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Abstract: The fed-batch fermentation of glycerol to 1,3-
propanediol by Klebsiella pneumoniae displayed an un-
usual dynamic behavior that can be clearly divided into
four distinct phases according to cell growth and CO,
evolution rate. Metabolism changed significantly during
the different phases as reflected by the varied specific
rates of substrate consumption and product formation.
An assay of activities of the three initial enzymes of glyc-
erol metabolism, namely glycerol dehydratase (GDHt),
glycerol dehydrogenase (GDH), and 1,3-propanediol-
oxidoreductase (PDOR), showed apparently different
patterns of expression. To understand the culture dy-
namics and patterns of enzyme formation at a more sys-
temic level we analyzed the expression patterns of intra-
cellular proteins of K. pneumoniae from different phases
of the fed-batch fermentation using two-dimensional gel
electrophoresis (2DE). Two new enzymes, namely a
phosphoenolpyruvate-dependent dihydroxyacetone ki-
nase (DHAK Il) and a hypothetical oxidoreductase (HOR),
which are directly related to glycerol metabolism and
1,3-propanediol formation, were identified among the
highly expressed proteins. The changes in expression of
these new enzymes and several other proteins identified
from the 2DE analysis helped to understand not only the
dynamic behavior of the fed-batch fermentation reported
in this work but also some previously insufficiently un-
derstood phenomena related to this fermentation pro-
cess. In particular, we demonstrated the combined use of
proteomic analysis and enzyme activity assay data for
metabolic pathway analysis and for a better identifica-
tion of targets for bioprocess improvement. © 2003 Wiley
Periodicals, Inc. Biotechnol Bioeng 83: 525-536, 2003.
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INTRODUCTION

Metabolic pathway analysis is an essential part of metabolic
engineering. The main objectives of pathway analysis are
the estimation of intracellular metabolic fluxes and the iden-
tification of limiting metabolic steps. This should then give
hints for optimization of bioprocesses either by improving
the cell physiology or the genetic composition of the pro-
duction strains. A prerequisite for pathway analysis is the
identification of metabolic pathways involved in a biopro-
cess. The traditional approach of identifying or finding
metabolic pathways for a given microorganism is mainly
hypothesis-driven. Hypotheses about metabolism are usu-
ally made on the basis of previous knowledge of similar
microorganisms and bioprocesses. The hypotheses are then
checked by physiological studies and direct enzyme assay.
A careful stoichiometric and flux balance analysis of the
metabolism can also help to identify pathways as we pre-
viously showed for pyruvate metabolism in glycerol fer-
mentation by Klebsiella pneumoniae (Menzel et al., 1997;
Zeng et al., 1993). The latter has been studied extensively
by our group for the microbial production of 1,3-
propanediol (for recent reviews, see Biebl et al., 1999; Zeng
and Biebl, 2002). 1,3-Propanediol has recently attracted at-
tention as a monomer for a promising new polymer, polytri-
methylene terephthalate.

The rapid accumulation of genomic data and fast devel-
opments in proteomic analysis have generated much interest
in metabolic pathway analysis. The large amount of geno-
mic sequence data make it possible to reconstruct the whole
potential metabolic network of an organism (Kanehisa and
Goto, 2000; Karp et al., 2000; Ma and Zeng 2002; Overbeek
et al., 2000). The analysis of protein expression patterns
under experimental conditions given by proteomic analysis
can provide much information about functionality and regu-
lation of the metabolic network. This approach to the study
of metabolic pathways and their regulation may be called
data-driving. The rational and purposeful exploration of this



enormous quantity of genomic and proteomic data for path-
way analysis of real bioprocesses is in its infancy, but rep-
resents an important area of postgenomic research (Ideker et
al., 2001; Seow et al., 2001).

In this work, we demonstrate the unusual dynamics of a
fed-batch fermentation of glycerol by K. pneumoniae. Re-
sults of direct enzyme assays and proteomic analysis of this
fermentation process are then presented, which helps to bet-
ter understand this fermentation process. We demonstrate
that the combined use of proteomic analysis and enzyme
activity assay is particularly useful for metabolic pathway
analysis.

MATERIALS AND METHODS

Organism

Klebsiella pneumoniae DSM 2026 was obtained from the
German Collection of Microorganisms (DSMZ).

Medium

Media for anaerobic flask and preculture of K. pneumoniae
contained (per liter): 20 g glycerol, 3.4 g K,HPO,, 1.3 g
KH,PO,, 2 g (NH,),SO,, 0.2 g MgSO,-7H,0, 0.02 g
CaCl,2H,0, 5 mg FeSO,7H,0, 1 g yeast extract, 2 mL
trace elements solution SL7 (Biebl and Pfennig, 1981), and
2 g CaCOj;. The fermentation medium for K. pneumoniae
contained (per liter): 30 g glycerol, 5.35 ¢ NH,CI, 0.75 g
KCl, 1.38 g NaH,PO,-H,O, 0.28 g Na,SO,, 0.26 g
MgCl,-6H,0, 0.42 g citric acid-H,O, 2.9 mg CaCl,-H,0, 1
g yeast extract, 0.1 mL desmophen as antifoam agent, and 5
mL trace elements solution. The trace elements solution
contained (per liter): 5 g FeCl;6H,0, 2 g MnCl,4H,0,
0.684 g ZnCl,, 0.476 g CoCl,6H,0, 0.17 g CuCl,2H,0, 62
mg H;BO;, 5 mg Na,MoO,2H,0, and 10 mL concentrated
HCI (37%).

