





























































































































































































































































































































Chapter 4

The corresponding fragment in the putative mutant was ~16kb in size (Fig. 4.8, B3),
confirming integration of the ~6kb replacement vector pK19kkm into this region of the
chromosome. Similarly, Sall restriction sites also flank Akm such that a ~1.4kb Sall
fragment was detected by Southern hybridization in the wild type (Fig. 4.8, B6). In the
case of the putative mutant, a ~7kb as well as ~0.7kb fragment was detected (Fig. 4.8,
B4). The additional fragment in the mutant is the result of a Sall restriction site that
occurs within pK19Akm. The confirmed C. glutamicum hkm mutant was designated
HKM19.

4.3.4 Growth studies of mutants

Preliminary investigations of C. glutamicum ginA™ and hkm™ strains involved studying
their growth on various nitrogen sources. GLNA19-1 and HKM 19 were inoculated onto
MM plates containing 2mM NH4Cl, 100mM NH,CI, urea (2% w/v), glutamine,
glutamate, asparagine, aspartate, proline, histidine or arginine as the sole nitrogen
source (all amino acids at 20mM). GLNA19-1 was unable to grow on any nitrogen

source except glutamine, while HKM19 grew on all nitrogen sources.

To determine whether a second GS enzyme may be active in C. glutamicum under
different culture conditions, GLNA19-1 was grown in 2mM and 100mM NH,4Cl liquid
MM with aeration (Fig 4.9). As expected, growth rates were much higher in nitrogen
rich than nitrogen poor medium. However, GLNA19-1 was again unable to grow
without added glutamine, irrespective of nitrogen status, aeration and culture conditions.
Enzyme assays revealed that strain GLNA19-1 had no detectable levels of GS activity,

while GOGAT activity was unaffected in this mutant (results not shown).

Although HKM19 was able to grow on all tested nitrogen sources, we wanted to
determine whether hkm disruption affected growth rates in different nitrogen sources.
HKM19 was therefore grown in liquid MM with selected nitrogen sources, and the

growth profiles were compared to that of the wild type.
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Fig. 4.9 Growth of C, glutamicum GLNA19-1 in MM with 2mM or 100mM NH,ClI and with or without
20mg/ml glutamine (red and green, respectively).

The growth rates and profiles of HKM19 and the wild type were virtually identical in all
nitrogen sources tested (Fig. 4.10). Both C. glutamicum strains grew well in NH4Cl and

glutamine, while growth rates were poor in glutamate and in particular proline.
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Fig. 4.10 Growth of C. glutamicum wild type and HKM19 strains in MM with various nitrogen sources.
High N: 100mM NH,CI; Low N: 2mM NH,4Cl. Amino acids were used at 20mM.

101



Chapter 4

4.3.5 GS and GOGAT activities of HKM19

To determine the effect of Akm inactivation on GS and GOGAT activities in C.
glutamicum, assays were performed on HKM19 and activity profiles were compared to
that of the wild type strain. As before, enzyme activities were determined after growth
in nitrogen-rich and nitrogen-limiting MM with either 2% or 0.05% glucose as the
carbon source. GS assays showed that disruption of hkm does not affect the regulation
or activity of GS in C. glutamicum to any significant extent; the pattern of activity was

identical to that of the wild type C. glutamicum (Fig. 4.11).
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Fig. 4.11 GS activities of C. glutamicum strains grown in various media. H: 100mM NH,CI; L: 2mM
NH,4Cl MM. Glucose concentrations are indicated in parentheses. Activities for the wild type are taken
from the results in Chapter 3 (Fig. 3.1 & 3.2) and displayed for comparative purposes. GS activity is
defined as pmol y-glutamylhydroxamate min™ mg™ protein.

Since hkm is situated directly upstream of gltBD, we wanted to determine whether
disruption of this gene would have an effect on GOGAT activity in C. glutamicum.
Assays revealed that the Akm mutant does indeed have altered GOGAT activity profiles
(Fig. 4.12). GOGAT activity under nitrogen-rich conditions with 2% glucose is
approximately two-fold higher in HKM19 mutant than in the wild-type strain. When the
glucose concentration is low, however, HKM19 displays very low GOGAT activity in

nitrogen-rich conditions.
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Fig. 4.12 GOGAT activities of C. glutamicum wild type and HKM19 strains grown in various media. H:
100mM NH,Cl MM; L: 2mM NH,Cl MM. Glucose concentrations are indicated in parentheses.
Activities for the wild type are taken from the results in Chapter 3 (Fig. 3.1 & 3.2) and displayed for
comparative purposes. GOGAT activity is defined as umol NADPH oxidized min™ mg™' protein.
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In nitrogen-limiting medium with 2% glucose, the GOGAT activity of the mutant is less
than half of that found in the wild-type strain under the same conditions. However, in
nitrogen-limiting medium with 0.05% glucose, GOGAT activity of the wild type and
HKM19 are essentially the same.

