the d13C value of sucrose, glucose and fructose, that is, off-line
high-performance liquid chromatography (HPLC) purification followed by elemental analysis and
isotope ratio mass spectrometry (EA-IRMS) analysis, and gas chromatography-combustion (GC-C)IRMS. We also used these methods to determine the in vitro 12C/13C isotope effect associated with the
yeast invertase. Our results show that, although providing more variable values than HPLCEAIRMS, and being sensitive to derivatization conditions, the GC-C-IRMS method gives reliable
results. When applied to the invertase reaction, both methods indicate that the 12C/13C isotope effect
is rather small and it is not affected by the use of heavy water (D2O). Copyright # 2009 John Wiley &
Sons, Ltd.
The carbon isotope composition of plant organic material
is a well-recognized tool to elucidate the physiology of
photosynthesis and plant cell metabolism. During photosynthetic CO2 assimilation, there is a 12C/13C isotope
fractionation, thereby depleting photosynthetic products in
13
C compared with atmospheric CO2 (for a review, see
Farquhar et al.1). Typically, the natural carbon isotope
composition (d13C) of sugars (sucrose or glucose) in C3
plants falls around 28% while that of CO2 is of around
8%, so that the average fractionation value is around 20%.
Such a 12C/13C fractionation mainly originates from the
kinetic isotope effect of the carboxylating enzyme ribulose1,5-bisphosphate carboxylase/oxygenase2 (Rubisco, EC
4.1.1.39) and that of CO2 diffusion from the atmosphere to
carboxylation sites. However, other isotopic fractionations
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that may occur downstream during carbon metabolism can
change the isotopic signal of the photosynthetically-fixed
carbon. For example, it is known that some isotope effects
associated with glycolytic enzymes do occur (for a review,
see Tcherkez et al.3). In addition, it has been shown that the
intramolecular isotope distribution in glucose (Glc) is not
statistical4 and this has pervading consequences for metabolites that originate from Glc metabolism.5 However, the
carbon isotope effects of enzymes associated with starch and
sucrose (Suc) metabolism are not documented, thus impeding our understanding of carbon-trafficking pathways in
plant cells.
Invertases (b-fructofuranosidase, EC 3.2.1.26) catalyze the
hydrolytic cleavage of Suc into a-Glc and b-fructose (b-Fru)
and so are cornerstone enzymes for Suc metabolism and
translocation in plants. They are involved in many metabolic
processes within plants, such as carbohydrate export from
leaves, storage in tubers and roots, and physiological
responses to environmental conditions like water stress.6
However, the 12C/13C isotope effect associated with
invertases is currently unknown. If an isotope effect were
to occur, a systematic 13C-depletion of Glc and/or Fru
Copyright # 2009 John Wiley & Sons, Ltd.
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produced from Suc hydrolysis might be expected, and this
would typically contribute to the depletion of 13C storage
molecules (e.g. starch) or respired CO2 formed from
imported Suc in sink organs.
It is currently accepted that invertase catalysis involves a
double-displacement (ping-pong) mechanism7 in which the
Fru moiety of Suc gives an oxonium ion (i.e., with a triplebonded Oþ) after the acidic attack of the Glc moiety. In
baker’s yeast (Saccharomyces cerevisiae), the catalytic residues
have been identified as aspartic acid (D23) acting as a
nucleophile,8 and glutamic acid (E204) which serves as the
general catalytic acid/base9 (step 1, Fig. 1). The reaction does
not lead to a stereochemical inversion of Fru configuration
while it has been recognized that a transitory inversion may
occur8–10 (step 2, Fig. 1). All the steps of the reaction involve
CO bonds and so may possibly cause intrinsic carbon
isotope effects. The amplitude of the overall reaction isotope
effect depends on the value of such intrinsic isotope effects
and the kinetic limitations imposed by the mechanism
(limiting steps). Typically, if the isotope-sensitive steps are
not limiting at all, the observed isotope effect will be very
small compared with the intrinsic isotope effects.11
In the study presented in this paper, we investigated both
the kinetic 12C/13C and the solvent H2O/D2O isotope effects
associated with Suc consumption by the yeast invertase. The

