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Mutants with deletion mutations in the glg and mal gene clusters of Escherichia coli MC4100 were used to
gain insight into glycogen and maltodextrin metabolism. Glycogen content, molecular mass, and branch chain
distribution were analyzed in the wild type and in AmalP (encoding maltodextrin phosphorylase), AmalQ
(encoding amylomaltase), Agigd (encoding glycogen synthase), and Aglgd AmalP derivatives. The wild type
showed increasing amounts of glycogen when grown on glucose, maltose, or maltodextrin. When strains were
grown on maltose, the glycogen content was 20 times higher in the AmalP strain (0.97 mg/mg protein) than in
the wild type (0.05 mg/mg protein). When strains were grown on glucose, the AmalP strain and the wild type
had similar glycogen contents (0.04 mg/mg and 0.03 mg/mg protein, respectively). The AmalQ mutant did not
grow on maltose but showed wild-type amounts of glycogen when grown on glucose, demonstrating the exclusive
function of GIgA for glycogen synthesis in the absence of maltose metabolism. No glycogen was found in the
AglgA and AglgA AmalP strains grown on glucose, but substantial amounts (0.18 and 1.0 mg/mg protein,
respectively) were found when they were grown on maltodextrin. This demonstrates that the action of MalQ on
maltose or maltodextrin can lead to the formation of glycogen and that MalP controls (inhibits) this pathway.
In vitro, MalQ in the presence of GIgB (a branching enzyme) was able to form glycogen from maltose or linear
maltodextrins. We propose a model of maltodextrin utilization for the formation of glycogen in the absence of

glycogen synthase.

The synthesis of glycogen in bacteria occurs when they are
grown with limited nutrients but an abundance of a carbon
source (33, 34). Escherichia coli accumulates glycogen at levels
of more than half of its cell mass under optimal conditions. The
glycogen gene cluster in E. coli consists of two operons ori-
ented in tandem, glgBX and glgCAP, encoding enzymes that
synthesize and degrade glycogen (12). The encoded enzymes
are a branching enzyme (glgB), a debranching enzyme (glgX),
an ADP-glucose pyrophosphorylase (g/igC), a glycogen syn-
thase (glg4), and a glycogen phosphorylase (glgP). The poly-
merization of the a-1,4-linked glucosyl chain is mediated via
the transfer of glucose from ADP-glucose by GIgA, the glyco-
gen synthase, onto the nonreducing ends of linear dextrins that
are subsequently branched (formation of a-1,6-glycosyl link-
age) by GlgB, the branching enzyme. The expression of the glg
gene cluster is complicated. It involves the global carbon stor-
age regulator CsrA (2, 53), the cyclic AMP (cAMP)/catabolite
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gene activator protein (CAP) system (39), and the stringent
response (38). In addition, the two-component regulatory sys-
tem PhoP-PhoQ (29) connects the system to Mg>" levels, and
even the phosphotransferase system appears to affect the gly-
cogen phosphorylase involved in the degradation of glycogen
(42, 43). glg$, an additional gene involved in glycogen synthe-
sis, is not part of the glg gene cluster. It is not essential for
glycogen synthesis. glgS mutants show reduced glycogen con-
tents and reveal RpoS dependency of glycogen synthesis (20).
The role of GlgS in glycogen synthesis remains unclear, but a
role in protein-protein interaction has been suggested (24).
The mode of glycogen synthesis, in particular the initial prim-
ing reaction, is not well established in bacteria, but the mode of
degradation is well established. GlgP, by forming glucose-1-
phosphate (glucose-1-P), reduces the lengths of the «-1,6-
branched chains to the sizes of maltotetraosyl and maltotriosyl
residues, which then become substrates of GlgX, the debranch-
ing enzyme that releases maltotetrose and maltotriose (12, 46).
It is the glycogen-dependent formation of maltotetraose and
maltotriose that establishes the link to the maltose/maltodex-
trin-utilizing system.

The maltose/maltodextrin system of E. coli consists of 10
genes located in five operons that encode proteins involved in
the uptake of maltose and short maltodextrins via a binding
protein-dependent ABC transporter and four maltodextrin-
utilizing enzymes (5). The key enzyme in maltose utilization is
MalQ (amylomaltase) (28, 35, 51), a 4-a-glucanotransferase. It
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TABLE 1. E. coli strains and plasmids used in this study

Strain or plasmid

Genotype or description

Reference or source

Strains
K-12 MG1655 F~ N ibG rfb = 50 iph = 1 4
MC4100 araD139 deoC1 flbB5301 ptsF25 rbsR relAl rpsL150 A(argF-lac)U169 7
MC1061 A(araA-lew)7697 araD139 A(codB-lacl)3 galK16 galE15 mcrAOQ relAl rpsL50 8
spoTl mcrB1 hsdR2
TBO05 MCA4100 AmalP::kan T. Bergmiller, Konstanz, Germany
TBO07 MC4100 AmalZ::kan T. Bergmiller, Konstanz, Germany
TB16 MC4100 AmalQ::kan T. Bergmiller, Konstanz, Germany
TB38 MC4100 glgA::Tnl0 T. Bergmiller, Konstanz, Germany
TBP38 MC4100 glgA::Tnl10 AmalP::cat This study
GWS51 MC4100 AmalP AglgA::kan glgS::Tnl10 G. Witz, Konstanz, Germany
Plasmids
pET29%b Protein expression vector Novagen, Madison, WI
pET29b-malQ MalQ expression plasmid This study
p6xXHis119 Protein expression vector 22
p6XHI119-EBE GlgB expression plasmid This study
p6xXHmalZ MalZ overexpression plasmid 47