4.3.6 RNA hybridizations

Since the primary regulation of GOGAT activity is at the transcriptional level, we
wanted to confirm the results of the above GOGAT assays with RNA studies. Total
RNA was extracted from C. glutamicum wild type and HKM19 which were grown in
nitrogen-rich and nitrogen-limiting MM (both with 2% glucose), and hybridized with a
gltBD-specific probe. Densitometer readings of RNA hybridization signals indicated
that g/tBD transcription in HKM19 was reduced ca. 30% in nitrogen-limiting conditions
in comparison to the wild type (Fig. 4.13). In nitrogen-rich conditions, however, gltBD

transcription was essentially the same in both C. glutamicum strains.
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Fig. 4.13 A. Densitometric values of RNA hybridizations of g/tBD transcripts of C. glutamicum wild type
(WT) and HKM19. Strains were grown in MM with 2mM NH,C1 (L) or 100mM NH,C1 (H). Represented
densities are relative to the background of the autoradiograph. B. Corresponding autoradiograph of
hybridizations.

4.3.7 Activity of hkm promoter

To determine whether hkm was nitrogen-regulated, a DNA fragment containing the
putative promoter of this gene was cloned into the CAT reporter plasmid pEKplCm.
This recombinant plasmid was expressed in C. glutamicum grown in high and low
nitrogen MM. CAT assays revealed that the Akm promoter has low activity and is only
moderately elevated in low nitrogen conditions; CAT activities were 0.009 units mg™ in

high nitrogen and 0.013 units mg™ in low nitrogen.
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4.4 Discussion

Gene disruption fechniques have been described previously in coryneform bacteria.
Schwarzer and Pihler (1991) reported inactivation of the C. glutamicum IlysA gene,
while Reyes ef al. (1991) disrupted the gdhA gene of B. lactofermentum and the gltA
gene of C. melassecola. This genetic tool was later refined in C. glutamicum by Schifer
et al. (1994) who constructed specialized vectors for efficient gene disruption.
Integration of the replacement vector by homologous recombination occurs either via a
Campbell-like mechanism or a double crossover event (Vertés et al., 1993). In our
studies, we opted for mutants with single crossover inactivations since we used both
Km-resistance and sucrose sensitivity as markers to ensure mutant integrity. When
HKM19 and GLNA19-1 were grown in both complete and minimal medium with Km,
there was some excision of the sacB gene such that the strains became sucrose-resistant
but were still Km-resistant. However, this excision generally occurred at a frequency of
less than 107, Schifer and colleagues (1994) had similarly low excision frequencies in
their work (~107). Sucrose-sensitivity and Km-resistance of our mutants were always

confirmed prior to and at the conclusion of each experiment.

Disruption mutants of glnd were generated in a different manner to the Akm mutants
(see methods). While the general protocol was similar, the method used to generate
HKM19 was refined. In addition to using several recipient cultures for Akm mutant
generation (compared to just one in the glnd protocol), this method was also more
precise in terms of cell numbers, culture volumes and general experimental procedure.
The use of eight different recipient cultures seems to be an important step in the new
mating protocol since the mating is very dependent on the state of the recipient culture.
Slight variations in growth stage, aeration, and nutrient status seem to greatly affect
conjugation frequencies. Using eight different cultures increases the chances of
obtaining a culture in the required state. In the refined mating protocol, C. glutamicum
recipient cells were heated to 48.5°C for 9 minutes. The temperature and exposure time
is important since an increase in either leads to reduced cell viability and hence
conjugation (Schifer ef al., 1994). Elevated temperatures may increase fertility in two

ways: 1) by directly inactivating the temperature-sensitive restriction enzymes that
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degrade foreign DNA, or 2) indirectly as part of the SOS response (Schifer ef al.,
1990).

Growth studies of GLNA19-1 revealed that this strain had an absolute requirement for
glutamine when grown in MM. This mutant was, however, able to grown in YT
medium without added glutamine. This medium contains both tryptone and yeast
extract (Sambrook ef al., 1989) which are good sources of peptides and proteins
(Prescott et al., 1990). Catabolism of these macromolecules yields amino acids
including glutamine (Voet and Voet, 1990). The fact that GLNA19-1 was unable to
grow on a variety of nitrogen sources in both liquid MM and solid MM, strongly argues
against the notion that a second GS enzyme may be present that is only active under
certain conditions. Indeed, although gin42 encoding a putative GSII enzyme was
recently discovered in C. glutamicum, deletion or over-expression of this gene did not
affect cellular GS activity (Nolden e al., 2001). It seems that gln42 may be an inactive

evolutionary remnant.

The region of hkm targeted for inactivation starts ca. 130 bp upstream from the start of
gltBD transcription and ca. 60 bp upstream of the AmtR binding site. It therefore seems
unlikely that integration of the replacement vector would affect AmtR binding and/or
transcription of gltBD. However, this possibility cannot be completely ruled out at this
stage. In contrast to glnd, mutation of Akm did not have any obvious effect on growth in
C. glutamicum, and this strain was able to utilize all tested nitrogen sources. Clearly,
this gene is not essential for cellular metabolism. If Akm indeed plays a role in
regulating cellular GOGAT activity, disruption of this gene would presumably have
little or no effect on nitrogen metabolism. The reason for this is that glutamate synthesis
can be catalyzed by the action of other enzymes including GDH, glutaminase and
transaminase (Schreier, 1992). This hypothesis is corroborated by the finding that gir
mutants of C. glutamicum are not glutamate auxotrophs (Beckers et al., 2001). Mutation

of hkm also had no effect on GS activity in C. glutamicum.

