INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI films
the text directly from the original or copy submitted. Thus, some thesis and
dissertation copies are in typewriter face, while others may be from any type of
computer printer.
The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality illustrations
and photographs, print bleedthrough, substandard margins, and improper
alignment can adversely affect reproduction.
In the unlikely event that the author did not send UMI a complete manuscript
and there are missing pages, these will be noted.

Also, if unauthorized

copyright material had to be removed, a note will indicate the deletion.
Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand comer and continuing
from left to right in equal sections with small overlaps.
Photographs included in the original manuscript have k)een reproduced
xerographically in this copy.

Higher quality 6" x 9" black and white

photographic prints are available for any photographs or illustrations appearing
in this copy for an additional charge. Contact UMi directly to order.

Bell & Howell Infomnation and Learning
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA
800-521-0600

NOTE TO USERS

Page(s) not included in the original manuscript and are
unavailable from the author or university. The manuscript
was microfilmed as received.

122

This reproduction is the best copy available.

UMI'

STUDffiS ON THE REGULATORY MECHANISMS CONTROLLING
NITROGENASE SYNTHESIS AND AMMONIA ASSIMILATION IN
AZOTOBACTER VINELANOn AND SINORHIZOBIUM MELILOTI
by
Paul Anthony Rudnick

A Dissertation Submitted to the Faculty of the
DEPARTMENT OF PLANT PATHOLOGY
In Partial Fulfillment of the Requirements
For the Degree of
DOCTOR OF PHILOSOPHY
In the Graduate College
THE UNIVERSITY OF ARIZONA

2001

UMI Number; 3002542

®

UMI

UMI Microform 3002542
Copyright 2001 by Bell & Howell Information and Learning Company.
All rights reserved. This microform edition is protected against
unauthorized copying under Title 17, United States Code.

Bell & Howell Information and Leaming Company
300 North Zeeb Road
P.O. Box 1346
Ann Arbor, Ml 48106-1346

2
THE UNIVERSITY OF ARIZONA ®
GRADUATE COLLEGE

As members of the Final Examination Committee, we certify that we have
read the dissertation prepared by
entitled

Paul Anthony Rudnick

Studies on the Requlatorv Mechanisms Controllincr
Nitroqenase Synthesis and Ammonia Assimilation in
Azotobacter vinelandii and Sinorhizobium meliloti-

and recommend that it be accepted as fulfilling Che dissertation
requirement for the Degree of

Doctor of Philosophy

-Zii j oc)
Dr. ^l^istina Kennedy

Date

Dr. 'Hans Van Et^er^

Date

Dr. Leland S. Pierson III

Date

Dr. W,

Date

/2- 2./-

e Nifchol

I ^/U/cP^
Date

Dr. /^ohn W. Little

/

Final approval and acceptance of this dissertation is contingent upon
the candidate's submission of the final copy of the dissertation to the
Graduate College.
I hereby certify that I have read this dissertation prepared under my
direction and recommend that it be accepted as fulfilling the dissertation
requirement.

Dissertation Director

7

Date

3

STATEMENT BY AUTHOR
This dissertation has been submitted in partial fulfillment of requirements for an
advanced degree at The University of Arizona and is deposited in the University Library
to be made available to borrowers under rules of the Library.
Brief quotations fi^om this dissertation are allowable without special permission,
provided that accurate acknowledgement of source is made. Requests for permission for
extended quotation fi-om or reproduction of this manuscript in whole or in part may be
granted by the head of the major department or the Dean of the Graduate College when in
his or her judgment the proposed use of the material is in the interests of scholarship. In
all other instances, however, permission must be obtained fi^om the author.

4

ACKNOWLEDGEMENTS
I would like to thank Dr. Christina Kennedy foir her guidance and for the
opportunities afforded to me over the course of my graduate career. She gave me the
chance to leave the lab on several occasions and travel to distant places to work with
interesting people and enroll in internationally recognized courses. All of your
willingness to help and add some uniqueness to my educaition will never be forgotten.
You treated me me as more than a student by respecting me as a scientist and a colleague.
You taught me the importance of communication betweesn scientists and establishing
working relationships. You were always willing to let me ttry something new and were
confident that I could get it done, for aU of these reasons and. many more -I thank you. I
would like thank my parents and my grandmother, who have always been and always
will be an influence on the decisions that shape my life. IMy parents were my biggest
fans, always confident that the there was indeed an end iin sight (blind confidence at
times!). Thank you to my grandmother who was my roonMmate in Tucson for five years,
for all of the things you did to make my life easier, I will always be grateful. I am also
gratefiil to Dr. Daniel Kahn for letting me work in his lab in Toulouse, France during the
fall and winter of 1997. He was kind enough to let me have fi*ee reign of the facilities at
INRA. He also helped me find a place to live and how to buy groceries and pay rent
when you don't speak French! Daniel was an excellent mesntor and helped me develop
organizational skills as well as efficiency as a scientist. Thianks to my favorite German
French guy, Jorg Schumacher for countless discussions con the meaning of life over
bottles of French wine. In Tucson, I thank all of my lab nnates over the years; Sunhee
Lee, Rita Colnaghi, Andy Green, Mali Gunitilaka, Dietmar Meletzus, Eric Hines and
Chris Kunz for their fiiendships and for their efforts on nnany aspects of this project.
Thank you to Dr. Sandy Pierson for giving me the opportoinity to help with Microbial
Genetics 428 and for trusting me with the responsibilities that go along with the course.
Thank you to my other committee members especially Hants VanEtten whose door was
always open. Thanks to Martha Hawes for her confidence druring Prelims, and to the rest
of my instructors in Plant Path for the excellent working e:nvironment which they have
created. And to fellow graduate students in the department who have been here as long
as I have: There is a light at the end of the tunnel! Thanlcs to my friends in the TPL
especially Travis Harper and Todd Pitts for Thrusday Night Poker, nothing in life should
be without recreation. Last but not least, thank you to SteCani Gilbert who has been my
biggest support. Without her help emotionally, as a fiiend, at colleague and expert editor,
this road would have been much harder to travel.

5

DEDICATION
To Stefani for your loving support and for the courage you instill. You make life
more fun; you are my best friend.

6

TABLE OF CONTENTS

UST OF TABLES

10

LIST OF FIGURES

11

ABSTRACT

12

INTRODUCTION

14

1.1 Explanation of Scientific Problem and Its Context

14

1.1.1 Introduction to Nitrogen and Nitrogen Fixation

14

1.1.2 Model Organisms Used in the Current Study

16

1.1.3 Control of Nitrogen Fixation xsiAzotobacter vinelandii

17

1.1.4 glnD in Sinorhizobiian meliloti

22

1.2 Literature Review

23

1.2.1 Nitrogen Fixation: Historical Perspectives

23

1.2.2 Nitrogen Fixation in Agriculture

27

1.2.3 The Diazotrophs and Their Diversity

30

1.2.4 The Nitrogen Cycle

32

1.2.4.1 Nitrogen Fixation

33

1.2.4.2 Ammonia Assimilation

35

1.2.4.3 Nitrification

38

1.2.4.4 Denitrification

39

1.2.5 Biochemistry of Nitrogen Fixation and the Nitrogenase Complex

40

7

1.2.5.1 The Structure of the Classic Mo-containing Nitrogenase and the
Mechanism of Dinitrogen Reduction

41

1.2.5.2 Alternative Nitrogenases

42

1.2.6 The Grenetics of Nitrogen Fixation Past and Present

47

1.2.7 Regulation of Nitrogen Fixation

51

1.2.7.1 Introduction and Post-Translational Control ofNitrogenase

51

1.2.7.2 Regulation ofNitrogenase Synthesis

53

1.2.7.2.1 «//^Specific Regulation

53

1.2.7.2.1.1 NifA.

54

1.2.7.2.1.2 NifL

56

1.2.7.3 Global N-sensing
1.2.7.3.1 GlnD (UTase/UREnzyme) (EC 2.7.7.59)
1.2.7.3.2 Pn (GlnB) and GlnK in E. coli

59
61
63

1.2.7.3.3 NtrB (NRIT) and NtrC (NRI)

68

1.2.7.3.4 GhiE (ATase/AR)

69

1.2.7.4 Survey of the Regulation of Nitrogen Fixation in the
Proteobacteria
1.2.7.4.1 Alphaproteobacteria

70
70

1.2.7.4.1.1 Azospirillum brasilense

70

1.2.7.4.1.2 Rhodobacter capsulatus

73

1.2.7.4.1.3 Rhodospirillum rubnon

75

1.2.7.4.1.4 Sinorhizobium meliloti

77

8

1.2.7.4.1.4.1 Nodulation

80

1.2.7.4.2 Gammaproteobacteria

81

1.1.1A.2.1 Klebsiella pneumoniae

81

1.2.7.4.2.1.1 The Oxygen Response

81

1.2.7.4.2.1.2 The Nitrogen Response

82

1.2.7.4.2.2 Azotobacter vinelandii

85

1.3 Explanation of Dissertation Format

88

1.3.1 Characterization of th& glnK-amlB Operon of Azotobacter vinelandii

89

1.3.2 Lethality of glnD null mutations va. Azotobacter vinelandii is suppressible by
prevention of glutamine synthetase adenylylation (Appendix B)

93

1.3.3 The GInK Protein of Azotobacter vinelandii Regulates Glutamine
Synthetase and Interacts with the NifL-NiffV Regulatory System to control nif
Grene Expression; Uridylylation Modulates Both Activities

96

1.3.4 glnD and mviN are Gtenes of an Essential Operon in Sinorhizobium
meliloti

100

2. PRESENT STUDY

103

2.1 Characterization of the glnK-amtB Operon of Azotobacter vinelandii
(Appendix A)

103

2.2 Characterization of glnD Null Mutations in Azotobacter vinelandii'. Lethality is
Suppressible by Prevention of Glutamine Synthetase Adenylylation
(Appendix B)

104

9

2.3 The GlnK Protein of Azotobacter vinelandii Regulates Glutamine Synthetase and
Interacts with the NifL-NifA Regulatory System to Control nifGtnt^ Expression;
Uridylylation Modulates Both Activities (Appendix C)

105

2.4 glnD and mviN are Genes of an Essential Operon in Sinorhizobium meliloti
(Appendix D)

106

2.5 Concluding Remarks and Future Directions

106

3. REFERENCES

109

APPENDIX A. Meletzus, D., P. Rudnick, N. Doetsch, A. Green, and C. Kennedy.
1998. Characterization o^ih& glnK-amtB Operon oiAzotobacter vinelandii. J. Bacteriol.
180:3260-3264

124

APPENDIX B Colnaghi, R., P. Rudnick, L. He, A. Green, D. Yan, E. Larson, and
C. Kennedy. 2000. Characterization of g/nD null mutations in Azotobacter vinelandii-.
lethality is suppressible by prevention of glutamine synthetase adenylylation.
Microbiology [In press]

131

APPENDIX C. Rudnick, P., C. Kuntz, E. Hines, M. Gunitilaka, and C. Kennedy.
The GlnK Protein oiAzotobacter vinelandii Regulates Glutamine Synthetase and
Interacts with the NiflL-NifA Regulatory System to Control nif Gene Expression;
Uridylylation Modulates Both Activities. [In Preparation]

170

APPENDIX D. Rudnick, P., T. Arcondeguy, C. Kennedy, D. Kahn. 2000. glnD and
mviN are Genes of an Essential Operon in Sinorhizobium meliloti. J. Bacteriol. [In
Press]

213

10

LIST OF TABLES

Table 1. Reactions of the Nitrogen Cycle

34

Table 2. w//"Gene Products

50

11

LIST OF FIGURES

Figure 1. Modulation of the NifL-NifiiV two-component system regulatory system

18

Figure 2. Nitrogen Sensing and signal transduction in Escherichia coli

21

Figure 3. Distribution of diazotrophs

31

Figure 4. The Nitrogen Cycle

34

Figure 5. Structure of Nitrogenase Avl ^oFe Protein)

43

Figure 6. Structure of Nitrogenase Cofactors

44

Figure 7. Nitrogen fixation clusters oiAzotobacter vinelandii

46

Figure 8. Scanning electron micrograph of^. vinelandii and^". coli cells

50

Figure 9. Modular Structure ofNifA. and NrfL

58

Figure 10. Trimeric Structure of E. coli GlnK

65

Figure 11. Regulation of nitrogenase expression in Azospirillum brasilense

72

Figure 12. Regulation of nitrogenase expression in Rhodobacter capsidatus

74

Figure 13. Regulation of nitrogenase expression in Rhodospirillum rubnan

76

Figure 14. Regulation of nitrogenase expression in Sinorhizobium meliloti

78

Figure 15. Regulation of nitrogenase expression in Klebsiella pneumoniae

83

Figure 16. Regulation of nitrogenase expression in Azotobacter vinelandii

87

12

ABSTRACT
Biological nitrogen fixation

(BNF) is the nitrogenase-catalyzed conversion of

dinitrogen to ammonia by a select group of Bacteria and Archaea called diazotrophs. In
turn, plants and other microbes assimilate ammonia during the synthesis of nucleic acids,
proteins and other biomolecules.