carbon isotope composition (d13C) of Suc, Glc and Fru
was measured by either gas-chromatography-combustionisotope ratio mass spectrometry (GC-C-IRMS) or off-line
liquid chromatography followed by elemental analysis-mass
spectrometry (thereafter abbreviated HPLCEA-IRMS).
Although off-line and time-consuming, the latter technique
is commonly used in plant isotopic biology as there remain
several uncertainties about the application of (on-line) GC-CIRMS for carbohydrate analysis. Carbohydrates are not
volatile and require chemical derivatizations that may
adulterate their back-calculated, natural d13C values. For
example, trifluoroacetate or alditol acetate derivatizations
are not quantitative and are accompanied by a kinetic isotope
fractionation, compromising accurate isotopic analyses.12,13
Although obscuring somewhat the d13C value of original
compounds because of the large carbon load brought by
trimethylsilylation, we used here such a derivatization that
allows a quantitative sample conversion through a single
step.13 Our results show that, although providing more
variable values, the GC-C-IRMS method gives reliable results
for Suc while being sensitive to derivatization conditions
(Glc, Fru). When applied to the invertase reaction, both
methods indicate that the 12C-Suc/13C-Suc isotope effect is
near 1.0011 with respect to total Suc carbon, and is not
affected by the use of rate-limiting heavy water (D2O).

Figure 1. The reaction mechanism of the yeast invertase.
Copyright # 2009 John Wiley & Sons, Ltd.
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EXPERIMENTAL
HPLC analysis of carbohydrates
The HPLC separation was carried out off-line and used to (a)
separate and purify sugars from samples of invertase assays
or plant extracts (preparative chromatography) for isotopic
analysis (with EA-IRMS) and (b) to determine the amount
of sucrose during invertase assays (analytical chromatography). The HPLC procedure was that of Duranceau et al.,14
which was shown not to be associated with any carbon
isotope fractionation.
Lyophilized samples from invertase assays were dissolved
in 1 mL of distilled water. The resulting solution (or aqueous
filtered and deproteinated leaf extracts, see below, Plant
material) was injected on the HPLC system (803C-302, Gilson,
Roissy-en-France, France). Suc, Glc and Fru were separated
using the procedure described in the literature.14,15 Briefly,
separation was made with a cation-exchange column
(SugarPack 6.5  300 mm, Waters, Guyancourt, France) at
908C, with isocratic degassed water as a mobile phase (flow
rate 0.5 mL min1). Detection was performed using a Gilson133 refractometer. All samples were injected using the
autosampler (analytical quantification) or manually (preparative analyses in which carbohydrates were manually
collected). The collected sugars were then dried and weighed
in tin capsules for IRMS analyses.

Derivatization for GC-C-IRMS analysis
The trimethylsilyl (TMS) derivatization was carried out by
adding hexamethyldisilazane (HMDS) in trimethylchlorosilane (TMCS) and pyridine (Trisil reagent, Pierce-Perbio
Science, Brebiere, France) (3:1:9, v/v/v). The lyophilized
samples were trimethylsilylated in 200 mL of Trisil in sealed
vials. Following vigorous mixing, the vials were incubated
for 2 h at 808C in an oil bath. For the equilibration step, the
samples were first dissolved in 100 mL of pyridine for 24 h at
room temperature. Before GC injection, 5 mL of eicosane were
added as an internal standard (50 mM in hexane).

