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In bacteria various sugars are taken up and concomit-
antly phosphorylated by sugar-specific enzymes Il (Ell)
of the phosphoenolpyruvate:sugar phosphotransferase
system (PTS). The phosphoryl groups are donated by
the phosphocarrier protein HPr. BglG, the positively
acting regulatory protein of the Escherichia coli bgl(B-
glucoside utilization) operon, is known to be negatively
regulated by reversible phosphorylation catalyzed by
the membrane spanning B-glucoside-specific EIPY.
Here we present evidence that in addition BglG must
be phosphorylated by HPr at a distinct site to gain
activity. Our data suggest that this second, shortcut
route of phosphorylation is used to monitor the state
of the various PTS sugar availabilities in order to
hierarchically tune expression of thebgl operon in a
physiologically meaningful way. Thus, the PTS may
represent a highly integrated signal transduction net-
work in carbon catabolite control.
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Introduction

Although it was initially thought that different mechanisms
of signal transfer may exist for the three kingdoms of life,

its transport. Ells consist of at least three functionally
different domains, IlA, IIB and IIC, which may be present
on the same polypeptide chain or may be encoded by
different genes. The phosphocarrier protein HPr phos-
phorylates the respective Ells at a histidine residue in the
IIA domain, from which phosphate is transferred to a
residue of the 1IB domain, in most cases a cysteine, and
then to the sugar. Membrane bound domain, IIC, forms
the translocation channel and the sugar-specific substrate-
binding site.

The PTS is also central in carbon catabolite repression,
exerted in Gram-negative bacteria by the glucose-specific
IIA G'¢ (formerly EIIC'). Phosphorylated 11&€ is thought
to activate adenylate cyclase, whereas non-phosphorylated
[IA €' binds and inhibits various proteins concerned with
uptake and metabolism of non-PTS sugars. This mechan-
ism may, therefore, explain preferred utilization of some
PTS carbohydrates over non-PTS carbohydrates. Preferen-
tial utilization of one PTS sugar over another has also been
observed several times, but the cause of this hierarchical
utilization remained unclear (Postnea al., 1993).

The transcriptional regulator BglG fror&scherichia
coli regulates expression of thiegl operon, encoding
proteins concerned with regulated uptake and utilization
of B-glucosidic sugars (Prasad and Schaefler, 1974;
Schnetzt al.,, 1987). BglG was the first identified member
of a fast-growing family of related proteins shown to be
directly regulated by the PTS in a substrate-dependent
manner (Rutberg, 1997; Tortosaal, 1997; Stike et al,
1998). BgIG is the product of the first gene of the operon
and acts as a transcriptional antiterminator at tpro
independent terminators within the operon (Mahadevan
and Wright, 1987; Schnetz and Rak, 1988). The second

it has recently been discovered that eukaryotic-type protein gene of the operomglF, encodes th@-glucoside-specific
kinases are also found in prokaryotes (for a review see EII®Y, which is a member of the PTS-family of sugar
Zhang, 1996), whereas two-component systems, whichtransport proteins. EfP' has also been shown to be a
were thought to be restricted to bacteria, were found to negative regulator of BgIG (Mahadevan al, 1987). In

be involved in eukaryotic signaling (for reviews see
Loomis et al, 1997; Wurgler-Murphy and Saito, 1997).

the absence of substrate, when phosphate cannot be
transferred to the sugar, BYl phosphorylates and concom-

In contrast, the phosphoenolpyruvate:sugar phospho-itantly inactivates BgIG, thereby preventing transcription
transferase system (PTS), which is ubiquitous in bacteria, of the operon. Whef-glucosides become available, &I
seems to be bacteria specific. The PTS is not only centraldephosphorylates and thereby reactivates BglG (Amster-
in uptake and phosphorylation of various sugars, but also Choderet al., 1989; Amster-Choder and Wright, 1990;
mediates chemotaxis towards these sugars, as well asSchnetz and Rak, 1990).

transcriptional regulation of numerous genes (for reviews

see Postmat al, 1993; Saier and Reizer, 1994).

In this report we re-investigated regulation of BgIG
activity. Data presented show that to be active, BglG

The PTS catalyzes phosphotransfer reactions from phos-requires the presence of the general PTS proteins, El and
phoenolpyruvate to various sugars, a process which HPr. Complementation analysis revealed that phospho-

involves at least three proteins. First, enzyme | (El)

HPr is necessary for activation and that the diphosphoryl

autophosphorylates with phosphoenolpyruvate, and thentransfer protein (DTP), which shares an HPr-like domain,

donates the phosphoryl group to histidine protein (HPr),

can substitute for HPr in this process. Furthermore, we

which in turn phosphorylates the respective sugar-specific show that BgIG is phosphorylatemh vivo in a PTS-

transport proteins enzymes Il (Ell) from which phosphate
is transferred to the incoming sugar concomitantly with
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dependent reaction also in the absence dt% Buggesting
that HPr activates BglG by phosphorylation and that
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Fig. 1. BglG requires an intact PTS to be active, but its
overproduction can partially overcome this requirement.
Antitermination reporter plasmid pFDY22@&) was cotransformed

with bglG expression plasmid pFDX2468) into E.coli strain R1279
(pts™; white histograms) and its isogenipts derivative R1653

(shaded histograms). Increasing levels of BglG synthesis were driven
by increasing concentrations of inducer (IPTG) ghdalactosidase
activity was determined as a measure for antitermination activity. The
ratio of enzyme activity synthesized by the two strains is given as
filled triangles. For IPTG concentrations below @Bl enzyme activity
remained at background levels with thpts strain which was 37 units
for both strains when transformed with the antitermination test plasmid
alone (dotted line).

two different and antagonistically acting phosphorylation
reactions control BglG activity. When we investigated
the possible role of this positively acting HPr-mediated
phosphorylation, we found that this mechanism may
function to downregulate BgIG activity and thusgl