BNF is of special interest in agriculture where it

replenishes soil nitrogen lost during repetitive farming. Basic knowledge of BNF might
eventually lead to less dependence on expensive and polluting chemical fertilizers. For
the studies presented here, two model diazotrophs, the fi-ee-living Azotobacter vinelandii^
and the alfafa symbiont, Sinorhizobium meliloti, were used to investigate mechanisms
controlling nitrogen fixation and nitrogen metabolism. In A. vinelandii, ammonia inhibits
nitrogenase expression by limiting activity of the two-component activator, Ni£\; this
involves the negatively acting sensor protein, NifL. Groundwork indicated that a global
nitrogen-sensing system, present in many bacteria might control MEAL activity since glnD
mutants were unable to fix nitrogen. In other organisms, nitrogen limitation signals
GlnD-mediated uridylylation of Pll-like signal transduction proteins, which signals
activation of a suite of genes involved in nitrogen source utilization. The goals of the
current study were to characterize the operon encoding a Pll-like protein in A. vinelandii,
named GlnK, and determine its influence on Ni£\ and nitrogen metabolism. The results
indicated that glnK is an essential gene and that uridylylation of GlnK is required for
activation of glutamine synthetase and NifA.. Also presented here is evidence that GlnK
interacts with NifL to stimulate its inhibitory properties. These results are consistent with
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a model in which uridylylation of GlnK in response to nitrogen limitation signals relief of
NifL inhibition. Li the last section of this dissertation, glnD of Sinorhizobivm meliloti
was cloned and sequenced because a PH-Iike protein had been previously implicated in
control of nodule development and symbiosis. Unfortunately, S. meliloti glnD mutants
could not be isolated unless glnD and flanking genes were provided in trans, indicating
that the glnD operon is indispensable. These studies provide new insight into the global
mechanisms controlling nitrogen fixation and metabolism and suggest that GlnD and PHIike proteins may regulate other targets, some of which are essential.
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1. INTRODUCTION

1.1 Explanation of the Scientific Problem and Its Context

1.1.1 Introduction to Nitrogen and Nitrogen Fixation

Current estimates predict that by the year 2050 the global population will reach a
staggering 12 billion, twice what it is today. To support such population growth requires
continuous advances in the development of high-yield sustainable agriculrture. A major
obstacle in the design of these strategies is the maintenance of soil nutriermts. One of the
most common limiting nutrients in agriculture, and arguably the mostt: important, is
nitrogen, which is required for the synthesis of many primary metabollites, including
amino acids and nucleotides. Nitrogen limitation represents a paradox, as mitrogen can be
found in excess in the atmosphere and lithosphere as molecular dinitrogeiai gas (Nj). N2
however must first be fixed, or combined, before it is accessible to living o»rganisms. The
most common mechanism for nitrogen fixation is biological nitrogen fixation (BNF), the
nitrogenase-catalyzed reduction of N2 to

by diazotrophic Eubacteria and Archaea.

The best known example of BNF with respect to agriculture is the symlbiosis between
species of legumes and the rhizobia, a group consisting of several gene^ra in the class
Alphaproteobacteria. These bacteria fix nitrogen within infected root cortical cells inside
root nodules and then contribute it directly to the plant in exchange for carbon-rich
photosynthates. Legumes are abundantly cultivated for use as protein-ricli food sources

15

for both people and livestock, and as rotational crops which replenish soil nitrogen. For
non-legume farmers, BNF by indigenous free-living

soil diazotrophs may help to

replenish fixed nitrogen, but usually cannot meet the rigorous demands of food crop
cultivation. As a consequence, BNF has been supplemented by the development of an
industrial process of nitrogen fixation. Unfortunately, the production and use of chemical
fertilizers has many drawbacks, including the pollution of both groundwater and air.
Such disadvantages have spurred research efforts in the design of biological alternatives
to the production of chemical fertilizers.
BNF initiates the global nitrogen cycle, a series of inorganic transformations
necessary to sustain life on Earth. Although BNF can be an effective process in nature, it
represents a significant cost to diazotrophic cells, since large amounts of energy are
required for synthesis of nitrogenase as well as for the enzymatic reduction of Na. To
tightly control BNF, both the synthesis and activity of nitrogenase are highly regulated.
Understanding these regulatory features for a variety of organisms may help develop
alternatives to chemical fertilizers via wider use of diazotrophic prokaryotes in
agriculture or may eventually lead to the long-term goal of developing nitrogen-fixing
plants. Until then, nitrogen fixation makes an ideal model system for the study of a
biological process fi-om the standpoint of sustainable agriculture, and for scientists
studying various aspects of microbiology, ecology, and chemistry.

16

1.1.2 Model Organisms Used in the Current Study

The two organisms used in the current study are model nitrogen-fixers fi-om
which much of the current knowledge in the field has been derived.
Azotobacter vinelandii, a firee-Iiving

The first is

diazotroph of the Family Pseudomonadaceae,

located in the Gammaproteobacteria [Described extensively in (77)]. Azotobacter species
have been isolated fi^om water, soil and the plant rhizosphere. The production of plant
hormones by two species has been examined. In these experiments, A. paspali, which
was isolated fi-om the rhizosphere of the tropical grass Paspalum notation (39), and A.
chroococcum were found to produce growth enhancing plant hormones which stimulated
plant growth in inoculation studies (1, 11, 92, 105).

Azotobacter species have been

used as a biofertilizers either alone or in combination with other bacteria, the parameters
and benefits of these inoculation experiments have not been documented reproducibly
(131, 132), and therefore the use of Azotobacters in field trials have largely been
abandoned.

A. vinelandii is a Gram negative, obligate aerobe that can be readily

transformed with linear or plasmid DNA. The ability to manipulate the genome of A.
vinelandii along with its ability to fix nitrogen aerobically, have made it an ideal
organism to study the salient features of BNF for more than 75 years. Strains carrying
regulatory mutations, which fix nitrogen constitutively and excrete NEl4^ have also been
constructed (10, 21) and have potential applications in agriculture, though the use of
these strains has not been reported.
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The second organism used in this study is the alfalfa symbiont Sinorhizobium
meliloti.

The organism is a member of the Alphaproteobacteria in the family

Rhizobiaceae. S. meliloti, like most other rhizobia, engages in a complex and unique
symbiosis with a leguminous plant. During the rhizobia-legume interaction, the bacteria
induce the differentiation of plant root nodules to house the bacteria, providing an ideal
environment supporting nitrogen fixation. Although S. meliloti and A. vinelandii are in
divergent taxa within the phylum Proteobacteria, their nitrogenases, as well as the
mechanisms controlling nitrogen fixation, are somewhat similar.

1.1.3 Control of Nitrogen Fixation mAzotobacter vinelandii

Oxygen and ammonia are the most potent and best-studied inhibitors of nitrogen
fixation.

Oxyge inhibits nitrogen fixation because nitrogenase is oxygen-labile; fixed

nitrogen such as ammonia inhibits nitrogen fixation

because compounds such as

ammonia require far less energy for assimilation than does N2. The level at which ojq^gen
and ammonia act to regulate nitrogenase varies among diazotrophic species, and these
differences will be highlighted in section (1.2.7.4).

In A. vinelandii, control of nitrogen

fixation is achieved by limiting transcription of nitrogen fixation (nij) genes in response
to oxygen and fixed nitrogen. Transcriptional regulation occurs by the activity of the nifspecific two-component regulatory system encoded by the nifLA operon; NifA. binds
DNA and activates transcription of nif genes while NifL negatively regulates the activity
of NifA by forming a NifL:Ni^ complex in response to inhibitors (Fig. 1).
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Fig. 1 Moduiation of the NifL-NifA. two component system in response to
regulatory signals, oxygen, fixed nitrogen (N) and ADP.
(Adapted from R. Dixon, 1998)
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NifL has been shown to contain a bound redox-sensitive FAD. This feature, in particular,
makes NifL a good oxygen sensor such that the oxidized form but not the reduced form
inhibits NifA. activity (57). The NifL-NifA. system is highly unusual, since the activities
of the two proteins are not modulated by covalent phosphorylation, as is the case for most
two-component regulatory systems [reviewed (36)].
While the oj^gen response is fairly well understood, less is known about the way
in which fixed

nitrogen, in the form of

inhibits nitrogenase expression.

An

objective in the current study with respect to A. vinelandii is to further characterize this
pathway. Groundwork for the current study involved the isolation of genes involved in
regulating NLfL/NifA. interactions. Regulators were presumed to exist, as it had been
shown that NifL-Ni£!\. interactions do not respond in vitro to ammonia or other forms of
fixed nitrogen, unlike the way in which NifL senses oxygen (57). Santero et al. (1988)
identified candidate genes fi^om pools of Ta5-induced Nif' mutants (unable to grow on
N-fi-ee medium) by the screening for mutant strains that could be rescued to Nif^ by the
introduction of a plasmid overexpressing the activator gene, nifA (126). From this screen,
a gene neuned nfrX was identified and later renamed glnD due to its similarity to glnD of
E. coli (29). Both the overexpression of nifA or deletion of nifL in these strains restored
the ability to fix nitrogen, indicating that the negative effect on

transcription observed

in glnD mutants involved NifL (29). In E. coli, GlnD encodes a uridylyltransferase
/uridylyl removing enzyme that functions to modify PIE signal transduction proteins posttranslationally by the unique attachment of a uridyly moiety (UMP) at a conserved
tyrosine-51 residue.

PII signal transduction proteins, which receive the signal fi-om

20

GInD, have well-characterized roles as allosteric effectors of other regulatory proteins,
mainly those involved in control of ammonia assimilation in E. coli and other organisms
[reviewed (99)] (Fig. 2). The afiSnity of PII proteins for each particular target is mediated
by its uridylylation state.

In response to glutamine limitation, GlnD functions as a

uridylyl (UMP) transferase; the reaction is reversed when glutamine pools are sufficient
[reviewed in (95)]. In this fashion, GbiD determines the global N status of the cell by
sensing intracellular levels of glutamine.
The finding that .4. vinelandii glnD mutants exhibited aNif' regulatory phenotype
suggested that GlnD and, possibly, an unidentified Pll-like protein, might somehow
control the NifL-NifA two-component system in response to fixed nitrogen flux. This
result was particularly interesting in A. vinelandii because transcription of nifLA is not
controlled by fixed nitrogen as it is in several other diazotrophs (139). One hypothesis
for the current study is therefore GlnD and a Pll-like protein modulate Ni£A. or NifL
activity in response to nitrogen source to regulate nitrogenase expression. The main
objective of the current study was to characterize a role for a recently identified gene
encoding a Pll-like signal transduction protein in A. vinelandii. The gene was called
glnK by its similarity to a gene encoding a second Pll-lilce protein found in E. coli (144).
In the current study it was determined that null mutations in the glnK gene encoding the
only A. vinelandii Pll-like protein are lethal, as are glnD null mutations, probably because
these proteins regulate glutamine synthetase (GS) as they do in other organisms, and GS
represents the sole ammonia assimilatory enzyme in/4. vinelandii (140). However, a site-
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directed unuridylylatable gInK allele (glnKYSlF) could be stably maintained in a glnD
suppressor strain (to be discussed in detail later), indicating that GlnK-UMP is required
for activation of GS. Strains canying the same glnKYSlF mutation were also severely
impaired for the ability to express nif genes, thereby demonstrating that GInK does
indeed have a role in control of NifA activity.

In contrast to glnKYSlF mutants,

glnKYSlF nifL double mutants fixed nitrogen in both the presence and absence of fixed
nitrogen, similar to nifL single mutants, indicating that the negative effect of GlnKYSlF
on nitrogenase expression requires NifL. To determine if the signal transduction might
involve protein-protein interaction, a yeast two-hybrid assay was developed to test
protein interactions. In this system, GInK interacted strongly with NifL, indicating that
GInK may function by increasing the inhibitory properties of NifL in response to nitrogen
sufficiency; relief of NifL inhibition of Ni^ activity in response to nitrogen limitation
therefore occurs in vivo by GlnD-mediated uridylylation of GInK.

1.1.4 glnD in Sinorhizobium meliloti

The objective for studies in S. meliloti was to identify and characterize the glnD
gene. This gene was sought because previous reports in S. meliloti had suggested that a

Pn-like protein regulates nodule development and transfer of fixed nitrogen to the plant,
as well as ammonia assimilation (2). However, as in several other organisms, S. meliloti
harbors two genes for different Pit-like proteins and therefore analyzing glnD mutant
strains may more directly assess the combined effects of these proteins on symbiosis.
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The S. meliloti glnD gene was isolated by heterologous complementation of an A.
vinelandii glnD' strain. The complete gene as well as flanking regions were sequenced.
Mutational analysis using a sucrose (sacB) counter-selection strategy was attempted on
both glnD and the downstream mviN^ gene, which encodes a homolog of MviN in
Salmonella typhimuritim of unknown function (26). However, in no experiment could
the wild-type glnD able to be replaced by a null allele, nor was the downstream mviN
gene unless both genes and flanking DNA were supplied in trans. The lack of rhoindependent termination sequences between the genes suggests that they may be cotranscribed, suggesting that the operon, including glnD, mviN and/or downstream genes,
is indispensable under the conditions tested. Although the role of GlnD in S. meliloti
could not be directly determined by mutational analysis, this study as well as those in A.
vinelandii contributes to the basic knowledge of regulatory mechanisms controlled by the
global nitrogen sensor, GlnD. This work also provides new evidence that the genes of
the long-studied global nitrogen control cascade may regulate a variety of physiological
functions, some of which are essential, and thus provides new insight into regulatory
targets controlled by fixed nitrogen.

1.2 Literature Review

1.2.1 Nitrogen Fixation: Historical Perspectives

24

Like most scientific breakthroughs, the discovery of BNF came almost by
accident. In 1880, a small research station was established in the town of Bermburg,
Germany to study the effects of mineral fertilization on agricultural crop yields.

The

station was built in an effort to meet new demands on German agriculture by a sharp
population increase.

Much the station's funding came from

government sources,

however a substantial contribution was provided by the sugar beet industry on the proviso
that research efforts would focus on the development of methods for increasing sugar
beet yield. H. Hellriegel, a plant nutritionist, was appointed as director. Before accespting
the job in Bemburg, Hellriegel had developed a plant growth system that involved thie use
of sterile quartz sand as a growth substrate, to which he added various mixtures of
nutrients to assess plant growth promotion (127). Using his system he hoped to test the
effects of fertilization on sugar beet.
Work begun in 1882, and at this time Hellriegel appointed as his assistant H.
Wilfarth. Together, they soon realized that quartz sand did not support the grow^ of
sugar beets, apparently because of low water retention.

