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Supplementary Figure 1.  Metabolite concentrations and fluxes in ∆GDH and ∆GOGAT  E. coli   grown 
with ample glucose and ammonium. (A) Growth curves of wild-type (  ), ∆GDH (   ), and ∆GOGAT (    )
 E. coli on membrane filters sitting atop agarose plates loaded with minimal media with 10 mM 
ammonium. Data are mean ± SEM (N = 3 independent experiments) and dashed lines show 
fits to an exponential growth function. (B) Correlation of metabolite levels in ∆GDH (  ) and ∆GOGAT (  ) 

;  R =0.92 for both strains. Boxes show the central nitrogen assimilation 
compounds α-ketoglutarate (α), glutamate (E), glutamine (Q). Data are means (n≥ 3 independent 
cultures).  Metabolites were measured with LC-MS using   C cell extract as internal standard. Plotted were   
    C signal/   C signal. (C) Kinetic flux profiling results for glutamine.  The Y-axis indicates the fraction 
of unlabeled glutamine as a function of time after switching the cells to    N-ammonium  (X-axis).  
The rate of decay is proportional to the glutamine flux.  (D) Analogous kinetic flux profiling results for 
glutamate.  In C and D, data are mean ± SEM (n≥ 3 for each strain), and curves represent fits generated by 
 Origin (version 6.0, OriginLab Corporation, Northampton, MA) to the following exponential equation 
X= (1-α) exp(-kxt)+α, where X represent the fraction of unlabeled metabolite (See Yuan et al 2008 for 
derivation and further details). The color key is the same as in panel A.
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Supplementary Figure 2. Growth of ∆GDH (left) and ∆GOGAT (right) on plates with 10 mM ammonia 
(gray),  2mM ammonia (cyan), and after N-upshift (blue). Data are represented as mean ± SEM (n≥2 
independent experiments) The gray lines are fits to wildtype growth curves as shown in Fig. 2.
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Supplementary Figure 3. Percentage of information in metabolome response matrix (Fig. 3) that is 
captured by characteristic metabolite response patterns identified by SVD.
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Supplementary Figure 4.  Response of glycolytic intermediates (left), TCA cycle intermediates 
(middle) and key cofactors (right) to N-upshift.  Fold change is relative to exponentially growing 
E.coli, and the data are the same as those used for Fig. 3.
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Supplementary Figure 5.  ∆AmtB (    ) displays similar responses to N-upshift as WT (    ).
Data are represented as mean ± SEM (n≥ 2 independent experiments,see method for details) . 
Lines directly join adjacent points.
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Supplementary Figure 6. Consumption of the trace residual ammonium on the filters when 
N-limited E.coli were shifted to plates with zero ammonium. Data are mean ± SEM (n=3 
independent measurements).
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Supplementary Figure 7.  Amino acids leaked by ∆AT/AR strain upon N-upshift. 
Amounts shown were leaked in a 30 min period post N-upshift.
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Supplementary Figure 8. Model simulation of flux dynamics in wild-type during 13-fold 
N-upshift. 

Yuan et al. supplemental material

page 8 of 17



 

 Strain 
(doubling time) 

k 
(min-1) 

Conc. 
(mM) 

Measured flux 
(mM min-1) 

WT (58 min) 1.0± 0.1 96 96 ±10 
∆GDH (56 min) 1.0± 0.1 86 86 ±15  

Glutamate* 

∆GOGAT (57 min) 1.0± 0.1 69 70 ±8 
WT 14.3±6.2 3.8 54 ±24 
∆GDH 14.3±6.2 4.0 57 ±26 

Glutamine 

∆GOGAT 2.5±0.2 5.3 13 ±2 

Supplementary Table 1.  Measured fluxes of glutamate and glutamine in wild-type, 
∆GDH and ∆GOGAT.