Isotopic measurements
Isotopic measurements were carried out by the isotopic
facilities structure Plateforme Métabolisme-Métabolome of
the Institut Fédératif de Recherche IFR87, Orsay, France.
Pure crystalline compounds (reference Suc, a-Glc, b-Fru,
Fluka Analytical, Saint Quentin Fallavier, France) or
compounds purified from samples through HPLC were
analyzed using EA-IRMS (Carlo-Erba 1500-Optima, GV
Instruments-Elementar, Villeurbanne, France). GC-C-IRMS
analyses were carried out with an Agilent 6890N GC system
(Agilent Technologies, Massy, France) coupled to a combustion module (Cal 9900, GV Instruments) and an Isoprime
isotope ratio mass spectrometer (GV Instruments). A cold
water-trap (GV Instruments) was used to remove water
generated by the combustion within the furnace tube. GC-CIRMS analyses were carried out by injecting 1 mL in split
mode (split ratio of 1:10) at 2808C (injector temperature).
TMS-derivatized sugars were separated on an OV-1 column
(25 m, 0.25 mm i.d., 25 mm, Agilent Technologies) with
Copyright # 2009 John Wiley & Sons, Ltd.

12

C/13C isotope fractionation by invertase

2501

helium as a carrier gas in the constant flow mode. The
temperature steps were as follows: 1608C (maintained for
1 min), then 1808C (18C min1), then 3008C (108C min1) and
a plateau at 3008C (2 min). The total run time per injection
was 35 min.

Isotopic corrections and calculations
All the d13C values are given with respect to V-PDB. Any
isotopic offset of the EA-IRMS instrument was corrected with
a standard of known d13C value (glutamic acid, 28.20%).
The d13C values obtained by GC-C-IRMS were corrected
against eicosane (C20-alcane, 33.87% with EA-IRMS) added
to all samples (internal standard, see also above). The
d13C value of the standard material was, in addition, checked
against those of the supplier (standard vg-mix, GV Instruments). The d13C of the added carbons (i.e., of the TMS
groups, thereafter denoted as dTMS) was determined with
reference samples in which b-Fru, a-Glc or Suc of known
d13C was derivatized. dTMS was then calculated using the
mass-balance equation:
ddc ¼ xdTMS þ ð1  xÞdc

(1)

where ddc and dc are the carbon isotope composition of
derivatized and pure (non-derivatized) reference compound,
respectively, and x is the proportion of added carbons in the
derivatized compound. Such a calibration method (that uses
known sugars to infer dTMS values) allowed us (a) to include
any variations in dTMS between sugar compounds, that is,
took into account any possible fractionations during
derivatization; nevertheless, such fractionations are not
likely as the TMS derivatization is believed to be
quantitative (100% yield); and (b) to minimize the effect of
possible variations in x from the expected value, simply
because the same x value was used with both reference
and sample compounds. In other words, the d13C of sample
sugars depended only weakly on the chosen x value.
For the samples, we used the following equation:
dds ¼ xdTMS þ ð1  xÞds

(2)

where dds and ds are the carbon isotope composition of
derivatized and natural (non-derivatized) sample sugar.
Susbstituting Eqn. (1) into Eqn. (2) gives:
ds ¼ dc þ

dds  ddc
1x

(3)

The partial derivative of ds with respect to any elemental
variation in x is:
@ds dds  ddc
¼
@x
ð1  xÞ2

(4)

On the other hand, if dTMS were fixed (and, e.g., measured
independently by EA-IRMS), we would have:
@ds dds  dTMS
¼
@x
ð1  xÞ2

(5)

In Eqn. (4), the numerator is smaller, typically 3%, while it
is near 11% in Eqn. (5). In other words, possible errors in the
x value would have a lower effect on the value of ds with
Eqn. (4).
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dTMS obtained with standards was checked to be constant
over a range of three Glc, Fru and Suc concentrations: 5, 10
and 25 mmol L1. For each concentration, three repetitions
were carried out so that the dTMS used for the calculations was
the average of nine values.