Fed-Batch Fermentation of Glycerol

Fed-batch fermentations were carried out in a 4-L Setric
Bioreactor (Set 4V, Setric Genic Industriel, Toulouse,
France) with a starting volume of 2.2 L. The bioreactor was
connected to a real-time computer control system (Ubicon,
ESD, Hannover, Germany) for on-line data acquisition. The
cultivation conditions took place at 37°C, pH 7.0, and 150-
rpm agitation. To ensure anaerobic conditions, the bioreac-
tor was sparged with nitrogen at a flow rate of 0.4 volume
per volume per minute.

The feeding solution contained 85% glycerol and 0.5%
yeast extract. Feeding of substrate was started after con-
sumption of 10 g of alkaline solution (20% NaOH), nor-
mally about 4 h after inoculation. Feeding was coupled with
alkaline consumption and the feeding factor was about 1.5
to 1.7 g of feed solution per gram of alkaline solution.

Analysis of Biomass, Substrate, and Products

The biomass concentration was measured as absorbance at
650 nm and as dry weight (grams per liter) as well. Glycerol
and lactate were assayed enzymatically using test kits from
Roche-Biopharm (Darmstadt, Germany). Product concen-
trations were determined by an isocratic high-performance
liquid chromatography (HPLC) system equipped with an
HPX-87H column (Bio-Rad) with a differential refractive
index detector. As a mobile phase, 0.013N H,SO, with a
flow rate of 0.6 mL/min was used at a working temperature
of 60°C. Organic acids and ethanol were also determined
using gas chromatography equipped with a Chromosorb 101
stainless-steel column (Varian-Chrompack, Frankfurt, Ger-
many) as reported previously (Menzel et al., 1996). Nitro-
gen was used as carrier gas and n-butanol was applied as an
internal standard.

Enzyme Assays

Cell free extract for enzyme assay was prepared as de-
scribed previously (Menzel et al., 1997). The activity of
glycerol dehydratase was determined as described by Ahr-
ens et al. (1998). The apparent activity of 1,3-propanediol
oxidoreductase was determined using the reverse reaction
(1,3-propanediol conversion to 3-hydroxypropionaldehyde),
according to Forage and Foster (1982), and a conversion
factor of 3.95 for the physiological reaction, according to
Abhrens et al. (1998). The activity of glycerol dehydrogenase
was measured according to Ruch et al. (1974).

Two-Dimensional Gel Electrophoresis Analysis

After the cells were harvested, they were immediately
chilled in ice-water, then centrifuged at 9000 rpm for 30 min
at 4°C. Cell pellets were washed twice with phosphate-
buffered saline (PBS) and stored at —70°C until use.

To prepare intracellular protein extracts cell pellets were
resuspended in 1 mL of lysis buffer containing: 9.5 M urea;
2% (wlv) 3-[(3-cholamidopropyl)-dimethyl-ammonio]-1-
propane sulfonate (CHAPS); 0.8% (w/v) Pharmalyte™, pH
3-10; 1% (w/v) dithiothreitol (DTT); and 5 mM Pefabloc
(http://www.weihenstephan.de/blm/deg/manual). This was
disrupted by sonification in an ice bath for 5 x 60 s and
additional 2 x 30 s with a 30-s interval between each ultra-
sonic cycle for an efficient cooling of the sample on ice. A
Branson sonifier was used with the amplitude adjusted to
60%. Cell debris were separated by centrifuge at 13,000g
for 30 min at 4°C. The total protein concentration in the
supernatant was measured with the RCDC Protein Assay
Kit (Bio-Rad) according to the manufacturer’s instructions.
The protein extracts were stored in aliquots at —70°C until
two-dimensional (2D) gel electrophoresis.

The first-dimension gel electrophoresis (isoelectric focus-
ing [IEF]) was conducted using the IPGphor Isoelectric Fo-
cusing System and Immobiline DryStrip, pH 3—-10 NL (both
from Amersham Pharmacia Biotech), at a temperature of
20°C. Aliquots of the protein extracts were diluted with
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rehydration buffer (8 M urea, 2% [w/v] CHAPS, 0.5% IPG
buffer [pH 3 to 10, and 0.28% [w/v] DTT) to adjust the
protein concentration to about 1.1 mg/mL. Approximately
500 g of proteins of each sample (450 wL) were applied to
the Immobiline DryStrips for in-gel rehydrations, according
to the manufacturer’s instructions. During rehydration, low
voltages (30 V x 6 h; 60 V x 6 h) were applied for improved
sample entry of high-molecular-weight proteins into the
polyacrylamide gel (Gorg et al., 1999, 2000). Subsequently,
IEF was performed with the following parameters: 200 V x
1 h; 500 V x 1 h; 1000 V x 1 h; and gradient from 1000 to
8000 V, within 30 min, then 8000 V x 10 h. Moist filter
papers were inserted between the electrodes and the IPG
strips to remove small molecules for optimum focusing re-
sults (Gorg et al., 2000).