recognizes maltose and longer maltodextrins; it preferentially
removes glucose from the reducing ends of maltose and small
maltodextrins and transfers the remaining enzyme-bound dex-
trinyl residue to the nonreducing ends of other maltodextrins,
thus forming longer maltodextrin chains in the process (31).
When glucose is removed (in vivo, for instance, by glucokinase)
and no other dextrin-utilizing enzymes are present, rather long
maltodextrin chains are formed (16). With longer maltodex-
trins (for instance, maltoheptaose), very little glucose is formed
in the disproportionation reaction, but the increase in chain
length still occurs (23). MalP (maltodextrin phosphorylase)
(41, 50) recognizes maltotetraose and longer maltodextrins
and removes glucose from the nonreducing ends of the dex-
trins by phosphorolysis, forming glucose-1-P. Thus, the com-
bination of MalQ and MalP yields via maltodextrin interme-
diates glucose and glucose-1-P that enter glycolysis. Mutants
lacking MalQ cannot grow on maltose but can grow on malto-
tetraose and larger maltodextrins due to the action of MalP
releasing glucose-1-P. Mutants lacking MalP can grow on
maltose and short maltodextrins, but in the process they accu-
mulate large amounts of long-chain maltodextrins, resulting in
an expanded cell shape (40). Of the supplied maltose, they can
utilize only one glucose moiety that is released by the action of
MalQ. Thus, the combination of MalQ and MalP provides the
means to efficiently utilize maltose or maltodextrins. However,
E. coli has two additional enzymes that act on maltodextrins.
MalS is an enzyme located in the periplasm that recognizes
long dextrins and preferentially releases maltohexaose from
the nonreducing ends of linear maltodextrins (18). This is in
line with the specificity of the maltodextrin ABC transporter,
which can accommodate maltodextrins of up to 7 glucosyl units
(13, 49). MalZ (maltodextrin glucosidase) is located in the
cytoplasm and cleaves glucose sequentially from the reducing
ends of maltodextrins, with maltotriose as the smallest sub-
strate (48). MalZ is also able to hydrolyze -y-cyclodextrin (32)
and larger cyclodextrins. It exhibits transglycosylation activity
and is able to produce nigerose-containing dextrins (47). Like
all mal genes, malZ is under the control of MalT, the central
activator, with maltotriose being the inducer (37). However,
malZ is also induced at high osmolarity independent of MalT

(15). In addition, E. coli contains a cytoplasmic a-amylase that
is not part of the maltose system or of the glycogen system (36).
The function of the enzyme is unclear; mutants lacking the
enzyme have no apparent phenotype.

There is the phenomenon of endogenous induction of the
maltose system that is caused by the formation of internal
maltotriose derived from the degradation of glycogen (15).
Two Glg enzymes are essential for endogenous maltotriose
formation: GlgP, which shortens the branch chains of glycogen
to the lengths of maltotetraosyl and maltotriosyl units, and
GlgX, which releases the branch chains (12). On the other
hand, of the mal enzymes, MalQ, MalP, and MalZ greatly
affect glycogen-dependent endogenous induction (15). In par-
ticular, the osmo-dependent increase in the amount of MalZ
strongly reduces endogenous induction by degrading malto-
dextrins, including the inducer maltotriose (37) to maltose
(15). The expression of the maltose system is subject to strong
catabolite repression by glucose. Not only are the operons
encoding the ABC transporter dependent on the cAMP/CAP
complex, but so is the expression of malT, encoding the acti-
vator of all mal genes (9, 10).

In contrast, the role of mal enzymes in glycogen synthesis
and metabolism is not known, although it was suggested briefly
in an early review by Preiss (33). In this study we tested the
amounts, the sizes, and the branch chain distributions of gly-
cogen in isogenic mutants lacking MalP, MalQ, MalZ, and
GlgA. We found that maltose/maltodextrin metabolism can
lead to the formation of glycogen even in the absence of gly-
cogen synthase. It is the activity of MalP (maltodextrin phos-
phorylase) that determines the strength of this pathway.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains and
recombinant DNAs that were used or constructed in this study are listed in Table
1. Strains, all derivatives of MC4100, were constructed by P1 transduction (27).
Deletions were introduced by the method of Datsenko and Wanner (11) in
combination with use of the heat-inducible recombination system in strain
DY330 (54). Some deletion alleles were obtained from the National Bio-
Resource Project (NIG, Japan; E. coli). When needed, the kanamycin resistance
cassette was removed with plasmid pCP20 harboring the Saccharomyces cerevi-
siae FLP recombinase (11). For the expression of MalZ in MC4100 and the
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TBP38 (AglgA AmalP) deletion strain, plasmid p6xHismalZ (47) was trans-
formed into the corresponding E. coli strains. The strains were cultured in M63
minimal salts [15 mM (NH,),SO,, 22 mM KH,PO,, 40 mM K,HPO,, 1 mM
MgSO,, 0.025 mM FeCl,] supplemented with a single carbon source at a con-
centration of 0.5% (wt/vol) at 37°C with shaking (250 rpm). The medium was
supplemented with ampicillin (100 pg/ml), kanamycin (50 pg/ml), or chloram-
phenicol (35 pg/ml) when necessary.