Catabolite control by antagonistic phosphorylation

(4pt9) which encompasses genasH, ptslandcrr encod-

ing HPr, El and 114", respectively. This low activity
reflects the leakiness of terminatt® (Schnetz and Rak,
1988; dotted line in Figure 1B). In the presence oflilgés
expression plasmid, and with increasing concentrations of
isopropyl{3-p-thiogalactopyranoside (IPTG) as inducer for
BglG synthesis, enzyme activity increased in the wild
type background from 177 units (no IPTG) to 1776 units
(2 mM IPTG). In thepts deletion strain, enzyme activity
did not start to rise above background at concentrations
below 0.05 mM IPTG (49 units) and only reached 676
units at saturating concentrations (2 mM). Moreover,
the ratio of enzyme activities (wipts) decreased with
increasing IPTG concentrations from 14.1 (0.05 mM) to
2.6 (2 mM), indicating that BgIG requires an intact PTS
for full activity and that this requirement can be partially
overcome by overproduction of BglG. To support this
conclusion we verified that deletion of thgs operon
does not negatively influence gene expression within our
detection system. To this end we employed transformants
carrying a plasmid (pFDY225), which is identical to the
antiterminator test plasmid (Figure 1A) but lacks the
terminator. In addition we employed a plasmid
(pPFDX3549), which is isogenic to the BgIG expression
plasmid (Figure 1B) but carries tHacZ gene instead of
bglG. Indeed, enzyme activities directed by these plasmids
in the wild type strain were not significantly different
from those synthesized in the isogeptsdeletion derivat-

ive (data not shown).

Activation of BglG requires phospho-HPr or
phospho-DTP

Next we wanted to define in more detail the requirements
for activation of BglG by the PTS. To avoid the problems
imposed by overproduction of BglG due to high gene
dosage with multi-copy plasmids, we inserted theOR
driven bglG expression cassette either with (Figure 2B)
or without thebglF gene (encoding EP') (Figure 2C)
into the chromosome. The different strain backgrounds
used together with complementing plasmids are given in

operon expression when other, more favorable PTS sugarg-igure 2A. As can be seen from the dgtegalactosidase

become available, by draining the activating phosphoryl
groups away from BglG. This control, which makes use
of the reversible flow and limited pool of transferable

activity was low in all cases when IPTG was omitted. As
expected, it remained low in the presence of IPTG when
bglF was coexpressed together wiihlG in the wild type

phosphoryl groups within the PTS, represents an unpreced-strain and increased to 325 units when salicin was added

ented level of carbon catabolite control Encoli.

Results

BglG requires the PTS for its activity

To determine antitermination activity of BglG, we made
use of our antitermination reporter plasmid described
previously (Schnetet al.,, 1996). In this plasmid (Figure
1A) the lacZ reporter gene is preceded by terminatdr

of the bgl operon (bgl-t2) which in the absence of the
active BgIG protein blocks elongation of transcription
initiated at constitutive promotd?16. Also present on the
plasmid is thelacl® gene providing thdac repressor for
the controlled expression dfglG which is undertacOP

as substrate fobglF-encoded ERY' (Figure 2B, column

1) reflecting the relief from negative control exerted by the
phosphorylated EP¢' on BgIG activity (see Introduction).
Likewise, BgIG activity was constitutive and high in the
absence ofbglF (Figure 2C, column 1). In thedpts
background (columns 2J3-galactosidase activities were
reduced to background levels verifying the PTS depend-
ence of BgIG activity demonstrated above. Activation
of BgIG as well as its negative regulation were fully
complemented when HPr together with El were expressed
from a plasmid (columns 3). Expression of HPr alone
did not result in complementation (column 4), whereas
expression of El alone led to partial complementation
(columns 5). HPr thus appears not to be absolutely required

control on a second plasmid (Figure 1B). In the absence for activation and negative control of BglG. However, it

of thebglG-containing plasmid, 37 units @fgalactosidase
activity were synthesized in a wild type strain background

has been reported that a defect in HPr can be complemented
for PTS sugar transport in mutants defective farR

as well as in an isogenic background carrying a deletion (Saier and Ramseier, 1996). The repressor FruR negatively
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Fig. 2. BgIG requires phospho-HPr for activation which can be substituted by phospho-DTP. i@#GemndbglF (B) or bglG alone C) under

tacOP control were integrated into the chromosome by site-specific recombination to obtain single-copy situations and subsequently crossed into
various strain backgrounds harboring different expression plasmidaléo driven bytacOP and thus inducible by IPTG. In addition,

antitermination reporter plasmids pFDX2676 or pFDX3158 were present. These plasmids are identical to plasmid pFDY226 (Figure 1A) but carry,
for compatibility reasons, different antibiotic resistance markers. Inducers were added as indicated in the fi§ugelactbsidase activities were
determined as described in Materials and methods with the exception of lane 6. In these experiments, cells were pregrown in M9-fructose medium
which was substituted by M9-glycerol at the time point when inducers were added. This was necessary to avoid interference of BglG activity due to
transport of fructose (a PTS-sugar) (see data below and Discussion). The following strains were employed: in (B) lane 1, R1752; lanes 2-6, R2013;
lane 7, R1971; lanes 8-13, R1977. In (C) lane 1, R1958; lanes 2—6, R2051; lane 7, R1974; lanes 8-13, R1979. These strains harbored the following
plasmids: (B and C) lanes 1 and 2 and 7 and 8, pFDX2676; lane 3, pFDX2676/pFDX3155; lanes 4 and 9, pFDX3158/pFDX3160; lanes 5, 6 and 10,
pFDX3158/pFDX3161; lane 11, pFDX3158/pFDX3221; lane 12, pFDX2676/pFDX3155; lane 13, pFDX3158/pFDX3223.

controls the fructose inducibfeu operon which codes for  likewise restored when the strain exprespézH and ptsl
fructose-specific PTS functions and a fructose-1-phosphate(columns 12), but not when thgtsH gene was replaced
kinase. Responsible for the complementation is the productby an allele carrying a point mutation within the phospho-
of the fruB gene, DTP (diphosphoryl transfer protein), rylation site (columns 13). Together, the data indicate that
which carries a domain homologous to HPr. DTP thus BgIG is activated by the PTS and that this activation
was a good candidate which possibly could substitute for requires phosphorylated HPr, which can be substituted by
HPr in BgIG control. We therefore repeated the experiment the phosphorylated form of DTP.

shown in columns 5 with a culture pregrown in fructose

as inducer of thefru operon. This pretreatment indeed BgIG is phosphorylated by the PTS even in the

resulted in better complementation of activation as well absence of EIIB9!