Instead, they used both

graminaceous and leguminous plants in their studies. The effects on plant grow^ of
nitrate and also "watery soil extracts," which were removed from fields where legjumes
had grown, were tested. Experimental protocols were also modified to include the use of
glass bulbs, with which the content of the gaseous phase could be controlled.

The

findings of their work were published in 1888, with the following conclusions: (1)
Growth of Gramineae (e.g. oats and barley) directly correlated with the amoumt of
available nitrogen compounds in the growth medium, and the nitrogen recovered from

the sand was always lower than the amount initially added. (2) The growth of Gramineae
was not enhanced by the addition of "watery extracts" (in either sterilized or natural
form).

(3) The growth of leguminous plants in sand was also dependent on nitrate

content of the growth medium. (4) In contrast to Gramineae, unsterilized "watery
extracts", but not autoclaved extracts, increased the growth rate and nitrogen content of
leguminous plants to an extent above that which was available in the growth substrate.
(5) Air purified of all sources of fixed nitrogen was sufiBcient to benefit legume growth
under these conditions. Their work was considered to be significant and important, and
they were given numerous awards by several outstanding organizations for their
achievements. However, because little of their research could be applied directly to sugar
beets, the sugar beet association withdrew its funding shortly after their work was
published [(127) and primary references therein].
Also in 1888, M. Beijerinck succeeded in isolating bacteria firom surface sterilized
root nodules of pea plants. He was then able to induce nodule formation on pea by reinoculation of the bacteria isolated fi-om nodules of several legume species, although he
noted that the bacteria could nodulate only the legume fi-om which they were isolated.
Expectedly, Beijerinck's early experiments were met with skepticism, however the use of
new techniques for the separation of contaminating soil bacteria fi-om intracellular nodule
bacteria satiated most skeptics.

One critic in particular, A. Frank, was not at all

convinced that bacteria per se were the involved microorganisms. Frank thought that the
structures which are now known as infection threads, the tubular structures through
which bacteria traverse plant tissue to reach the root cortical cells, were instead fungal
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hyphae. Frank therefore proposed the neutral name Rhizobium legmninosctrum in 1889
[(111) and references therein],

A key problem remained throughout Beijerinck and

colleagues' work: isolated rhizobia could not growth diazotrophically in culture and it
was therefore diflBcult to say conclusively that the isolated rhizobia were indeed
responsible for the fixation of atmospheric nitrogen in nodules. Nevertheless, Beijerinck
was able to reproduce infection of leguminous plants with nodule bacteria thereby
fulfilling Koch's postulates, a convincing argument even by today's standards.
In 1893 the phenomenon of nitrogen fixation was extended to include the fireeliving bacteria, which unlike the rhizobia could grow as diazotrophs in culture. The first
documented evidence of this was for the anaerobe Clostridium pasteurianum by S.
Winogradsky in 1893, and in 1901 similar results were published for the aerobes
Azotobacter chroococcum £md Azomonas agilis by Beijerinck. It was not until the 1970's
that nitrogen fixation in culture for the rhizobia could be was reproducibly demonstrated.
This was because these organisms had to be specifically induced to fix nitrogen under
conditions of reduced oxygen and provision of succinate or another dicarboxylic acid as a
carbon source. Work on the firee-living diazotrophs continued throughout the period of
1970 to the current day, providing much of what is known about the biochemistry,
genetics, and regulation of nitrogen fixation (24).
Much of the early success towards understanding the biochemistry of BNF can be
attributed to nitrogen fixation in cell-fi-ee extracts. This was first reported by Bach in
1934, but these results were not reproducible until the enigmatic reaction and storage
conditions could be established.

During the 1950's, several teams of workers were
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successful in elucidating the details concerning enzyme preparations from

cell-free

extracts- Another key discovery in the history of BNF was the report demonstrating the
reduction of acetylene gas, as an alternate substrate for nitrogenase, to ethylene (35, 130).
The use of acetylene provided a simple and quantitative assay, as conversion of acetylene
to ethylene could be monitored by gas chromatography. In 1965, Mortensen discovered
that the nitrogen fixing enzyme, nitrogenase, consisted of two proteins: one containing
iron and the other iron and molybdenum. The dependence on ATP, an in vivo reductant
(such as ferridoxin or flavodoxin), and the order in which electrons are passed between
the iron protem, the MoFe protein and the substrate were also soon revealed ((24) and
primary references therein). More highlights of our current knowledge of nitrogenase
biochemistry can be found in section (1.2.5).

1.2.2 Nitrogen Fixation in Agriculture

Replenishing soils and aquatic environments with fixed nitrogen will be discussed
as an important fiinction of BNF as it relates to the nitrogen cycle in section (1.2.4.1). As
the human population on Earth expands, our major concern regarding nitrogen fixation is
with respect to agriculture. Population predictions indicate that, as well as reaching 12
billion by the year 2050, almost 90% of the human population will reside in the tropical
or subtropical regions of developing countries (146). In these regions there are often
economic, cultural, or religion-based restrictions on food consumption such that 80% of
total caloric intake is from the consumption of plants. Therefore, it is essential that new
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methods be developed not only for the cultivation of protein-rich plants such as legumes
but also for crops such as rice and other cereals.

One drawback in these and all

frequently-farmed areas is that reuse of the same cropland depletes fixed N and, as a
consequence, nitrogen is second only to water as a limiting nutrient. To increase the
nitrogen content of agricultural soils, many countries of the world have become
dependent on the use of chemical fertilizers. Only 60 years ago, the use of fertilizers in
agriculture was a rarity; today an application of 200kg N/hectare is routine (5).
Remarkable is the fact that more than half of all nitrogen fertilizers ever produced was
used between 1980 and 1990 (5).

The production of chemical fertilizers has been

possible for more than 75 years by a process developed by Fritz Haber. IBs contribution
to industrial chemistry came just prior to World War I, and is credited to enhancing the
German war effort by providing an alternative niethod for the production of fertilizers
and explosives, a route which had been cut off by Allied blockade. The Haber reaction
combines N2 and H2 at 250 atm and 400°C, in the presence of a "doubly promoted" iron
oxide catalyst, with potassium and aluminum oxides as additives, to produce NH3 (97).
Unfortunately, the energy to power industrial nitrogen fixation comes from the burning of
fossil fiaels, contributing to the greenhouse effect as well as diminishing air quality.
Compounding the problem of air pollution is that, in some locations, greater than >70%
of applied fertilizers never reach plant roots, in which case fertilizers then become
pollutants of groundwater. These concerns suggest that industrial nitrogen fixation does
not seem a sensible long-term solution to meeting the demands of high-yield sustainable
agriculture.

As an alternative to industrial nitrogen fixation, increasing the benefits of BNF
might some day help farmers replenish nitrogen-depleted soils.

Currently, there are

several areas of research towards this end. The first is discovering ways to increase the
benefits of the Rhizobiitm-\c^m& interaction by extending the host range or increasing
fixed nitrogen flux from

the bacteria.

Already a cultural practice known as "green

manuring" is commonplace, such that legumes are planted in rotation after a season of
cereal growth and then tilled under; fixed nitrogen accumulated by the rhizobia-legume
symbiosis is then left in the soil for the next crop. The second area of research is that
involving associative diazotrophs. There are many examples of diazotrophs commonly
found in association with plant species; however, the benefits attributed to plant growth
because of these associations have been hard to demonstrate unequivocally. In addition
to the rhizosphere-associative diazotrophs, others have been identified as strict
endophytes, or organisms living inside plant tissue.

One example is Acetobacter

diazotrophicus, an organism that has been isolated from sugar cane around the world and
from a few species of dicots. Benefits to plant growth by this organism are currently
under study (119).

Another area of interest to biotechnologists is the generation of

transgenic plants engineered to express nitrogenase such that the plant would be capable
of harnessing the sun's energy to power nitrogen fixation; undoubtedly the numerous
biological limitations of this goal are many and not entirely known. However, transfer of
the capacity to fix nitrogen to the non-diazotrophic bacterium, E. coli, was achieved more
than 30 years ago, indicating the potential for this approach (38).

Recent progress

towards the construction of diazotophic plants includes the replacement of the chlL gene
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of the plastid genome of Chlamydomonas reinhardtii with K. pnetanoniae nifH, encoding
the Fe protein of nitrogenase. Plastids are thought to have resulted from engulfinent of a
photosynthetic bacterium, such as a Cyanobacleria, by a eukaryotic cell. Since many of
these photosynthetic bacteria were also diazotrophs, it is possible that plastid genomes
contain the remnants of nitrogen fixation genes, of which chlL might be an example. The
gene products of nifH and chlL are 30% identical and both contain Fe4-S4 clusters;
transformants of C. reinhardtii canying the chlL gene replaced by the K. pnetanoniae
nifH gene have a near wild-type phenotype with respect to chlorophyll biosynthesis,
suggesting that NifH can fiinctionally replace ChlL and that the metal cluster within NifH
can be properly inserted (37, 119).

1.2.3 The Diazotrophs and Their Diversity

The extent to which diazotrophs are present amongst the Eubacteria and Archaea
is presented in Fig. 3 (153). Diazotrophs are diverse in nature, ranging from strict
anaerobes to obligate aerobes and to the methanogenic Eucarchaeota of the Kingdom
Archaea.

Other diazotrophs, such as those of the group Cyanobacteria, are unique

diazotrophs in that nitrogen fixation

by some species is limited to differentiated

structures, called heterocysts, upon N-limitation. Cyanobacteria have also been shown to
induce nodule formation on some species of angiosperms and gymnosperms. These
associations have been used for many years in some countries for "green manuring,"
similarly as the rhizobia. The contribution of these species is considerable, and probably
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Fig. 3 Distribution of diazotrophs. Circled N indicates one or more
species of diazotrophs. A few notable examples are given for various taxa.
(adapted from Young, 1992)
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underestimated in terms of fixed nitrogen contributed to the biosphere. Other species
include the filamentous Frcmkia, which have been shown to nodulate more than 200
species of plants, however these organisms are notoriously difBcult to culture and grow
extremely slow, which has impeded progress in the analysis of these interactions.
Associations of nitrogen-fixing bacteria and animals have also been reported. Breznak et
al. (1977) have reported reproducible acetylene reduction (a measure of nitrogenase
activity) firom bacteria isolated fi-om the gut of termites (108). One hypothesis is that
these organisms commit to a symbiosis with termites, supplementing the rather limited
diet of the insect. Associative bacteria, such as those of the genus Azospirillum, which
has been isolated fi-om

the rhizosphere of several grasses as well as Acetobacter

diazotrophicus, a sugar cane endophyte, add diversity fi'om the plant associative fi"eeliving bacteria.

Perhaps the most diverse group of diazotrophs are the fi-ee-Uving

members of the Eubacteria and Archaea. Eubacterial isolates include the photosynthetic
bacteria which couple nitrogen fixation with carbon fixation to grow autotrophically in
very nutritionally limited aquatic and terrestrial environments.

Among the Archaea,

nitrogen fixation has been detected in only six species, all of which are methanogens.
Early indications suggest that the nitrogenase compositions and many regulatory features
controlling nitrogen fixation may be similar to their Eubacterial counterparts.

1.2.4 The Nitrogen Cycle

There is greater than 1.9 X 10^ g of total nitrogen on the planet. The majority is
contained in the atmosphere and within rocks and sediments of the lithosphere (122).
Dinitrogen gas (Ni) accounts for >99.99% of total nitrogen in these and all locations.
When nitrogen exists in this form, it is accessible only to nitrogen-fixing Eubacteria and
Archaea and must be converted via a series of oxidations and reductions to forms that can
be assimilated by non-diazotrophic microbes and plants. These reactions occur as part of
the global nitrogen cycle, which is second only to the carbon cycle as the most important
cycle of element conversions contributing to life on Earth. Unlike inorganic forms of
carbon, however, which are limited to CO2 and its hydrated form, carbonic acid, nitrogen
has many inorganic forms, all of which are products of some stage of the nitrogen cycle
(135). A schematic of the nitrogen cycle illustrating some of the intermediates and the
enzymes responsible for each conversion has been included (Fig. 4).

Many of the

reactions depicted in this figure are catalyzed solely by prokaryotes; the reduction of
nitrate to nitrous oxide by the partial denitrifying system of Fusarium oxysporum and
several other fiingi appears to be the exception (83). There are many ways to draw the
nitrogen cycle; the figure included has been drawn to emphasize the interaction of the
nitrogen cycle with the biomass through the process of assimilation. The enzymes and
reactions catalyzed by each enzyme are listed in Table 1, which has been adapted fi-om
several sources (44, 121, 135).
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NH3 + a-ketoglutarte + NADPH ->
glutamate + NADP^

nftrogen fixation

nitrogenase

Azotobacter sp.

ammonia
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nitrification
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Many, including
eukaryotes
Nitromonas sp.
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aeruginosa
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aeruginosa
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1.2.4.1 Nitrogen Fixation

Nitrogen fixation refers to the reduction of molecular dinitrogen to any of its
combined forms. The most common occurrence of nitrogen fixation is that catalyzed by
the microbial enzyme nitrogenase, encoded by diazotrophs.
biological nitrogen fixation

Over many centuries

contributed more than did industrial processes to the

reduction of
dinitrogen.

However, in the recent years the amount of nitrogen fixed by abiotic

processes has surpassed the contribution of BNF, largely due to the generation of
nitrogenous fertilizers by the Haber process. The ammonia formed by this process can be
used directly or processed to form ammonium salts or urea. Other abiotic processes, such
as electrical discharge and photochemical reactions, contribute to the fixation

of

dinitrogen; the products of such reactions are typically nitrogen oxides (135).
BNF proceeds according to the following reaction: Nj + SKT" + 8e* + 16MgATP
2 NH3 + H2 + 16MgADP + 16 Pi. The reduction uses the energy liberated fi-om the
hydrolysis of 16 ATPs, but this figure may be less, as has been shown for one unique
diazotrophic species of Streptomycetes (115). It should be noted that the reduction of
dinitrogen unavoidably generates H2, which can be recycled by specialized hydrogenases.