*Although the rate constant (k) of    N incorporation from   N-ammonium into glutamate 
did not change in either mutant compared to wildtype strain, the concentration of 
glutamate decreased slightly in both mutants (p=0.002 for ∆GOGAT, n.s. for ∆GDH), 
resulting in reduced glutamate flux (flux is the product of the rate constant k and 
corresponding metabolite concentration). The significantly reduced flux in ∆GOGAT 
is consistent with reduced glutamate consumption by the GS to feed the GS/GOGAT
cycle . The rate constants (k) and errors (∆k) were obtained by fitting the decay of fraction 
unlabeled data (Supplementary Fig. 1 C, D) to appropriate equations (see Yuan et al. 
2008) using Origin 6.0 (Origin lab). Metabolite concentrations in wild-type are as 
reported (Bennett et al. 2009). Metabolite concentrations in mutants were calculated 
from corresponding concentations in wild-type and the ratio between mutants and 
wild-type (Supp. Fig. 1 B).  Error of measured fluxes (∆F) were calculated from error of 
metabolite concentrations(∆C) and rate constants (∆k ) using following equation:

 ( ) ( ) ( )222

C
∆C

k
∆k

F
∆F +=

15 15
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Supplementary Table 2: Metabolite projections onto the top two characteristic response 
patterns identified by SVD.  For the characteristic response patterns, see Fig. 3. 

Characteristic vector 1 Characteristic vector 2 
α-ketoglutarate 9.01 Glutamine 5.27 
Phenylpyruvate 7.82 Tyrosine 2.83 

Tyrosine 6.03 Asparagine 2.74 
Phenylalanine 5.43 Tryptophan 2.49 

Glutamine 4.54 Phenylalanine 1.43 
Tryptophan 4.13 Aspartate 1.41 

2,3-Dihydroxybenzoic acid 3.56 Glycine 1.38 
(Iso)leucine 2.10 Alanine 1.29 
Asparagine 1.86 Glutamate 0.91 

dCTP 1.77 Lysine 0.73 
Histidine 1.68 Dihydrooroate 0.60 

Citrate 1.45 Glucono-lactone 0.56 
Lysine 1.33 Serine 0.51 

Glutathione-Reduced 1.20 Acetyl-CoA 0.50 
dATP 1.20 dCTP 0.45 

Succinate 1.10 Threonine 0.42 
Arginine 1.04 Glucosamine 0.37 

Valine 0.86 FBP 0.24 
Threonine 0.70 Methionine 0.20 
Aconitate 0.64 NADP + 0.15 

S-Adenosyl-Methionine 0.64 UDPGA 0.08 
Phosphoenolpyruvate 0.61 Valine 0.02 

Malate 0.55 3-Phospho-glycerate 0.02 
ATP 0.55 ATP -0.03 

NADP + 0.49 Glutathione-Reduced -0.09 
FBP 0.44 UDPAG -0.10 

UDPGA 0.43 6-Phosphogluconic acid -0.11 
Carbamoyl-Aspartate 0.43 Glutathione-Oxidized -0.12 

Adenine 0.27 NAD + -0.13 
Glucono-lactone 0.23 Phosphoenolpyruvate -0.23 

3-Phospho-glycerate 0.16 dATP -0.31 
Hexose-Phosphate 0.15 Carbamoyl-Aspartate -0.35 

Riboflavin 0.14 Myo-inositol -0.35 
Alanine 0.05 UDP-D-glucose -0.38 

Glutathione-Oxidized 0.05 NADPH -0.38 
Fumarate 0.00 ADP -0.42 

Serine 0.00 Pentose-phosphate -0.47 
NADPH -0.15 Adenine -0.48 

Acetyl-CoA -0.18 Hexose-Phosphate -0.49 
DHAP -0.18 DHAP -0.51 
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Erythrose-4-phosphate -0.28 Proline -0.51 
Myo-inositol -0.30 PRPP -0.59 

ADP -0.30 Erythrose-4-phosphate -0.63 
NAD + -0.30 (Iso)leucine -0.64 

UDPAG -0.41 2-Deoxyribose- 1(5)-Phosphate -0.65 
UDP-D-glucose -0.43 Arginine -0.66 

Glucosamine -0.56 Orotate -0.72 
Glutamate -0.56 Citrate -0.76 

PRPP -0.64 AMP -0.81 
Pentose-phosphate -0.83 Succinate -0.81 

Dihydrooroate -0.92 Riboflavin -1.29 
Methionine -1.02 Aconitate -1.48 

Proline -1.03 Phenylpyruvate -1.50 
AMP -1.23 2,3-Dihydroxybenzoic Acid -1.86 

6-Phosphogluconic Acid -1.35 Fumarate -1.88 
Glycine -1.37 Histidine -1.93 
Orotate -1.88 Malate -2.49 

Aspartate -2.36 S-Adenosyl-Methionine -2.82 
2-Deoxyribose-1(5)-Phosphate -2.64 α-ketoglutarate -3.92
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Supplementary Table 3. Parameter values for the kinetic model. 