as negative control of BglG activity (columns 6). Con- The requirement for phosphorylated HPr suggested that
sequently, we analyzed the involvement fofi operon activation of BglG might involve HPr-catalyzed phospho-
functions. Deletion of the operon in the wild type strain rylation of BglG. This possibility was studied by vivo

had no appreciable effect (compare columns 1 and 7). Wephosphorylation of BgIG. Strains carrying various
next crossed in th@ts deletion resulting in the double-  plasmids with the relevant genes cloned downstream of
deletion straindptsAfru. As expected, enzyme activities tacOPwere pulse labeled with §£2P]O, in the presence
were equally low in this strain as in the strain carrying or absence of IPTG as inducer, and the proteins were
theptsdeletion (compare columns 2 and 8). They remained separated on SDS—PAGE. The resulting autoradiographs
low when the defects were complemented IptsH (HPr) are shown in Figure 3. First we reproduced theB®|

or ptsl (El) expression plasmid (see columns 9 and 10). dependent BglG phosphorylation demonstrated previously
We can thus conclude that restoration of BglG activity (Amster-Chodeet al., 1989; Amster-Choder and Wright,
and its negative control in theisdeletion strain expressing  1990; Schnetz and Rak, 1990). When compared with
El (columns 5 and 6) is due to a function encoded by the untransformed strain (Figure 3A, lane 1), a signal
the fru operon. Since the likely candidate is DTP, we corresponding to the BgIG protein can be observed without
complemented the double-deletion strain with an artificial IPTG (Figure 3A, lane 2), and this signal increased
operon encompassirfguB (DTP) andptsl(El). As can be strongly when IPTG was added (Figure 3A, lane 3). As
seen from the data in column 11, the activity of BglG as expected from the previous data, the presence of salicin
well as its negative control were fully restored. It was as substrate for Eif' transport completely inhibited
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Fig. 3. Phosphorylation of BglGn vivo. (A) PTS-dependent
phosphorylation of BglG also occurs in the absence of%ll
Transformants of strains R127pt¢") and R1653 {pts) were grown

with or without IPTG (0.1 mM) as inducer faacOPdriven

expression of plasmid-encoded genes. Where indicated, salicin as
substrate for ERY' was added. Lac repressor was provided from a
second plasmid (pFDY226) with the exception of lane 7 (marked with
an asterisk), where thacl gene was present on tlixglG-containing
plasmid. In this case the plasmid had an increased copy number and
1 mM IPTG was added as inducer. Aliquots of cultures were labeled
with H3[32P]0,, proteins separated by SDS-PAGE and gels
subsequently exposed to X-ray films. Lane 1, R1279 (empty strain);
lanes 2—4, R1279/pFDX310ddIG, bglp); lanes 5 and 6, R1279/
pFDX2942 pglG); lane 7, R1279/pFDY45hbQIG); lane 8, R1653/
pFDX2942 pglG); lane 9, R1653 (empty strain); lanes 10 and 11,
R1279/pFDX3225dalK#bglG); lanes 12-14, R1279/pFDX3226
(galKebglG, bglF). (B) Massive PTS-sugar transport completely
prevents phosphorylation of BgIG in the absence as well as in the
presence of ERY. Transformants of strain R1279 were labeled as
described in (A). In contrast to (A), gerglF controlled bytacOP

was provided by dacl-containing plasmid (pFDX3283h trans

IPTG as inducer for gene expression and sugars sali€agetylo-
glucosamine or mannitol as substrates for their respective Ells were
added where indicated. Lane 1, R1279 (empty strain); lanes 2 and 3,
R1279/pFDX2942{gIG)/pFDY226; lanes 4 and 5, R1279/pFDX3293
(bglG, nagB/pFDY226; lanes 6 and 7, R1279/pFDX3299IG,
mtlA)/pFDY226; lanes 8-10, R1279/pFDX29429(G)/pFDX3283

(bglF); lanes 11 and 12, R1279/ pFDX329%(G, nagB/pFDX3283
(bglF); lanes 13 and 14, R1279/pFDX32959(G, mtlA/pFDX3283

(bglF).

phosphorylation of BgIG (Figure 3A, lane 4). However,

Catabolite control by antagonistic phosphorylation

indeed observed at the expected positions and in an IPTG-
dependent manner, not only in the presence of%ll
(Figure 3A, lanes 12 and 13) but also in its absence
(Figure 3A, lanes 10 and 11). Again, no phosphorylation
was observed in the presence of ®ilwhen salicin was
present (Figure 3A, lane 14). As a control for BglG
expression levels we performed$]methionine pulse—
chase labeling and SDS—-PAGE with the identical trans-
formants used in Figure 3A and in the presence or absence
of IPTG and salicin as given in the figure. The resulting
autoradiograph revealed that neither coexpression 8#Ell
together with BglG nor the strain employed nor the
presence of salicin had any appreciable effect on the
amount or stability of BglG produced (data not shown),
thus indicating that differences #P-signal strengths of
BglG at identical IPTG concentrations reflect differences
in the efficiency of BgIG phosphorylation rather than
differences in the amount of protein present. We also
learned from this series of experiments that care had to
be taken in adjusting the expression level of BglG. A 5-fold
higher expression (as revealed from teS[methionine
labeling; data not shown) resulted in an almost complete
loss of the HPr-dependent phosphorylation signal of BglG
(Figure 3A, lane 7). This effect could be attributed to the
formation of insoluble inclusion bodies (Krieg, 1993;
Chenet al, 1997a) which may sequester most of the
available BgIG protein. It may also explain why Ed}
independent  phosphorylation  previously remained
undetected (Schnetz and Rak, 1990).

Underphosphorylation of the PTS leads to
dephosphorylation and concomitant inactivation

of BglG

According to previous models (see Introduction) B8l

in the absence oB-glucosidic substrates, inhibits BglG
by phosphorylation and reactivates it by dephosphorylation
when substrates become available (negative-feedback con-
trol). The data presented above extend this model and
demonstrate that activity of BglG is additionally under
positive control of the PTS, dependent upon HPr-catalyzed
phosphorylation, which should occur at a different site
than that catalyzed by E¥'. However, the observation
that the presence of salicin as sugar substrate completely
prevents phosphorylation of BgIG (Figure 3A, lanes 4 and
14) at first seemed to contradict this conclusion. One has
to bear in mind, however, that analysis of BgIG activity
(Figure 2) required single-copy situations, while the sali-
cin-dependent dephosphorylation of BglG, which was
performed undein vivoconditions (Figure 3A), could only

be demonstrated wheryglG andbglF were overexpressed
from a plasmid. We therefore reasoned that the HPr-
catalyzed phosphorylation of BglG was prevented due to