The second-dimension gel electrophoresis (sodium do-
decylsulfate—polyacrylamide gel electrophoresis [SDS-
PAGE]) was carried out using the vertical slap separation
unit Ettan Dalt II System, pre-case polyacrylamide gels Et-
tan Dalt II Gel 12.5%, and the Ettan Dalt I Buffer Kit (all
from Amersham Pharmacia Biotech). Before SDS-PAGE,
focused IPG strips were equilibrated in 50 mM Tris-HCI
(pH 8.8), 6 M urea, 30% (w/v) glycerol, 2% (w/v) SDS
containing 1% (w/v) DTT for 15 min, and equilibrated again
in the same buffer containing 2.5% iodoacetamide and a
trace of bromophenol blue for 15 min (as recommended in
the user’s manual provided by the manufacturer for Ettan
Dalt II Gel 12.5%). The IPG strips were embedded with
0.5% agarose sealing solution and SDS-PAGE separation
was performed at 25°C in constant power mode with two
running phases: 3 W/gel for 1 h and then 20 W/gel until the
bromophenol blue dye front reached the bottom of the gel.

After SDS-PAGE separation, gels were stained with Bril-
liant Blue G-Colloidal Concentrate (Sigma Co., St. Louis,
MO) as follows: gels were fixed in 7% glacial acetic acid
plus 40% methanol for 1 h; stained overnight (>15 h) with
a staining suspension prepared from the Brilliant Blue G-
Colloidal Concentrate according to the manufacturer’s sug-
gestion; rinsed with Milli-Q water; and destained with 20%
(v/v) methanol until the desired contrast between protein
spots and gel background was achieved. Gels can then be
stored in 20% ammonium sulfate at 4° to 8°C for several
months. For image documentation and computer analysis
gels were scanned with a UMAX PowerLook III scanner
and UMAX MAGICSCAN software, version 4.4 (UMAX
Data Systems, Inc.), at 300-dpi resolution. Computer analy-
sis of the 2D gels for protein spot detection, spot matching
between gels, and change of protein expression levels were
performed with PHORETIX 2D advanced software, version
5.1 (Phoretix, Newcastle upon Tyne, UK). The molecular
weight of individual protein spots was estimated using es-
tablished 2D SDS-PAGE standards (Bio-Rad). The stan-
dards mixture was treated in the same way as for the normal
protein samples; for instance, first separation on an IPG
strip, and then on a Ettan Dalt II Gel. p/ values were de-
duced from the relationship of pH to the percentage length
of IPG strips provided by Amersham.

RESULTS AND DISCUSSION

Dynamics of Growth and Metabolism in
Fed-Batch Fermentation of Glycerol

Figure 1 shows the results of a fed-batch fermentation of
glycerol by K. pneumoniae. This fed-batch fermentation ex-
hibited a unusual dynamic behavior that can be divided into
four distinct phases according to growth or the evolution of
CO, in effluent gas (Fig. 1a). In phase I, cells rapidly grew
to a relatively high concentration almost without lag phase,
and CO, production reached a maximum. Thereafter, cells
ceased to grow and both biomass concentration and CO,
production reached a minimum (phase II). In phase III, cells
again grew and CO, production reached a second maxi-
mum. In phase IV, CO, production declined continuously
and biomass concentration remained relatively constant.
These varied phases of cell growth and CO, production
were also reflected in the product formation (Fig. 1b). In
phase I, only 1,3-propanediol was produced in a significant
amount. Its production rate was reduced in subsequent
phases, especially phases II and IV. The formation of ac-
etate, lactate, and ethanol was accelerated in phases II to I'V.
These results indicate a change in cell physiology and me-
tabolism in the different phases as evidenced by the changes
in specific rates of substrate uptake and product formation
(Fig. 2). We found that the specific formation rate of lactate
increased significantly in phase 2 and reached its maximum
at the end of this phase. After the onset of decline in lactate
formation, the formation rate of ethanol increased markedly
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Figure 1. Time course of cell growth and product formation in fed-batch
fermentation of glycerol by Klebsiella pneumoniae. Arrows indicate sam-
pling time for 2D proteomic analysis. The fermentation is divided into four
phases (I to IV) according to cell growth and CO, evolution rate.
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Figure 2. Specific rates of substrate consumption and product formation
in the different phases of fed-batch fermentation.

in phase III, and reached its maximum in the transition from
phase III to phase IV.