In contrast to GLNAI19-1, HKMI19 was able to grow on solid MM with all tested

nitrogen sources. We used inorganic nitrogen (NH4Cl), urea and a variety of amino
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acids including glutamine, glutamate as well as those that are catabolized to glutamate
such as proline, histidine, and arginine (Voet & Voet, 1990). Interestingly, although
HKM19 was able to grow on MM plates with proline and glutamate, the strain
displayed poor growth in liquid medium with these amino acids as nitrogen sources. In
C. glutamicum, proline is one of the compatible solutes used to counteract the effects of
hyperosmotic stress (Csonka, 1989). As a result, proline uptake systems are induced in
response to high external osmolality (Peter ef al., 1998). It seems that the MM used in
our studies did not provide an environment with sufficient hyperosmotic stress, and
consequently proline uptake was poor. Presumably, the limited proline uptake on solid
MM is adequate to support the slow bacterial growth rates. The uptake of glutamate in
C. glutamicum occurs via a binding protein-dependent mechanism (Krimer and
Lambert, 1990) that is regulated by intracellular pH and K' concentration (Krimer et
al., 1990). As is the case with proline, the conditions within the MM were seemingly
not conducive to efficient glutamate uptake. In contrast to proline and glutamate,
glutamine supports high growth rates and is efficiently transported into the bacterial cell

via a sodium-dependent system (Siewe et al., 1995).

The fact that hkm inactivation seems to reduce the expression of gltBD transcription in
response to nitrogen starvation suggests that Hkm may be directly or indirectly involved
in this induction. GOGAT activities of HKM19 grown in low nitrogen were reduced
around 50% in comparison to the wild type, while transcription of g/tBD in the mutant-
was only ca. 30% lower than the wild type under the same conditions. However, as
mentioned in the previous chapter, Northern analyses cannot always accurately quantify
transcription. Although we did not probe for a constitutive transcript (such as 16S
rRNA) to accurately determine RNA concentration, we used spectophotometry in
combination with gel analysis to obtain this information. Furthermore, we found that
even when identical RNA concentrations of the same sample were loaded in different
wells of the Slot Blot® apparatus, one sometimes obtained variable hybridization
signals. Other researchers have had similar findings (Andreas Burkovski, Univ. of
Cologne, Germany, personal communication). This phenomenon may be the result of
variable binding of the RNA to the membrane and/or uneven hybridization of the probe.

In conclusion then, such “slot blot” Northern hybridization analyses are useful for
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estimating transcriptional induction and repression. Taking this into account, the RNA
hybridization studies in HKM19 therefore show the same trend as the GOGAT assays.
Both our enzyme assays and RNA analyses suggest that Hkm is somehow involved in
the enhanced induction of GOGAT activity in response to nitrogen limitation.

Given the location of the AmtR binding site in the intergenic region between gl/tB and
hkm (see Fig. 4.3), it was tempting to speculate that this repressor protein may also
regulate the expression of hkm. In fact, if the putative —10 and —35 consensus regions of
the hkm promoter (based on the consensus motifs suggested by Patek ef al., 1996) were
indeed located in the positions proposed, binding of AmtR might well prevent the RNA
polymerase from attaching to the zkm promoter. Although the promoter region of hkm
has not been determined, the #km promoter fusion vector contains ~200bp upstream of
hkm and ~70bp of the gltB coding sequence. Since the two genes have opposite
orientations, the g/tB sequence should have no effect on the activity of the hkm
promoter in the fusion construct. CAT assays revealed that the activity of the hkm
promoter was almost two orders of magnitude lower than that of glnd (see section
2.3.4). Also, there was no significant induction of hkm in response to low nitrogen. In
fact, the moderate increase in hkm promoter activity in low nitrogen may be the result of
a general cellular response to nutrient deprivation. It seems likely that this gene is
expressed at a low, constitutive level, consistent with its putative function as a sensor
protein. Thus, the car fusion studies do not support the suggestion that #km might be
subject to regulation by the AmtR repressor protein.

The occurrence of a PAS core domain in the primary sequence of Hkm suggests that it
may function as a sensor protein in a signaling pathway in C. glutamicum. PAS motifs
have been identified in hundreds of proteins, and almost all of them are either known or
putative receptors, signal transducers, or transcriptional regulators (Zhulin ef al., 1997).
In fact, in members of the kingdoms Archae and Bacteria, the PAS domains occur
almost exclusively in sensors of two-component regulatory systems. Furthermore, most
PAS domains identified in prokaryotes occur in histidine kinases (Ponting & Aravind,
1997).
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Two-component regulatory systems are characterized by consisting of a histidine kinase
sensor protein and a response regulator (Appleby ef al., 1996). The N-terminal region of
the histidine kinase senses stimuli, while the C-terminal region contains a conserved
histidine residue that is autophosphorylated in response to the stimulus. The phosphoryl
moiety is then transferred from the histidine of the sensor protein to a conserved
aspartate in the receiver domain of the response regulator. The phosphorylated regulator

is activated as a result of the phosphorylation and is able to interact with DNA or

another signaling protein.
[0:]
t P
:{ H D >
FixL FixJ

Fig. 4.13 Phosphorelay in the FixL/FixJ system of Sinorhizobium meliloti. Phosphorylated histidine (H)
and aspatate (D) residues are shown. See text for explanation. Adapted from Taylor and Zhulin (1999).

