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ABSTRACT 22 

Microbial production of many commercially important secondary metabolites occurs 23 

during stationary phase, and methods to measure metabolic flux during this growth phase would 24 

be valuable. Metabolic flux analysis is often based on isotopomer information from 25 

proteinogenic amino acids. As such, flux analysis primarily reflects the metabolism pertinent to 26 

the growth phase during which most protein is synthesized. In order to investigate central 27 

metabolism and amino acids synthesis activity during stationary phase, addition of fully-13C-28 

labeled glucose followed by induction of green fluorescent protein (GFP) expression during 29 

stationary phase was used. Our results indicate that Escherichia coli was able to produce new 30 

proteins (i.e., GFP) in the stationary phase, and the amino acids in GFP were mostly from 31 

degraded proteins synthesized during the exponential growth phase. Among amino acid 32 

biosynthetic pathways, only those for serine, alanine, glutamate/glutamine, and 33 

aspartate/asparagine had significant activity during the stationary phase.  34 
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INTRODUCTION 43 

Cell-wide studies have come to play an important role in many metabolic engineering 44 

endeavors that seek to use microbial systems for the production of commercial chemicals 1-3. For 45 

the rational design of metabolic pathways in the host cells, isotopomer-based flux analysis can be 46 

used to assess the flux of carbon through central metabolic pathways 4, 5, and often utilizes 47 

proteinogenic amino acids to obtain the labeling information about their precursors in the central 48 

metabolism. Isotopomer-based flux analysis is only pertinent to the exponential phase, the 49 

growth phase during which majority of the cellular protein is generated 6. However, optimizing 50 

microbial host strains requires metabolism information relevant for the stationary phase in which 51 

many products of interest may be produced 7, 8. To perform such flux analysis, one cannot simply 52 

use the proteinogenic amino acids from cells harvested during the stationary phase because their 53 

labeling patterns mainly reflect the metabolism when the amino acid was synthesized, i.e., the 54 

exponential phase.   55 

Recently, liquid chromatography-mass spectrometry and capillary electrophoresis-mass 56 

spectrometry have been developed to obtain flux data relevant to stationary growth phase based 57 

on the 13C labeling information in rapidly turned over metabolites (e.g., oxaloacetate)9, 10. These 58 

techniques are methodologically challenging. After quenching of cellular metabolism, 59 

metabolites must be extracted taking extreme care that these molecules do not undergo any 60 

leakage or degradation11-15.  On the other hand, in our previous study using the model organism 61 

E. coli expressing a plasmid-borne gene encoding an S-tagged green fluorescent protein (GFP), 62 

we found that amino acids from the purified GFP could serve as a proxy for data from total 63 

protein16. Here we utilize this strategy to examine important aspects of metabolism when cells 64 

enter stationary phase by inducing GFP at different growth stages.  65 
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MATERIALS AND METHODS 66 

E. coli growth and metabolite assays. The culture conditions have been described in our 67 

previous study16. In brief, all E. coli BLR(DE3) pET30-GFP cultures were grown in M9 minimal 68 

medium supplemented with 2% glucose (2 grams of glucose in 100 mL of medium) and a trace 69 

metal solution17. Kanamycin (50 µg/mL) was used for strains harboring pET30-GFP. All 70 

cultures were inoculated with 0.1% volume and grown at 37°C with shaking at 200 rpm. Two 71 

sets of cultures (4×100 mL each) were used in this study. The first set of cultures was grown in 72 

minimal medium containing 2% singly labeled 1-13C-glucose (99% pure, Cambridge Isotope 73 

Laboratories, MA). The second set of cultures was grown in minimal medium with 2% unlabeled 74 

glucose. When the OD600 of the cultures reached 5.8 (stationary phase), 0.1 g of fully-labeled 75 

13C-glucose was added to each of the four 100-mL cultures growing in unlabeled glucose 76 

medium (16 hours after inoculation). Then isopropyl β-D-1-thiogalactopyranoside (Sigma-77 