1.2.4.2 Ammonia Assimilation

Once ammonia has been formed, fixed nitrogen is assimilated by the diazotroph
directly or, as is the case for rhizobia, it can be transferred from infected nodule cells to
plant tissues, in the form of amino acids such as alanine (149).

Ammonia can be

assimilated by plants which encode the appropriate enzymes and machinery to transport
ammonium, since at neutral pH ammonia exists as the charged species ammonium
(NH4^ (pKa=9.2); however, recently fixed nitrogen would have to be released by the
diazotroph before it would be made available to other organisms. Thus far, only two
pathways for the assimilation of ammonia have been identified and characterized, both of
which have been best studied in the enteric bacteria.

These are (1) the glutamate

dehydrogenase (GDH)-catalyzed formation of glutamate from
ketoglutarate (NH3 + a-ketoglutarate + NADPH

ammonia and a-

glutamate + NADP^ and (2)

glutamine synthetase (GS)-mediated synthesis of glutamine from glutamate and ammonia
in the presence of Mg^^ (NH3 + glutamate + ATP

glutamine + ADP + Pj). The

synthesis of glutamine via GS is coupled to the reaction of glutamate s5mthase (GOGAT)
(glutamine +- a-ketoglutarate + NADPH -> 2 glutamate + NADP^, which supplies
glutamate for the assimilation of ammonia by GS.
E.

coli

cells

lacking

GDH are

not

competitively

disadvantaged

in

glucose/nitrogen-rich media, suggesting that GS is the favored enzyme (56). GDHT GS"
double mutants are glutamine auxotrophs illustrating the sole dependence on these
pathways for viability in the absence of available glutamine. Other organisms completely
lack GDH and rely solely on GS/GOGAT for assimilation of ammonia [reviewed in
(113)]. Plants and many other higher organisms contain GS/GOGAT, which can be used
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to assimilate ammonia if it can be efficiently transported. Furthermore, these processes
are essential and without a means to generate glutamate and glutamine the organism
would be incapable of synthesizing all other N-containing molecules including proteins,
nucleic acids and essential cofactors from ammonia or nitrate. The regulation of genes
encoding enzymes for assimilation of ammonium and other N-sources have also been
best-studied in enteric bacteria; the models constructed from these studies now serve as
paradigms for analysis of N-regulation in all other bacteria. This topic will be revisited
as it applies to the coupling of control of ammonia assimilation to control of nitrogenase
synthesis and activity in diazotrophs (see section [1.2.7.3]).

1.2.4.3 Nitrificatioii

It should be noted that nitrate and ammonia are the most common fixed N sources
that are useable by plants and microbes, nitrate being the favored source by plants, which
reduce nitrate to ammonia via assimilatory nitrate and nitrite reduction. Nitrification
refers to the two-step conversion of ammonia to nitrate. The conversion requires the
coordinated reactions of the enzymes ammonia monooxygenase and hydroxylamine
oxidoreductase. Less is known about the enzymology of the membrane-bound ammonia
monooxygenases because of the inherent difficulties in purifying the proteins as well as
the extended generation times of the nitrifying bacteria (20-40 hrs.) (135), such as
Nitromonas sp. There is evidence to indicate that either Cu or Fe is associated with the
active centers (154) and that they may function similarly to the membrane-bound
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methane monooxygenases (59). The reaction catalyzed by the enzyme is as follows: NH3
+ O2 + 2Hr

2 NEI2OH + H2O. As well as ammonia and oxygen, two electrons are

required, which are believed to come from the coordinated oxidation of hydrojq'lamine to
nitrite by hydroxylamine oxidoreductase (NH2OH + O2
four electrons.

NO2* + H2O), which releases

The remaining two are thought to be shuttled through the electron

transport chain to generate ATP.

HydrojQrIamine oxidoreductase is much more

understood in terms of its enzymology and structure. The enzyme contains a unique
P460 center where binding to hydroxylamine is thought to occur. The third enzyme
required to form nitrate from ammonia is called nitrite oxidase and is encoded by
Nitrobacter sp (2NO2" + O2 ^ 2N03'). Sequence analysis of the gene encoding the
enzyme indicates that it is similar to the membrane-bound nitrate reductase (see section
[1.2.4.4]). As do the nitrate reductases, these proteins contain Mo and an FeS cluster. It
is believed that electrons flow in the opposite direction as for the reduction of nitrate and
therefore the oxidation of nitrite seems to be essentially the opposite of its oxidation
[reviewed (44) and references therein].

1.2.4.4 Denitrification

Denitrification is essentially the opposite of nitrification, but instead nitrate is
converted to dinitrogen by a series of reductions. The denitrifying enzymes are fairly
well studied and much is known about their structure and function. The first enzymes in
the pathway are the nitrate reductases, which convert nitrate to nitrite (NO3" + H2

NO2"
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+ H2O). This reaction requires the presence of an electron acceptor such as ferrodoxin

and may proceed as part of an assimilatory or disassimilatory reduction reaction. In the
case of the former, nitrate is then reduced to ammonia, which can be assimilated. Or as
in the latter, nitrate can serve as an alternate electron acceptor during anaerobic
respiration. There have been two types of nitrate reductases identified thus far. The first
is NapA-like enzymes, which are periplasmic and contain both a Mo and an FeS center.
The reduction of nitrate to nitrite by nitrate reductase is thought to resemble the reaction
catalyzed by formate dehydrogenases (20).

The second type of nitrate reductase is

characterized by the Nar proteins, which are membrane-bound. The reaction catalyzed
by these enzjmies is essentially the same.

Two types of enzymes also catalyze the

conversion of nitrite to nitrous oxide. The first type is called the cdx -type enzyme
because they contain a c and a d\ -type haem. The structure of this type enzyme has been
determined for the denitrifying bacterium Thiosphaera pantrotropha. The second type of
nitrite reductases is the group of trimeric enzymes, which contain copper [(44) and
references therein]. From nitrite, nitrogen can have one of two fates, depending on the
organism. If nitrite is to function as an electron acceptor through dissimilatory nitrite
reduction, nitric oxide is formed. However, if nitrite is to be reduced to ammonia via
assimilatory nitrite reduction, ammonia will be formed, which can be assimilated or
nitrified.

1.2.5 Biochemistry of Nitrogen Fixation

An important feature of the biochemistry of nitrogenase is the role of trace metals.
In 1930, Bortels published his observations that molybdenum and, to a lesser extent,
vanadium could stimulate diazotrophic growth of the aerobe Azotobacter vinelandii. It
would be more than 30 years for molybdenum, and 50 years for vanadium, until their role
as important components of nitrogenase cofactors and as regulatory molecules would be
realized [reviewed in (40)]. To date there are two classes of nitrogenases. The first is the
classic group containing enzymes with a MoFe cofactor or, as an alternative, vanadium
(VFe) or a Fe-only (Fe-Fe) cofactor; the alternative nitrogenases will be discussed in a
separate section. The second class of enzymes has only one member. It is represented by
the recently identified nitrogenase from

the unusual

diazotroph Streptomyces

thermoautotrophicus, an organism isolated from piles of burning charcoal. This protein
contains a pterin molybdenum cofactor, not a Fe-Mo cofactor, and instead uses
superoxide oxidoreductase, rather than ferredoxin, as the source of electrons (115). This
enzyme has several unique properties, including tolerance to dioxygen, a feature that may
make this enzyme potentially useful for expression in plant tissue (37), although the
enzyme is less active at room temperature. Oxygen as an inhibitor of nitrogenase activity
will be discussed later, but historically oxygen lability has been a defining characteristic
of the classic nitrogenase enzyme. Dinitrogen reduction by the S. thermoautotrophicus
enzyme also requires fewer ATPs than the first class of enzymes, a second intriguing
property that should initiate rapid studies on the structure. The following description of
the nitrogenase complex is limited to the typical class I MoFe enzymes since little
information is available for the second class.
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1.2.5.1 The Structure of the Classic Mo-containing Nitrogenase and
Mechanism of Dinitrogen Reduction

Nitrogenase enzyme consists of two proteins, the MoFe protein (component I) and
the Fe protein (component II). These proteins were analyzed in essentially pure states as
early as 1970 (25) and now have been purified fi-om several diazotrophs [reviewed (63)].
The MoFe protein is a heterotetramer, composed of two a and two 3 subunits. The a
subunit is encoded by the nifD gene and the 3 subunit by nifK (Fig. 5). Bound to the
MoFe protein are four metal-containing cofactors [reviewed in (112)], two containing Fe,
Mo, and S in a 7FelMo:9S ratio in the FeMo cofactor. Also attached to MoFeco is a
homocitrate. In addition to FeMoco, MoFe protein contains two P-clusters, which are
also 8Fe:lS clusters (Fig. 6).

FeMoco is the site for substrate reduction, while the P-

clusters are proposed to be involved in transfer of electrons fi^om the homodimeric Fe
protein, encoded by the nijH gene. To mitiate the reduction, electrons are passed fi-om an
electron donor such as ferredoxin or flavodoxin to the Fe protein. Fe protein transfers
electrons to MoFe protein by a process that is coupled to the hydrolysis of ATP
[reviewed in (63)]. The exact role and timing of ATP hydrolysis is one aspect that is not
completely understood. Fe protein contains a single 4Fe:S cluster similar to that found in
ferrodoxins-

Crystal structures are now available for components of the MoFe

nitrogenases of .<4. vinelandii and C. pasteurianum (49, 78, 79).
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1.2.5.2 Alternative Nitrogenases

The second trace metal known to be involved with nitrogen fixation is vanadium
(V). This molecule was found to stimulate diazotrophic growth of A. vinelandii in the
absence of molybdenum (16). One hypothesis was that V could replace Mo at the active
center of FeMoco.

This long-standing idea was disputed by Bishop and colleagues

(1980), who found that in strains of A. vinelandii with either nifH or nifD deleted, the
mutant organisms could still fix nitrogen in the absence of Mo (15, 16). The addition of
even nM concentrations of Mo to chemostat cultures was suflBcient to inhibit the Moindependent nitrogenase, which may explain the delay in explaining the mechanism by
which V-stimulated Mo-fi'ee nitrogen fixation occurs. From these experiments it was
proposed that A. vinelandii encoded a completely different V-containing nitrogenase,
now known as nitrogenase-2. The genes encoding the components of the V-nitrogenase
have been cloned and sequenced; the region shows strong resemblance to the nif cluster
encoding the primary Mo-containing nitrogenase (nitrogenase-1). Unequivocal proof of
the existence of the V-containing enzyme came fi-om the isolation of the enzyme fi-om the
closely related Azotobacter chrooccocum (117). Genes for V-containing alternative
nitrogenases have been detected in several organisms including some Cyanobacteria as
well as new Proteobacterial isolates [reviewed (17)].
Three years following the isolation of the V-containing nitrogenase it was
discovered that A. vinelandii strains lacking the genes for both systems could fix nitrogen
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P-cluster
FeMo

FeMoco

Fig. 5 Structure of Nitrogenase (A. vinelandii) Avl (MoFe Protein), a
subunits (niJD gene product) are illustrated in red, and p subunits (ni/K gene
product) are in blue. Nj or other substrates are thought to bind in the center of
the protein and receive electrons from FeMoco. The Fe protein (NifH), which
transfers electrons to MoFe protein is not shown. A cycle of electron transfers
involves the association and dissociation of Fe protein with MoFe protein.
Reduction of N2 to 2NH4'^ requires the transfer of 8 electrons and is coupled to
the hydrolysis of 16 ATPs [from (63)].
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Proposed structure of FeV-co

Fig. 6 A) Structure of the P cluster of nitrogenase (Chan et al, 1993) and B)
the structure of MoFeco (Chan et al, 1993; Peters et al, 1997). C) Proposed
structure of the Fe-V cofactor for the alternative nitrogenase-2 (Peters et al,
1997). (Adapted from Rangaraj et al, 2000)
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in the absence of either Mo or V (106). This observation suggested the existence of yet
another alternative nitrogenase. The genes encoding the third nitrogenase, named cmf,
were cloned and sequenced (118). This enzyme, named nitrogenase-3, was found to lack
both Mo and V and instead contained an active center consisting of only Fe. The
existence of the nitrogenase-3 was thereafter discovered in Rhodobacter capsulatus
[reviewed (93)] and others.
A physical map of the nitrogen-fixing regions of the A. vinelandii chromosome has been
included (Fig. 7). In this figure nif genes indicate those genes of the primary Mo-Fe
nitrogenase, vnf to the V-containing enzyme and anfXo the
Fe-only system. A major difference between nitrogenase-1 and the other systems is the
occurrence of vnfG and anfG genes lying between the D and K genes in the vnf and cmf
operons. The VnfG and AnfGr proteins are proposed to fiinction as third subunits in the V
or Fe-only containing component I proteins, such that the holoenzyme fimctions as a
heterohexamer instead of a tetramer (27, 53, 118). With respect to regulation, separate
VnfifS. and AnfA transcriptional activators are present but not the equivalents of VnfL and
AnfL. Because of this major difference, regulation of nitrogenase expression hereafter
refers to only that of the nitrogenase-1.

Why some organisms contain alternative

nitrogenases is not entirely known but there is evidence that temperature as well as metal
availablity largely influence the expression of a particular nitrogenase (148).

Nitrogen Fixation Gene Clusters of A. vinelandii
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1.2.6 The Genetics of Nitrogen Fixation Past and Present

The genetics of nitrogen fixation

were first

established for the facultative

anaerobe K. pneumoniae, mainly because many of the tools available for genetic studies
in E. coli could be adapted to the related K. pneumoniae. Although K. pneumoniae can
be grown aerobically in rich medium, diazotrophic growth is limited to anaerobic
conditions, a limitation which initiated studies on the obligate aerobe, A. vinelandii, as a
model organism for biochemists and geneticists.