A well-studied example of a two-component regulatory system is the FixL/FixJ
pathway of Sinorhizobium meliloti (David et al., 1988). FixL is the sensor protein that is
responsive to oxygen concentration. When oxygen concentrations are low in the cell,
oxygen dissociates from the PAS motif in FixL (Gilles-Gonzalez ef al., 1994) causing a
conformational change in this domain (Fig. 4.13). This change in turn alters the
structure of the transmitter domain to increase autophosporylation of the conserved
histidine residue. FixL then catalyzes the phosphoryl transfer from the histidine to the
aspartate of the response regulator (Gilles-Gonzalez ef al., 1995). Phosphorylated FixJ
functions as a transcriptional activator of the nif genes which are involved in nitrogen

fixation.
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Other PAS-containing sensors from two-component regulatory systems include the E.
coli Aer aerotaxis protein which senses oxygen (Rebbapragada et. al. 1997), TodS of
the Pseudomonas toluene-degrading pathway (Lau et al., 1997), DctS of Rhodobacter
capsulatus which senses energy levels (redox)(Hamblin er al, 1993), NifL of
Azotobacter vinelandii which responds to oxygen concentration and fixed nitrogen
(Dixon, 1998), and KinA involved in sporulation initiation in B. subtilis (Ponting and
Aravind, 1997). The role of PAS domains in the regulation of these and other two-

component systems has been reviewed in detail by Taylor and Zhulin (1999).

i;

Fig. 4.14 Proposed PAS three-dimensional structure of the E. halophila PYP sensor protein. The various
regions consist of the following amino acids: N-terminal cap (purple), 1 to 28; PAS core (orange), 29 to
69; helical connector (green), 70 to 87; the B-scaffold (blue), 88 to 125. Taken from Taylor and Zhulin
(1999).

Based on domain mapping and crystallographic analysis, Pellequer et al. (1998)
proposed that the PYP protein contains a prototypical PAS domain. This hypothesis was
supported by subsequent structure determination of the PAS domains in the FixL
protein of Bradyrhizobium japonicum (Gong et al., 1998) and the human HERG protein
(Morais Cabral et al, 1998). The PYP protein is derived from bacterium
Ectothiorhodospora halophila and is a blue light receptor containing a number of a-
helices and B-sheets (Fig. 4.14). The three regions characteristic of PAS domains are
shown, as well as the variable N-terminal cap. The PAS core has the highest density of
conserved residues, and contains the photosensing active site of PYP (Pellequer et al,,
1998).
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Database searches have shown that there is considerable variation in PAS sequences of
different organisms (Taylor and Zhulin, 1999). The S110799 protein from Synechocystis
sp. has 5 PAS domains, where the three N-terminal ones most likely originated from a
duplication event (Zhulin and Taylor, 1998). These multiple copies may serve to
enhance the sensitivity of the protein to a specific stimulus. The other two PAS
domains, located in the N-terminus, have different origins. Where different types of
PAS domains are present in the same protein, each motif may be responsive to a
different stimulus. Since Hkm in C. glutamicum contains only one PAS domain, this

_protein presumably responds to a single stimulus.

In summary, PAS domains are widespread in sensory proteins that respond to a variety
of different stimuli. Hkm is a putative sensor protein that contains such a PAS motif,
however lacks the other domains characteristic of a histidine kinase. It is therefore
unlikely that Hkm could function as a histidine kinase in a two-component regulatory
system. A very recent study by Little e al. (2002) on the Azotobacter vinelandii NifL-
NifA regulatory system has shown that protein-protein interaction may be an important
component of signal transduction. The NifL sensor contains a typical N-terminal PAS
domain that is responsive to redox, while a protein-protein interaction with GInK (a Py
homolog) is mediated via the C-terminal region in response to nitrogen status. This
interaction is dependent on Mg2+, ATP and a-ketoglutarate. Like the E. coli Py protein,
GInK is uridylylated in response to nitrogen starvation. Under nitrogen sufficient
conditions, unmodified GInK directly interacts with NifL causing it to inhibit the
transcriptional activation of NifA. During nitrogen starvation, the GInK-UMP is unable
to interact with Nifl,, and NifA is consequently free to activate transcription of the nif
genes via a o' RNA polymerase holoenzyme. Interestingly, the interactive C-terminal
region of NifL resembles the transmitter domain of histidine kinases. However, no

autokinase or phosphotransferase activity has been detected in vitro (Austin et al.,
1994).

In light of the above findings, an interesting possibility for Hkm function is that the
PAS domain may indeed sense a stimulus (possibly nitrogen status), which would cause

a conformational change in the protein. This would then allow Hkm to transmit this
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signal to another protein via direct interaction. Other studies have shown that PAS
domains add increased specificity and stability to protein dimers, in particular
heterodimers (Pongratz et al., 1998). The GOGAT enzyme in C. glutamicum is such a
heterodimer, and nitrogen deprivation may activate Hkm to stabilize the GItB-GItD
protein. An alternative suggestion is that Hkm may interact with AmtR and assist

release of this repressor from the gl/tBD promoter during nitrogen limitation.