Literature parameters 
Enzyme Parameter Value 

(mM)
Reference

Km, NH3 0.1 Glutamine synthetase 
(GS) Km, Glutamate 5.5 

Alibhai 94 

Km, α-Ketoglutarate 7.0×10-3

Ki, Glutamate 28 
Glutamate synthase 
(GOGAT)

Ki, Aspartate 0.35 
Km, NH3 1.5 

Miller 72 

Km, α-Ketoglutarate 0.64 
Glutamate
dehydrogenase (GDH) 

Ki, Glutamate 1.3 
Sakamoto 75 

Km, Glutamate 0.9 
Km, Oxaloacetate 0.58 
Ki, Aspartate 0.45 

Powell 78 Aspartate
aminotransferase (AST) 

Ki, α-Ketoglutarate 0.59 Deu 02 
Directly measured parameters 
Fold GS underexpression in ∆GOGAT 0.5 
Fold GDH overexpression in ∆GOGAT 3 
Parameters selected based on data in Fig. 4 
Enzyme Parameter Value 

Vmax, unadenylated 9.12×103 mM/min 
Vmax, adenylated 6.10 mM/min 

Glutamine synthetase 
(GS)

Ki, Glutamine 5.96×10-2 mM 
Vmax 74.8 mM/min Glutamate synthase 

(GOGAT) Km, Glutamine 0.795 mM 
Glutamate
dehydrogenase (GDH) 

Vmax 645 mM/min 

Aspartate
aminotransferase (AST) 

Vmax 3.79×103 mM/min 

Vmax, AT 0.887 (fraction of GS)/min 
Km, GS 1.19×10-5 (fraction of GS) 
Km, PII 3.65×10-4 (fraction of PII) 
Ki, α-Ketoglutarate 9.8×10-3 mM 
Km/Ki, Glutamine 12.2 mM 
Vmax, AR 8.09 (fraction of GS)/min 
Km, GSAMP 6.97 (fraction of GS) 

Adenyltransferase/adenyl-
removing enzyme (ATAR) 

Km, PIIUMP 1.95 x 10-3 (fraction of PII) 
Vmax, UT 0.251 (fraction of PII)/min 
Km, PII 1.91×10-2 (fraction of PII) 
Km/Ki, Glutamine 0.016 mM 
Vmax, UR 1.09 x 10-4 (fraction of PII)/min 

Uridyltransferase/uridyl-
removing enzyme (UTUR) 

Km, PIIUMP 7.55 x 10-3 (fraction of PII) 
Ammonia membrane diffusion constant (kdiff) 24.6 min-1
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Supplementary Table 5A. Reaction rate formulations employed in the model. 
 
For detailed analysis of rate equations of this form, see Rohwer et al., 2006. 
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Following formulation was used for GOGAT reaction in the initial modeling attempt, 
before competition by aspartate was included. This equation was not employed 
in the final model. 
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Reference: 
Rohwer, J.M., Hanekom, A.J., Crous, C., Snoep, J.L. and Hofmeyr, J.H. (2006) 

Evaluation of a simplified generic bi-substrate rate equation for 
computational systems biology. Syst Biol (Stevenage), 153, 338-341. 

 
 
Supplementary Table 5B. Differential equations employed in the model. 
VGLU,N, VGLU,F, VGLN,N, VGLN,F, VASP,F represent reactions leading to biomass 
generation and therefore are proportional to . Subscript N or T indicates the 
reaction consumes the amino group only (e.g., transamination to produce other 
amino acids or nucleotides) or the entire molecule respectively (e.g., protein 
synthesis). 
 
VGLN,N = 882.0 mM/ ; VGLN,F = 107.9 mM/ ; VGLU,N = 3046.0/ ; VGLU,F = 347.0/ ; 
VASP,F = 658.0/  
 

NGLNFGLUNGLUASTGSGDHGOG vvvvvvv
dt

GLUd
,,,2

][
  

FGLNNGLNGOGGS vvvv
dt

GLNd
,,

][
  

FASPAST vv
dt

ASPd
,

][
  

ATAR vv
dt

GSd


][
 

UTUR vv
dt

PIId


][
 

  GDHGSextdiff vvNHNHk
dt

NHd
 ]3[]3[

]3[
int

int  

Yuan et al. supplemental material

page 15 of 17



A6 elbat yratnemelppuS .  .noitcaer esarefsnartonima etatrapsa eht fo scimanydomrehT 
 snoitcaeR