The initial seminal finds

for K.

pneumoniae were that (1) bacteriophage PI transduction of nif genes fi-om wild-type K.
pneumoniae to Nif" mutants could occur (137) and (2) that conjugation of

genes fi^om

K. pneumoniae to E. coli would allow E. coli to fix nitrogen anaerobically (38). By the
late 1970's and early 1980's, a detailed knowledge of«//"genes including their proximity
to other genes on the chromosome and arrangements were known. The ability to fix
nitrogen is completely dependent on the nif cluster, as there are no alternative
nitrogenases in this organism, and mutations in many of the nif genes individually
prevent the organism fi-om growing on N2 as a sole N source (see section [1.2.5.2] for
alternative nitrogenases). The tight clustering of nif genes in K. pneumoniae and many
other diazotrophs may be indicative of horizontal gene transfer; however, transfer
between organisms has only been demonstrated by recombinant techniques (38).

In

1988, the complete sequence of the 24kb nif cluster was published, which provided a
blueprint for geneticists and biochemists alike. Work between 1970 and the present has
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generated a clear picture of the biochemistry and regulation of BNF in K. pneumoniae,
from which has evolved paradigms for the study of nitrogen fixation in other organisms.
Work on the Azotobacters came after much of the original work on K.
pneumoniae, although the sequence of the A. vinelandii nif cluster was published very
soon after the report for K. pneumoniae (65). Azotobacters were of particular interest
since these organisms are obligate aerobes, and therefore might display interesting
features for the ways in which nitrogenase is regulated or protected from

an oxic

environment. Indeed, A. vinelandii in particular has a respiratory rate as high as any
organism on the planet during nitrogen fixation, called respiratory protection, and is
thought to contribute to the nitrogenase-fiiendly environment within the cell.

This

feature has been fiirther studied and the property is characteristic of a low O2 afiBnity,
high K;;, cytochrome d terminal oxidase, which is encoded by cydAB\ mutations in these
genes result in an inability of A. vinelandii to fix nitrogen in air (75). The most notable
differences between the K. pneumoniae and A. vinelandii nitrogen fixation gene clusters
is the absence of the alternative nitrogenase systems from the K. pneumoniae genome and
also the separation of the niJLA encoding portion of the cluster from the rest of the nif
genes in A. vinelandii, which does not occur in K. pneumoniae. (Fig. 7). The role of
NifA. in the Azotobacters was shown to be similar to that in K. pneumoniae, and the nif A
gene of K. pneumoniae could rescue mutations in A. vinelandii
Gammaproteobacterial

species

studied,

including K.

(126).

All of the

pneumoniae, Enterobacter

agglomerans, and A. vinelandii, encode a NifL protein (see section [1.2.7.2.1.2]).

The genetics of A. vinelandii have been studied for more than 25 years, as it
makes an ideal model organism.

A. vinelandii, but not the closely related A.

chroococcum, is readily transformed by linear and plasmid DNA (102) and replicates
plasmids of a few incompatibility groups, although not those readily-used in E. coli, such
as ColEl or pISA-based replicons. Mutants have been constructed in the nif genes and
many other regions of the chromosome. However, relatively few auxotrophs have been
isolated, consistent with the organism's poor ability to transport amino acids (96, 139).
An intriguing feature of A. vinelandii is that the organism can maintain multiple copies of
the chromosome, a feature that is dependent on growth phase, and as many as 80 copies
have been observed during late exponential phase of cells grown in rich medium (91).
Electron micrographs support the idea that the cell volume can acconmiodate such a high
DNA content (Fig. 8) (42). This feature in particular has been useful in the current study
for the identification and analysis of mutations in seemingly essential genes and also the
isolation of second site suppressors of lethal mutations. In the fixture, this property may
provide an ability to screen for the identification of other essential genes, since mutant
chromosomes can be maintained in the same cells as wild-type copies, but are lost at high
fi-equency upon removal of selective pressure for the mutated copy (described in detail
later, Appendix A, B, and C).
In A. vinelandii, as in other Proteobacterial diazotrophs, the genes for nitrogen
fixation are encoded in large clusters. According to Fig. 7, genes absolutely required for
nitrogen fixation

by a particular nitrogenase are shaded, dispensable genes are not

shaded. Breaks in the continuity of the clusters on the chromosome are indicated by
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Fig. 8 Scanning electron micrograph of^. vinelandii and E. coli cells. A.
vinelcmdii cells appear approximately 16X larger than E. coli, indicating a
potential to accommodate large DNA contents, as suggested by genetic studies
and physical analysis of bacterial nucleic acid composition (Toukdarian and
Kennedy, 1986; Colnaghi et al, 2000; Meletzus et al., 1998; Maldonando et al,
1994).
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discontinuity of the line within the arrows.

Nitrogen fixation

genes encode protein

subunits of nitrogenase, proteins involved in the biosynthesis of cofactors or Fe-S
clusters, or gene products involved in the transfer of electrons to the nitrogenase
complex. A table describing the role of nif gene components of A. vinelandii has been
adapted firom Rangaraj et al (2000) (Table 2) (112). There are a few notable differences
between the gene clusters encoding nif and those encoding either of the alternative
nitrogenases, which have already been discussed (see section [1.2.5.2]).

1.2.7 Regulation of Nitrogen Fixation
1.2.7.1 Ihtroduction/Post-Translational Control of Nitrogenase

In comparison to ammonia assimilation, nitrogen fixation is an extremely energy
consuming process.

During substrate reduction, each transfer of an electron to the

catalytic site requires two molecules of ATP (63). In addition, a large amount of energy
is required for the de novo synthesis of nitrogenase, as the kinetics of nitrogenase are
slow compared to many other en2ymes and consequently, concentrations of this enzyme
inside the cell can reach as much as 10% of total cell protein (82).

The energy

requirement makes nitrogen fixation a significant burden to the cell, which has led to the
evolution of elaborate regulatory mechanisms.

These mechanisms either affect the

activity of the enzyme directly or regulate the level of its transcription.

nifgQnQ
rtifH
nifD
nifK
nifT
nifY
rtifE
nifN
nifK
nifU
nifS
nifV
nifW
nifZ
nifM
nifF
niJL
nifA
nifB
fdxN
nifQ
nifJ

Name/Role or Proposed Function
Dinitrogenase Reductase, also req'd. for FeMoco biosynthesis
and apodinitrogense maturation
a subunit of Dinitrogenase
3 subunit of Dinitrogenase
Unknown
Insertion of FeMoco
Helps assemble Dinitrogenase tetramer, FeMoco biosynthesis
FeMoco biosynthesis
FeMoco biosynthesis
Mobilization of Fe for Fe-S cluster biosynthesis
Mobilization of S for Fe-S cluster biosynthesis
Homocitrate synthase, FeMoco biosynthesis
Stabilizes Nitrogenase, O2 protection
Unknown
Req'd. for NifH maturation
Flavodoxin, Physiological e" donor to NifH
Negative regulatory element
Positive regulatory element
FeMoco biosynthesis, donates Fe and S to FeMoco
Ferredoxin
FeMoco biosynthesis, may function in processing of M0O4 "
Pymvaterflavodoxin oxidoreductase, e' transport to nitrogenase
(adapted from Rangaraj et al, 2000)
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Regulation of nitrogenase activity occurs in several species of Proteobacteria in
response to both oxygen and fixed nitrogen. In A. vinelandii, protection from oxygen
occurs on two levels.

The first

is an increased respiration rate; consuming oxygen

quickly during respiration makes it unavailable to inactivate nitrogenase (discussed more
in sections [1.2.7.1 and 1.2.7.4.2.1.1]). Also occurring in A. vinelcmdii is a protective
mechanism (116) involving the nifW gene product (81). This protein binds directly to
oxygen labile MoFe protein in the presence of transient oxygen stress (81), and removal
of such stress completely reverses inhibition of nitrogenase activity by NifW. NifW may
also have a role in homocitrate processing during cofactor biosynthesis (80). A second
regulatory response affecting nitrogenase activity in response to limiting energy and
excess fixed nitrogen is ADP-robosylation. This mechanism has been best studied in the
Alphaproteobacteria, Ehodospirilhtm rubrum and Rhodobacter capsulatus, but has also
been identified in other taxa [reviewed in (89)].

ADP-ribosylation is a reversible

inactivation of the NifH (Fe Protein) of nitrogenase, called nitrogenase "switch-oflF." The
mechanism involves the coordinated activities of two proteins, DraT and DraG. DraT
functions as an ADP-ribosyltransferase that transfers an ADP-ribose to a specific arginine
residue (101) of the NifH protein.

ADP-ribosylation inactivates the nitrogenase in a

manner similar to ADP-ribosylating toxins of pathogenic bacteria. The function of DraG
(dinitrogenase reductase-activating glycohydrolase) is to remove ADP-ribose when
conditions change with respect to fixed nitrogen or energy, restoring activity to NifH
(89).

The mechanisms controlling the activities of DraT and DraG remain unclear;
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however, it is possible that PH-iike signal transduction proteins (discussed at length
below) mediate the response (156).

1.2.7.2 Regulation of Nitrogenase Synthesis

In most diazotrophs, nitrogenase expression is positively regulated in the absence
of intracellular oxygen and fixed nitrogen. Oxygen and fixed nitrogen do not favor
nitrogen fixation
oxygen, and fixed

because both proteins of nitrogenase are irreversibly damaged by
nitrogen is preferentially utilized fi^om the environment, which

precludes the necessity to fix nitrogen.

In Proteobacterial diazotrophs, Ni£\ is a

ubiquitous activator of nif gene transcription. In several bacteria, nifA expression is not
autoregulated, and is instead activated by other proteins such as NtrC, or its expression
may be constitutive. The activity of Ni£\. can also be regulated post-translationally by
inhibitory molecules directly or by other regulatoty proteins. Hence, for each diazotroph
regulatory features must be carefiiUy examined, and in most cases these features can
distinguish the organism. Nonetheless, control of nif transcription can be separated into
two types, «7/^specific and global.

1.2.7.2.1 «//^Specific Regulation

/i//-specific regulation refers to regulatory factors encoded by the nif cluster which
function in the regulation of expression of n/fand related genes. For example, the nifA
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gene product directly activates other nif genes in the absence of oxygen and fixed
nitrogen, and NifA. can be either directly or indirectly sensitive to ojq^gen, as discussed
below. In some diazotrophs, the expression of nifA is dependent on proteins outside of
the nif cluster, those that are components of the general nitrogen-sensing cascade, which
will be discussed as the second type of regulation.

1.2.7.2.1.1 NifA

Transcriptional activation of nif promoters requires not only NififV but also other
components.

The first step in transcriptional control is nif promoter recognition, a

process that is dependent on the alternative sigma factor,

This protein combines with

the core RNA polymerase to bind the consensus 5'-TGGCACGN-tTTGCrA/TV3' located
at positions -24 and —12 that has been compiled fi^om 186 known a^'^-dependent
promoters (12).

Transcription mediated by this form of the polymerase is

characteristically different fi^om that which occurs by other RNAP holoenzymes, in that
formation of an open complex is dependent on a specific enhancer binding protein; NifA.
and NtrC are examples of such proteins. The NtrC family of proteins, which includes
NiJEA, is called bacterial enhancer-binding proteins, by analogy to eukaryotic proteins
which bind enhancer sequences some distance upstream of the transcriptional start site.
For these activators, this distance can extend many kilobases, a phenomenon that has also
been observed for activation by NtrC (114). NtrC has been studied in several laboratories
as a model for transcriptional activation as a member of a two-component response

55

regulatory system. Nif(V has been similarly studied, both in vivo, and in vitro, but not to
the same extent because NifA. proteins are often insoluble and form inclusion bodies
during purification (9). Because of sequence similarities, however, many of the
characterized properties of NtrC have been inferred for Nif(^„ The modular structure of
NifA. is depicted in (Fig. 9). The N-terminus is thought to have a regulatory function
since deletion of this region of K. pneumoniae Ni£\ increases sensitivity to NifL and the
C-terminus contains the consensus helix-tum-helix moti^ the site of DNA-binding. The
central part of the protein is thought to be involved in contacts with a^'^-bound RNAP as
well as ATP hydrolysis [reviewed (36)].
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To activate transcription, NifiV binds 100-200 bp upstream from

the

recognition site at the consensus motif 5'-TGT-Ni n-ACA-3' (22). The most current
model for activation involves a second component, IHF (integration host factor) (Fig. 1).
This protein has the ability to bend DNA such that the loop formed by IHF makes NiffV
available to interact with the

form of the RNAP holoenzyme (62, 125). In the case of

NtrC, this model is supported by electron and scanning force microscopic images, which
reveal these structures in DNA molecules to which oligomers of NtrC are bound (138,
151).

This model is also supported by the ability of an NtrC enhancer to allow

transcriptional activation in trans [reviewed (120)].

These structures have not been

visualized for NifA. but are believed to occur. Interaction of the enhancer binding protein
and the RNA polymerase holoenzyme bound to the promoter results in transition from
the closed complex to the open complex, a process that involves the hydrolysis of a
purine nucleotide tri-phosphate (9). Instead, nifA is regulated at the transcriptional and
NifA protein on the post-translational level.

These features are distinctive to the

Proteobacterial diazotrophs and will be discussed separately for several model organisms
relevant to the current study.

1.2.7.2.1.2 NifL

As a second component of nz/^specific regulation, diazotrophs of the
Gammaproteobacteria, of which A. vinelandii and K. pneumoniae are members, encode a
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second regulatory protein, called NifL. The nifL gene lies upstream of nifA, Avith which it
is cotranscribed and cotranslated (51). These features ensure that the two proteins are
made in stoicheometric amounts for the purposes of their regulatory mechanism (below).
Kennedy (1977) first described nifL for the enteric diazotroph K. pneumoniae as an
independent cistron tightly linked to nifA (76). NifL was thought to be an independent
negative regulator of nitrogen fixation since nitrosoguanidine induced mutants carrying
mutations mapping to the region reverted at high fi-equency to a Nif^ oxygen insensitive
phenotype (58).