Enzyme assay and isotope effect
Yeast invertase was purchased from Roche (Meylan, France).
It was dissolved in a buffer (5 mg mL1 in 0.2 mol L1
phosphate buffer, pH 4.6) and 53 mL of this solution were
added to 2 mL of assay solution (Suc solution in
either H2O or D2O at 10 mg mL1, i.e., 30 mmol L1). Assays
were carried out at 308C, pH (pD) 6.5. At different sampling
times (5, 10, 15 min, etc.), 100 mL aliquots were collected; the
reaction was stopped with AgNO3 (100 mL at 10 mmol L1)
followed by instant-freezing at 1968C (liquid N2). The
12
C/13C isotope effect (denoted as a) was measured with the
classical Rayleigh fractionation equation11 as follows:
a¼

lnð1  f Þ
lnð1  f Þ þ lnðRt =R0 Þ

(6)

where f is the fraction of consumed Suc and Rt the
13
C/12C ratio of Suc at sampling time t. R0 is the initial
13
C/12C ratio (t ¼ 0) of Suc.

Plant material
French bean plants were those used in the work described in
Bathellier et al.15 Leaves were collected at different times

(A)

under continuous darkness. The reader is referred to this
paper for further details on growth conditions. Briefly, plants
were grown in a greenhouse with a 16 h photoperiod and a
minimum photosynthetic photon flux density maintained at
approximately 500 mmol m2 s1 by supplementary lighting
from a high-pressure sodium light. The temperature and
leaf-to-air vapour pressure deficit were maintained at
approximately 25.5/18.58C and 1.4/1.2 kPa day/night,
respectively. Watering was carried out with a commercial
nutrient solution (Hydrokani C2, Hydro, Neuilly-Sur-Seine,
France) twice during the photoperiod. The carbon isotope
composition of the CO2 in the greenhouse was 9.85  0.3%.
Leaves were collected at various times in the dark
(continuous darkness) and immediately frozen in liquid
nitrogen, lyophilized and ground. Aqueous extracts were
obtained with 20 mg leaf powder and 2 mL distilled H2O by
stirring at 08C, as already described.15 After centrifugation,
the supernatant was filtered and 200 mL aliquots were
sampled and injected (HPLC). The remaining extract was
freeze-dried under vacuum for derivatization (GC-C-IRMS
analysis).

RESULTS
Comparison of analytical methods (GC-C-IRMS
and HPLCEA-IRMS)
Figure 2 shows the d13C values of Suc and Fru during the time
course of the invertase reaction (in both H2O and D2O),
obtained through both analytical methods. Clearly, there is a

(B)

Figure 2. Comparison of GC-C-IRMS and HPLCEA-IRMS methods for measuring the isotope
composition (d13C) value of carbohydrates. The continuous line represents the 1:1 relationship.
(A) Fru (squares) and Suc (discs) isotope composition during the time course of the invertase reaction
(sampling time 5, 10, 15 and 20 min) operating in either H2O (closed symbols) or D2O (open symbols).
Each individual datum is the mean of two assay replicates. During the derivatization procedure for GCC-IRMS, an equilibration step (Glc anomerization in pyridine) was included. (B) Glc (diamonds),
Fru (squares) and Suc (circles) isotope composition of Phaseolus leaf extracts. When making the
isotopic correction (due to the derivatization), a d13C value of the exogenous carbon of either 46.0%
(right-filled symbols) or 47.0% (left-filled symbols) was used. During the derivatization procedure for
GC-C-IRMS, no equilibration step was included. Dotted lines: trends of the relationship for Glc.
Copyright # 2009 John Wiley & Sons, Ltd.
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consistent agreement between both methods, all the data
giving values around 1:1. There is, nevertheless, some scatter
of the d13C values, with the GC-C-IRMS values being slightly
13
C-depleted. Such an uncertainty in the GC-C-IRMSderived values in this d-range is possibly caused by the
low d13C values of the exogenous carbons (added by
derivatization, typically around 43%) thereby causing a
larger variability when the natural d13C values of sugars
are back-calculated (the natural d13C value of sugars is near
25 to 30%).
The d13C values of Glc are not indicated in Fig. 2(A) as the
chemical derivatization process may cause large variations.
In fact, the GC of derivatized a-Glc or Fru shows an
additional peak, mainly composed of the TMS derivative of
the b-stereoisomer of Glc (at equilibrium, its relative
abundance is around 60% of the total Glc) and the open
form of Fru (relative abundance of around 6% of total Fru)
(see Fig. 3). While the open form of Fru may modestly impact
on the Fru isotopic signal (small amount; but see below), any
slight variation of the a/b anomeric equilibrium during
derivatization is likely to change the Glc isotopic signal
dramatically. Figure 2(B) shows the d13C values of carbo-
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hydrates from bean (Phaseolus vulgaris) extracts, for which no
Glc-anomeric equilibration step was included during sample
preparation. It is clear that while the Suc values approach the
1:1 line, there is a subtantial deviation for Glc values obtained
through GC-C-IRMS (right-filled diamonds and lower
dotted line). Such a poor relationship does not depend on
possible errors in the d-value used for exogenous carbons
(TMS groups): shifting such a value by, e.g., 1% does not
improve the d13C of Glc (left-filled diamonds). Figure 4 shows
the variations of the d13C value in Glc and Fru, obtained
with GC-C-IRMS analysis with or without equilibration
(during derivatization), compared with those obtained
with HPLCEA-IRMS. Clearly, the d13C values obtained
with GC-C-IRMS are very sensitive to preparative conditions: the Glc and Fru values are far from the 1:1 line
without the equilibration step (closed symbols). We therefore
conclude that reliable results cannot be obtained without
rigorous control of the anomeric equilibrium, thereby
increasing the uncertainty in the d13C values. Because of
such difficulties, only the d13C value of Suc is used in the
following to calculate the isotope effects associated with
invertase.

