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Table 1 Measured and predicted parameters for E. coli growing on minimal medium

between the FBA predictions and our results
is that FBA predicts net ﬂux (that is, for
Measured ﬂux (KFP)
Predicted ﬂux (FBA)
Pool size
reversible reactions, forward ﬂux – reverse
(mmol gCDW –1 hr –1)c (mmol gCDW –1 hr –1)c
Metabolite
(mmol gCDW –1)a
k (min–1)a,b
ﬂux), whereas the present observations are
of gross ﬂux (that is, forward ﬂux). With this
Glutamine (1)
3.92 ± 0.17
14.29 ± 6.28
3.36
0.88
caveat in mind, the overall agreement
Glutamate (2)
100.55 ± 17.54
0.79 ± 0.04
4.77
4.61
between the measured and predicted values
Alanine (4)
6.81 ± 1.70
Z1.6 ± 0.38
Z0.65
0.26
is reasonable, especially for irreversible reacAsparagine (5)
2.02 ± 0.46
3.06 ± 0.71
0.37
0.11
tions (for example, glutamate synthesis and
Aspartate (6)
6.45 ± 3.54
2.88 ± 0.25
1.12
1.08
pyrimidine biosynthesis). The most notable
Methionine (7)
0.29 ± 0.07
Z1.47 ± 0.33
Z0.025
0.071
discrepancy between the measured ﬂuxes and
Phenylalanine (8)
0.20 ± 0.03
5.12 ± 1.62
0.063
0.081
those predicted by FBA occurs for glutamine
Proline (9)
1.10 ± 0.15
Z3.02 ± 0.66
Z0.20
0.097
and arises from assuming, in the optimization
Threonine (10)
1.34 ± 0.16
7.52 ± 2.71
0.61
0.24
Tyrosine (11)
0.41 ± 0.25
9.51 ± 7.73
0.23
0.061
step of FBA, maximization of growth yield
Valine (12)
2.41 ± 0.27
3.88 ± 1.14
0.56
0.19
per glucose molecule. Our data show that
Carbamoyl aspartate (13)
0.84 ± 0.28
4.11 ± 0.98
0.21
0.15
when adequate glucose is available, even
IMP (14)
0.38 ± 0.01
Z2.83 ± 0.27
Z0.064
0.26
with ample extracellular ammonia present,
aError estimates for pool size are s.d. of quadruplicate measurements; error estimates for k are standard errors from the curve ﬁt.
ATP is spent to synthesize glutamate largely
bk ¼ apparent ﬁrst-order rate constant for 15N labeling; see Supplementary Methods, equation (8). cKFP measures gross ﬂuxes,
via glutamine, despite the presence of the
whereas FBA predicts net ﬂuxes. gCDW ¼ grams of cell dry weight. IMP, inosine monophosphate.
alternative, lower-energy-cost pathway of glutamate dehydrogenase14. The observed glutaloaded with minimal essential medium. Nutrients diffused readily up mine ﬂux is B400% of that expected if no glutamate were made via
through the agarose and ﬁlters to the E. coli, which grew exponentially glutamine, and B60% of that expected if all glutamate were.
The experiments conducted here provide support for both the
with a doubling time similar to that obtained in comparable liquid
medium (75 min versus 87 min; Fig. 1a). The E. coli–laden ﬁlters can predictive power of FBA and the measurement capabilities of KFP.
be transferred from one agarose plate to another, thereby enabling They support a picture of nitrogen assimilation12 in E. coli in which
nondisruptive, fast modiﬁcation of the nutrient environment.
glutamine is a short-lived intermediate in the synthesis of glutamate,
The kinetics of ammonia diffusion from an agarose plate onto a the main warehouse of free nitrogen in enteric bacteria. Because the
blank ﬁlter are shown in Figure 1b. Also shown in Figure 1b are the time between isotope switching and collection of critical nitrogen ﬂux
labeling kinetics of the central-nitrogen-metabolism compounds glu- data is short (B5 min), KFP should be able to provide insight into the
tamine (1) and glutamate (2), following transfer of an E. coli–laden changes in ﬂux patterns that occur in response to environmental
ﬁlter from normal minimal medium to minimal medium containing perturbations. Preliminary data supporting this, obtained using the
[15N]ammonia. Labeling of the amide nitrogen of glutamine, which example of fast turnoff of biosynthetic ﬂuxes during carbon starvation,
results from addition of ammonia to glutamate at the expense of ATP are presented in Supplementary Figure 2 online. Future studies
(Fig. 1c), occurred slightly less rapidly than the limit implied by the exploring the applicability of KFP to other nutrients, organisms and
ammonia diffusion rate (Fig. 1b), resulting in a large rate constant kQ experimental conditions are warranted.
for turnover of the glutamine amide nitrogen (Table 1).
Glutamate is present in enteric bacteria in amounts B25-fold larger Note: Supplementary information is available on the Nature Chemical Biology website.
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(Fig. 1d). This observation is consistent with the notion that glutamate
serves as the parent of doubly labeled glutamine, with kQ 44 kE.
1. Schilling, C.H. & Palsson, B.O. Proc. Natl. Acad. Sci. USA 95, 4193–4198 (1998).
Nitrogen is funneled from glutamine and glutamate into 2. Edwards, J.S., Ibarra, R.U. & Palsson, B.O. Nat. Biotechnol. 19, 125–130 (2001).
nucleotides and amino acids13 (Supplementary Fig. 1 online). We 3. Stephanopoulos, G. Metab. Eng. 1, 1–11 (1999).
4. Szyperski, T. Eur. J. Biochem. 232, 433–448 (1995).
found that nucleotide biosynthetic intermediates become labeled 5. Chatham, J.C., Forder, J.R., Glickson, J.D. & Chance, E.M. J. Biol. Chem. 270,
7999–8008 (1995).
very rapidly, consistent with their being products of glutamine that
Fischer, E. & Sauer, U. Eur. J. Biochem. 270, 880–891 (2003).
are present in relatively low amounts but sit on high-ﬂux pathways. 6.
7. van Winden, W.A. et al. FEMS Yeast Res. 5, 559–568 (2005).
Because most amino acids receive nitrogen from glutamate, 8. Fischer, E. & Sauer, U. Nat. Genet. 37, 636–640 (2005).
they became labeled very shortly after glutamate, consistent with the 9. Ibarra, R.U., Edwards, J.S. & Palsson, B.Ø. Nature 420, 186–189 (2002).
10. Segre, D., Vitkup, D. & Church, G.M. Proc. Natl. Acad. Sci. USA 99, 15112–15117
large pool size of glutamate relative to its amino acid products.
(2002).
The ﬂux measurements obtained here can be compared to the 11. Lu, W., Kimball, E. & Rabinowitz, J.D. J. Am. Soc. Mass Spectrom. 17, 37–50
(2006).
predictions of FBA, assuming that E. coli grown under the present
12. Ikeda, T.P., Shauger, A.E. & Kustu, S. J. Mol. Biol. 259, 589–607 (1996).
conditions are optimizing their growth rate per molecule of glucose 13. Reitzer, L. Annu. Rev. Microbiol. 57, 155–176 (2003).
consumed (Table 1). The most important conceptual difference 14. Helling, R.B. J. Bacteriol. 184, 1041–1045 (2002).

530

VOLUME 2

NUMBER 10

OCTOBER 2006

NATURE CHEMICAL BIOLOGY