when bglG was expressed alone, an IPTG-dependent massive salicin transport catalyzed by unphysiologically
signal appeared at the position of BgIG (Figure 3A, lanes high concentrations of E#¢!. This might drain the entire
5 and 6). It disappeared when the same experiment wasphosphorylation capacity of the PTS towards the incoming

carried out with thepts deletion strain (Figure 3A, lanes

sugar. To investigate this possibility, we performed two

8 and 9). To unambiguously verify that the signal detected types of analysis. We analyzed phosphorylation of BglG

in the absence of Et#' is due to the phosphorylated BglG

expressed from a plasmid (Figure 3B) and in parallel

protein, we repeated the experiments in the wild type studied the activity of BglG expressed from a single-copy

strain with agalK—bglG fusion which expresses a protein
with an increased molecular weight and for which®eH

gene, in both cases in the presence of overproduced Ells
other than ERY (Figure 4). To indicate the position of

dependent phosphorylation has previously been shownthe phosphorylated form of BglG and IPTG dependence
(Schnetz and Rak, 1990). Phosphorylated species wereof its expression, the phosphorylation assays shown in
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B-galactosidase activity

plasmid encoded
chromosomally IPTG salicin other
encoded: sugar Ptap > I nagE Ptac > [ mtiA PtaC > bglF >
- - - 30 27 25 26
+ - - 26 25 23 20
+ + - 325 331 395 3
Ptac > [bgIG, bglF > + + Nag - 33 - N
+ + M - - 34 -
- - - 19 27 27 20
+ - - 274 269 296 21
Ptac » + - 279 - - 86
+ — Nag - 32 - -
+ - Ml - - 34 -

Fig. 4. Massive PTS sugar transport drastically decreases BgIG activity. Strains R1752 and R1958 tacyigontrolled gene®glG-bglFand

bglG, respectively, integrated into the chromosome were cotransformed with antitermination reporter plasmid pFDX2676 and one of the following
plasmids fortacOR-controlled expression of different Ells (where indicated): pFDX328agE EIIN29), pFDX3298 (mtlA; EIM!), pFDX3299

(bglF; EIIBYY). Given arep-galactosidase enzyme activities synthesized by these transformants in presence or absence of IPTG as inducer for gene
expression and the various PTS sugar transport substrates. —, not determined.

Figure 3A, lanes 1, 5 and 6, were repeated in Figure 3B, when thebglG gene was expressed alone, but also when
lanes 1, 2 and 3, respectively. Neither overexpression ofthe bglG—bglF operon was expressed and salicin was
nagE (encoding EIN29) nor that ofmtlA (encoding EIV) included as inducer. These results support the notion
led to significant alterations in the state of phosphorylation derived from the phosphorylation data that phosphoryl
of BgIG (Figure 3B, lanes 4 and 6, respectively). The groups within the PTS may be limiting for the activation
presence of the respective sugar substrakéscetyl- of BglG. They support our conclusion that BglG must be
D-glucosamine (Nag) and-mannitol (Mtl), however, phosphorylated in order to be active. Further support is
completely prevented phosphorylation of BglG (Figure derived from the data in the last column in Figure 4:
3B, lanes 5 and 7). Lanes 8-10 correspond to lanes 2—4overexpression ofbglF from a plasmid in the strain
in Figure 3A, with the difference that B' was delivered containingbglG alone led to a drastic reduction of BglG
from a second plasmiich trans Again, the phosphorylated  activity even in the presence of salicin, and reduced it to
form of BgIG appeared in an IPTG-dependent manner almost background levels in the strain carrying HigG—
(Figure 3B, lanes 8 and 9) and disappeared when salicinbglF operon.
was present (lane 10). As expected, this pattern did not
alter, when in additionnagE (lane 11) ormtlA (lane 13) Does the limitation of phosphoryl group
was expressed as an operon fusion viathG. However, availability play a role under physiological
the presence of the respective sugar substrates (Nagconditions?
Figure 3B, lane 12 or Mtl; lane 14) almost completely We wanted to learn whether the inhibitory effect on BglG
prevented phosphorylation of BglG. Again, we verified activation seen under conditions of overproduction of Ells
by [3®S]methionine pulse—chase labeling and SDS-PAGE and in the presence of the respective sugar substrates
with the identical transformants that the conditions points to a limited pool of phosphoryl groups under more
employed had no unexpected effects on the expressionphysiological conditions. From this we hoped to learn
level of BgIG (data not shown). We can thus conclude more about its possible role in keeping the activity of
that massive transport of a PTS substrate generally cause8glG low under natural conditions when other, perhaps
disappearance of the phosphorylated form of BglG, regard- more favorable sugars are available. To this end we
less of the presence of EH. performed the antitermination assay as in Figure 2,
To correlate the phosphorylation data with the activity columns 1 but replaced glycerol with other sugars. In the
of BgIG, we performed the antitermination assay with the case of thebglG—bglF operon, salicin was in addition
transformants used in Figure 2, columns 1. These cells present as substrate for B41and thus as inducer of BgIG
were transformed with additional plasmids carryimagE activity. The results are given in Figure 5. Glycerol is a non-
mtlA or bglF undertacOPcontrol (Figure 4). For compar-  PTS sugar, while the other sugars used are all substrates of
ison, the values without an additional plasmid (taken from the PTS. Compared with glycerol, all PTS sugars indeed
Figure 2, column 1) are also included. It can be seen thatled to a reduction of BgIG activity to different extents.
the additional expression ofiagE in the absence of
N-actetylb-glucosamine (Nag) as substrate nattAin the
absence ob-mannitol (Mtl) did not influence the BgIG
activity originating from thebglG gene or thebglG-bgIF In view of the previous finding that the PTS negatively
operon. In contrast, the presence of the respective sugarcontrols activity of BglG by Ef9-catalyzed phosphoryla-
substrates reduced activity to nearly background, not only tion it might have been expected that any mutation

Discussion
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400 - chromosomal of B-glucosides (and any other PTS sugars; see below)
o 350 4 Piac » [bglG > \évz)observed_ a sﬁronégel;;&g_n?]l Lordphoslphc;]-Bglﬁ (F||gurde
£ , suggesting that BglG might be doubly phosphorylate
B 300 1 Plac > under these conditions (Figure 6A). Since this form is not
o 250 - active, inactivation of BglG by EP-dependent phos-
S 200 | phorylation may be dominant over that exerted by HPr.
4] 150 - The conclusion drawn in previous works, that the
Eu completely dephosphorylated form of BglG may be the
& 100 1 active form, was derived from experiments demonstrating
@ 50 1 that BglG is completely dephosphorylated in the presence
0 - of EllB9' andpB-glucosidic substrates undervivo (Amster-
Choder and Wright, 1990; Schnetz and Rak, 1990; this