Aldrich, MO) was added to a final concentration of 1 mM to both sets of cultures to induce 78 

production of recombinant S-tagged GFP. Cell growth was monitored by measuring OD600. 79 

Extracellular metabolites (including acetate, lactate, ethanol and formic acid) were measured by 80 

HPLC  equipped with a UV detector (1200 Series HPLC, Agilent Technologies, CA) and Bio-81 

Rad HPLC Organic Acid Analysis Column (Aminex HPX-87H Ion Exclusion Column, 300mm 82 

x 7.8mm, Cat# 125-0140, CA). Extracellular metabolite data were useful for metabolic flux 83 

analysis (Supplementary materials). 84 

 85 

Protein purification. After 24 hours of GFP induction, cells from 400 ml cultures were harvested 86 

by centrifugation. The GFP protein was purified using a modified version of the S-tag rEK 87 

Purification Kit protocol (Novagen Inc., Madison, WI). Each cell pellet from the 100 mL culture 88 
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was treated as follows. After resuspension in 20 mL of binding buffer (20 mM Tris-HCl, pH 7.5, 89 

150 mM NaCl, 0.1% Triton X-100), cells were lysed via sonication. The soluble GFP was 90 

separated by centrifugation (small amount of GFP remaining in the insoluble fraction could be 91 

extracted using binding buffer with 8M urea), and the concentration of urea in the soluble GFP 92 

solution was adjusted to 2M. Using end-over-end rotation, 6 mL of S-protein agarose slurry was 93 

mixed with this total protein sample for 3 hours. The S-protein agarose was washed three times 94 

with 20 mL of binding buffer containing 2M urea. The resin was then resuspended in 6 mL of 95 

the same buffer, and 60 units of rEK (recombinant enterokinase) were added to cleave the target 96 

protein from the washed resin. After a 21-hour digestion, the rEK was removed from the mixture 97 

by binding with 3 mL of EKapture agarose for 20 minutes using end-over-end rotation. After 98 

centrifugation (500 × g for 5 minutes), GFP was obtained in the supernatant and could be 99 

analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).   100 

 101 

Isotopomer analysis and flux analysis. The GC-MS protocol for isotopomer measurement has 102 

been reported previously18. In brief, protein pellets (from 50 mL culture) were hydrolyzed and 103 

the resulting amino acid mixture was derivatized in tetrahydrofuran (THF) and N-(tert-104 

butyldimethylsilyl)-N-methyl-trifluoroacetamide (Sigma-Aldrich, St. Louis, MO). The 105 

isotopomer labeling was analyzed using a gas chromatograph (Model 6890, Agilent, 106 

Wilmington, DE) equipped with a DB5 column and a mass spectrometer (Model 5973 Network, 107 

Agilent, Wilmington, Delaware). Two types of positively charged species were obtained: 108 

unfragmented amino acids, [M-57]+, and fragmented amino acids that have lost their α carboxyl 109 

group, [M-159]+.  The natural abundance of isotopes was corrected using a published algorithm 110 
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before using the data for calculating the label distribution19. The enrichment of isotopic labeling 111 

fraction (F) in amino acids can be defined as the equation below: 112 

I

Mi
F

Ii

i
i∑

=

=

⋅

= 0                 (1) 113 

where I is the number of carbons in the amino acid; i (from 0~I) represents unlabeled, singly 114 

labeled, doubly labeled isotopomers; and Mi is the fraction of the isotopomer with i labeled 115 

carbons. Isotopic labeling fraction (F) can be used to investigate the amino acid synthesis during 116 

stationary phase.   117 

The isotopomer model for metabolic flux analysis has been developed as described 118 

before20. The biochemical pathways for E. coli central carbon metabolism include the 119 

tricarboxylic acid (TCA) cycle, the glyoxylate shunt, C1 metabolism, glycolysis, and the pentose 120 

phosphate (PP) pathway. The detailed flux analysis algorithms and flux results for this study are 121 

in the supplementary materials.  122 

 123 

RESULTS AND DISCUSSION 124 

Isotopomer information from proteinogenic amino acids is commonly used to assess 125 