In conclusion then, various possibilities exist as to the putative role of Hkm in C.
glutamicum. Our research suggests that Hkm appears to represent a fine-tuning
regulatory component of GOGAT activity. Further work will be crucial in confirming

the function of this protein in C. glutamicum metabolism.

The following and final chapter consolidates the research described in Chapters 2 to 4,

and discusses them in the context of a regulatory model and proposed future work.
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Conclusions and Future Research

Nitrogen availability is one of the many nutritional constraints faced by microorganisms
in their natural environment. Consequently, some bacteria have evolved global
regulatory systems that allow them to adapt to these conditions and selectively use
compounds that result in the highest growth rates. In C. glutamicum, nitrogen uptake
and assimilation is under the control of such a regulatory network, and the AmtR

repressor has been identified as the pivotal protein in this system (Jakoby et al., 2000).

The first reports of a global nitrogen regulator in C. glutamicum were published
approximately two years ago (Jakoby et al., 2000), and several key studies have
contributed to our current understanding of nitrogen assimilation in this organism
(Jakoby et al., 1999; Jakoby et al., 2000; Nolden er al., 2001; Beckers ef al., 2001).
Based on this research, the following model for nitrogen regulation in C. glutamicum

was proposed.

When C glutamicum is grown in nitrogen-rich conditions, AmtR binds to a specific
sequence (see section 1.7) in the promoter regions of gind, amt, and the amtB-ginkK-
ginD and gltBD operons, and prevents transcription of these genes (Fig. 5.1). In
addition, nitrogen sufficiency stimulates the UR activity of the UR/UTase enzyme such
that unuridylylated Py is present. Py in turn stimulates the ATase to catalyse the
adenylylation of GS, thereby inactivating the enzyme. The result is that the pathways
for ammonium uptake, as well as glutamine and glutamate synthesis function at a low,

basal level.

When nitrogen becomes limiting, however, AmtR dissociates from its binding sites
resulting in the transcription of gind, amt, and the amtB-ginK-ginD and gltBD operons.
The UTase enzyme is stimulated to catalyse the addition of UMP groups to form Py-
UMP. This uridylylated protein activates the deadenylylation of GS, giving rise to the
active form of the enzyme. High concentrations of Amt, AmtB, GOGAT and active GS
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ensure that nitrogen assimilation functions at an enhanced level in order to rectify the

intracellular nitrogen shortage.

ATase
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Fig. 5.1 Regulation of nitrogen assimilation in C. glutamicum. Gene products are shown by dashed
arrows. Nitrogen-rich conditions, red arrows; Nitrogen starvation, blue arrows. UR/UTase, uridylyl-
removing enzyme/uridylyltransferase; ATase, adenylyltransferase. Activation and repression are
indicated by + and —, respectively. mmm represents AmtR binding sites. See text for explanation.

The results of the enzyme assays and RNA analyses performed in our studies are
consistent with the above model. We have shown that transcription of both g/n4 and
gltBD are greatly enhanced when AmtR repression is lifted during nitrogen starvation.
As shown in Fig. 5.1, GS is the only nitrogen assimilatory enzyme that is able to

respond rapidly to nitrogen depletion. Our SVPD studies as well as the characterisation
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of ginA disruption mutants highlight the pivotal role of GS in cellular metabolism in C.
glutamicum. Furthermore, our results strongly suggest that gind is the sole gene in this

organism whose encoded protein catalyses glutamine biosynthesis.

By virtue of the global AmtR repressor, the regulatory system in C. glutamicum clearly
differs significantly from that in other Gram-positive bacteria such as B. subtilis (Fisher,
1999) and S. coelicolor (Wray and Fisher, 1993), and is perhaps more similar to that of
E. eoli. However, what makes nitrogen control in C. glutamicum unique is the fact that a
single regulatory protein controls ammonium uptake, as well as the ghitamate and
glutamine biosynthetic pathways. In E. coli, for example, gln4 transcription is regulated
by the ntr response while gltBD transcription is subject to some other form of control
(Grassl er al., 1999). Similarly, in B. subtilis, gind transcription is regulated by GInR,
while the glt genes are controlled by the GltC regulator. Furthermore, the global nature
of AmtR is demonstrated by its ability to control GS at two levels. AmtR regulates
transcription of 1) glnd, which affects cellular GS concentrations, and 2) of glnK and

ginD which encode proteins involved in the posttranslational regulation of the GS

enzyme.

As discussed previously, the C. glutamicum AmtR repressor protein exerts its control by
binding to a specific sequence in the promoter region of the regulated gene (Jakoby et
al., 2000). In the case of gind, the AmtR binding site is located between the —10 and —
35 promoter regions, while for gltBD this site is located ca. 25bp upstream of the ~35
region of gltB (see Fig. 4.3)(Beckers ef al., 2001). Although it is apparent how binding
of AmtR to the glnd promoter excludes binding of the RNA polymerase, the
mechanism of repression in g/tBD is less clear. Evidently, sequences upstream of the —

35 region are also involved in RNA polymerase binding.