Figure 3. Typical chromatograms associated with GC-C-IRMS analysis of invertase assay samples, without
(A) or with (B) the Glc equilibration step (anomeric equilibrium of Glc isomeres with pyridine). Carbohydrates
were derivatized by trimethylsilylation (see Experimental section for further details). The relative signal
(y-axis) is the mass-44 current (in %). Eicosane (C20) is used as an internal standard. o-Fru, open form of Fru.
On the left-hand side are the reference CO2 peaks. The height of sugar peaks (such as Suc) is dissimilar here
in (A) and (B) (it is apparent compared with reference CO2 peaks) because of the different sugars
concentrations within the samples. The identification of each peak as shown here was carried out and
checked through GC-time-of-flight mass spectrometry before injection into the GC-C-IRMS system (mass
data not shown).
Copyright # 2009 John Wiley & Sons, Ltd.
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(A)

(B)

Figure 4. Comparison of the variation (in %) in d13C of Glc
(diamonds) and Fru (squares) around a common average
value, when samples are simultaneously measured with
HPLCEA-IRMS and GC-C-IRMS. For the latter technique,
an isomeric equilibration is carried out before derivatization
(open symbols) or is not (closed symbols). Continuous line,
1:1 relationship.

The 12C/13C isotope effect associated with
invertase
It is apparent from Fig. 2(A) that Fru produced from Suc
hydrolysis by invertase is 13C-depleted compared with Suc.
In other words, there is an isotope effect against 13C during
invertase catalysis. In order to quantify such an isotope effect,
the isotope composition (both analytical methods) and the
concentration (obtained through HPLC) of Suc were
measured during the reaction and the results are shown in
Fig. 5. In both natural and heavy water, the isotope
composition of Suc increases as the reaction proceeds,
indicating again that the reaction discriminates against
13
C. Such a discrimination is nevertheless weak, Suc being
enriched by 4% only at a consumption fraction as high as
95% (10 min in natural water). The values of the V/K kinetic
isotope effect (calculated with Rayleigh’s equation, see
Experimental section) are indicated in Table 1. On average,
the isotope effect is 1.0011. It is worth noting that while
absolute d-values are different between the GC-C-IRMS and
HPLCEA-IRMS methods (there is an offset of nearly 0.5%
in the GC-C-IRMS values, Fig. 5), the isotope effect is quite
similar whatever the analytical method (Table 1).