cellular metabolic fluxes 5, 9, 21-23 in exponential growth phase by assuming that cell growth is in a 126 

pseudo steady state6. To study stationary phase metabolism, E. coli BLR(DE3) pET30-GFP was 127 

cultured in glucose minimal medium. When the cell optical density stopped increasing, the cells 128 

were considered to be in stationary phase. Samples of the biomass and protein were collected 129 

from the exponential phase, early stationary phase, and late stationary phases (Fig. 1). This set-130 

up allowed a comparison of the isotopomer distribution in amino acids from several different 131 

samples; 1) total protein from exponential phase, 2) total protein in early stationary phase, 3) 132 
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total protein in late stationary phase, and 4) purified GFP induced during stationary phase. The 133 

data for 14 key amino acids (that represent the central metabolic pathways) across all the 134 

samples listed above clearly indicate that the isotopomer distributions of amino acids from total 135 

protein extracted from stationary-phase cells are similar to those extracted from exponentially-136 

growing cells (difference is less than 3%, Table 1). This is not surprising because it can be 137 

assumed that the majority of the protein present in stationary-phase cells was synthesized during 138 

the exponential growth phase. Thus, even if the stationary growth is expected to result in very 139 

different flux through metabolic pathways, the isotopomer information from proteinogenic 140 

amino acids may not reflect such changes. Hence, proteinogenic amino acids from these samples 141 

cannot be used to determine the metabolic fluxes specific to the stationary phase.  142 

We have previously demonstrated that amino acids derived from a single protein yield 143 

data similar to that from total protein in a sample16. To investigate the stationary phase 144 

metabolism, we used such a single purified protein, a Plac-driven, S-tagged GFP, induced 145 

specifically during the stationary phase. The S-tag enabled simple and efficient purification of 146 

the GFP (Supplementary Fig. S1). By derivatizing and analyzing the isotopomer distribution in 147 

the amino acids of this protein, one may observe the metabolism specific to stationary-phase 148 

cells. However, our results indicate that the isotopomer distribution in amino acids derived from 149 

purified GFP produced during the stationary phase is very similar to the data from total protein 150 

harvested at different growth stages (Table 1). Metabolic fluxes calculated based on such amino 151 

acids labeling (Supplementary Fig. S2 and S3) would therefore suggest that central metabolic 152 

pathways actively degrade glucose for energy and biomass production during stationary phase 153 

(i.e., a typical exponential phase metabolic status).  154 

 155 
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It is likely that the amino acid biosynthetic pathways are much less active during 156 

stationary phase and some portion of amino acids used in the production of the stationary phase-157 

GFP are from proteins degraded during exponential phase. In order to quantify the percentage of 158 

each amino acid that is freshly synthesized during stationary phase, the culture was grown in 159 

unlabeled glucose and fully labeled 13C-glucose was added when the culture reached stationary 160 

phase, followed by induction of the GFP. The addition of labeled glucose only in stationary 161 

phase ensured that only amino acids from active biosynthetic pathways would contain the 162 

labeled carbons. Analysis of GFP expressed exclusively in stationary phase allowed us to assess 163 

the fraction of each given amino acid in this protein that was newly synthesized (contained label) 164 

versus predominantly recycled from degraded proteins (unlabeled). Our results show an 165 

enrichment in labeled carbon in all amino acids above the background (1.1%), but much lower 166 

than the labeled carbon percentage in the stationary-phase medium (8.0%) (Table. 2). The 167 

unlabeled amino acids were assumed to be recycled from proteins synthesized during 168 

exponential phase, while the labeled amino acids, were assumed to be synthesized during the 169 

stationary phase. Table 2 shows the fraction of freshly synthesized amino acids during stationary 170 

phase in total GFP amino acids, calculated based on the 13C enrichment (Equation 1). Alanine 171 