Despite elucidation of the AmtR regulatory network, two critical questions remain
unanswered. Firétly, how does AmtR respond to nitrogen status, and, secondly, what is
the signal that causes release of this repressor from its binding site during nitrogen
deprivation? Based on primary sequence analysis, it was concluded that AmtR belongs
to the TetR (E. coli tetracycline repressor) family of transcriptional regulators (Jakoby
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et al., 2000). This protein has a helix-turn-helix motif that presumably constitutes the
DNA binding region. Conserved domain searches (CD-Search, www.ncbi.nih.nlm.gov)
showed that AmtR contains no other regulatory or enzymatic motifs, indicating that this
repressor is not a response regulator of a typical two-component regulatory system. One
possibility is that AmtR may interact directly with a sensory protein. Jakoby ef al.
(2000) suggested that Py may be a candidate for this type of interaction. In E. coli, the
activity of Py is modulated by the synergistic binding of ATP and a-ketoglutarate
(Atkinson and Ninfa, 1999). If the same holds true for C. glutamicum, then Py would
essentially be the sensor protein that could relay energy and nitrogen status signals to
AmtR.

Our preliminary studies of the PAS-containing Hkm protein suggest an involvement in
the fine-tuning of GOGAT regulation in C. glutamicum. Considering its putative
function as a sensory protein, Hkm could potentially transmit signals of nitrogen status
to AmtR bound to the gltBD promoter. At this stage, it is important to note that AmtR
bound to DNA is the molecule that is subject to a signal that causes its release from the
promoter. Given the location and sequence variation in the AmtR binding site of glnd
(Nolden ef al., 2001) and gltBD (Beckers et al., 2001), it is conceivable that these bound
repressors may have different conformations and may therefore be subject to
modulation by different sensory proteins. Our studies suggest that Hkm affects gltBD
but not glnA transcription, which support the above model. Therefore, Py may be
required to lift AmtR repression of ginA, while Hkm may perform the same function to
release AmtR from the gltBD promoter. An additional role for Hkm may involve
stabilization of the GItB-GItD (GOGAT) heterodimer, since this type of interaction has
been demonstrated in other proteins cdntaining PAS domains (Pongratz et al., 1998).

In light of the proposed sensory role for Py, this protein may in fact be the crucial link
between nitrogen assimilation and carbon metabolism. ATP concentration is a direct
measure of the energy status of the cell (Tesch er al., 1999), while a-ketoglutarate levels
are an indicator of nitrogen availability (Woods and Reid, 1993). We have shown that
high glucose concentrations increase gind transcription in C. glutamicum, while gitBD

transcription is unaffected. These findings indicate that AmtR repression of glnd is
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lifted in response to glucose, while the same repressor remains bound to the gltBD
promoter under the same condition. Perhaps Hkm is only able to sense nitrogen status
and not carbon availability. Indeed, sensor proteins containing one PAS domain usuvally

respond to only one type of stimulus (Taylor and Zhulin, 1999).

The results of our studies and the relevant cited work by other researchers clearly
indicate that there is a link between nitrogen regulation and carbon metabolism in C.
glutamicum. Physiologically, such a relationship would be advantageous as the bacterial
cell would be able to coordinate central metabolism such that sufficient energy is

provided for nitrogen assimilation.

Since the essential components of nitrogen assimilatory control in C. glutamicum have
already been identified, future work needs to focus on the central protein involved in
this system, namely AmitR. Considering the link between nitrogen and carbon
metabolism, it would be interesting to establish whether AmtR may regulate the
transcription of some genes involved in carbon metabolism. Construction and
implementation of a two-hybrid system may prove useful to determine if Py is indeed
able to interact with AmtR. In parallel with this, it will be important to establish whether
the Py protein binds ATP and/or a-ketoglutarate, and whether its activity is subject to
modulation by these molecules. Purification of the AmtR protein would allow
crystallographic analysis which would in turn provide information as to the functional
domains. Furthermore, co-precipitation experiments could be used to ascertain whether
Hkm, or any other protein, is able to bind to AmtR. Similarly, purification of Hkm

would allow refined studies for the determination of functional domains.

As far as the research described here is concerned, several avenues of investigation are
still required in order to elucidate the role of Hkm in C. glutamicum. Probably the most
important of these is generating an inframe deletion mutant of Akm. This would
eliminate the possibility of any proximal effects that integration of the disruption vector
may have on gltBD transcription. In addition to co-precipitation assays, purified Hkm
could be used to determine whether this protein is capable of forming a protomeric

molecule. This information may provide some insight into the function of the protein. In
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the case of the human HERG protein, truncated subunits that have only the N-terminal
PAS domain are able to form tetramers in solution (Li et al., 1997). Other future work
includes studying the possible interaction between Hkm and AmtR, and confirming the
predicted absence of any enzymatic activity on the part of Hkm.