The H2O/D2O solvent isotope effect
The invertase reaction is slowed down by heavy water
(Fig. 5) so that the solvent isotope effect on the initial
enzymatic rate is near 1.6. D2O has no influence on the
12
C/13C isotope effect: the average value of the V/K isotope
effect is 1.0011 in H2O and 1.0009 in D2O (Table 1).
Copyright # 2009 John Wiley & Sons, Ltd.

Figure 5. Time course of Suc concentration (A) and isotope
composition (B) during the invertase reaction operating in
either H2O (closed symbols) or D2O (open symbols).
(A) Continuous lines: first-order exponential regressions; all
of them are significant ( p < 0.001). The H2O/D2O ratio of time
constants is 1.63  0.07. (B) The carbon isotope composition
of Suc was measured by either GC-C-IRMS (squares) or
HPLCEA-IRMS (circles). In the assay in H2O, there is no
value at 15 and 20 min because the very low Suc content does
not allow reliable isotopic analyses.

DISCUSSION
The kinetic 12C/13C and solvent H2O/D2O isotope effects
associated with Suc consumption by the yeast invertase
were investigated. The carbon isotope composition (d13C)
Table 1. The 12C/13C kinetic isotope effect (KIE) of the
invertase reaction in either H2O or D2O. The d13C value of
substrate Suc was measured with either HPLCEA-IRMS or
GC-C-IRMS. Each single data is the average over the different sampling times (different fraction of consumed Suc) as
indicated in Fig. 5
Technique used
for d13C Suc
HPLCEA-IRMS
GC-C-IRMS
HPLCEA-IRMS
GC-C-IRMS
Average value

Solvent

KIE
(mean  standard error)

H2O
H2O
D2O
D2O
H2O
D2O

1.0011  0.0001
1.0012  0.0004
1.0007  0.0007
1.0011  0.0005
1.0011
1.0009
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of Suc, Glc and Fru was measured by either gaschromatography-combustion-isotope ratio mass spectrometry
(GC-C-IRMS) with TMS derivatives, or high-performance
liquid chromatography-elemental analysis-isotope ratio
mass spectrometry (HPLCEA-IRMS).

Application of GC-C-IRMS and TMS
derivatives for carbohydrates
In the present study, trimethylsilylation was used to
volatilize Glc, Fru and Suc for GC as it is easy and
quantitative and so is not accompanied by an isotope
effect.13,16 Nevertheless, it has already been recognized that
such a derivatization procedure causes several analytical
problems, e.g., the addition of exogenous carbons that
adulterate the natural d13C value of carbohydrates. As a
result, the natural d13C value has to be back-calculated with
the known d13C value of added TMS groups. This may induce
very large uncertainties in the final results simply because of
the large number of added TMS carbons. We used here a
combination of two calibrations: (a) an internal alkane
reference (of known d13C) added to each sample in order to
correct for any isotopic offset of the IRMS; (b) the
determination of the d13C value of TMS groups with standard
carbohydrates of known d13C values and analyzed using GCC-IRMS. While such a standard procedure gives consistent
results with Suc (similar HPLC and GC-C-IRMS signals,
Fig. 2), the Glc values are less reliable due to the possible a/b
anomeric (dis)equilibrium, i.e., mutarotation (Fig. 4): in
ordinary conditions, a-Glc and b-Glc account for nearly 40
and 60% at equilibrium, respectively.17 Other authors have
used an equilibration step prior to derivatization18 but the
role of such a step is still not well documented. Here we
provide evidence that such an anomeric equilibration is
necessary (Fig. 4) because a thermodynamic equilibrium
isotope effect (EIE) occurs during mutarotation. While the
measurement of such a 12C/13C EIE has not yet been
reported, mutarotation is accompanied by a H/D isotope
effect19 of nearly 3.2. Conversion from a-Glc into b-Glc
proceeds through the intermediate open form of Glc
(denoted as o-Glc hereafter). Such a large H/D isotope effect
indicates that the step from o-Glc to b-Glc is probably ratelimiting and, presumably, it is also associated with a carbon
isotope effect. The isotopic shift between equilibrated and
non-equilibrated Glc falls between 3 and 4% (Figs. 2(B)
and 4) and, thus, we assume that the EIE associated with
mutarotation is at least 1.004 (that is, a-Glc is 13C-enriched
by 4%).
We recognize that mutarotation-related difficulties may be
overcome with other derivatization techniques such as the
use of alditol acetates, in which hexoses are first reduced to
aldidol, thus preventing configurational changes.20,21 Other
techniques also show a clear improvement in the number of
added carbons, using methylboronic acid.22 Such alternative
techniques are nevertheless more complex (several steps,
e.g., with methylboronic techniques) and are accompanied
by an isotope effect because they are not quantitative (for a
specific discussion, see Docherty et al.20). The agreement
between the GC-C- and HPLC-derived isotopic results
provided here (Fig. 2(A)) indicates that TMS derivatives
are reasonably suitable for the 13C-analysis of Suc. That said,
Copyright # 2009 John Wiley & Sons, Ltd.
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further improvements will probably be obtained in the near
future with recent techniques involving liquid chromatography coupled to IRMS (LC-IRMS).23