The reason(s) for the observed changes of cell growth and
metabolism in this fermentation process is not clear. In fact,
a similar phenomenon was reported only recently (Hartlep
et al., 2002). Hartlep et al. (2002) termed this phenomenon
“metabolic switching,” and hypothesized that the accumu-
lation of acetate (to a critical level of about 6 to 10 g/L) may
be one of the triggers for this switching. This critical level
of acetate was reached around the transition from phase I to
phase II in the fed-batch fermentation (Fig. la). In this
study, we observed a significant accumulation of the inter-
mediate 3-hydroxypropionaldehyde (3-HPA) in the first
phase (Fig. 1a), which was then reconsumed in the second
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Figure 3. Specific activity of GDHt by enzyme assay. Also shown is the
normalized spot volume of spot 33 on 2D gel identified as the 3 subunit of
GDHt.
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Figure 4. Apparent specific activity of PDOR by enzyme assay. Also
shown are the normalized spot volumes of spots 12, 35, and 36 on the 2D
gel, which were identified as isoforms of PDOR, and normalized spot
volumes of spots 6 and 40, which were identified as isoforms of a hypo-
thetical oxidoreductase (HOR), a second enzyme that is hypothesized to
catalyze the same reaction as PDOR.

phase. It is known that 3-HPA 1is very toxic to the growth of
many microorganisms (Barbirato et al., 1996). It is possible
that the accumulation of 3-HPA caused the metabolic
switch from phase I to phase II. The reconsumption of
3-HPA allowed the cells to grow again (switching to phase
III). Switching from phase III to phase IV may be due to the
accumulation of other major fermentation products (1,3-PD,
lactate, and ethanol).

Assay of Activities of Key Enzymes for
Glycerol Metabolism

To understand the reasons for metabolic switching and
regulation at the enzyme level we measured the in vitro
activities of the first three enzymes of anaerobic glycerol
metabolism. These included: glycerol dehydratase (GDHLt),
which catalyzes the conversion of glycerol to 3-HPA; ap-
parent 1,3-propanediol oxidoreductase (PDOR), which cata-
lyzes the formation of 1,3-PD from 3-HPA; and glycerol
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Figure 5. Specific activity of GDH by enzyme assay. Also shown are the
normalized spot volumes of spots 5 and 39 on the 2D gel, which were
identified as two isoforms of GDH.
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dehydrogenase (GDH), which catalyzes the oxidative con-
version of glycerol to dihydroxyacetone (DHA). The latter
is then channeled into the glycolysis pathways for the gen-
eration of energy and reducing power. The specific activi-
ties of these enzymes are shown in Figures 3 to 5. For these
three enzymes, expression decreased significantly in phase
I. This may be due to the necessity of avoiding further
accumulation of the toxic intermediate 3-HPA. In general,
the in vitro activity of GDHt was much lower than those of
PDOR and GDH throughout the fermentation, supporting
the aforementioned hypothesis concerning 3-HPA forma-
tion.

The specific activities of all the enzymes continued to
decrease in phase II. In accordance with the renewed growth
the specific activities of PDOR and GDH increased signifi-
cantly in phase III, whereas the activity of GDHt further
decreased in phase III and remained relatively constant in
phase IV. In phase IV, the activities of PDOR and GDH
again decreased. Thus, except for GDHt, the changes in
expression of PDOR and GDH appeared to have the same
pattern as the cell growth and product formation. The dif-
fering behavior of GDHt, PDOR, and GDH was not ex-
pected because the genes coding for these enzymes all be-
long to the same regulon (dha) and should therefore be
regulated by the same inducers or repressors (Forage and
Lin, 1982). In particular, the specific activities of GDHt and
PDOR would be expected to change in a similar manner
because they catalyze the two successive reactions of the
reductive pathway of glycerol utilization.

Although the activities of the three enzymes measured by
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direct enzyme assay are informative, they give a rather lim-
ited picture about the regulation of glycerol metabolism,
especially with regard to the unusual dynamic behavior of
cell growth and metabolism shown in Figures 1 and 2. For
a better understanding of these phenomena at a more global
level, and particularly for explaining the different expres-
sion patterns among GDHt, PDOR, and GDH, we analyzed
the protein expression patterns in the four different fermen-
tation phases using 2D gel electrophoresis analysis.

Proteomic Analysis of K. pneumoniae From
Glycerol Fermentation

Samples from the fed-batch fermentation were taken at the
timepoints indicated in Figure 1 for proteomic analysis of K.
pneumoniae. Figure 6 shows the typical protein expression
pattern of K. pneumoniae obtained from 2D gel electropho-
resis using the Immobiline DryStrip (pH 3 to 10 NL) for the
first-dimensional separation. We chose this Immobiline
DryStrip with a nonlinear pH gradient to facilitate better
resolution between pH 5 and 7, where most of the proteins
appeared, and also to obtain a complete image of the protein
extract of K. pneumoniae. After Coomassie staining, 173 to
214 spots were detected on different gels using the 2D
evaluation. Each sample was measured twice. To compen-
sate for gel staining variations and differences in protein
spot numbers for each gel, normalized spot volumes were
used for comparison of protein expression levels. The nor-
malized spot volume was calculated as single spot volume
divided by the total spot volume and then multiplied by total

pl 10

%0

Figure 6. Typical image of 2DE gel electrophoresis analysis of intracellular proteins of K. pneumoniae grown on glycerol (23 h after inoculation of

culture; Fig. 1).
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Table I. Proteins identified with in-gel digestion and MALDI/TOF-MS and/or ESI/MS_MS analysis.