Gly Man Fru Gic Gut Nag Mt

work) as well asn vitro conditions (Amster-Chodest al.,
1989). This conclusion seems to contradict our model that
BglG must be activated by HPr-mediated phosphorylation.
According to the model proposed in Figure 6B, one might
expect the addition of3-glucosides should lead to the
appearance of a monophosphorylated form of BglG, since
activation of BglG seems to require both dephosphoryl-
ation by EIPY at one site and simultaneous phosphoryl-
ation by HPr at a distinct site. However, it has been
proposed that only a limited pool of phosphoryl groups is
available within the PTS due to slow autophosphorylation
of El (Meadow et al, 1990; Chauvinet al, 1994;
Fomenkov et al, 1998). Furthermore, the phosphoryl
groups appear to be exchangeable within the PTS due to
the phosphoryl group donor site for BglG phosphorylation, the exceptionally high phospho-transfer potential of the
was replaced by a serine (Krieg, 1993; Cle¢al., 1997a). PTS phosphoproteins, which is conserved until their trans-
However, contrary to expectation, BglG turned out to be fer to the sugar substrate (Weiget al., 1982). These
inactive when the central energy-coupling proteins of the characteristics are thought to form the basis for a wide
PTS, El and HPr, were absent (Figure 2), suggesting avariety of regulatory processes like the stringent regulation
second level of BgIG activity control requiring the PTS. of sugar uptake and catabolite repression exertétlgoli
Since evidence has been presented that the active form oby the ratio [phospho-lI&/[IIA €] (Postmaet al,
BgIG is a dimer (Amster-Choder and Wright, 1992), the 1993; Hogemeet al,, 1998) or chemotaxis towards PTS
positively acting signal may be necessary for dimer substrates, which is believed to monitor the phosphoryl-
formation. This requirement can, however, be overcome, ation state of El (Luxet al., 1995). These characteristics
at least in part, by an increase in its concentration above also provide an explanation for the apparent contradiction:
the physiological level (Figure 1). Similar observations since in allin vivo BglG phosphorylation experiments

Fig. 5. Utilization of PTS sugars reduces BgIG activity to different
degrees. Strains R1958 (light gray histograms) and R1752 (dark gray
histograms) carrying the chromosomally integrateciOP driven bglG
andbglG—bglFexpression cassettes, respectively, were transformed
with antitermination reporter plasmid pFDX2676. Cells were grown in
M9-medium with the indicated sugar as carbon source. IPTG was
added to induce synthesis of BglG and BgIG together wit®%|I
respectively. In the case of R1752 salicin was additionally present to
release BglG from negative control exerted byBgl|

preventing this phosphoryl group transfer would result in
unrestrictedly high activity of BglG. Indeed, activity of
BglG was high and constitutive in the absence off#||
(Figures 1 and 2) or when cysteine residue 24 withif€||

have been reported for LicT of the BgIG family of
antiterminators (Krger and Hecker, 1995; Kger et al.,
1996) and the related transcriptional activator LevRI{&tu

carried out until now, ERY' was provided in much higher
concentrations than normally present inside the cell, it is
conceivable that phosphoryl groups from HPr were all

et al, 1995). Detailed genetic complementation analyses drained via EIf9' by the incoming3-glucoside. This would
revealed that phospho-HPr is required for BglG activity, leave BglG in an unphosphorylated form and mask its
and it turned out that for this activation, HPr can be HPr-catalyzed phosphorylation which occurs under normal
substituted by DTP, a component of the fructose-inducible conditions. To investigate whether this inhibition of HPr-
PTS encoded by thdru operon. Suppression of HPr catalyzed phosphorylation is generally caused by an over-
deficiency by DTP has been observed before for PTS load of the PTS, we not only expressed 88llfrom a
transport functions, either in mutants lacking tfre plasmid, but also EN® and EIM!, respectively, and
repressor (Saier and Ramseier, 1996) or in cultures inducedstudied BglG phosphorylation (Figure 3B) as well as its
with fructose (Saieet al,, 1970). The possible physiologi- activity (Figure 4). Indeed, plasmid-dependent expression
cal role of the cross-talk observed here for BgIG activation of all these Ells in the presence of their respective sugar
remains to be determined. substrates completely abolished phosphorylation of BglG
Since our results suggested that BglG might be directly and simultaneously rendered the chromosomally expressed
phosphorylated by HPr, we performigdvivo phosphoryla- BglG inactive. The inhibitory effect of multiple copies of
tion analyses. Indeed, phosphorylated BglG species werebglF (EIIBY) in trans to a single copy ofbglG in the
detected in the absence of Bd| under conditions where  presence of salicin has been noticed before (Mahadevan
BgIG activity was constitutively high (Figure 3). On the et al, 1987), but an explanation could not be given at
other hand, BgIG was inactive and not phosphorylated that time. The finding that transport of other PTS sugars
when expressed in Aptsstrain background. We therefore  not only prevents phosphoryl transfer from HPr to BgIlG
extend the previous model and conclude that activation but also from HPr to ERY' and from there to the Eif'-
of BgIG might require both dephosphorylation by | dependent phosphorylation site of BglG may not be
and simultaneous phosphorylation by HPr (see model in surprising since the&,, of EIIB9 for phospho-HPr with
Figure 6B). In the presence of B¥ and in the absence ~40 pM (Schnetzet al., 1990) is much higher than the
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Fig. 6. Model for activity control of BglG as suggested by the data presented in this stdin the absence of any PTS sugar, proteins of the PTS
are all maintained in a phosphorylated state. Since phosphate cannot be transf@rgdcisidic substrate, E¥' phosphorylates BglG, which

leads to its monomer formation, the inactive form. In addition HPr may phosphorylate BgIG at a secor8) ditethé presence dB-glucosides

(but absence of other PTS substrates)®#lephosphorylates BglG, which is necessary but not sufficient for its activation. In addition, HPr directly
transfers phosphoryl groups to a distinct site within BglG, which allows it to dimerize to the active form and alleviate transcription termination
within the bgl operon. This model also includes a subtle modégifoperon autoregulation, since both phosphate flow to the sugar during transport
and activation of BglG by HPr-catalyzed reversible phosphorylation have to share the limited pool of phosphoryl groups provided b}/ the slowly
autophosphorylating EI.Q) Appearance of any other PTS sugar leads to additional competition for phosphoryl groups. SikgeahElB9' is

higher than that reported for any other Ell, it is conceivable, that phosphoryl groups are massively drained awayBﬂEJmeMor of the other

sugar transport. This not only leads to severe reductioBrgificoside transport but in addition inhibits the capacity of#ito phosphorylate BglG.