Cloning and purification of MalQ and GlgB from E. coli K-12. The malQ gene,
encoding amylomaltase, was amplified from chromosomal DNA of E. coli K-12
strain MG1655 (4) by PCR with forward primer 5'-AAC CGC ACT CTC GAG
CTT CTT CGC TGC AGC-3' (an Xhol site is underlined) and reverse primer
5'-AAA CGC TAA GGA AGC CAT ATG GAA AGC-3' (an Ndel site is
underlined). The glgB gene, encoding branching enzyme, was amplified by PCR
using forward primer 5'-AAT GGC AAG CTT TGT CAT TCT GCC TC-3') (an
HindIII site is underlined) and reverse primer 5'-CAG GAA GAC ACA TAT
GTC CGA TCG TAT C-3' (an Ndel site is underlined) from genomic DNA of
E. coli K-12. The PCR products were treated with the restriction enzymes
indicated above and isolated using agarose gel electrophoresis. Protein expres-
sion vectors pET29b and p6XH119 were used for ligation with the isolated malQ
and glgB genes, respectively.

The recombinant plasmid harboring malQ was designated pET29b-malQ and
transformed into E. coli BL21(DE3) for protein expression. In the case of GlgB,
the recombinant plasmid was named p6XH119-EBE and transformed into E.
coli MC1061. The transformants were cultured using 1 liter of Luria-Bertani
medium (10 g tryptone, 5 g yeast extract, 5 g sodium chloride) at 37°C with
shaking (250 rpm). For the induction of malQ, 0.2 mM IPTG (isopropyl-B-p-
thiogalactopyranoside) was added when the absorbance of the culture medium at
600 nm reached 0.6 to 0.8. Cells were harvested using centrifugation (8,000 X g,
20 min), and the pellet was sonicated (VC-600; Sonics & Materials Inc.) (output
6, three times for 5 min each, 60% duty) in an ice-cold water bath. Cell debris was
removed by centrifugation (12,000 X g, 20 min) at 4°C. The proteins were
purified from the cell extracts using Ni-nitrilotriacetic acid (NTA) affinity chro-
matography.

Isolation of glycogen from E. coli. Each E. coli strain was cultured in M63
minimal salts (500 ml) supplemented with a specific carbon source at 37°C for 20
to 40 h with shaking (250 rpm). The cells were harvested by centrifugation
(6,000 X g) at 4°C for 20 min, washed with ice-cold water, and resuspended in 5
ml of 50 mM sodium acetate (pH 4.5). The resuspension was boiled for 10 min
and sonicated (VC-600; Sonics & Materials Inc.) (output 6, three times for 5 min
each, 60% duty) at room temperature. The crude cell extract was centrifuged
(10,000 X g) at 25°C for 20 min, and glycogen in the supernatant was precipitated
by adding 2 volumes of ethanol. The precipitated glycogen was collected by
centrifugation (10,000 X g) at 4°C for 20 min and air dried. The dried glycogen
was resuspended in 1 ml of sterile distilled water and stored at —18°C until
further analysis. The quantification of the glycogen was carried out as described
previously by Shim et al. (45).

TLC. A Whatman KS5F silica gel plate (Whatman, Maidstone, United King-
dom) was activated at 110°C for 1 h. Prepared samples were spotted on a plate
using a pipette; the plate was placed in a thin-layer chromatography (TLC)
chamber containing a solvent mixture of n-butanol-ethanol-water (5:5:3, vol/vol/
vol) and developed twice at room temperature. The plate was dried, visualized by
being dipped into a solution containing 0.3% N-(1-naphthyl)-ethylenediamine
and 5% H,SO, in methanol, dried, and then heated for 10 min at 110°C.

Spectrophotometric analysis of iodine-glycogen complexes. A complex of gly-
cogen with iodine was formed in saturated CaCl, solution by the method of
Krisman (25) and Yamaguchi et al. (52). A 0.5-ml portion of iodine-iodide
solution (0.26 g I, and 2.6 g KI in 10 ml H,O) was added to 130 ml of saturated
CaCl, solution. A 0.78-ml portion of the iodine reagent was mixed with 0.12 ml
of glycogen sample, and the absorption spectra were measured on a Shimadzu
spectrophotometer (UV-160A; Japan) against a reference solution.

HPAEC. The reaction mixtures (or cell lysates) were boiled for 10 min before
centrifugation at 12,000 X g for 10 min, and the supernatants were filtered using
a membrane filter kit (0.2-pm pore diameter; Gelman Sciences, Ann Arbor, MI).
High-performance anion-exchange chromatography (HPAEC) was performed
using a Dionex DX-500 system (Sunnyvale, CA) equipped with a pulsed amper-
ometric detector (ED40; Dionex) and a CarboPac PA-1 column (4 by 250 mm;
Dionex). Samples were eluted with a gradient of 0.6 M sodium acetate in 0.15 M
NaOH at a flow rate of 1.0 ml/min. Gradients of 0.6 M sodium acetate were
applied as follows: a linear gradient of 10 to 30% for min 0 to 10, 30 to 40% for
min 10 to 16, 40 to 50% for min 16 to 27, 50 to 60% for min 27 to 44, and 60 to
64% for min 44 to 60.