(45%), serine (53%), glutamate/glutamine (36%), and aspartate/ asparagine (28%) were found to 172 

have a 13C enrichment that was significantly high.  The rest of the amino acids had <25% 13C 173 

enrichment and thus are considered to have been derived almost exclusively from the recycled 174 

amino acids from exponential phase protein. Specifically in the case of serine, there was 175 

significant labeling difference between the two growth phases (Table 1), suggesting a change in 176 

pathways during growth from exponential to stationary phase. E. coli is known to have two 177 
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serine synthesis pathways (i.e., Glycerate-3-P�serine; glycine�serine); and the relative activity 178 

of the two pathways are highly affected by cell growth rates 24.  179 

 180 

CONCLUSIONS 181 

The use of concurrent GFP induction and labeled glucose addition allowed us to pinpoint 182 

the amino acids with active biosynthesis during stationary phase. This study also confirmed that 183 

the isolated GFP, though expressed only in the stationary phase, contained both amino acids 184 

synthesized during stationary phase and recycled amino acids from protein synthesized during 185 

the exponential phase. As a result, the fluxes during stationary phase cannot be directly assessed 186 

using proteinogenic amino acids from such a sample. To perform 13C based flux analysis of the 187 

stationary metabolism, free metabolites in central metabolic pathways (such as oxaloacetate) 188 

rather than amino acids should be used. 189 
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Figures and Figure Captions 200 

Figure 1. Biomass growth and glucose consumption. The symbols are •, OD600; o, glucose 201 

concentration. Fully-labeled glucose was added at the end of exponential phase, 1 hour before 202 

the addition of IPTG. Note: 1. sample taken during the exponential phase; 2. addition of IPTG; 3. 203 

sample taken during late stationary phase. 204 

 205 

 206 

 207 

208 



11 

Table 1. Amino acid isotopomer analysis of proteinogenic amino acids (1-13C glucose, n=2). 209 
Amino acids  GFP stat phase Exponential phase Early stat phase Late stat phase 

  57 159 57 159 57 159 57 159 

Ala M0 0.56 0.58 0.55 0.56 0.55 0.55 0.55 0.54 

 M1 0.42 0.39 0.43 0.40 0.43 0.40 0.43 0.41 

 M2 0.01 0.02 0.01 0.04 0.01 0.05 0.01 0.04 

Gly M0 0.92 0.99 1 1 0.99 0.99 0.98 0.99 

 M1 0.08 0.01 0 0 0.01 0.01 0.02 0.01 

Val M0 0.37 0.35 0.31 0.29 0.31 0.30 0.31 0.30 

 M1 0.49 0.46 0.48 0.43 0.50 0.43 0.51 0.43 

 M2 0.15 0.17 0.19 0.17 0.19 0.18 0.17 0.18 

Leu M0 
Peak 

overlap 
 
 

0.23  
 

Peak 
overlap 

 

0.20 
Peak 

overlap 
 
 

0.20 
Peak 

overlap 
 
 

0.20 

 M1 0.42 0.42 0.41 0.42 

 M2 0.27 0.29 0.30 0.31 
 M3 0.08 0.09 0.08 0.07 

Ile M0 
Peak 

overlap 
 
 

0.26  
 

Peak 
overlap 

 

0.23 
Peak 

overlap 
 
 

0.23 
Peak 

overlap 
 
 