As a consequence, Bf' is no longer able to repress BglG activity. It is therefore necessary to additionally couple control of activity of BglG to the
general state of the PTS via the phosphorylation state of HPr. When phosphoryl groups become limited due to transport of other PTS sugars, HPr is
underphosphorylated and therefore unable to activate BglG by phosphorylation. BgIG is inactive.

reportedKy, values of other Ells (Postmet al., 1993). all concerned with positive control of catabolic operons

Thus, it is conceivable that if only negative control by
ElIB9' on BgIG takes place, addition of another PTS sugar
would result in dephosphorylation and activation of BglG
even in the absence @fglucosidic substrates. Therefore,
additional control of BglG activity by HPr might be
necessary to maintain BgIG in an inactive state, when in
the absence @@#-glucosides, other PTS sugars are available
(Figure 6C).

To learn whether cells utilize the limited pool of
phosphoryl groups within the PTS for regulation of BgIG
activity under physiological conditions, we examined BglG

encoding proteins that function in uptake and utilization
of PTS sugars. Most of these proteins act as antitermin-
ators, but transcriptional activators are also found (for
reviews see Rutberg, 1997; 8@ et al,, 1998). They all
share two conserved, homologous domains that function
as the targets of PTS-mediated regulation and are thus
called PTS regulation domains (PRD-1 and PRD-2;
Tortosaet al., 1997; Stike et al., 1998). Within the PRDs
three highly conserved histidine residues are believed to
be potential targets of PTS-mediated phosphorylation.
Within BgIG, these residues are H101 and H160, located

activity in the presence of various sugars, which were in the PRD-1 domain, and H208 located in the PRD-2
taken up and utilized by the respective chromosomally domain (Tortoseet al., 1997; Stlke et al, 1998). Upon

encoded proteins (Figure 5). Indeed fermentation of all examination it has become clear that PRD-containing
PTS sugars tested lowered BgIG activity in the absenceregulators are negatively regulated by their respective

as well as in the presence of B4land its substrate salicin,
suggesting that part of the BglG population becomes

Ells. For BgIG as well as the homologous antiterminators,
SacY, SacT and GIcT frorBacillus subtilis mutants have

dephosphorylated and inactivated under natural conditionsbeen isolated which exhibit constitutive activity. Most of

(Figure 6C). Interestingly, PTS sugars differed in their
ability to decrease the BgIG activity which might reflect
a hierarchical order of sugar preference. Hierarchical

utilization of PTS carbohydrates has been observed previ-

ously (reviewed in Postmet al., 1993). Since the various
EllIA domains of PTS permeases have differgptvalues

for phospho-HPr, it has been proposed that competition ive sugar permeases (#te et al,

for phospho-HPr may be a primary mechanism for the
observed hierarchy (Postn& al., 1993). In the case of
control of BgIG activity, competition of BglG with the
various IlA domains of Ells for phospho-HPr may deter-
mine the level ofbgl operon expression and thus the

these mutations changed the first conserved histidine in
PRD-1 or residues around that position (Mahadextza.,
1987; Crutzet al,, 1990; Debarbouillest al, 1990; Chen

et al, 1997b; Bachem and Ske, 1998). Thus, it has
been proposed that in these antiterminators PRD-1 may
be the target of negative regulation exerted by the respect-
1998). In addition, it
has been reported that activity of some of these PRD-
containing regulators, i.e. antiterminators SacT and LicT
and the activator LevR frorB.subtilis are dependent on
the presence of El and HPr (for an overview seékgtu

et al, 1998). In fact, HPr-dependent phosphorylation of

B-glucoside transport capacity of the cell. This represents these proteins has been demonstraitedvitro (Stlike
a novel type of control of gene expression and of carbon et al,, 1995; Arnaucet al., 1996; Deutscheet al., 1997).

catabolite repression ig.coli.
BgIG is the prototype of a family of related regulators
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Table I. Strains and plasmids used in this study

Strain/plasmid

Relevant genotype or structures

Source or reference

Strains
TP2811 € R1330)F xyl argH1 AlacX74 aroB ilvAA(ptsH ptsl cr)::neo Levy et al. (1990)
W3110 (= R1128)F A~ IN(rrnD-rrnE)1 Bachmann (1972)
R1279 A(pho-bg)201 A(lac-pro) ara thi rpsL Schnetzet al. (1996)
R1653 as R1279 bufi(ptsH ptsl cr)::neo R1279xT4(TP2811); Krieg (1993)
R1752 as R1279 buttB::bla Ptac bglG bglF R1279XpFDX3410; this work
R2013 as R1752 bud(ptsH ptsl cry::neo R1752<T4(TP2811); this work
R1958 as R1279 buttB::bla Ptac bglG R1279XpFDX3157; this work
R2051 as R1958 bud(ptsH ptsl cr)::neo R1958xT4(TP2811); this work
R1967 as R1279 buf(fruB fruK fruA) R1279<pFDX3212; this work
R1971 as R1967 buttB:: bla Ptac bglG bglF R1967xpFDX3410; this work
R1977 as R1971 bud(ptsH ptsl cry::neo R1971xT4(TP2811); this work
R1974 as R1967 buttB::bla Ptac bglG R1967xpFDX3157; this work
R1979 as R1974 bufi(ptsH ptsl cr)::neo R1974xT4(TP2811); this work
Plasmids
pFDY226 lacld P4 bglt2 lacZ (bla; oriR pBR322) Schnetet al. (1996)
pFDY225 as pFDY226 but lacking theglt2 Schnetzet al. (1996)
pFDX2676 as pFDY226 butla replaced bytet Krieg (1993)
pFDX3158 as pFDY226 butla replaced bycat this work
pFDX2469  bglG under control ofPtac (tet oriR pACYC177) this work
pFDX3549 as pFDX2469 buiglG replaced bylacZ this work
pLDR8 int under control of\Pg, Aclgs7 (Neq oriR pSC101;rep™ Diederichet al. (1992)
pFDX3401 as pLDR8 buneoreplaced bycat this work
pLDR10 multiple cloning siteAattP (bla; cat oriR pBR322) Diederictet al. (1992)
pFDX3410 pLDR10 carryind’tac bglG bglFwithin multiple cloning site this work
pFDX3157 pLDR10 carryind’tac bglGwithin multiple cloning site this work
pFDX3155  ptsH ptslunder control ofPtac (cat oriR pACYC177) this work
pFDX3160  ptsHunder control ofPtac (tet oriR pACYC177) this work
pFDX3161  ptslunder control ofPtac (tet oriR pACYC177) this work
pFDX3212 flanking regions dfu chromosomal region (1kb resptet oriR pSC101;rep’™ this work
pFDX3223  ptsHH15A ptslunder control ofPtac (tet oriR pACYC177) this work
pFDX3221  fruB ptslunder control ofPtac (tet, oriR pACYC177) this work
pFDX3102  Ptac bglG bglF SD sequence of phagE7genel(recedingbglG (tet oriR pACYC177)  this work
pFDX2942 as pFDX3102 buiglF removed this work
pFDY45 lacl9 Ptac bglG SD T7genel@recedingbglG (bla; oriR pBR322) Schnetz and Rak (1990)
pFDX3225 as pFDX2942 bgalK@bglG this work
pFDX3226 as pFDX3102 bugalK@bglG this work
pFDX3293 as pFDX3102 buiglF replaced bynagE this work
pFDX3295 as pFDX3102 buiglF replaced bymtlA this work
pFDX3283 as pFDY226 but additionally carryihglF under control ofPtac this work
pFDX3297  nagEunder control ofPtac (neg oriR pACYC177) this work
pFDX3298  mtlA under control ofPtac (neqg oriR pACYC177) this work
pFDX3299  bglF under control ofPtac (neqg oriR pACYC177) this work