SEC-MALLS/RI analysis. Glycogen obtained from each E. coli strain was
filtered through a disposable syringe filter (0.5-wm pore diameter; Millipore,
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Bedford, MA) and injected into the size exclusion chromatography (SEC)-mul-
tiangle laser light scattering (MALLS)/refractive index (RI) system (632.8 nm,
DAWN DSP-F; Wyatt Technology, Santa Barbara, CA). The weight-average
molecular weight (M) of the sample was calculated using ASTRA V4.90.07
software (Wyatt Technology), using the Berry extrapolation method for curve
fitting and a dn/dc value of 0.146 ml/g. The details of the method were described
by Shim et al. (45).

In vitro synthesis of glycogen using MalQ and GlgB with simultaneous re-
moval of glucose. One percent maltose (G2) or maltoheptaose (G7) was incu-
bated with MalQ (0.04 U/mg substrate) at 30°C and pH 7.0 (50 mM Tris-HCI
buffer) for 15 h. To compare the effect of simultaneous removal of glucose,
glucose oxidase (10 U/mg substrate; Youngdong Pharmacy Co., Republic of
Korea) was added to the reaction mixture, followed by treatment with branching
enzyme (GlgB; 15 U/mg substrate) at 30°C and pH 7.0 (50 mM Tris-HCI buffer)
for 4 h. Polysaccharides were precipitated by adding 2 volumes of ethanol and
collected using centrifugation (10,000 X g) at 4°C for 20 min. The precipitates
were washed twice with 70% ethanol and dried at 37°C overnight. To analyze the
side chain distribution of the polysaccharides synthesized by the branching en-
zymes, the sample solution was treated with isoamylase (20 U/mg substrate) at
pH 4.3 (50 mM sodium acetate buffer) and 55°C for 48 h, and then the deb-
ranched sample was analyzed using HPAEC.

RESULTS

Analysis of glycogen in different mutants. Cellular glycogen
was extracted by boiling and sonicating cells, followed by sep-
aration from insoluble material by centrifugation. The soluble
material contained linear dextrins and soluble glycogen. The
addition of ethanol precipitated glycogen as well as long linear
dextrins with a degree of polymerization of greater than 7 to 8
glucosyl units (14). The precipitate was solubilized in water,
and size exclusion chromatography (SEC) and multiple laser
light scattering (MALLS)/refractive index analysis were per-
formed with this material. This method gave a value for the
average molecular weight of glycogen. To test the branch chain
distribution, the glycogen sample was first treated with isoamy-
lase, which cleaves the a-1,6-linked branches, releasing linear
dextrins. The dextrin content of the incubation mixture was
then analyzed by high-performance anion-exchange chroma-
tography as well as by thin-layer chromatography (TLC). The
difference in the amounts and lengths of dextrins before and
after treatment with isoamylase revealed the chain length
and side chain distribution of glycogen, as shown in Table 2.
Figure 1 shows the analysis of glycogen isolated from the wild-
type strain (MC4100) grown on glucose, maltose, and malto-
dextrins.

Growth of the wild type on maltose and maltodextrin in-
creases the amount of glycogen in comparison to that with
growth on glucose. When the wild type was grown on glucose,
maltose, or maltodextrin, the amount of glycogen increased
from 0.03 mg/mg protein on glucose to 0.05 and 0.07 mg/mg
protein on maltose and maltodextrin, respectively. The average
chain length increased from 11 to 13, while the molecular
weights were 2.0 X 10°, 13.7 X 10°, and 2.7 X 10° with glucose,
maltose, and maltodextrin as the carbon source, respectively
(Table 2). Figure 1 shows the analysis of the released linear
branch chains from glycogen. This indicated that the induction
of the maltose system by maltose and maltodextrin contributed
to the amount of glycogen. When the strain is grown on glu-
cose, the maltose system is turned off due to catabolite repres-
sion.

The lack of MalP strongly increases the amount of glycogen
when growth is on maltose or maltodextrin. When TBO0S, the
AmalP derivative of MC4100 was grown on glucose, the
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TABLE 2. Characteristics of the glycogen accumulated in E. coli mutants

Strain Carbon source”

Glycogen characteristics (mean = SD)?

Mol wt (X 10°)

Total amt (mg/mg protein) Chain length (DP)°

MC4100 G1 2.0+ 0.5 0.032 = 0.002 11.0 £ 0.2
G2 13.7+04 0.049 = 0.005 127 0.3
MD 2.7*+0.6 0.074 = 0.03 124 £ 0.1
MalP~ G1 9.0 3.2 0.043 = 0.004 10.8 = 0.4
G2 11.1 = 0.1 0.97 =£0.29 14.0 = 1.6
MD 6.0 0.1 1.31 = 0.11 129 £ 0.2
MalZ~ G1 5.0x0.7 0.013 = 0.001 9.6 0.3
G2 212 0.2 0.112 = 0.028 133 =05
MD 42 +0.2 0.129 = 0.009 9.5+0.2
GlgA™ Gl1 — 0 —
G2 — 0 —
MD 0.52 £0.13 0.176 = 0.018 11.0 £ 0.1
GlgA™/MalP~ (GlgS™) Gl1 — 0 —
G2 2.7 +0.76 1.19 = 0.101 16.6 = 1.1
MD 5.0 £0.92 1.0 £0.083 11204
GlgA™/MalP~ (GlgS™) Gl1 — — —
G2 — 1.21 = 0.089 16 = 0.5
MD — — —
MalQ™ Gl1 1.7+ 04 0.073 = 0.006 9.1 £0.8
G2 X X X
MD 8.5*+13 0.096 = 0.012 8.2 *0.9
MalQ ™ /MalP~ G1 — 0.03 £ 0.001 10.1 £ 0.9
G2 X X X
MD X X X
MC4100/p6><HmalZ+d G1 — 0.02 = 0.002 1103
G2 — — —
MD — — —
MalP~/p6x HmalZ ¢ G1 — — —
G2 — 0.19 = 0.028 13.7 = 0.7
MD — — —
GlgA ™ /MalP~/p6 X HmalZ** G1 — — —
G2 — 0.12 = 0.038 155 =09
MD — — —
“ G1, glucose; G2, maltose; MD, maltodextrin.
? Estimated from three replicates. —, not determined; X, no growth.