NifL has since been extensively characterized along with NifA in both

K. pneumoniae and A. vinelandii, although the A. vinelandii NifL and NifA. are more
tractable in vitro (9). The modular structure of NifL is similar to other oxygen-sensing
proteins (Fig. 9). The N-terminus contains a conserved PAS domain, which is thought
function in redox and oxygen sensing, and to be the region to which an FAD is bound
(158).

The C-terminus shares features of the characteristic histidine sensor kinases,

including NtrB, the cognate sensor kinase of NtrC (18). A glutamine-rich flexible linker
separates the two domains.
NifL functions as both a negative regulator of NifA activity and a sensor of
oxygen and probably ADP. In the presence of oxygen or ADP, NifL protein forms a
protein-protein complex with NifA such that Nif\ is not able to activate transcription at
nif promoters (57). These complexes have been detected in vitro using purified Histagged components and by co-immunoprecipitation of native proteins fi-om crude extracts
(98).

Signal transduction between NifL and NifA does not appear to involve

phosphorylation since none has been detected (9, 85), and mutations altering conserved
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Fig. 9 Modular Structure of NifA and NifL

residues characteristic for such regulation (e.g. His304) do not reduce activity (150), It
has been proposed that the oxidized forms and reduced forms of NifL have differing
aflSnities for NifA. such that transcriptional activation can be modulated in response to
oxygen. The ability of NifL to inhibit the activity of Niff\. by forming a non-activating
complex can be increased directly by oxygen and ADP in vitro (57, 98), although the
ADP response may not occur at physiological concentrations. The response to ADP is
less well understood; however, intracellular levels of ADP might indicate ATP shortage
in vivo, a condition which would not support nitrogen fixation. The formation of the
NifL-Ni£f\. complex cannot be modulated directly in vitro by the addition of various N
sources (57) and therefore relieving the inhibitory effects of NifL on NifiA. activity in the
absence of fixed nitrogen is probably mediated by other factors. This feature will be
discussed for K. pneumoniae and A. vinelcmdii separately, as it is the topic of the current
study (see sections [L2.7.4.2.I.2 and L2.7.4.2.2]).

1.2.7.3 Global nitrogen-sensing

In many diazotrophs, the mechanisms by which fixed nitrogen influences nitrogen
fixation is mediated by cross-communication between components of the general
nitrogen-sensing system (95). The degree of influence of this regulatory system varies by
organism, and in later sections this topic will be discussed for several organisms
individually. In many diazotrophs, the nitrogen-sensing cascade is intimately involved in
regulating the expression and/or activity of Ni£\. This feature is especially intriguing
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because it appears to be an evolutionary adaptation of an effective nitrogen-sensing
system to regulate nitrogenase in organisms that have acquired the ability to fix nitrogen.
The complexities of the N-sensing cascade have been examined in the enteric
bacteria for many years, where the regulatory proteins have been extensively
characterized [reviewed, (95, 113)]. Fig. 2 has been included to illustrate the current
status of the regulatory system as it operates in the enteric bacteria. As depicted, the
activity of glutamine synthetase (GS) can be thought of as Target 1 and the
phosphorylation state of NtrC, as Target 2. The reaction catalyzed by GS was discussed
previously (see section [1.2.4.2]).

The GS/GOGAT pathway represents the main

ammonia assimilatory mechanism, responsible for the biosynthesis of glutamine and
glutamate, fi^om which all other N-containing molecules can be derived.

In order to

maintain intracellular balance between glutamate and glutamine, as well as conserve
ATP, the activity of GS can be down-regulated by the covalent attachment of one or more
AMP moieties. Since E. coli GS is a dodecameric enzyme consisting of twelve identical
subunits, each subunit is susceptible to the attachment of an AMP by the enzyme ATase
(GlnE) (see section [1.2.7.3.4]). The activity of the enzyme can therefore be controlled
over a range in response to the uridylylation state of PII or GlnK, which is in turn
determined by GlnD (see section [1.2.7.3.1]). N-suflBciency signals GS adenylylation
(inactivation) (blue arrows) and N-limitation signals GS deadenylylation such that the
enzyme is more biosynthetically active and more adept at scavenging trace intracellular
ammonia (red arrows) [reviewed (113)].
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The second target controlled by the N-sensing cascade is the phosphorylation
state of NtrC, which is modulated by NtrB. NtrB has both kinase and phosphatase
activities (100).

Native PII (GlnB) activates the phosphatase activity, resulting in

inactive dephosphorylated NtrC, whereas PH-UMP apparently has no effect on the
activity of the protein (69). Phosphorylation of NtrC results in the Ntr response, the
activation of a suite of genes that allow the organism to utilize less desirable N sources,
such as amino acids, through activation of catabolic operons including hut, put and ure in
Klebsiella aerogenes (for histidine, proline, and urea utilization, respectively) to name a
few (14). In A. vinelcmdii, the only known target of NtrC is the nitrate reductase operon,
the products of which allow the organism to grow on nitrate via assimilatory nitrate
reduction (139).

As well as activating other genes of the Ntr regulon in the enteric

bacteria, NtrC-P can activate the transcription of GS (glnA) at plglnA in response to Nlimitation, increasing the intracellular concentration of this enzyme (114).

Together the

components of the nitrogen-sensing cascade regulate the rate of ammonia assimilation
and the ability of the cell to utilize various N-containing compounds. In the next section,
the features of the main regulatory proteins will be discussed in detail.

1.2.7.3.1 GlnD (UTase/UR Enzyme) (EC 2.7.7.59)

In Fig. 2 is the uridylyltransferase/uridylyl-removing enzyme, GlnD. GlnD
functions as a glutamine sensor. In E. coli, mutations in glnD result in leaky glutamine
auxotrophy (19), probably because GS is hyper-adenylylated and in lower concentration

than in wild-type cells under similar growth conditions. These strains also do not activate
NtrC-dependent promoters and as a consequence fail to grown on a variety of alternate N
sources, mainly amino acids. All of these phenotypes can be predicted from the model
shown in Fig. 2.

GlnD carries both UMP-transferase and UMP-removing activities,

modifying the proteins encoded by glnB (PlI) and glnK, and the kinetic parameters of
GlnD have been reported (70).

Both UMP-transferase and removing activities are

stimulated in vitro by the presence of a-ketoglutarate and ATP, which act by binding
directly to Pn or PII-UMP. The transferase activity of GlnD is inhibited by glutamine,
which binds at a central site of the enzyme (70). Nitrogen- limiting conditions would
therefore result in an accumulation of a-ketoglutarate (see section [1.2.4.2]) and a
glutamine deficiency, ideal for uridylyl-transfer to PII or GlnK.
The role of GlnD in diazotrophs is less well studied, perhaps because the gene
product functions to control GS, which may be an essential enzyme in more fastidious
organisms (28, 68, 123). In organisms where glnD mutants have been isolated, a variety
of phenotypes have been associated with loss of the gene. For example, glnD is required
for induction of chlorosis on non-host plants by the pathogenic rhizobia, Rhizobium
tropici (101); in Vibrio fischeri, glnD is required for siderophore production (52). Of
particular interest to the current study are the phenotjrpes of glnD mutants of K.
pneumoniae and A. vinelandii. In these two organisms, certain glnD mutants are unable
to fix nitrogen. For K. pneumoniae this can be explained by the fact that GlnD is
required for uridylylation of PII which, in turn leads to the phosphorylation of NtrC and
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activation of niflA expression (43). Failure to express nifA can account for an inability to
fix nitrogen [reviewed in (61)].
However, in A. vinelandii and several other diazotrophs the expression of nifA is
independent of NtrC-P (139) and it would therefore appear that PH-like proteins might
control the activity of Ni£\. The hypotheses to be addressed later are therefore: (1) GlnD
regulates the activity of Ni£\ via a PII like protein; (2) GlnD regulates NifL activity via a
Pll-like protein. These will be the focuses of much of the current study.

1.2.7.3.2 Pn (GlnB) and GlnKinE. coli

Pn signal transduction proteins have been referred to as the "CPU for the
integration of the metabolic signals for carbon and nitrogen starvation" [reviewed, (99)].
These proteins function as homodimers or perhaps heterodimers in bacteria carrying
mulitiple paralogs (47, 145).

PII proteins function as allosteric effector proteins to

transduce signals of nitrogen and carbon suflBciency to regulatory enzymes in the cell.

Pn-like proteins have been characterized in extensive detail; crystal structures are
available for both E. coli PH paralogs, as homotrimers, encoded by the glnB and glnK
genes (147, 152).

The structure of GlnK is depicted in Fig. 10.

GlnB and GlnK

structures are similar, but differ at the C-terminus and T-Ioop structures of the protein.
Both proteins contain the characteristic T-loop extending from each subunit, which is
essential for interaction with receptors and contains the conserved Y51 residue, the site of
uridylylation. Although both proteins have similar primary structure in this region of the
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protein, the presence of a 3io helix suggests that secondary structures formed after the
interaction with target receptors may differ (152).
Genetic data indicates the importance of the Y51 residue of PH and GlnK (8, 71).
Site-directed changes of Y51 on both GInB and GlnK in E. coli completely abolish
uridylylation, suggesting that the protein is not
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(Trom Xu et al., 1998)

Fig. 10 Trimeric Structure of E. coli GlnK. The structure of the A.
vinelandii protein is predicted to be similar.
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uridylylated at any other residue. Y51 mutations also abolish interactions with NtrB,
resulting in the constitutive dephosphorylation of NtrC and signal GS adenylylation by
GInE, resulting in an inability to deadenylylate GS, indicating that this residue is crucial
in its major characterized functions (8, 71). Since GlnB-UMP and/or GhiK-UMP is the
predominant form during N-Iimitation, a similar unuridylylatable glnK allele was
constructed in A. vinelandii to study the effects of this mutation on nitrogenase
expression and regulation of ammonia assimilation.

This analysis is described in

Appendix C.
Null mutations in E. coli glnB result in constitutive phosphorylation of NtrC,
which results in overexpression of glnA (GS) and a slow growth phenotype on N-rich
medium (23). From this study it was inferred that the kinase (phosphorylation) activity
of NtrB is independent of either form of PII, which has been confirmed in vitro (69). A
second class of glnB mutants has also been characterized in the enteric organisms
Klebsiella aerogenes and Salmonella typhimvrivm.

These strains have reduced GS

expression and over-adenylylate GS, similar to glnD mutants (46). These alleles were
sequenced and found to affect the site of uridylylation on PII, such that PII cannot be
uridylylated. The expression of glnB in E. coli is not affected by N-source, leaving the
protein available for signal transduction under all physiological conditions (23). The
activity of PII is of course dependent on its uridylylation state, controlled by GlnD. PII is
also a sensor of a-ketoglutarate an indicator of the C-status. a-ketoglutarate binds to PEE
as an allosteric effector which increases the rate of uridylylation (74). As a-ketoglutarate

affects the uridylylation rate and hence the function of PII, PEL functions to affect the
activity of NtrB and GlnE (GS-adenylyl-transferase/removing enzyme) (discussed
above). Protein-protein interactions between PII and NtrB and PU and GlnE are implied
from in vitro reconstitution assays, however they have only been reported recently (107).
While studying glnB null mutants of E. coli, van Heeswijk and others noticed an
anomaly, which did not fit their model for control of GS adenylylation by GlnD and PU.
They found that although these strains had elevated GS activity, the rate of
deadenylylation was similar to wild-type (23, 144). This result indicated that perhaps a
second protein could signal GlnE-mediated deadenylylation, which led them to probe for
the existence of a second Pll-like protein in E. coli. Their experiments did indeed
uncover such a protein as a band present on western blots of E. coli cell extracts grown
under N-limiting conditions, which cross-reacted with PII antibodies in a glnB null strain
of E. coli. Their work led to the isolation and characterization of the gene, which they
named glnK (144). The expression of glnK is controlled exclusively by NtrC-P and is
therefore only expressed under conditions of fixed nitrogen limitation, whereas glnB
(encoding Pit) expression is constitutive (142). The role of GlnK has been partially
characterized in E. coli in vivo (7, 142) and in vitro (8); it functions similarly but not
equivalently to PII, with its most notable difference being a decreased rate of
deuridylylation.

glnK mutations have no definitive phenotype, however glnB glnK

double mutants are defective for growth on N-rich medium (7). This is attributed to overexpression of glnA (GS) perhaps resulting in depletion of glutamate. Consistent with this

hypothesis is that the phenotype of glnB glnK mutants can be suppressed by inactivation
of ntrB or ntrC (7).
The exact role of GlnK in E. coli is not understood. It has been proposed that
GlnK may act as a memory protein during extreme N-limitation (142). Since the rate of
GlnK-UMP deuridylyation is much lower than that of PII-UMP, GInK-UMP may help
stabilize the metabolic switch during transient periods of N-sufl5ciency. Recently, a new
perspective has been added to the complexity of regulation by these proteins.

Two

similar studies have demonstrated that GhiK functions coordinately with PIE (GlnB) to
fine-tune the signal response by forming heterotrimers which have activities different
from that of either homotrimer (47, 145). Nonetheless, many of the fiinctions of GlnB
under N-limiting conditions appear redundant. The role of Pll-like proteins in the control
of other cellular functions, such as nitrogen fixation, is discussed below. In general, since
the structure of two-component sensor-kinase proteins, like NtrB, are so conserved, PIIlike signal transduction proteins may regulate the activity of a variety of targets, some of
which may be undiscovered (below and Current study).

1.2.7.3.3 NtrB (NRII) and NtrC (NRI)

NtrB protein is a sensor-kinase homolog of two-component regulators. NtrB
catalyzes the covalent phosphorylation of NtrC, and also carries a phosphatase activity
for the dephosphorylation of NtrC (100). The two activities are genetically separable,
indicating that the two activities may occur on different parts of the protein and that two
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fiinctions may not be essentially reversals of each other (73).

The phosphatase activity

of NtrB is stimulated by the native PH protein and also by GlnK; uridylylated forms of
these proteins do not have the same effect (8, 71). The interactions of PII with NtrB were
recently studied using chemical cross-linking (107).