0.24 

 M1 0.46 0.46 0.47 0.46 

 M2 0.23 0.25 0.25 0.23 

 M3 0.05 0.06 0.04 0.04 

Met M0 0.24 0.28 0.21 0.27 0.21 0.27 0.21 0.27 

 M1 0.39 0.39 0.40 0.41 0.38 0.41 0.40 0.41 

 M2 0.25 0.25 0.26 0.22 0.29 0.21 0.26 0.23 

 M3 0.10 0.06 0.10 0.08 0.08 0.08 0.08 0.07 

Ser M0 0.46 0.69 0.55 0.59 0.58 0.57 0.52 0.52 

 M1 0.49 0.29 0.41 0.39 0.40 0.41 0.48 0.48 

 M2 0.04 0.01 0.02 0.02 0.02 0.02 0 0 

 M3 0.01 0.0 0.01 0 0.01 0.01 0 0 

Phe M0 0.29 0.26 0.25 0.26 0.26 0.25 0.27 0.26 

 M1 0.40 0.45 0.46 0.43 0.47 0.44 0.45 0.43 

 M2 0.30 0.24 0.23 0.25 0.23 0.24 0.23 0.22 

 M3 0.02 0.04 0.03 0.05 0.03 0.03 0.04 0.04 

Asp/Asn M0 0.39 0.48 0.36 0.45 0.36 0.44 0.38 0.47 

 M1 0.46 0.43 0.49 0.44 0.47 0.45 0.45 0.41 

 M2 0.14 0.08 0.11 0.10 0.15 0.09 0.15 0.09 

 M3 0.01 0 0.05 0 0.01 0.01 0.01 0.02 

Glu/Gln M0 0.27 0.34 0.26 0.30 0.26 0.29 0.25 0.30 

 M1 0.45 0.46 0.45 0.45 0.44 0.45 0.44 0.47 

 M2 0.24 0.19 0.24 0.21 0.25 0.22 0.27 0.21 

 M3 0.04 0.01 0.04 0.03 0.04 0.04 0.04 0.02 

His M0 0.27 0.34 0.29 0.39 0.31 0.41 0.32 0.42 

 M1 0.41 0.48 0.40 0.44 0.41 0.46 0.41 0.43 

 M2 0.26 0.16 0.23 0.14 0.22 0.10 0.21 0.09 

 M3 0.07 0.01 0.06 0.03 0.05 0.03 0.06 0.02 

Tyr M0 0.29 0.27 0.25 0.27 0.26 0.28 0.27 0.27 

 M1 0.39 0.45 0.43 0.42 0.44 0.43 0.40 0.44 

 M2 0.24 0.20 0.21 0.23 0.19 0.21 0.22 0.20 

 M3 0.04 0.06 0.05 0.04 0.05 0.04 0.04 0.05 

Note: The standard error for the GC-MS measurement is ~0.01; stat = stationary. M0, M1, M2… are 210 
fractions of unlabeled, singly labeled, and doubly labeled amino acids respectively. 211 
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 212 
 213 

Table 2. The use of concurrent GFP induction and labeled glucose addition to pinpoint the 214 
amino acids with active biosynthesis during stationary phase (Percentage of labeled carbon in 215 
amino acid backbone, i.e., M-57, was based on GFP amino acid labeling from stationary phase).  216 

 217 
*: M-57 for Leu and Iso overlapped with other amino acids, so M-159 labeling data were used in 218 

the table. **: in the stationary phase, about 8 ± 1 % of total glucose in the medium was fully 219 

labeled. Natural 13C abundance is 1.1%. % of fresh amino acids in total amino acids was 220 

calculated by: (F-1.1%) / 8%. 221 

222 

Amino 
acids 

M0 M1 M2 M3 M4 Isotopic  enrichment  
fraction (F) 

% of fresh amino acids 
in total amino acids** 

Ala 0.93 0.03 0.01 0.03 - 4.7% 45 ± 6% 
Gly 0.95 0.04 0.01 - - 3.0% 24 ± 3% 
Val 0.92 0.06 0.01 0.01 0 2.2% 14 ± 2% 

Leu* 0.93 0.06 0.01 0 0 1.6% 6 ± 1% 
Iso* 0.95 0.04 0.01 0 0 1.3% 3 ± 1% 
Met 0.91 0.09 0 0 0 1.8% 9 ± 1% 
Ser 0.93 0.02 0.01 0.04 - 5.3% 53 ± 8% 
Phe 0.90 0.07 0.02 0.01 0 1.6% 6 ± 1% 
Asp 0.91 0.06 0.02 0.01 0 3.3% 28 ± 4% 
Glu 0.87 0.07 0.05 0.01 0 4.0% 36 ± 5% 
His 0.91 0.05 0.03 0.01 0 2.3% 15 ± 2% 
Tyr 0.83 0.09 0.03 0.03 0.02 3.6% 31 ± 4% 
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