¢ The average chain length of glycogen was calculated as weight-average degree of polymerization (DP) using the equation DP = 3(peak area of each chain X chain

length of the corresponding chain)/3(peak area of each chain).
4 MalZ was overexpressed using plasmid p6xX HmalZ.

amount of glycogen and its average chain length were similar
to those of the wild type (Table 2). However, when this strain
was grown on maltose or maltodextrin, the amount of glycogen
dramatically increased, reaching 0.97 and 1.31 mg per mg pro-
tein, respectively. Figure 2A shows the analysis of the released
branch chains with glucose or maltose as the carbon source.
The molecular weight of glycogen when grown on all three
carbon sources was in the range of 6 X 10° to 11 X 10°, while
the average chain length increased to 14 with maltose as the
carbon source. This indicated that the long linear dextrins were
formed from maltose by MalQ. They were not reduced in size
due to the absence of MalP and thus were transformed into
glycogen.

The lack of MalZ also results in an increase of glycogen
when the strain is grown on maltose or maltodextrin but to a
lesser extent than in a strain lacking MalP. When TB07, the
AmalZ derivative of MC4100, was grown on glucose, the
amount of glycogen was, surprisingly, lower than that in
the wild type (0.01 mg/mg protein). When growth was on
maltose or maltodextrin, the amount of glycogen increased
considerably (to 0.11 and 0.13 mg/mg protein, respectively),
although not as much as in the otherwise isogenic AmalP strain
(Table 2). Both MalP and MalZ reduce the size of linear
maltodextrins, MalP by phosphorolysis of the nonreducing glu-
cosyl residue and MalZ by cleaving glucose from the reducing
ends of maltodextrins. This indicates that linear dextrins
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FIG. 1. HPAEC analyses of the glycogen side chains isolated from
E. coli MC4100 (laboratory wild-type strain) grown on glucose (A),
maltose (B), and maltodextrins (C). The assays were carried out before
(gray line) and after (black line) treatment with isoamylase. The gly-
cogen content was calculated from the sum of the peak areas. Bovine
glycogen was used as standard.

formed from maltose (and maltodextrins) by the action of
MalQ will contribute to the formation of glycogen. MalZ, and
to a higher degree MalP, will counteract the formation of
glycogen by reducing the size of the linear maltodextrins.

Glycogen formed in the AmalP strain grown on maltose is
not due to GIgA. When TB38, a AglgA derivative of MC4100
(containing MalP and MalZ), was grown on glucose or malt-
ose, no glycogen was formed. However, when it was grown on
maltodextrin, a substantial amount of glycogen was produced
(Table 2). Thus, glycogen can be formed from maltodextrins in
the absence of GlgA. That no glycogen was produced with
maltose as the carbon source must be due to the presence of
MalP and MalZ, which effectively reduce the size of the malto-
dextrins formed from maltose by MalQ.
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FIG. 2. (A and B) HPAEC analyses of the glycogen side chains
isolated from AmalP (A) and AglgA AmalP (B) derivatives of MC4100
after growth on maltose (G2) (A and B) or glucose (G1) (A). Note that
the amount of glycogen in a AmalP strain grown on maltose is dra-
matically increased in comparison to that for growth on glucose. Under
these conditions, the presence or absence of GIgA does not contribute
to the amount of glycogen. (C) Spectral analysis of iodine-stained
glycogen obtained from a Aglg4 AmalP strain, TBP38, grown on malt-
ose (solid line) and of glycogen obtained from wild-type strain MC4100
grown on glucose (dashed line). Note that the sample of TBP38 had to
be diluted to fall into the same absorption range as the sample of
MC4100.
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When TBP38, a AmalP AglgA derivative of MC4100, was
grown on glucose, again no glycogen was formed. Under these
growth conditions, the maltose system is turned off due to
catabolite repression by glucose. However, when TBP38 was
grown on maltose (or maltodextrin), large amounts of glycogen
were found (1.2 or 1.0 mg/mg protein, respectively). The anal-
ysis of the released branch chains is shown in Fig. 2B. The
molecular weight was 2.7 X 10° and the average chain length
was 17, significantly higher than for glycogen from the wild
type when grown on glucose (Table 2). This demonstrates that
glycogen can be formed when growth is with maltose as the
carbon source in the absence of GIgA provided that the long
linear dextrins originating from the action of MalQ on maltose
or maltodextrin are not degraded by MalP. Glycogen produced
in TBP38 after growth on maltose was also tested by iodine
staining followed by spectrophotometric analysis and com-
pared with glycogen formed in MC4100 grown on glucose and
formed exclusively via the GlgA-dependent pathway (Fig. 2C).
The M\, of glycogen from both strains was 480 nm. This
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qualitative analysis showed no difference in glycogen derived
by the MalQ-dependent pathway and the GlgA-dependent
pathway.