EllB9-independent phosphorylation described here, which PTS-catalyzed phosphorylation in a similar way. Recently
in any case stimulates BgIG activity. However, preliminary it was demonstrated that BglG can be phosphorylated at
phosphorylation experiments with purified His-tagged H208in vitro and it has been suggested that this site may
BglG protein and either purified El and HPr frdBnsubtilis be the only one phosphorylated (Chetral., 1997b). Since
or El from B.subtilisand HPr fromE.coli indicated that in this study, factor Xa cleavage sites were introduced into
BglG can indeed be phosphorylated by HiPr vitro the PRD-1 domain of BgIG, which possibly destroyed its
(C.Lindner, B.Goke, B.Rak and J.Deutscher, unpub- function, it might not be surprising that phosphorylation
lished). It should be noted, however, that in anothetitro of the PRD-1 was not detected. Furthermore, our own
set up containing PEP, EI and HPr, and partly whole cell experiments showed that BglG-H208 mutant proteins were
extracts, phosphorylation of BglG was only seen when still phosphorylatedn vivo (Krieg, 1993; B.Goke and
membrane fractions containing B were also present  B.Rak, unpublished), suggesting that there are at least two
(Chenet al, 1997a,b; Chen and Amster-Choder, 1998). phosphorylation sites in BglG. Undoubtedly further studies
The discrepancies between these results and our ownwill be necessary to identify the phosphorylation sites on
remain to be clarified. BglG and to clarify the apparently conflicting findings.

For antiterminators LicT and SacT, the conserved histid-
ine residue in the PRD-2 domain (H208 in BgIG) was
proposed to be the HPr-dependent phosphorylation site|Mlaterials and methods
(Stuke et al., 1998). Thus, these antiterminators might be
negatively regulated by Ell-catalyzed phosphorylation at Plasmids and bacterial strains

_ : e . _ Therelevantstructures of plasmids and the genotypes of strains are givenin
PRD-1 and in addition positively controlled by HPr Table I. Plasmids were constructed using standard recombinant techniques

depgndent_ phosphorylation at PRD-2. In this report we (sambroolet al, 1989). Details on their construction together with their
provide evidence that BglG might be controlled by dual completely compiled and annotated sequences can be obtained from the
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Web under http://www-rak.biologie.uni-freiburg.de/supplements.htm. For [final concentrations: IPTG, 0.1 mMp-salicin, 7 mM; N-acetylo-

PCR amplifications and subsequent cloning, chromosomal DNA of strain glucosamine ob-mannitol, 0.5% (w/v)] were added. After pre-incubation
W3110 was used. THeu operon {ruB, fruK, fruA) was deleted according at 37°C for 5 min 20ul M9 containing 20uCi [3°S]methionine were

to Hamiltonet al. (1989) as follows: strain R1279 was transformed with  added and further incubated for 2 min. Labeling was terminated by
temperature-sensitive plasmid pFDX3212. Transformants were plated at addition of unlabeled methionine (1 mg/ml). After a chase time of 2.5
non-permissive temperature (42°C) on LB plates containing tetracycline min cells were collected by centrifugation and after lysis 0.016D

to select crossover events between the clofnedborder sequences in  cells were subjected to SDS-PAGE. Quantitation of radiolabeled bands
pFDX3212 and the corresponding chromosomal regions. Colonies were was carried out by using the bio imaging analyzer FujiXBAS1000 (Fuji
subsequently inoculated into LB broth at 30°C to allow resolution of the Photo Film) and the software PCBAS Tina 2.07c (Raytest).
cointegrates by a second recombination event which could either result in

deletion of thdru genes or in reversion. Deletion derivatives were obtained

by screening of individual colonies for tetracycline sensitivity and a fruct-

ose-negative phenotype. Correct deletion in the resulting strain, R1967, Acknowledgements

was verified by PCR. Integration of thacOP-bglGandtacOP-bgIG— . . . -

bglF expression cassettes into the chromosomes of strains R1279 and itsygg d\i/::ou(ljc: tll’llléen’]tgntjhsir;ik tRAHDeerltr?éhi‘:] "?oer'zsetrra;ngpl\zﬂésﬁ'eé IfEOrLicfztrlctﬁle
isogenidru operondeletion derivative R1967 was achieved by site-specific ift fgl id ptsHICY PL d'WM f iding th ! tt. h t
recombination into the bacteriophagyeattachment siteattB, using the giit of pasmid pts - an Id .I eslier orhprO\lél Ing t?li ac menl_ K
integration system provided by Diederiehal. (1992). Vector moieties of integration system. We would also ke to than M.Huchler, E.Koa ICK,
plasmids pFDX3157 and pFDX3410 were removedNoyl digestion and M.Kr!eg and E.Reuss_ for construction of some of the plasmids, and
the remaining DNA molecules were ligated, generating circular DNA M.Krieg for construction of strain R16‘53' This work was suonrted
molecules which carry the cassette to be integrated together wititthe by the DFG, the Gradwertenkolleg Biochemie der Enzyme’, the
sequence and th#a gene as a selection marker. The DNAs were used to _I_andesschwer_punkt Baden-WAemberg and the Fonds der Chem-
transform strains R1279 and R1967 harboring the thermosensitive inte- ISchen Industrie.