In conclusion, extensive research over the past few yecars has greatly expanded our
knowledge of nitrogen assimilation and regulation in C. glutamicum. This work is of
applied, as well as academic interest, since it may ultimately enable scientists to further

manipulate amino acid excretion in industrially important strains.
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Bacterial Strains and Plasmids Used

Strain or plasmid

Relevant characteristics

Reference or source

Strains

E. coli IM105

E. coli IM109

E. coli DH5a

E. coli DH5amcr

E. coli S17-1

C. glutamicum
ATCC 13032

C. glutamicum
ATCC 14752

supE endA sbcB15 hsdR4
rpsL thi (lac-proAB), F'
[ traD36 proAB* lacl®
lacZ M15]

recAl supE44 endAl
hsdR17 gyrA96 reldl
thi (lac-proAB), F'

[ traD36 proAB* lacl®
facZ M15]

F’, endAl hsdR supE44
thi-1’ recAl gyrA96
relAl deoR (lacZYA
argF Y U196 80dlacZ
M15

merA ( mrr hsdRMS
mcrBC)

Mobilizing donor strain;
hsdR pro recA carrying
RP4-2 Tc::Mu in the
chromosome

Type strain, NxR

Type strain; Nx®
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Yanisch-Peron et al.
(1985)

Yanisch-Peron et al.
(1985)

Grant et al. (1990)

Grant et al. (1990)

Simon et al. (1983)

Abe et al. (1967)

A. Burkovski



C. glutamicum RES167

C. glutamicum
GLNA19-1
GLNA19-2

C. glutamicum
HKM19

Plasmids
pBluescript SK

pGS-2/71

pGSup21

pLEW146

pDH18.1

pDH19.2

pTNC15

pCGLO040

Restriction-deficient
mutant of C. glutamicum
AS019

ATCC 13032 Aglnd; Nx&,

Km®?

ATCC 13032 Ahkan; NxX,

Km®

Cloning vector; Ap®

Bluescript (SK) derivative
carrying the C. glutamicum

ATCC 13032 ginA gene

Bluescript (SK M13+)
derivative carrying the 5'

region and ~0.4 kb upstream
of the C. glutamicum ginA gene

Streptomyces sp.-E. coli

shuttle vector carrying the

Streptomyces coelicolor
glnR gene; ApR

pUC derivative carrying the
Streptomyces viridochromogenes

gind gene

pUC derivative carrying the
Streptomyces viridochromogenes

ginll gene

Tn5515 delivery plasmid; Cm®

Tn5531 delivery plasmid; Km®
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Liebl e al. (1991).

This study

This study

Stratagene Cloning
Systems San Diego
USA

C. Kenyon, AECI

Schulz (1996)

L. Wray

W. Wohlieben

W. Wohlieben

A. Tauch

J. Kalinowski



pK18mobsacB

pK19mobsacB

pIC1

pEBM3

pWKO

pEKpICm

pGOGup

pK19gind

pK19kkm

pK18 derivative carrying
the RP4mob region and

a modified sacB gene from
Bacillus subtilis; Km®

pK19 derivative carrying
the RP4mob region and

a modified sacB gene from
Bacillus subfilis; Km®

E. coli-C. glutamicum
shuttle vector; Ap®, Km®

Mobilizable E. coli-
C. glutamicum shuttle
vector; Km®, CmR

E. coli-C. glutamicum
shuttle vector; Km®

Promoterless cat, ori
of pBL1; Km®

pGEM™ cloning vector
(Promega) carrying ~0.5kb
of the C. glutamicum gitB
gene and ~0.5kb upstream

pK19mobsacB containing
internal fragment of
C. glutamicum gilnA

pK19mobsacB containing
part of C. glutamicum
hkm gene

Schifer ef al. (1994a)

Schifer et al. (1994a)

Cremer et al. (1990)

Schifer et al. (1994b)

Schiéfer ef al. (1994b)

A. Burkovski

This study

This study

This study

Ap®, ampicillin resistance; Nx*, nalidixic acid resistance; Km®, kanamycin resistance; Cm®, chloramphenicol

resistance
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DNA Techniques

Electroporation of intact C. glutamicum cells

C. glutamicum cells were electroporated using a modification of the method used by Liebl
et al. (1989). A C. glutamicum O/N culture was prepared in LM (see 2.2.1) supplemented
with 50pg/ml Nx. The O/N culture (10 ml) was inoculated into 400ml LM with 0.5%
glycine and 50pg/ml Nx, followed by incubation at 30°C with shaking. Afier reaching an
optical density (ODs75) of 0.4, the cells were chilled in a mixture of ice and water for 10
mins and subsequently harvested by centrifugation (10,000 rpm, 10 min, 4°C). The cells
were then resuspended in 100ml ice-cold buffer (10% w/v glycerol, 8 mM Tris-HCl, pH
7.4) and reharvested. The washing steps were repeated twice more. Residual supernatant
was removed, and the cells were resuspended in 0.4ml ice-cold 10 % w/v glycerol. Cells
were then dispensed into pre-cooled Eppendorf tubes in 100ul aliquots and stored at 70°C.
Electroporation: Frozen cells were thawed on ice, washed twice with 20 volumes of ice-
cold 10 % glycerol and resuspended in 98ul 10 % w/v glycerol. Plasmid DNA (in 2ul
dH,0) and 98ul cells were mixed and then dispensed into a cold electroporation cuvette
(Bio-Rad, 2mm electrode gap). The cuvette was tapped on a bench top to remove air
bubbles and pulsed with a Bio-Rad ‘Gene Pulser™" using the ‘Pulse Controller'. Electrical
conditions used were as follows: voltage 2.5kV, capacitance 25pF, paralle] resistance
600Q. Immediately 1 ml BHIS was added to the electroporation cuvette, and the cell
suspension was subsequently transferred to an Eppendorf tube. Cells were then incubated at
30°C with shaking for 2h and subsequently plated onto the appropriate medium with

antibiotic selection. Plates were incubated at 30°C.
Extraction of C. glutamicum chromosomal DNA