Dual role of MalP in the synthesis of glycogen. As shown
above, the lack of MalP strongly increases the synthesis of
glycogen when maltose is the carbon source in a AglgA4 strain.
This is due to the action of MalQ on maltose (as well as on
maltodextrin) to polymerize maltose to long maltodextrins that
subsequently become substrates for GlgB, the branching en-
zyme. The presence of MalP in such a strain would reduce
glycogen synthesis by degrading the dextrins produced by
MalQ. In contrast, in a strain that lacks MalQ, the presence of
MalP increases the amount of glycogen when grown on malto-
dextrin. This is shown in Table 2. In this strain, growth on
glucose produces glycogen in a GlgA-dependent fashion.
Growth on maltose is not possible, since MalQ is essential for
maltose metabolism. However, growth on maltodextrin is pos-
sible. The dextrins (up to a chain length of seven glucosyl units)
are transported by the ABC transporter, and MalP releases
glucose-1-P by phosphorolysis from these dextrins, which enter
glycolysis for growth and energy production. We interpret this
glycogen synthesis as a result of the surplus of glucose-1-P
formed by the action of MalP, which can fuel the formation of
ADP-glucose and subsequently the formation of glycogen by
GlgA. Indeed, when a double mutant lacking MalQ as well as
MalP is used (Table 2), the strain is unable to grow on malto-
dextrin, whereas growth on glucose still produces glycogen.
Thus, MalP-dependent phosphorolysis of maltodextrins in-
creases GlgA-dependent glycogen synthesis.

Overexpression of MalZ reduces the amount of glycogen in
a AmalP AglgA strain grown on maltose but not in a wild-type
(glgd™) strain grown on glucose. When grown on maltose,
GW51, a AmalP AglgA AglgS derivative of MC4100, produced
large amounts of glycogen (1.21 mg/mg protein), as did strain
TBP38 (1.19 mg/mg protein), the glgS™ variant of GW51, as
shown above. This showed that the lack of GlgS did not affect
the GlgA-independent synthesis of glycogen. However, when
the AmalP AglgA strain was transformed with a plasmid har-
boring the malZ gene, the amount of glycogen was strongly
reduced, to 0.1 mg/mg protein (Fig. 3C and Table 2). In con-
trast, when the wild-type MC4100 was grown on glucose, the
amount of glycogen was reduced by only 33% in the presence
of overexpressed MalZ (Fig. 3A and Table 2). This demon-
strates that GlgA-dependent formation of glycogen was largely
resistant to MalZ (two-thirds remaining), while the formation
of glycogen via the maltose system was highly sensitive to MalZ
(more than a 10-fold reduction). We conclude that maltodex-
trins formed via the GIgA pathway may not be readily acces-
sible to MalZ. The side chains in glycogen, once they are
formed by the branching enzyme, are resistant to MalZ,
whereas the linear maltodextrins, the precursors of maltose-
dependent glycogen produced by the activity of MalQ, are
degraded by MalZ, and therefore much less glycogen was
formed. This is in line with the observation that MalZ hydro-
lyzes glucosyl residues from the reducing end (48), which is not
present in the branches of glycogen. When MalZ was overpro-
duced in TBO3, the glgd ™ derivative of TBP38 (AmalP AglgA),
after growth in maltose, the reduction in glycogen content was
5-fold instead of the 10-fold in the absence of GlgA (Table 2
and Fig. 3B). This indicates that the presence of GIgA may
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FIG. 3. Comparison of glycogen branch chain distributions in wild-
type MC4100 (A) and the AmalP (B) and AglgA AmalP (C) derivatives
in the presence of a plasmid encoding and overproducing MalZ after
growth on glucose (A) and maltose (B and C). Compare panel A with
Fig. 1A, panel B with Fig. 2A, and panel C with Fig. 2B. Note that
there is more than a 10-fold reduction in glycogen content caused by
MalZ in the AglgA AmalP strain grown on maltose but not in the
wild-type MC4100 grown on glucose.

rescue part of the maltodextrin precursors from the action of
MalZ while being synthesized in the ADP-glucose-mediated
polymerization reaction.

In vitro, maltose can be transformed into glycogen by MalQ
and GlgB (branching enzyme) provided that glucose is re-
moved from the reaction mixture. The incubation of maltose
with homogeneous MalQ yields glucose and linear maltodex-
trins with a chain length of at least 10 glucosyl residues, in
decreasing amounts as the dextrins become longer (16). The
mixture of dextrins represents an equilibrium where the dex-
trins are substrates as well as acceptors in the dextrinyl transfer
reaction of MalQ. Glucose also acts as an acceptor limiting the
extent of polymerization and in increasing concentration be-
comes a feedback inhibitor of MalQ. The removal of glucose
from the reaction mixture, for instance, by ATP and glucoki-
nase (to form glucose-6-P that is not part of the equilibrium),
allows the formation of maltodextrins of continually increasing
chain length (26). This situation mimics the cytosol of a AmalP
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FIG. 4. Invitro synthesis of glycogen by MalQ and GlgB. (A) Maltodextrins were analyzed by HPAEC after incubation of maltose with MalQ
only (i), MalQ and glucose oxidase (ii), or MalQ, glucose oxidase, and GlgB (iii), followed by ethanol precipitation and treatment of the precipitate
with isoamylase. Note that the maltodextrins seen in panel iii represent the branch chains of in vitro-formed glycogen. (B) Maltoheptaose was
incubated with MalQ only (i) or MalQ and GlgB (ii), followed by ethanol precipitation and treatment of the precipitate with isoamylase. Note that
the incubation of maltoheptaose with MalQ leads to maltodextrins long enough (larger than 10 glucosyl units) to allow glycogen formation with