In this study Pn was found to

interact with the central catalytic domain of the kinase and not to the N-terminal
"regulatory" region of the protein. The cross-linked NtrB-PII complexes were competent
to dephosphorylate NtrC-P irrespective of small molecule effectors, such as aketoglutarate, which are known to signal the kinase activity of NtrB. This study provides
direct evidence of protein-protein interaction of PII with a target protein; a similar
approach with other known targets or a screen for unknown targets might be revealing.
The function of the enhancer-binding protein, NtrC, has been discussed above and in
section (1.2.7.2.1).

1.2.7.3.4 GlnE (ATase/AR)

GlnE functions to metabolically control the activity of glutamine synthetase (GS)
in response to transient nitrogen flux. The primary structure of GlnE indicates that the
protein may have evolved as the result of tandem duplication (143). The protein encodes
two activities which can be separated genetically; both have been separately cloned,
expressed, and purified fi-om E. coli. The N-terminal part of the protein carries the
deadenylylation activity and the C-terminus encodes the adenylyl-transferase activity
(67). The purified C-terminus adenylylation domain is activated directly by glutamine
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but is insensitive to PIT. The purified N-terminus (deadenylylation domain) is activated
by a-ketoglutarate and PII-UMP. In the intact enzyme, adenylylation is stimulated by
unmodified PII the response to PII, implying that this response is dependent on the Nterminus and hence that the two domains interact. The role of GhiE is essential in the
catalytic regulation of GS activity and may be required for cell viability in some
organisms (103). Thus, GlnE is an important sensor of a-ketoglutarate and glutamine
directly similar to GlnD, but requires a form of PII for proper regulation, indicating that
the role of small molecules may be secondary.

1.2.7.4 Survey of the Regulation of Nitrogen Fixation in the Proteobacteria

Although many of the components controlling nitrogenase synthesis and activity
in Proteobacteria and other diazotrophs are similar, the combinations of regulatory
features in the same for no two diazotorphs studied thus far. There are, however, more
similarities between closely related species, and therefore the following discussion will
be grouped on the basis of phylogeny.

1.2.7.4.1 Alphaproteobacteria

1.2.7.4.1.1 Azospirillum brasilense
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Azospirillum brasilense is a rhizosphere-associated bacterium originally thought
to contribute fixed nitrogen to several species of grasses; however, current evidence
indicates that the benefits associated with inoculation of the organism are the result of
plant hormones secreted by the bacterium [reviewed (136)].

A. brasilense regulates

nitrogenase activity using reversible ADP-ribosylation as discussed above in section
(1.2.7.1) (48). In this organism, fixed nitrogen (88) or NtrC (87) does not affect the
expression of nifA. In A. brasilense as in all other Alphaproteobacterial diazotrophs,
Nif(\. activity is directly affected by oxygen (45, 88, 134).

The inherent oxygen

sensitivity of NifA. is modulated through a motif containing four conserved and similarlyspaced cysteine residues. A Pn-Uke protein apparently modulates the activity of NifA in
response to nitrogen status since expression of glnB is limited to N-starvation, and null
mutations in glnB confir a Nif" phenotype (Fig. 11 ) (33). Arsene and colleagues (1996)
have observed that deletions in the N-terminus of Nifi^ regain the ability to activate
transcription of nif promoters in glnB cells (6). This evidence supports a model in which
pn activates the N-terminus of NifA under N-limiting conditions. There is also evidence
that pn must be uridylylated in order to activate NifA, since glnD mutants of A.
brasilense fail to activate a nifH-lacZ reporter (141). Whether the interaction of NifiV and
pn is direct has not been established. A. brasilense also encodes a second

Pn-like

protein, GlnZ (32, 34), but no phenotype associated with nitrogen fixation has been found
in glnZ mutants.

UMP?

glnB (Pm
N-lmutation

o

nifHDK

o

Fig. 11 Regulation of nitrogenase expression in Azospirillum brasilense
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1.2.7.4.1.2 Rhodobacter capsulatus

There are more than 20 identified species of diazotrophic bacteria in the
Alphaproteobacteria, of which the majority are plant associated or plant symbionts. The
major exceptions are the photosynthetic Ehodohacters and Rhodospirillum (124).

A

schematic of regulation in Rhodobacter capsulatus has been included to highlight
differences between this and other species (Fig. 12).

This organism is particularly

interesting in that it contains two nifA genes. Expression of Nifi^yi requires NtrC, but not
(84). As in £•. coli the phosphorylation state of NtrC is negatively affected by native
Pn (GlnB) and GlnK may influence carbon metabolism in R. sphaeroides (109). New

data in R. capsulatus indicates that the two Ni^ proteins respond differently to
ammonium, implying an additional regulatory mechanism in response to fixed nitrogen.
The proteins are very similar except in their N-termini; a model has been proposed for
regulation involving this region (104).
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Fig. 12 Regulation of nitrogenase expression in Rhodobacter capsulatus
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1.2.7.4.1.3 Rhodospirillum rubrum

R. rubrum is heavily studied as a model system for nitrogenase regulation by
ADP-ribosylation or "switch-oflf" (see section [1.2.7.1]). As in other diazotrophs, the
expression of nitrogenase is controlled positively by NifA. The transcription of nifA is
not controlled by nitrogen availability by NtrC or other mechanisms (155). PII is thought
to influence the activity of NifA. (156). PII also has an effect on "switch off' because
unuridylylatable Pn-Y51F incorrectly regulates DraT activity (156).

In these same

mutant strains, GS is regulated like wild-type suggesting that a second gene encoding a
Pll-like protein might also exist in R. rubrum (156). Another noteworthy result from this
report is the stable construction of glnB null alleles. The authors were able to create inframe deletions in order to assess the role of glnB on nitrogenase regulation and attribute
past failures to construct such mutants in R. rubrum to a polar effect on (gInA) GS
expression, which lies immediately downstream (72). (Fig. 13)
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Fig. 13 Regulation of nitrogenase expression in Rhodospirillum rubrum
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1.2.7.4.1.4 Sinorhizobium meliloti

In this organism, the level of intracellular oxygen tightly controls the expression
of nifA. Expression of nifA is modulated by the FixL-FixJ two-component system (31)
(Pig. 14). In this system, FixL is the histidine kinase sensor protein, which contains a
haem group probably bound to the conserved cysteine residues in the C-terminus (50).
Oxygen is strongly attracted to the haem where binding forces a conformational change
in the protein (50). The presence of oxygen inactivates the kinase activity of FixL such
that autophosphorylation and subsequent phospho-transfer to FixJ does not occur;
therefore, only in the absence of o^tygen does is FbcJ phosphorylated. Phosphorylation of
FixJ stimulates its dimerization leading to stronger DNA binding at the nifA promoter
(30). FixJ-P activates at least two promoters in the cell,

and

The role of FixK

is not entirely understood but it is thought to negatively effect transcription at TpnifA,
which may fiinction to make the system more response to signal molecules that may be
sensed by FixK and FixL (13). Transcriptional activation by Ni£^ in S. meliloti also
requires RpoN (a^'*)-bound RNAP.

NifA. activates many genes in the nif cluster

including those for assembly of nitrogenase. The activity of NifA. in some rhizobia is
also regulated by oxygen, as in A. brasilense. Activation of nif genes in all rhizobia is
limited to the nodule, and only the Azorhizobia, nodulators of a small group of tropical
legumes such as Sesbania, can grow as free-living diazotrophs.
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Fig. 14 Regulation of nitrogenase expression in Sinorhizobium meliloti
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In rhizobia, ammonium assimilation and release of fixed nitrogen to the plant
must be a tightly controlled switch, such that the bacteria can shift fi-om assimilation of
ammonia to release of fixed

nitrogen to the plant.

Therefore, an examination of

regulatory features controlling this particular metabolic regulation may reveal novel
features. The role of PII in S. meliloti was examined by Arcondeguy et al. (1997). In this
work, two glnB alleles were constructed, one encoding a non-polar deletion and the other
a site-directed mutation at tyrosine

51, the site of uridylylation (2). Both of these glnB

mutants failed to regulate GS and NtrC in response to ammonium. Their analyses also
suggested that the Pn protein is responsible for control of nodule development and fixed
nitrogen release fi-om bacteroids, indicating that PII has several fijnctions

in S. melliloti.

The latter conclusions were based on inoculation experiments in alfalfa with glnB mutant
strains. In these experiments, nodules developed more slowly and were unusual in both
size and color. Plants with established nodules induced with glnB mutant strains showed
detectable nitrogenase activity, however plants appeared chlorotic, a phenotype that could
be alleviated by the addition of fixed nitrogen.

This result indicates that although

nitrogenase was active, fixed nitrogen was not transferred to the plant. One hypothesis
fi-om this work was that PII might activate the expression of a transport protein involved
in transfer of fixed nitrogen to the plant. Another possibility is that PII regulates the
metabolism of the amino acid, alanine, which is transferred to the plant as a secondary
product of nitrogen fixation.

1.2.7.4.1.4.1 Nodulation

Nitrogen fixation in rhizobia only occurs after the establishment of the nodule.
This process initiates with a signal exchange between the bacteria and plant roots. The
signal fi-om the bacteria is induced by plant specific flavonoids, which are sensed by
NodD (a LysR homolog) and which activate expression of nod genes, nod gene products
are involved in the assembly of a complex modified form of oligo-A'^acetyl glucosamine
called Nod factor. Nod factor is secreted and sensed by legume roots. Both the induction
of nod genes and reception of Nod factor by the plant is specific for each interaction.
Nod factor induces structural changes resulting in the formation of the shepard's crook in
which the bacteria are engulfed.

The next event involves bacterial growth down an

infection thread leading to the root cortex, at which point, the bacteria differentiate into
bacteroids inside symbiosomes. Inside these structures, nitrogenase is finally expressed
and fixed nitrogen, in the form of amino acids, is exchanged for photosynthates, as
dicarboxyclyic acids.

The environment within the nodules is thought to remain

microaerobic yet receive oxygen for respiration by a plant protein called leghaemoglobin
found in large quantities near root nodules. Many complex events must occur to establish
each symbioses and the above was intended to introduce the topic as an entry point for
when and where synthesis of nitrogenase occurs in a model rhizobia-legume symbiosis.
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1.2.7.4.2 Gammaproteobacteria

1.2.7.4.2.1 Klebsiella pneumoniae

Much of our current knowledge about nitrogen fixation and its regulation comes
firom studies in the enteric facultative anaerobe Klebsiella pnewnoniae. K. pneumoniae is
a member of the Gammaproteobacteria as are E. coli and Azotobacter vinelandii,
discussed below. Studies on K. pnewnoniae were first initiated primarily because tools
that were available for work in E. coli could also be used in this organism (137). Early
breakthroughs led to the characterization of many of the flinctions for nif gene products
(Table 2) discussed above, as well as for the regulatory proteins NiflL and NifA. NifL
protein fiinctions as an inhibitor of NiffV activity. However, K. pneumoinae NifL and
Ni£\ are notoriously diflBcult to work with in vitro and therefore much of what is know
about this two-component system in vitro has been done with the A. vinelandii homologs.

1.2.7.4.2.1.1 The Oxygen Response

It was first discovered that when A. vinelandii NifL was overexpressed and
purified fi^om anaerobically grown E. coli the protein appeared yellow in color. This was
found to be due to a bound FAD, and therefore NifL has been classified as a flavoprotein
(57). This feature has also been found for the K. pneumoniae protein (128). In response
to oxygen, both proteins are thought to behave similarly such that the oxidized form is
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more inhibitory to MfA. than the reduced form (Figs. 15 & 1). This mechanism allows
NifL to behave as both a regulator and a redox sensor. Since the protein must be reduced
to become non-inhibitory, many groups have sought the identity of the physiological
electron donor to MfL. Schmitz et al. (1996) had found that Fe is required to maintain
NifL as non-inhibitory (129). This led to speculation that perhaps the electron donor may
require Fe, and one such Fe-containing protein from

E. coli, called Hmp, a

flavohaemoglobin, was found to reduce A. vinelandii NifL in vitro (90). However, the
physiological relevance remains uncertain and there is no evidence that a Hmp homolog
of K. pneumoniae or A. vinelandii reduces NifL in vivo. There is also a lack of evidence
that hmp exists in either of these organisms. Nevertheless, the reduction of NifL in vitro
is short- lived in the absence of a continuous source of electrons, indicating that NifL
itself makes a good redox sensor in vivo.

1.2.7.4.2.1.2 The Nitrogen Response

So far, much of the data generated from work in K. pneumoniae and that from
work in A. vinelandii with respect to oxygen regulation of NifL-NifA. is very similar. On
the other hand, the response to fixed nitrogen or the "nitrogen response" has been found
to differ considerably between these bacteria. In K. pneumoniae, expression of nifLA is
controlled by NtrC, allowing expression of these genes only under N-limiting conditions.
Therefore mutations in ntrB, ntrC and glnD were originally thought to be strictly Nif ~
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Fig. 15 Regulation of nitrogenase expression in Klebsiella pneumoniae
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because they failed to activate expression of nifLA (41, 43, 60). For several years, this
was
thought to be true since mutations in glnD could be rescued by the introduction of the
constitutively active ntrB6 allele (41, 60), which activates nifLA via NtrC-P. However,
using an E. coli system expressing the nif genes of K. pneumoniae. He et al. (1997) found
that when the nifLA operon was expressed constitutively, irrespective of NtrC-P
activation, ntrC mutants failed to activate expression of the nifH promoter (54). This
result indicated that NtrC activates the expression of an unknown factor that controls the
activity of NifL or NififV in vivo. The unknown protein under the control of NtrC was
determined to be the Pll-paralog, GlnK (55) (PH and GlnK of E. coli were discussed in
section [1.2.7.3.2]).