Function category Spot no.* Annotation and/or homologue proteins pl¢  Mw° (kDa)
Carbohydrate metabolism (dha regulon related) 5 Glycerol dehydrogenase (EC 1.1.1.6) (GLDH), P45511 5.31 41.4
39 GLDA_CITFR® 5.23 412
97 Dihydroxyacetone kinase I (EC 2.7.1.29), 5.03 52.0
sp[P45510IDAK_CITFR
42 Dehydroxyacetone kinase II, subunit 1 (EC 2.7.1.121), P76015 491 39.1
YCGT_ECOLI
18 Dihydroxyacetone kinase II, subunit 2 (EC 2.7.1.121), P76014 5.70 24.8
YCGS_ECOLI
33 Glycerol dehydratase 3 subunit (EC 4.2.1.30), tr[008505 6.72 24.3
62 Glycerol dehydratase o subunit (EC 4.2.1.30), tr/Q59475 6.66 16.8
12 1,3-propanediol dehydrogenase (EC 1.1.1.202), Q59477 591 41.8
35 DHAT_KLEPN 5.81 42.0
36 5.84 41.8
6 Hypothetical oxidoreductase yghD (EC 1.1.-.-), Q46856 5.32 40.2
40 YQHD_ECOLI 5.25 40.1
Glycolysis/gluconeogenesis 87 Phosphoglucomutase (EC 5.4.2.2) (Glucose phosphomutase) 5.30 57.2
(PGM), sp|P36938PGMU_ECOLI
15 Fructose-bisphosphate aldolase class II (EC 4.1.2.13), P11604 5.69 39.0
ALF_ECOLI
17 Triosephosphate isomerase (EC 5.3.1.1) (TIM), Q9Z6B9 5.70 31.5
TPIS_ENTCL
19 Glyceraldehyde 3-phosphate dehydrogenase (EC 1.2.1.12), 6.57 35.5
30 P06977 G3P1_ECOLI 6.25 35.6
31 6.07 359
4 Phosphoglycerate kinase (EC 2.7.2.3), Q8XG18 PGK_SALTY 5.14 41.6
41 5.07 41.6
29 Phosphoglycerate mutase 1 (EC 5.4.2.1), P31217 5.62 32.3
PMG1_ECOLI
2 Enolase (EC 4.2.1.11), P08324 ENO-ECOLI 5.28 46.5
3 522 46.1
51 5.17 459
85 Pyruvate kinase I (EC 2.7.1.40), sp|P77983|KPY1_SALTY 5.61 58.4
84 5.52 58.7
One-carbon metabolism 72 S-adenosylmethionine synthetase (EC 2.5.1.6), P04384 5.13 44.9
METK_ECOLI
Phosphate metabolism 58 Inorganic pyrophosphatase (EC 3.6.1.1), Q8XGIO 4.86 24.3
IPYR_SALTY
Energy metabolism 10 ATP synthase « chain (EC 3.6.3.14), P00822 ATPA_ECOLI 5.72 52.5
48 5.58 54.5
43 ATP synthase B chain (EC 3.6.3.14), P00824 ATPB_ECOLI 4.92 48.0
69 ATP synthase vy chain (EC 3.6.3.14), P00837 ATPG_ECOLI 8.55 33.1
Amino acid metabolism 8 Argininosuccinate synthase (EC 6.3.4.5), P22767 5.44 46.0
ASSY_ECOLI
9 Threonine synthase (EC 4.2.3.1), P00934 THRC_ECOLI 5.48 43.8
37 2,3,4,5-tetrahydropyridine-2-carboxylate N-succinyltransferase, 5.40 36.1
P03948 DAPD_ECOLLI, P41397 DAPD-KLEPN
16 Cysteine synthase A (EC 4.2.99.8), P11096 CYSK_ECOLI 5.79 37.1
14 5.60 37.8
55 Serine hydroxymethyltransferase (EC 2.1.2.1), P06192 5.99 433
GLYA_SALTY
Protein biosynthesis 7 Elongation factor TU (EF-TU), EFTU SALTY, P21694 5.43 424
13 Elongation factor Ts (EF-Ts), Q8XGS0 EFTS_SALTY 5.13 36.2
44 Trigger factor (TF), Q8XFC4 TIG_SALTY 4.87 51.8
64 50S ribosomal protein L6, P02390 RL6_ECOLI 8.84 24.0
61 50S ribosomal protein L9, Q8Z163 RL9_SALTI 6.16 17.9
63 50S ribosomal protein L10 (L8), P17352 RL10_SALTY 8.50 18.5
27 50S ribosomal protein L7/L12 (L8), P18081 RL7_SALTY 4.53 17.2
DNA replication, recombination, and repair 54 Single-strand binding protein (SSB), P02339 SSB_ECOLI 5.47 239
56 Chaperone protein DnaK (heat shock protein), Q8Z9R1 4.84 61.7