GlgB.

strain grown on maltose, where the maltodextrins formed by
the MalQ activity are not reduced in size by the missing MalP
enzyme. The removal of glucose by glucokinase on the one
hand allows growth on glucose-6-P and on the other hand
ensures the uncurbed activity of MalQ. We used a similar setup
to produce glycogen from maltose and MalQ in vitro by re-
moving liberated glucose using glucose oxidase. When the re-
action was carried out for 15 h, GlgB, the branching enzyme,
was added. The glycogen formed had a molecular weight of
1.0 X 10° and a peak branch chain length of 10 (Fig. 4A).
When instead of maltose maltoheptaose was used as sub-
strate for MalQ, only small amounts of glucose were released
and the addition of glucose oxidase could be omitted. The
maltodextrins formed under these conditions were long
enough to form glycogen in the presence of GlgB (Fig. 4B).
These in vitro tests demonstrate that MalQ alone in the ab-
sence of GIgA is able to form from maltose (or small malto-
dextrins) maltodextrins that are long enough for the branching
enzyme to proceed in the direction of glycogen synthesis.

DISCUSSION

Here we describe a novel mode of glycogen formation in E.
coli that is based on the metabolism of maltose and maltodex-
trins and that is independent of the classical glycogen-synthe-
sizing enzyme glycogen synthase (GlgA). There are four en-
zymes that participate in maltose/maltodextrin metabolism.
Three are cytoplasmic: MalQ (amylomaltase), MalP (malto-
dextrin phosphorylase), and MalZ (maltodextrin glucosidase).
The fourth is MalS, a periplasmic amylase. In contrast to the
classical synthesis pathway involving GlgA, neither sugar phos-
phorylation nor ADP-dependent sugar activation is necessary
for the polymerization of the a-1,4-linked glucosyl backbone.
Instead, maltose and small maltodextrins (up to a chain length
of seven glucosyl units) that are taken up by the binding pro-
tein-dependent ABC transporter are polymerized by MalQ to

long dextrins that can function as substrates for the branching
enzyme GlgB to form glycogen. Since glucose released by the
action of MalQ is continually removed by glucokinase, it is no
longer an acceptor for the transfer reaction of MalQ, nor does
it inhibit MalQ activity. Thus, the chain lengths of the malto-
dextrins increase until they reach the minimal length to be-
come substrates for the branching enzyme GlgB (19). The
molecular weight and side chain distribution of the product
formed are very similar to those of the glycogen formed by the
GlgA-dependent mechanism.

In a wild-type E. coli strain (containing GIgA), the contri-
bution of the maltose system to the synthesis of glycogen when
growth is on glucose, maltose, or maltodextrins can be seen
only by the increase in the total amount of glycogen (from 0.03
to 0.05 and 0.07 mg/mg protein) (Table 2). This increase is
indeed due to maltodextrin metabolism and not due to a stim-
ulation of the GlgA-dependent pathway, as can be seen by
analyzing the effect that deletions in the maltose enzymes have
on glycogen synthesis.

The most dramatic effect is seen when MalP (maltodextrin
phosphorylase) is deleted. Growth on glucose, a condition that
represses the maltose system, allows only the GIgA pathway to
function. The glycogen content under these conditions is com-
parable to that of the wild type (Table 2). When maltose or
maltodextrins are the carbon sources, the glycogen content
increases more than 20-fold. We interpret this phenomenon as
the result of the lack of MalP, which would reduce the sizes of
maltodextrins by consecutively removing glucosyl residues
from the nonreducing ends of maltodextrins. Thus, the amount
of maltodextrins that can become substrates of GlgB is being
controlled (reduced) by MalP. However, there might also be
another aspect to consider. The active sites in the structures of
MalP and GIgA with bound maltohexaose and pentose are
superimposable with respect to the nonreducing end of the
maltodextrin (44, 50). Thus, MalP and GlgA compete for the
same residue in maltodextrin. Therefore, an unlikely alterna-
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tive explanation might be that in the AmalP strain, GIgA is free
of a competitor and can act faster.

Similarly, a deletion of MalZ also affects the amount of
glycogen but much less dramatically than that of MalP. MalZ
cleaves glucosyl residues from the reducing ends of maltodex-
trins (48), curbing their length and thus interfering with the
substrate formation for GlgB.

To demonstrate that maltose/maltodextrin metabolism is
leading to glycogen formation per se and not just by a stimu-
lating effect on GlgA, the amount of glycogen was assayed in a
series of strains lacking GlgA. The glg4 malQ™* malP* strain
produced no glycogen when grown on glucose or on maltose
(Table 2). However, when it was grown on maltodextrin, sub-
stantial amounts of glycogen were found. Apparently the ac-
tion of MalQ to produce maltodextrins from maltose was ef-
ficiently counteracted by MalP and MalZ. However, with
maltodextrins as the substrate the formation of sufficiently long
dextrins by MalQ (under conditions where only small amounts
of glucose were produced) was possible; these were long
enough to be substrates for GlgB despite the presence of MalP
and MalZ.

The glgA malP malQ™" strain showed a very high content of
glycogen when grown on maltose. Here the role of MalP be-
comes obvious. The linear dextrins produced from maltose by
MalQ are not reduced in size by MalP, and a large amount of
glycogen was formed in the absence of GIgA.