C. glutamicum was inoculated into 100ml LM containing 0.5% glycine and incubated with

vigorous aeration at 30°C O/N. Cells were harvested by centrifugation (10,000 rpm, 10
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min) and the pellet was resuspended in 10ml suspension buffer (10mM Tris-HCl, 1mM
EDTA, 0.35M sucrose, pH 8.0). Dry lysozyme was added to 10mg/ml and the suspension
was incubated at 37°C for 2h. An equal volume (10ml) of 2x lysing solution (100mM Tris-
HCl, 20mM EDTA, pH 8.0) and 5ml of 5M NaClO,; was then added. The mixture was
heated at 55°C for 2h or until it became translucent and viscous. Hot (55°C) DNA phenol
’(15ml) was added and mixed gently to form a uniform emulsion. The mixture was then
centrifuged (12,000 rpm, 10 min, RT) and the aqueous layer was retained. If the phenol was
found to form a layer above the aqueous one, approximately 10ml TE (10mM Tris-HCI,
ImM EDTA, pH 8.0) was added and the emulsion and centrifugation steps were repeated.
The aqueous layer was phenol-extracted twice more and then decanted into a glass beaker.
Isopropanol was then added (0.6 volumes) and swirled to mix. The nucleic acid precipitate
was held back with a Pasteur pipette and the lysate-isopropanol solution was poured off.
Ethanol (75%) was added (20ml) and after 10 min the nucleic acid pellet was retained again
and dried. The nucleic acid was then dissolved (which often took several hours) in 20ml TE
buffer containing 0.1mg/ml RNase A. A 1h incubation at 37°C followed. The solution was
extracted with 5Sml chloroform:isoamyl (24:1) and the aqueous layer retained. Sodium
acetate (0.1 volumes of 3M) was added, mixed with the aqueous layer after which 2
volumes of 95% ethanol was added. A glass rod was used to mix the solution and collect
the precipitating DNA. Swirling was continued until both phases were completely mixed.
The rod was placed in 30ml 70% ethanol for 10min after which the DNA was briefly air-
dried (on the rod). The DNA was then dissolved in 1-3ml TE, which often took several
days to resuspend.

Extraction of C. glutamicum plasmid DNA

A 10ml O/N culture was prepared in LB (Sambrook e al, 1989) with 0.5% glycine. Cells
were harvested by centrifugation (10,000 rpm, 10 min), and all medium was removed from
the pellet. Cells were then resuspended in 200ul ice-cold alkaline lysis solution 1 (S0mM
glucose, 10mM EDTA, 25mM Tris-HCl, pH 8.0) containing 15mg/ml lysozyme. The
suspension was transferred to a 2ml Eppendorf tube and incubation at 37°C for 1h
followed. Freshly prepared alkaline lysis solution 2 (400ul; 0.2M NaOH, 1% SDS) was
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added, and the tube was gently inverted several times to allow mixing. The tube was
incubated on ice for 5 min. Ice-cold potassium acetate pH 4.8 (400ul) was added, followed
my mixing and incubation on ice for another 5 min. The suspension was then centrifuged at
4°C for 30 min (14,000 rpm). After centrifugation, the supernatant was transferred to a
fresh tube. An equal volume of phenol/chloroform was added, followed my vortexing for
10 seconds and centrifugation at room temperature for 6 min. The top phase was transferred
to a fresh tube and re-extracted with chloroform:isoamyl alcohol (24:1). The supernatant
(500ul) was removed to a new tube, and two volumes 100% alcohol were added. The
mixture was incubated on ice for 10 min and subsequently centrifuged (4°C, 14,000rpm).
The pellet was washed with 70% ethanol, dried and resuspended in 30ml TE containing
1mg/ml RNaseA.

"10 minute" small-scale plasmid DNA extraction (E. coli)
TENS buffer was made up fresh (in the following order):

Stock (in 10 ml)
dH,O 9.58 ml
25% SDS 200 pl
10 N NaOH 100 wl

1 M Tris-HC1 (pH 8.0) 100 pl
0.5 M EDTA 20 ul

An O/N cell culture was prepared in 2 ml YT broth (Sambrook et al., 1989) in a 2 ml
Eppendorf tube. Cells were collected by microfugation for 30 s. The supernatant was then
poured off, and the cell pellet was resuspended in 300 ul TENS buffer (cell suspensions not
to be left in TENS longer than 10 min). Sodium acetate pH 5.4 (150 ul of 3M solution) was
added, the lysate was briefly vortexed, and subsequently microfuged for 5 min. The
supernatant was then removed to a new tube, and microfuged for another 5 min. The
supernatant was again removed to a new tube, 0.9 ml 100% ethanol was added, and the
tube was placed at -20°C for 10 min (but not more than 15 min). Microfugation followed at
4°C, and the DNA pellet was washed with 70% ethanol, airdried, and resuspended in 30pl
sterile dHLO.
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