devlovni a
 etatecaolaxo+etamatulG  +etatrapsa α K( etaratulgotek- 1qe  )7.6=

DAN+etalaM + K( HDAN+ etatecaolaxo 2qe  )52000.0=

DAN+etalam+etamatulG nxr llarevO +  +etatrapsa α   HDAN+GK-

 etamatulG  
)Mm(

etalaM
)Mm(

 etatrapsA
)Mm(

α GK-
)Mm(

/HDAN
DAN +

K qe  )llarevo(
K= 1qe K* 2qe

Q
 )tneitouq noitcaer(

∆G
 )lom/JK(

 drawrof dloF
K( nevird qe )Q/

 tfihs-erP b 01×5.1 6.11 38.1 6.3 6.67 3-  1.1  52.0- 
 tfihs-tsoP c  06.0 0.6 3.1 061 

20.0 d 01×7.1 3-

01×7.2 4-  3.6 7.4- 
omreht_emyzne/vog.tsin.bdpx//:ptth( snoitcaeR dezylataC-emyznE fo scimanydomrehT fo esabatad TSIN eht si s’qeK fo ecruos ehT .a  )/scimanyd

 t ,.e.i( tfihspu-N erofeb etats ydaets ehT .b ≤  )4 & 3 .giF ni nim 0 
 t ,.e.i( tfihspu-N tsop etats ydaets ehT .c ≥  )4 & 3 .giF ni nim 8 

 snoitartnecnoc etilobatem etulosbA ,.D .J ,ztiwonibaR ;.J .S ,neiD naV ;.R ,tuohretsO ;.M ,oaG ;.E ,llabmiK ;.D .B ,ttenneB .d  ni ycnapucco etis evitca emyzne deilpmi dna iloc aihcirehcsE .sserp ni ,9002 ygoloib lacimehC erutaN .  tseb ehT
DAN fo etamitse + ils a ni detluser 13 fo eulav eht dna )15—81( daorb erew stimil ecnedifnoc %59 eht ,revewoH  .13 saw ttenneB morf oitar HDAN /  evitisop ylthg ∆  a ,ylgnidroccA  .elbissop ton si hcihw ,noitatimil-N gnirud noitcaer TSA eht rof G

DAN eht ni tfihs a ,krow siht fo esoprup eht rof ,taht etoN  .ereh desu saw 05 fo eulav rehgih tahwemos +  eht gnignahc ot tnelaviuqe si oitar HDAN/ ∆ ’G DAN fo tfihs ehT  .noitcaer HDM eht rof +  ni rorre na ot tnelaviuqe si 05 ot 13 morf oitar HDAN / 
∆  rof detroper egnar rorre nihtiw si hcihw ,lom/Jk 2.1 fo tnemerusaem ’G ∆  .noitcaer siht rof ’G

B6 elbaT yratnemelppuS .  dnib nac TSA fo etis gnidnib tinu nobrac-5 ehT .noititepmoc etis evitca esarefsnartonima etatrapsA 
 ro etamatulg α  .etatecaolaxo ro etatrapsa dnib nac etis gnidnib tinu nobrac-4 eht ;etaratulgotek- 

  YCNAPUCCO  
 noitabrutrep-erp

  YCNAPUCCO
 noitabrutrep-tsop

 DLOF
 EGNAHC

 2.1 99 97 etamatulG etis nobrac-5
α  30.0 6.0 02 etaratulgotek-

 2.1 29 67 etatrapsA etis nobrac-4
 3.0 6.0 2 etatecaolaxO

C6 elbaT yratnemelppuS .  d mass action termsna citenik fo noitubirtnoC  ,CE( tneiciffeoc yticitsale ot nl∂ V nl∂/ C)  htiw etar noitcaer fo 
etilobatem hcae ot tcepser e.

 etatrapsA etatecaolaxO etamatulG α  etaratulgotek-
 MUS  citenik 

)CE(
 MUS citenik

)CE(
 MUS citenik

)CE(
 MUS citenik

)CE(
  tfihs-erP 1510.0- 6.11 4.21 08.0-  4.11- 97.0- 4.21 4.21 2.21-  6.11- 4.11- 91.0-
  tfihs-tsoP 10200.0- 72.0 62.1 99.0-  62.0- 39.0- 62.1 62. 91.1-  72.0- 62.0-7500.0-