The essential role of MalQ in the synthesis of maltodextrins
as glycogen precursors can be deduced only indirectly. A de-
letion in MalQ in a glg4A™ strain no longer allows growth on
maltose. When this strain is grown on glucose, it produces
normal amounts of glycogen in a GlgA-dependent manner.
When it is grown on maltodextrins, growth and energy produc-
tion proceed via the degradation of the linear dextrins by
MalP, forming glucose-1-P. Presumably, it is the surplus of
glucose-1-P that stimulates glycogen synthesis via GlgA (Table
2). In this situation, glycogen formation could not have been
achieved directly by the dextrins taken up via the maltose/
maltodextrin ABC transporter followed by the action of GlgB.
The ABC transporter has a size limit of seven glucosyl units
(13, 21, 49), which is smaller than the substrate size for GlgB
(3, 19). In addition, larger dextrins entering the periplasm
would be curbed in size by MalS, an amylase (the fourth malt-
ose enzyme) preferentially forming maltohexaose units from
larger dextrins (18). Therefore, maltodextrins entering from
the outside into the malQ strain are prone only to degradation
via MalP and MalZ and cannot be directly transformed into
glycogen by GlgB.

The effect of overproduced MalZ on the amount of glycogen
synthesized in the two different pathways was surprising. Gly-
cogen synthesized exclusively via the MalQ-dependent path-
way was highly sensitive to MalZ (there was more than a
10-fold reduction in glycogen content), indicating degradation
of smaller maltodextrin precursors before they reach the min-
imal size required for the action of GlgB. In contrast, when
growth was on glucose under conditions where the maltose
system is turned off, glycogen produced exclusively via the
GlgA pathway was reduced by only 33% in the presence of
overproduced MalZ. Clearly, once synthesized, intact glycogen
is resistant to MalZ (because of the lack of reducing glucosyl
residues), but why are the putative linear precursors onto
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which GIgA transfers consecutive glucosyl residues not sensi-
tive to MalZ? One can only speculate about the inaccessibility
of MalZ to the nascent GIgA maltodextrin products or sub-
strates. It is possible that during the GlgA-catalyzed transfer
reaction onto the nonreducing end of the acceptor maltodex-
trin, the reducing end of the nascent chain (which is the target
for MalZ-dependent cleavage) is occluded long enough from
the attack by MalZ. It is also possible that GIgA processively
adds glucose from ADP-glucose to the growing glycan chain.
Once the length of the nascent chain exceeds seven glucosyl
units, it is no longer a substrate for MalZ. When the effect of
overproduced MalZ on the glycogen synthesized via the MalQ-
dependent pathway was tested in the presence of GIgA, the
reduction of the glycogen content was not as strong as in the
absence of GlgA. This must mean that the GlgA-dependent
pathway was strongly stimulated under these conditions. The
MalZ action on the MalQ-derived linear small maltodextrins
will produce a large amount of glucose that will subsequently
be transformed into glucose-6-P, glucose-1-P, and finally ADP-
glucose. As reported previously (30), the level of ADP-glucose
controls the amount of glycogen by controlling the activity of
GlgA. Also, as discussed above, glycogen synthesized exclu-
sively via the GIgA pathway is largely resistant to MalZ. In any
case, the effect of overproduced MalZ clearly demonstrates the
difference in the mechanisms of the two pathways.

The data obtained for the series of strains lacking GlgA
reveal a novel pathway of glycogen synthesis based on the
metabolism of the maltose system. The roles of the different
enzymes are summarized in Fig. 5.

Considering the different aspects of maltose and glycogen
metabolism, it is interesting to identify the key enzymes on the
crossroads of their interaction. The discovery of endogenous
induction of the maltose system by maltotriose derived from
the degradation of glycogen has become apparent by the use of
mutants lacking MalQ. These mutants are nearly constitutive
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for the synthesis of the maltose enzymes (6, 15, 17). The ex-
planation for this phenomenon is that maltotetraose and mal-
totriose which are released from phosphorylase-limited glyco-
gen by GlgX, the debranching enzyme, are no longer
repolymerized by the missing MalQ activity and result in the
activation of MalT by the endogenously accumulating inducer
maltotriose. In contrast, the polymerizing activity of MalQ to
form long maltodextrins from maltose for the GlgA-indepen-
dent synthesis of glycogen became apparent only in mutants
lacking MalP.

The present publication cannot make any contribution to the
understanding of carbon or energy flux from glycogen into
glycolysis or gluconeogenesis. We determined the steady-state
concentration of glycogen under standardized growth condi-
tions by varying the composition of the maltose enzymes with
the implicit assumption that the degradation of glycogen re-
mained unaltered. Clearly, the steady-state amount of glycogen
represents a balance between synthesis and degradation. Con-
tinuous degradation of glycogen must occur. For instance, de-
letion of glgP, encoding glycogen phosphorylase, strongly in-
creased the amount of glycogen (1). Also, the phenomenon of
endogenous induction of the maltose system by maltotriose
formed by the degradation of glycogen, as discussed above, is
evidence of continuous degradation of glycogen. Therefore, we
conclude that the observed changes in the amount of glycogen
upon changing maltose enzymes were due to changes in the
rate of glycogen synthesis. Alterations in enzymes other than
the maltose enzymes have been shown to affect the amount of
glycogen. For instance, the overproduction of an ADP sugar
pyrophosphatase dramatically reduced the amount of glycogen
by degrading ADP-glucose, the donor substrate for GIgA (30).
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