DNAK_SALTI
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Table I. Continued
Function category Spot no.* Annotation and/or homologue proteins pl¢  Mw° (kDa)
Membrane transport 53 Periplasmic oligopeptide-binding protein precursor, P23843 5.85 55.8
OPPA_ECOLI
71 Periplasmic dipeptide transport protein precursor, P23847 5.97 50.7
DPPA_ECOLI
70 Putative binding protein yLiB precursor, P75797 YLIB-ECOLI  8.20 48.5
73 Glycine betaine-binding periplasmic protein precursor, P14177  5.56 38.0
PROX_ECOLI
Stress proteins 20 10 kDa chaperonin (protein Cpnl0) (groES protein), P0O5380 5.38 18.6
CH10_ECOLI
45 60 kDa chaperonin (protein Cpn60) (groEL protein), 4.87 559
(HSP60KP), 066026 CH60_KLEPN
34 N-ethylmaleimide reductase (EC 1.-.-.-), P77258 6.06 39.9
NEMA_ECOLI N
1 Alkyl hydroperoxide reductase C22 protein (EC 1.6.4.-), 5.05 23.4
28 P19479 AHPC_SALTY 4.92 23.4
11 Alkyl hydroperoxide reductase subunit F (EC 1.6.4.-), P19480 5.44 55.5
47 AHPF_SALTY 5.39 55.3
59 Probable peroxiredoxin, P57279 TSAA_BUCAI 5.11 25.8
Uncategorized 38 Outer membrane protein A precursor, P24017 OMPA_KLEPN  5.43 38.6
49 CLPB protein (heat shock protein F84.1), PO3815 5.43 72.4
50 CLPB_ECOLI 5.41 724
60 Protein yifE, P27827 YIFE-ECOLI 5.93 17.9
67 Protein yajQ, P77482 YAJQ-ECOLI 5.49 21.1
68 Protein ydgH precursor, P76177 YDGH-ECOLI 8.59 35.5
65 Histone-like protein HLP-1 precursor, P11457 HLPA-ECOLI 8.82 20.8
66 Protein ygbA, P25728 YGBA_ECOLI 7.79 16.5

“Refers to the protein numbering in Figure 6.
Protein index from Swiss-Prot or TrEMBL.
°pl and Mw estimated from 2DE results.

spot area. Differences in the normalized spot intensities be-
tween the two measurements were <20% for most of the
proteins depicted in Figures 3 to 5.

More than 190 spots (62 indicated in Fig. 6) were excised
from the gels for protein identification by peptide mass
fingerprinting with matrix-assisted laser desorption ionisa-
tion time-of-flight mass spectrometry (MALDI-TOF MS).
Some of the spots were also subjected to partial peptide
sequencing with electrospray ionisation quadrupole-time-
of-flight tandem mass spectrometry (ESI-Qq TOF MS/MS).
Some spots marked were almost invisible in this gel, but
appeared clearly on gels of samples from the early fermen-
tation stage. There were 163 spots identified as 122 proteins
and their isoforms by the combined use of MS data and
genome data of K. pneumoniae as described in detail by
Wang et al. (2003). The proteins identified can be classified
into several function categories as briefly summarized in
Table I for the spots indicated in Figure 6. Examples of
proteins for these function categories are shown schemati-
cally in Figure 7, which illustrates the major metabolic path-
ways of glycerol fermentation. These include all three
known enzymes of the dha regulon just mentioned (PDOR,
GDH, and two of the three subunits of GDHt) and two new
enzymes related directly to the anaerobic metabolism of
glycerol. One of these new enzymes is dihydroxyacetone
kinase II (DHAK II) with its two subunits. Unlike the
known ATP-dependent dihydroxyacetone kinase (DHAK 1)

in K. pneumoniae (Johnson et al., 1984) and Citrobacter
freundii (Daniel et al., 1995), DHAK II is a PEP-dependent
dha kinase (Gutknecht et al., 2001). Its presence in K. pneu-
moniae and its PEP dependency was first suggested by a
comparative genome analysis of genes related to the dha
regulon and confirmed by in vitro enzyme activity assay
(Sun et al., 2002). It is noteworthy that DHAK I, which has
so far been considered responsible for the conversion of
dihydroxyacetone (DHA) to dihydroxyacetone phosphate
(DHAP) in glycerol fermentation, had a much lower expres-
sion level than DHAK II throughout the fermentation.

The second new enzyme is a hypothetical oxidoreductase
(HOR) that appeared as two isoforms on the 2DE gel (spots
6 and 40 in Fig. 6). Because of its importance in the pro-
duction of 1,3-propanediol we examined the function anno-
tation of this protein in some more detail. As shown in
Figure 8 by protein sequence alignment, the amino acid
sequence of this protein is 89% identical to the hypothetical
oxidoreductase of E. coli (YghD), 38% identical to the
NADH-dependent butanol dehydrogenase A of several bac-
teria, and 25% identical to the PDOR of C. freundii and K.
pneumoniae. The HOR of E. coli was confirmed to be able
to replace the function of PDOR in E. coli (Emptage et al.,
2001). E. coli, which does not contain any native genes of
the dha regulon, can produce a large amount of 1,3-
propanediol after transformation with most of the dha regu-
lon genes of K. pneumoniae, except the gene for PDOR
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Figure 7. Schematic presentation of identified proteins (enzymes) and their functions related to the metabolism of glycerol and biosynthesis. Also shown
are the expression change patterns of these proteins during fed-batch fermentation.