 5991 ,5 .oN ,72 .loV ,senarbmemoiB dna scitegreneoiB fo lanruoJ .S J ,ryemfoH ot gnidrocca detaluclaC .e

mass action mass action mass action mass action

Yuan et al. supplemental material

page 16 of 17



Supplementary Table 7. Response coefficient* of metabolite pools and fluxes 
to model parameters calculated by metabolic control analysis. Background 

 

*: Response coefficient R(y,p) is calculated as following: 
R(y,p) = (dy/dp)*(p/y) = (dy/y)/(dp/p) 
where y is a system variable (pool size or flux, listed in the 1st row) and p is a 
parameter (K and V listed in the first column). 

GLU pool GLN pool GS Flux GOGAT Flux Growth rate 
GOGAT Vmax 9.3×10-1 -4.16×10-1 1.21×10-2 1.02×10-2 -1.54×10-3

GOGAT Ki Glu 2.42×10-1 -1.10×10-1 4.22×10-3 2.04×10-3 -2.17×10-3

GOGAT Km Gln -7.5×10-1 3.37×10-1 -1.10×10-2 -6.43×10-3 2.22×10-3

GOGAT Km α-KG -2.19×10-3 0 9.5×10-4 -1.67×10-3 -8.49×10-4

GOGAT Ki Asp 4.21×10-1 -1.90×10-1 6.22×10-3 3.42×10-3 -1.78×10-3

GS Vmax -5.11×10-3 3.06×10-3 5.68×10-3 6.52×10-3 6.82×10-4

GSAMP Vmax 0 0 4.34×10-5 0 0
GS Km Glu 3.65×10-3 0 -5.28×10-3 -3.66×10-3 1.42×10-3

GS Km NH3 5.11×10-3 -3.06×10-3 -5.27×10-3 -6.52×10-3 -6.82×10-4

GS Ki Gln -3.65×10-3 0 5.05×10-3 2.31×10-3 -1.42×10-3

GDH Vmax -5.11×10-3 0 6.14×10-3 4.05×10-3 -1.98×10-3

GDH Km α-KG 3.65×10-3 0 -4.58×10-3 -3.66×10-3 1.42×10-3

GDH Km NH3 5.11×10-3 0 -6.14×10-3 -4.05×10-3 1.98×10-3

GDH Ki Glu -3.65×10-3 0 4.58×10-3 3.66×10-3 -1.42×10-3

Vmax AT 7.3×10-4 0 -4.37×10-4 -1.93×10-4 2.83×10-4

Km AT PII -7.3×10-4 0 -1.01×10-3 1.93×10-4 -2.83×10-4

AT Km GS 0 0 0 0 0
AT/AR Km Gln -7.3×10-4 0 4.37×10-4 1.93×10-4 -2.83×10-4

AT Ki α-KG 7.3×10-4 0 3.18×10-4 -1.93×10-4 2.83×10-4

AR Vmax -7.3×10-4 0 9.69×10-4 1.93×10-4 -2.83×10-4

AR Km PIIUMP 0 0 6.93×10-4 0 0
AR Km GSAMP 7.30×10-4 0 9.50×10-5 -1.93×10-4 2.83×10-4

UT Vmax 0 0 5.08×10-5 0 0
UT Km PII 0 0 0 0 0
UT/UR Km Gln 0 0 5.08×10-5 0 0
UR Vmax 0 0 0 0 0
UR Km PIIUMP 0 0 0 0 0
AST Vmax -2.41×10-2 1.22×10-2 -1.88×10-3 8.74×10-5 1.31×10-3

AST Km OA 2.41×10-2 -1.22×10-2 2.57×10-3 -8.74×10-5 -1.31×10-3

AST Km Glu 5.11×10-3 0 -1.99×10-3 1.35×10-3 1.98×10-3

AST Ki Asp -1.83×10-2 6.12×10-3 2.22×10-3 -1.01×10-3 -1.75×10-3

AST Ki α-KG -5.11×10-3 0 1.99×10-3 -1.35×10-3 -1.98×10-3

Kdiff (ammonia) -3.36×10-2 1.16 9.85×10-1 9.85×10-1 9.94×10-1

is color coded to denote positive (yellow) or negative (blue) coefficient, and 
color intenty correlates with the mangnitude of the coefficient. 
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