grase expression plasmid pFDX3401. Subsequently, recombinants carry-

ing the cassettes in the chromosome were selected at 42°C on ampicillin-

containing plates (20g/ml) resulting in R1279-derived strainsR1958and  References

R1752, and in R1967-derived strains R1974 and R1971, each carrying the

tacOP—bglGand tacOP-bglG-bglFcassettes, respectively. Deletion of ~ Amster-Choder,O. and Wright,A. (1990) Regulation of activity of a
the pts operon was crossed into strains by T4GT7 transduction (Wilson  transcriptional antiterminator ifE.coli by phosphorylationin vivo.

et al, 1979) of theneogene (kanamycin resistance) from strain TP2811. Science 249 540-542.

Amster-Choder,O. and Wright,A. (1992) Modulation of the dimerization
Growth conditions of a transcriptional antiterminator protein by phosphorylaticience
LB (Miller, 1972) was used as standard medium. Where necessary, 257, 1395-1398.
antibiotics were added to final concentrations ofiggml (ampicillin), Amster-Choder,0., Houman,F. and Wright,A. (1989) Protein
12.5 pg/ml (tetracycline), 15ug/ml (chloramphenicol) and 3@g/ml phosphorylation regulates transcription of elucoside utilization
(kanamycin) if not otherwise indicated. operon inE.coli. Cell, 58, 847-855.

Arnaud,M., Debarbouille,M., Rapoport,G., Saier,M.H.,Jr and Reizer,J.
Determination of B-galactosidase activity (1996)In vitro reconstitution of transcriptional antitermination by the

B-galactosidase assays were carried out as described previously (Schnetz SacT and SacY proteins dacillus subtilis J. Biol. Chem, 271,
et al, 1996). Cells were grown in synthetic medium (M9) containing 18966—18972.

1% (w/v) carbon source (glycerol, if not otherwise indicated), proline Bachem,S. and Ske,J. (1998) Regulation of th@acillus subtilis

(20 pg/mi), thiamine (1pg/mi), casamino acids [0.66% (w/v)] and the GIcT antiterminator protein by components of the phosphotransferase
appropriate antibiotics according to the plasmids carried by the different  system.J. Bacteriol, 180, 5319-5326.

transformants. In general, 1 mM IPTG was added as inducetaf®P Bachmann,B.J. (1972) Pedigrees of some mutant straiiscfierichia
where indicated. Where appropriatesalicin (7 mM) as substrate for coli K12. Bacteriol. Rey 36, 525-557.

EII®9!, N-acetylo-glucosamine [0.5% (w/v)] as substrate for ¥, and Chauvin,F., Brand,L. and Roseman,S. (1994) Sugar transport by the

p-mannitol [0.5% (w/v)] as substrate for EH were additionally added. bacterial phosphotransferase system. Characterization of the
Activities were derived from the average of three to five independent = parichia coli enzyme | monomer/dimer transition kinetics by
assays from at least two independent transformants each. Deviations fluorescence anisotropy. Biol. Chem, 269, 2027020274

were <20%. Chen,Q. and Amster-Choder,O. (1998) BglF, the sensor dighsystem
and the B-glucosides permease dEscherichia coli evidence for
dimerization and intersubunit phosphotransf&iochemistry 37,
8714-8723.

In vivo protein phosphorylation
Cells were labeled with §§32P]0, according to the procedure described

previously (Schnetz and Rak, 1990) but with the following modifications. )
Overnight cultures grown in LB containing the appropriate antibiotics Chen,Q., ArentsJ.C., Bader,R., PostmaPW. and Amster-Choder,0.

: : - 1997a) BglF, the sensor of tHecoli bgl system, uses the same site
were diluted to an Ofy, of 0.15 in the same medium and grown at ( )
37°C to an Oy, of 0.5-0.8. After addition of IPTG (0.1 mM- to phosphorylate both a sugar and a regulatory pro€ifBO J, 16,

salicin (7 mM), N-acetylb-glucosamine om-mannitol [0.5% (w/v)] 4617-4627.

where indicated, growth was continued for 20 min. Cells were collected Chen,Q., .Engelberg—Kqua,H. a_md Amster—Choder,O. (1997b) The
by centrifugation and resuspended in phosphate-free Tris medium con- localization of Fhe_phosphorylatlon site of BgIG, th_e response regulator
taining 1% succinate, 1% glycerol, proline (R@/ml), thiamine (1pg/ of the Escherichia coli bglsensory systemJ. Biol. Chem 272

ml), the appropriate antibiotics as well as the necessary inducers and 17263_17268'_ . .

sugars where indicated. After 1 h shaking at 37°C cells were collected CTUtZ,A.-M., Steinmetz,M., Aymerich,S., RichterR. and Le Coq,D.
by centrifugation and resuspended to an ¢gPof 0.5 in the same (1990) Ir_]ductlon of_ levansucraseBacillus subtilis an antitermination
medium. Of these suspensions ADwere labeled with H[32P]O, as mechanls_m negatively controlled by the phosphotransferase system.
described before. SDS—PAGE and subsequent handling of the polyacryl- J- Bacteriol, 172, 1043-1050. _
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assay [1% (v/v)], proline (2@ug/ml), thiamine (1ug/ml), glycerol [1% and Dossonnet, V. (1997) Regulation of carbon metabolism in Gram-

(w/v)] and the appropriate antibiotics were diluted to anggy»f 0.1 positive bacteria by protein phosphorylatidfolia Microbiologica

in the same medium and grown at 37°C to anggy®df 0.5-0.8. Cells 42, 171-178.

were harvested by centrifugation and resuspended to ajad®@D0.5 in Diederich,L., Rasmussen,L.J. and Messer,W. (1992) New cloning vectors

the same medium. To 100l of these suspensions 2@ Difco 2X for integration into the\ attachment sitattB of the Escherichia coli

methionine assay, 6@l M9 containing the necessary inducers and sugars chromosomePlasmid 28, 14-24.
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