(dhaT). Interestingly, such transformants can produce even
much higher amounts of 1,3-propanediol than strains trans-
formed with the whole dha regulon, including dhaT. When
the native gene yghD was disrupted, the high producer com-
pletely lost its ability to produce 1,3-propanediol, proving
that YqhD is directly responsible for reducing 3-HPA to
1,3-propanediol in the recombinant E. coli strain. Thus,
spots 6 and 40 on the 2D gel of K. pneumoniae, which are
very similar to YghD, are annotated as a hypothetical 1,3-

propanediol oxidoreductase in K. pneumoniae and classified
as “dha-regulon-related” proteins. Additional evidence for
the existence of enzyme(s) other than PDOR for the forma-
tion of 1,3-propanediol in K. pneumoniae came from a com-
parison of changes of PDOR determined by both 2D-gel
analysis and its directly measured apparent activity by en-
zyme assay (Fig. 4; see discussion in what follows).

The second functional category contains enzymes for gly-
colysis and gluconeogenesis (Fig. 7), including triosephos-
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phate isomerase (TPI), fructose-bisphosphate aldolase class
II (ALDO), glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), phosphoglycerate kinase (PGK), phosphoglyc-
erate mutase | (PglyMut), and enolase (EDO). PEP-
dependent DHAK 1I also contributes to this pathway by
converting phosphoenolpyruvate (PEP) to pyruvate. These
enzymes channel dihydroxyacetone phosphate from glyc-
erol dissimilation into glycolysis and gluconeogenesis path-
ways, which play key roles in the central metabolism by
generating ATP, reducing power, and metabolic intermedi-
ates. Thus, these enzymes are among the most frequently
expressed proteins in glycerol fermentation. Several pro-
teins involved in biosynthesis, transport, and stress re-
sponses are also included in Figure 7.

Use of Proteomic Data and Enzyme Activity
Assay for Analysis of Glycerol Fermentation

The dynamics of protein expression patterns is shown with
an enlarged section of the 2D-gel images in time series in
Figure 9, and shown schematically with the metabolic path-
ways in Figure 7. As demonstrated by the four spots in
Figure 9, the pattern of protein expression changed signifi-
cantly during the first 30 h of fermentation. Enzyme DHAK
IT (spots 42 and 18) represents proteins having an expres-

Epn3405
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Q04945_ADEE_CLOAB
00524 0_ADHE_BACSD
P13504_RDE1_CLOSA
P4S513_DHAT CITFR
Q53477 _DHAT_KLEFH

sion that first decreased significantly during the first two
phases of the fermentation, but increased in later phases.
This pattern of change in protein expression was similar to
the growth of cells in phases II to IV (Figure 1). Several
proteins for glycolysis, such as triosephosphate isomerase
(spot 17) and glyceraldehyde phosphate dehydrogenase
(spot 19), followed the same pattern. PDOR (spot 12) rep-
resents proteins having an expression that decreased con-
tinuously during fermentation. Except for enzymes PDOR
and GDHt, some membrane transport proteins, such as
periplasmic oligopeptide-binding protein (spot 53), and
some ribosomal proteins, such as the 50S ribosomal protein
L9 (spot 61), also belong in this category. HOR (spot 6)
represents a group of identified proteins having an expres-
sion that increased from a very low level in phase I to a
relatively high level in phase IV. Specifically this group
includes the DNA repair protein (spot 54) and the alkyl
hydroperoxide reductases (spots 1, 28, 11, and 47). These
proteins are involved in overcoming stress conditions, indi-
cating physiological stress in the late phases of fed-batch
fermentation. The strongly increased formation of HOR,
especially during phases I and II of the fermentation, may
also be physiologically interpreted as a means to protect
against stress or toxic conditions caused by a possible ac-
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in Swiss-Prot: Q46856_YQHD_ECOLI, hypothetical oxidoreductase Ygh
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-propanediol oxidoreductase (Kpn3405) of K. pneumoniae with similar proteins
D of E. coli; Q24857_ADH3_ENTHI, alcohol dehydrogenase 3 of Entamoeba

histolytica; 005239_ADHA_BACSU, probable NADH-dependent butanol dehydrogenase 1 of Bacillus subtilis; Q04944_ADHA_CLOAB, NADH-
dependent butanol dehydrogenase A of Clostridium acetobutylicum; Q04945_ADHB_CLOAB, NADH-dependent butanol dehydrogenase B of C. aceto-
butylicum; 005240_ADHB_BACSU, probable NADH-dependent butanol dehydrogenase 2 of Bacillus subtilis; P13604_ADHI1_CLOSA, NADPH-

dependent butanol dehydrogenase of Clostridium saccharobutylicum; PASS5

13_DHAT_CITFR, 1,3-propanediol oxidoreductase of Citrobacter freundii; and

Q59477_DHAT_KLEPN, 1,3-propanediol oxidoreductase of K. pneumoniae. The identities between Kpn3405 and the aforementioned proteins are 88.9%,
37.4%, 37.8%, 37.5%, 35.6%, 37.7%, 21.1%, 24.8%, and 24.6%, respectively.
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Figure 9. Changes of protein expression measured by 2D gel electrophoresis as function of fermentation time.

cumulation of 3-HPA. As shown by Ahrens et al. (1998),
PDOR from K. pneumoniae has a relatively high reaction
activity for the reverse directions in the conversion of
3-HPA to 1,3-PD, resulting in a potentially large accumu-
lation of 3-HPA in the later phase of fermentation, when the
concentration of 1,3-PD is quite high (Fig. 1). However, it
is known that the activity of butanol dehydrogenase (BuDH)
from Clostridium acetobutyricum, which was well charac-
terized (Walter et al., 1992; Youngleson et al., 1989) and
has a high protein sequence identity to HOR, is 50-fold
lower in the reverse direction compared with the forward
direction in (Welch et al., 1989). As mentioned earlier, the
HOR from E. coli showed properties similar to those of
BuDH. Thus, the involvement of HOR in the formation of
1,3-PD may reduce the accumulation of 3-HPA and the
stress for cell growth, causing the metabolism switch from
phase II to phase III.