Kinetic and solvent isotope effects of the yeast
invertase
Our results show that invertase is associated with a small
12
C/13C isotope effect of less than 1% when Suc isotope
composition is measured during the enzymatic assay (Fig. 5).
While such a value is low, it should be emphasized that the
positional isotope effect that occurs in Suc atom positions
involved in CO bonds reshuffled by invertase is certainly
larger. The Glc moiety of Suc is liberated quite early during
invertase catalysis and no CO bonds are broken (Fig. 1).
Thus one may hypothesize that there is no primary isotope
effect associated with the Glc moiety. By contrast, the C-2
position of the Fru moiety is first linked to Asp and then
attacked by H2O, thereby causing a primary carbon isotope
effect. Under the assumption that secondary isotope effects
are negligible, the 1% isotope effect measured at the whole
Suc level would indicate that the positional kinetic isotope
effect in C-2 of the Fru moiety is near 1.012 (as there are 12
carbon atoms in Suc). Such a value is rather small, suggesting
that steps 1, 2 or 3 are only partially rate-limiting. Similar
values have been obtained in other related catalytic systems.
The inorganic hydrolysis of 1-methyl-Glc by acid catalysis
(HClO4) is accompanied by a kinetic isotope effect in C-1 of
1.007 (a-methylglycoside) or 1.011 (b-methylglycoside).24
The enzymatic hydrolysis of 1-methyl-Glc (by a- and bglucosidases, EC 3.2.1.20 and EC 3.2.1.21, respectively) is
accompanied by a kinetic isotope effect in C-125 of nearly
1.010 and 1.032 (these experimental values are relative, i.e.,
arbitrarily assume no isotope effect in C-4). The mechanism
of glucosidases is quite similar to invertase, in that the C-1 of
the Glc moiety of methyl-Glc binds a COO group of the
catalytic site (in invertases, the Fru moiety binds the COO
group of Asp, Fig. 1). In glucosidases, it is believed that
hexose covalent binding to the catalytic site (see, e.g., step 1,
Fig. 1) is partially rate-limiting25 and, accordingly, it is
thought that the lifetime of the oxonium ion is very short,
near 1012 s.26,27 The catalytic efficiency of invertase is not
very large, with a Km(Suc) value as high as 25 mmol L1 28
and a large specific activity near 2.104 s1 site1,29 giving a V/
Km ratio of 0.8 L mmol1 s1; in other words, the moderate
catalytic efficiency of invertase might be due to a weak
substrate binding and a limited commitment to hydrolysis
(k1/k1) with respect to sucrose release.
We further found a H2O/D2O solvent isotope effect of 1.6
only (Fig. 5). A similar solvent isotope effect (1.5) has been
found on the hydrolysis of p-nitrophenyl-Glc by a-glucosidase.30 This suggests that step 1 and/or step 3 may be
partially rate-limiting. In fact, step 3 is certainly affected
by D2O as it is water-dependent. Step 1 may also be limiting
in D2O if the Glu proton were exchanged with the solvent,
thereby exacerbating the extremely low basicity of Glc
moiety (Fig. 1). However, D2O did not change the
12
C/13C isotope effect (Table 1), showing that the limiting
step responsible for the carbon isotope effect is weakly if at all
H/D-dependent. We therefore hypothesize that step 1 is
12
C/13C isotopically sensitive but it is only partially rateRapid Commun. Mass Spectrom. 2009; 23: 2499–2506
DOI: 10.1002/rcm
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limiting, i.e., the fructosylation step has an early transition
state both in terms of the extent of proton transfer and in the
amount of glycosidic bond cleavage. This scenario would
also agree with the larger H2O/D2O isotope effect associated
with the non-enzymatic acidic hydrolysis of Suc of 2.1,31
indicating that the Hþ attack is less rate-limiting during
enzymatic catalysis.