We have demonstrated that proteomic analysis can pro-
vide useful information about metabolic regulation as it re-
lates to the dynamics observed in the fed-batch fermentation
process. In what follows, we further show the importance of
combining data from the proteomic analysis and the direct
enzyme activity assay for improving our understanding of
glycerol fermentation.

In previous work (Menzel et al., 1998) the enzyme ac-

tivities and fluxes of pyruvate metabolism in the glycerol
fermentation were determined. It was observed that pyru-
vate kinase that catalyzes the conversion of PEP to pyruvate
(Fig. 7) had a much lower activity compared with the up-
stream enzymes (e.g., GDH) of glycerol assimilation (Ahr-
ens et al., 1998) and the downstream enzymes (such as
pyruvate formate-lyase), suggesting that pyruvate kinase
(PK) may be one of the limiting enzymes in glycerol fer-
mentation. Another interesting and somewhat surprising ob-
servation by Menzel et al. (1998) was that the ratio of in
vitro to in vivo activities of PK was in some cases clearly <1
(around 0.8 to 0.9). This represents an unrealistic value
because the in vitro-measured maximum activity of the en-
zyme should theoretically not be lower than the in vivo—
measured activity. This seemingly unrealistic ratio of in
vitro to in vivo activities of PK can now be understood in
view of the finding with PEP-dependent dihydroxyacetone
kinase (DHAK II). This enzyme catalyzes at the same time
as the conversion of PEP to pyruvate. As shown in Figure 7,
the expression level of DHAK II was much higher than that
of PK, especially in the first two phases of the fermentation.
Because it was DHAK II, not PK, that was identified among
the most highly expressed spots on the 2D gels, it is rea-
sonable to assume a significant contribution of DHAK II to
the formation of pyruvate. If the flux from PEP to pyruvate
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catalyzed by DHAK II is subtracted in the calculation of the
in vivo activity of PK, then the ratio of in vitro to in vivo
activities for this enzyme would thus be >1.0. Therefore,
proteomic analysis explained the seemingly controversial
results concerning the pyruvate metabolism. It can also be
better understood why the activity of PK is much lower than
in other enzymes in the related pathways. In this context, we
can also state that proteomic analysis is useful for identify-
ing real targets for metabolic engineering of production
strains. In the case of glycerol conversion to 1,3-pro-
panediol, an overexpression of the previously assumed lim-
iting enzyme, pyruvate kinase, will obviously not lead to
significant improvement of the process because it does not
represent a limiting step according to the proteomic analysis
in this study.

Another noteworthy finding from the proteomic analysis
pertains to the conversion of 3-HPA to 1,3-propanediol, a
key step in the fermentation process (Fig. 7). Figures 3 to 5
show comparisons of changes in the in vitro activities from
the enzyme assay and the changes of expression levels de-
termined from 2DE analysis for three of the dha regulon
enzymes. For GDHt (spot 33) and GDH (spot 5) the general
patterns of changes are quite similar. However, a clear dis-
crepancy was found for the assumed specific activity of
PDOR in Figure 4. None of the changes in the spots iden-
tified as isoforms of PDOR can explain the significant in-
crease in the in vitro enzyme activity measured in phase III
of the fermentation. This implies that other enzyme(s) may
be responsible for the increased in vitro activity. Indeed, the
2D analysis identified a protein (HOR) (spots 6 and 40 as
isoforms in Fig. 6) that can catalyze the conversion of
3-HPA to 1,3-propanediol. The expression of HOR needed
an induction and increased significantly after a fermentation
time of about 7 to 10 h (phase II, Fig. 4). It remained
relatively constant in phase III and decreased slightly in
phase IV. Thus, the induced expression of HOR may only
partially explain the observed renewed increase in enzyme
activity and metabolic flux for the conversion of 3-HPA to
1,3-propanediol during the third phase of the fed-batch fer-
mentation (Fig. 2). It would be of interests to examine
whether other enzymes, such as alkyl hydroperoxide reduc-
tase (spot 1), which increased significantly on the 2D gel in
phase III (Fig. 7), could also catalyze the conversion of
3-HPA to 1,3-propanediol.

In conclusion, proteomic analysis provides a wealth of
information on the regulation of metabolic pathways in
glycerol fermentation. For a more exhaustive exploration of
this approach, a more systematic study under varied experi-
mental conditions, preferably with directed physiological or
genetic perturbation of the metabolic and regulatory net-
works, is desirable (Ideker et al., 2001). For this purpose, we
have recently established a method to knock out selected
genes in K. pneumoniae, which will be used to characterize
the new enzymes, DHAK II and HOR, reported in this
work.
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