plausible that the kinetic isotope effect differs between them
and so further experimental work on isotope effects involved
in plant metabolism is required to decipher whether
invertase are key components of the 13C-balance within
plants.

Acknowledgements
Physiological consequences
Sucrose is the main transport molecule from source organs
(leaves) to sink plant organs such as roots, tubers, etc.32
Unless other processes take place (such as Suc accumulation,
e.g., in beet root), it is widely accepted that Suc entering sink
organ cells is broken down into Glc and Fru by the interplay
of invertase, providing Glc for starch synthesis or other
biosyntheses. If the 12C/13C kinetic isotope effect found here
on the yeast invertase also occurs in the plant enzyme, Fru
and Glc molecules produced from hydrolyzed Suc (the
positional isotope effect in C-2 of the Fru moiety is assumed
to be 1.012, see above) would be slightly depleted in
13
C. However, there is substantial evidence that the organic
matter of heterotrophic sink organs is consistently 13Cenriched compared with leaves.33 It is thus likely that the
invertase reaction either does not fractionate between
isotopes in vivo (e.g., it may be quantitative and so cannot
discriminate) or is involved in a complex set of metabolic
reactions. In the latter case, it is plausible that some fractions
of phloem Suc are consumed by invertases along the phloem
path within stem cells, thereby enriching in 13C the Suc
molecules left behind. If true, this would result in 13Cenriched Suc being available for roots. We nevertheless
recognize that other processes contribute to enrich heterotrophic organs, such as the production of 13C-depleted
respired CO2,15 phosphoenolpyruvate carboxylase fixation of
13
13
C-enriched HCO
C3 , or the use of starch-derived,
enriched photosynthates, etc. (for a review, see Badeck et al.33
and Cernusak et al.34).
Water stress is known to trigger the production of 13Cenriched photosynthates, mainly because of a lower stomatal
conductance that in turn decreases the photosynthetic
fractionation (lower ci /ca) (for a review, see Brugnoli and
Farquhar35). At the leaf level, it is believed that the vacuolar
invertase is induced under water deficit, thereby decreasing
the Suc content and grain yield in maize (Zea mays).36 Under
those circumstances, the Suc export flow from leaves is
decreased and made of 13C-enriched Suc because of both the
activity of invertase and stomatal closure. In other words,
invertase would cause a further 13C-enrichment in grains.
The present work was performed on the yeast invertase
and, as such, the value of the isotope effect reported here may
not apply to the plant enzyme. Thus, further work is needed
to measure the isotope effect of invertase in plants and to
elucidate the role of invertase within whole-plant carbontrafficking pathways, that is, in order to interpret the 13Csignal of carbohydrates in organs other than leaves. The
invertase family is multigenic and made up of many isoforms
located in several cell compartments, with varying catalytic
properties (see, e.g., Tang et al.37 for invertases in Arabidopsis
and Roitsch and Gonzalez6 for a review). It thus remains
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