Curiously, relief of NifL inhibition does not require GlnK

uridylylation since relief of NifL inhibition was observed in a glnD background or in a
strain carrying the glnKYSIN mutant allele encoding a protein that cannot be uridylylated
(55). This result indicates that expression of glnK may be significant to relieve NifL
inhibition under N-limiting conditions. Because K. pneumoniae and E. coli are closely
related, with the exception of nif genes, glnK was inferred to have a similar role in K.
pneumoniae. As predicted, a gene encoding a GlnK homolog of K pneumoniae was
cloned and glnK mutants were affected in the ability to relieve the inhibitory effects of
NifL in vivo (64). This response was also independent of uridylylation in K. pneumoniae
(64). Another interesting finding reported by the same group was that the very similar
Pn (GlnB) protein of K. pneumoniae or E. coli were not nearly as effective at relieving
NiflL inhibition at physiological gene doses in a heterologous E. coli system (4).
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Arcondeguy et al. (2000) recently discovered precisely which residues of GlnK are
required for the activity and by mutation were able to relieve NifL inhibition using a
GlnB mutant protein (3).

It is with respect to regulation by fixed

nitrogen that K.

pneianoniae differs most fi*om A. vinelandii and differences Avill be highlighted in the
next section, as they are the basis for the current study (Appendix A-C).

1.2.7.4.2.2 Azotobacter vinelandii

The ojtygen response has been discussed above under K. pneumoniae since few
differences have been observed biochemically between the NifL-Ni£\ systems in
response to oxygen, a separate section is not warranted. More of what is known about the
nitrogen response with respect to genetic regulation by NifL-NifA is known for K.
pneianoniae. In a comparison of nitrogenase regulation between K. pneumoniae and A.
vinelandii, perhaps the biggest differences occur in regard to regulation by fixed nitrogen.
In both orgam'sms, concentrations of ammonia above 200 (oM represses nitrogenase
expression (66, 94). The mechanisms, however, appear very different. For example,
expression of nifLA in A. vinelandii is independent of NtrC, therefore regulation in A.
vinelandii must either occur post-transcriptionally or post-translationally; the latter is
addressed in Appendix C of the current study.

Genetic factors influencing NifL

inhibition are thought to exist since fixed nitrogen has no direct effect on the proteins in
vitro (57).

Although NtrC is not required for nifLA expression in A, vinelandii, the global Nsensing cascade does have a role in the nitrogen response since glnD mutants, isolated by
transposon mutagenesis, are Nif * (126). These strains can be rescued by overexpression
of nifA or by deletion of nifL (29).

The simplest explanation for this is that GlnD

transduces a signal of N-limitation to NifL-NifA- The most obvious way that this might
occur is by a uridylylated form of a Pll-like protein such that PII represents N-sufi5ciency
and PII-UMP represents N-limitation (Fig. 16). This hypothesis is particularly interesting
because it has been shown previously that the uridylylation state of GlnK in K.
pnevmoniae is irrelevant with respect to relief of NifL inhibition (55). Nevertheless, the
question begs an answer, which is the major focus of Appendix A, B, and especially C of
the current study. The findings of these studies have also been reported in Dissertation
Format and outlined in Current Study.
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1.3 Explanation of Dissertation Format

All of the research pertaining to this dissertation has either been published,
submitted for publication or is in the final stages of preparation for submission. This
section is intended to describe the overall contribution of each paper to the biological
question(s) asked and my contribution to each paper, as all papers and manuscripts have
multiple authors. The section entitled 'Tresent Study" summarizes the major findings of
each paper, which are either photocopied as they appeared in the respective journal or
included as fiill manuscripts submitted or ready to be submitted in the Appendices.
One major focus of this work was to characterize the glnK gene of A. vinelandii
(Appendix A and C). In Appendk A the gene was found to be essential. Therefore
experiments to determine the role of GlnK in vivo were hampered. However, using a
suppressor strain isolated in Appendix B, an allele of glnK, which encodes an
uridylylatable protein could be made.

The construction of this strain allowed the

question: "How does GhiK regulate nitrogenase expression in A. vinelandiiT to be
addressed directly (Appendix C).

Also in this study the question of protein interaction

between GlnK and the NifL-NifA system was addressed using a yeast two-hybrid
approach. The second focus was to identify and characterize the gene encoding the major
glutamine sensor GhiD fi-om the alfalfa symbiont Sinorhizobium meliloti (Appendix D).
The question addressed in these studies was "Does GlnD regulate nodule development
and symbiosis in S. melilotiT Most of the work on this project was done in France as
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part of a Graduate Chateaubriand fellowship at the CNRS-INRA plant-microbe
interaction laboratory in Toulouse, under the supervision of Dr. Daniel Kahn.

1.3.1 Characterization of the glnK-amtB Operon of Azotobacter vinelandii
(Appendix A).

This paper reports the cloning of the glnK gene, encoding a Pll-like protein from
A. vinelandii. Christina Kennedy and Dietmar Meletzus wrote the manuscript, with the
exception of the material on the characterization of amiB. The glnK gene was cloned by
reverse genetics using an E. coli glnB probe in Southern blotting experiments. Sequence
analysis revealed predicted homology of translated polypeptides to several published PIT
proteins, with 75% identity to the GlnK protein of E .coli. Because of this strong
similarity and distal relation to the cantB gene within the operon, a similar arrangement as
appears in E. coli, the gene was designated glnK. However, some of the conserved
residues within the T-loop of the A. vinelandii GlnK protein are more like those in GlnB

(Pn), which may indicate that A. vinelandii GhiK functions as a hybrid protein. Many of
the subclones used for sequencing and mutation analysis were constructed by me; all
plasmids designated "pPR

throughout these sections and manuscripts were

constructed by me. Dr. Meletzus originally performed the mutagenesis of the glnK gene
to determine if GlnK may be an intermediate in GlnD-mediated regulation of nitrogenase
expression. In these experiments he observed that the g^/nATirKDCX (kan^) allele could
replace the wild-type gene by homologous recombination, but not homogeneously (i.e.
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some chromosomes remain wild-type and some were mutant). He observed that removal
of kan from the medium followed by replating on kan resulted in complete loss of kan
resistance. A similar phenomenon had been reported for mutagenesis of the A. vinelcmdii
glnA gene encoding GS, which is essential because it represents the sole ammonia
assimilatory enzyme in this organism (139) and was also observed fov glnD null alleles as
described in Appendix B, as well as by others (157). I confirmed this result using an
internal gInK deletion construct (pPR401). In no experiment, performed on various types
of media, was the glnK. J^JXK allele stable. Therefore unlike in the enteric organisms,
glnK was classified as an essential gene.

Moreover, hybridization experiments to

uncover a second gene encoding a second Pll-like protein in A. vinelcmdii repeatedly
revealed only glnK, indicating that the organism may encode only one such Pll-Iike
protein, which is essential. There have since been reports of an inability to construct
mutations in genes encoding PII proteins in other bacteria, the reasons for this remain
unknown (68, 72). Hypotheses concerning the essentiality of PII proteins are discussed
under Future Directions.
One of my first projects was the mutagenesis of the downstream amtB gene. This
gene was similar to ammonium transporters characterized in yeast and the model plant,
Arabadopsis thaliana. Ammonium transporters are of particular interest in diazotrophs
because of the negative effects fixed nitrogen has on the control of nitrogen fixation.
Because amtB showed similarity to other ammonium transporters several approaches
were taken to determine if the gene product functioned as such and what the effects on
nitrogen fixation

in strains lacking amtB would be.

One hypothesis was that amtB

mutants might fix more nitrogen than wild-type cells because they fail to accumulate
ammonium for assimilation inside the cell. The gene was mutated by the insertion of a
kan^ cassette into the reading fi-ame of cantB to create an internal insertion/deletion
mutation. Since glnK and amtB are closely linked, another reason for carrying out the
mutagenesis was to rule out potential lethal polar effects of glnK insertions on amtB
expression, one possible explanation for the lethality oiglnK insertions. However, unlike
glnK insertion mutants, amtBvJ^JXX. mutants were stably kan resistant, indicating that
the lethal effects of glnK mutations was not due to loss of amtB. The characterization of
amtB mutants followed.

Since amtB was thought to fiinction as an ammonium

transporter, a strain which was Nif' and therefore dependent on supplied fixed nitrogen
was needed.

Therefore, the Nif " strain MVlOl (nifH::lacZ) was chosen as the

background to test the effects of amtB mutation. The amtB strain and control strains were
grown on a range of ammonium acetate concentrations (0.05 mM-10 mM).

Strains

carrying the amtB mutation grew identically to wild-type parental strains in spot plate
assays. However, it cannot be ruled out that small quantitative differences existed which
were not detected using the chosen technique. From these experiments AmtB could not
be classified as an ammonium transporter per se.
Since the radioactive isotope

has a very short half-life, ^'^C-labeled

methylammonium was used in transport studies. Methylammonium is a standard analog
because the same carriers conmionly transport it. In these experiments, cells were grown
and incubated with [^"^CJ-methylammonium for a given amount of time and then spotted
on filters.

The filters

were immediately dried under vacuum and placed in vials

containing scintillation fluid. Li these experiments, omtB mutants failed to accumulate
methylammonium when compared to control strains. Uptake (and probably subsequent
metabolism) of methylammonium could be competitively inhibited by ammonium,
indicating that ammonium might also be transported by AmtB or other carriers in wildtype cells.

AmtB's role as a methylammonium transporter is not clear, since the

organism cannot grow on it as a sole carbon or nitrogen source.

It may be that AmtB

also functions as an effective ammonium transporter but that its function is redundant as
it is in yeast, which encodes three o/n/^-like genes. The role of omtB in E. coli is better
understood. The work of Soupene et al. (1998) has shown that E. coli omtB also has no
phenotype with respect to limiting concentrations of anmionium. However, this only
occurs at neutral pH (—7.0). He showed that lowering the pH had drastic effects on an
omtB strain's ability to transport ammonium in chemostat culture (133).

This was

reasoned to occur because at lower pH the uncharged ammonia concentration would
decrease with respect to the charged ammonium.

From these experiments it was

concluded that AmtB fiinctions, not as an ammonium transporter, but as a facilitator of
diffusion of the uncharged species, ammonia.

A similar role for the AmtB in A.

vinelandii is reasonable.
In this paper the transcription of glnK-amtB was also analyzed. Andrew Green
examined the size of glnK-amtB transcripts using Northern analysis of RNA samples
growth with and without fixed nitrogen in the medium. He found that the two genes were
co-transcribed and that their expression was not under the control of N source. To
confirm his results, I constructed an amtBr.lacZ fusion strain. Analysis of this strain

indicated that expression of A. vimlcmdii glnK-amtB is not induced by N-limitation and is
constitutively low, a result which is in contrast to several other species of diazotrophs.

1.3.2 Lethality of glnD null mutations in Azotobacter vinelandii is
suppressible by prevention of glutamine synthetase adenylylation (Appendix
B)

Much of this work was done simultaneous with the work described in Appendix
A. Luhong He and Dalai Yan performed the initial experiments for this publication in
which it was observed that glnD null alleles were lethal. Rita Colnaghi and I followed up
their observations, and were able to isolate and partially characterize suppressors of glnD
null alleles.

The manuscript was written by Christina Kennedy and, in part, by Rita

Colnaghi and myself. Dr. He was interested in the construction of new glnD mutations in
A. vinelandii primarily because the original nfrX16(glnD)::Tn5 strain had the transposon
localized to the extreme 3' end of the gene. This strain, MV17, also was a fast growing
derivative of the original isolate, MV16, and retained partial uridylyltransferase activity.
These observations indicated that perhaps MV17 contained suppressor mutations and that
true null alleles should be sought. Therefore Dr. He constructed a series of mutations
located throughout the gene. She observed with all of her constructs, except those in the
3' end that mutations could not be stabilized. This was similar to the results for glnK
mutations described in Appendix A.

Subsequently, Dr. Colnaghi used one such lethal

mutation to isolate suppressors, mutants in which the glnD null mutations could be stable.
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She was able to do this by screening for large regular-shaped colonies since another
characteristic of unstable strains is a sectoring or irregular-shaped small colonies. She
isolated one such mutant and found the resistance to the marker placed in glnD to be
stable.

This strain was Nif

confirming the original phenotype observed in the

nfrX16(glnD)vHn5 strains, MV16 and MV17. As for MV16 and MV17, the stable glnD
null strain could be rescued to Nif*" by deletion of NifL, indicating again that GlnD may
signal relief of NifL inhibition.

Dr. Colnaghi also tested uridylylation of a 12kDa

protein, the A. vinelcmdii GInK protein, and that in her stable glnD null strain was
deficient in the ability to uridylylate GlnK. The reason the original nfrX16(glnD)v!Txi5,
(strain MV17), retains some ability to uridylylate GlnK but remains Nif " is unclear,
unless uridylylation of GlnK is not required for activation of nitrogenase expression (A
question that was directly addressed in Appendix C).
The next goal for Dr. Colnaghi and myself was to characterize the suppressor
strain she had isolated. Until then, it was unclear why glnD mutations might be lethal.
One hypothesis was that in glnD null strains GlnK is never uridylylated and therefore
constitutively signals the adenylylation of GS, the sole ammonia assimilatory enzyme in
A. vinelcmdii. Adenylylation of GS will irreversibly inactivate the enzyme in the absence
of GlnK-UMP and therefore this was a viable hypothesis to test (Figs. 16 & 2). If this
was the case then perhaps glnD suppressor strains would be altered in the adenylylation
of GS, a phenotype that could be assayed. Indeed, GS assays on the glnD glnYl
(suppressor) as well as glnYJ (suppressor alone) strains indicated that GS could not be
inactivated by the addition of ammonium to growing cultures, whereas the control strains
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showed sharp decreases in GS activity. Therefore mutations that suppress glnD null
mutants have increased GS biosynthetic activity. However, the nature of the mutation
remained unknown.
To perhaps identify the mutation responsible for the supression, I sequenced
candidate genes that might be altered in the glnYl strain. Possible locations for the
suppressor mutation included glnA (GS); this would be a mutation that affected the site of
adenylylation such that the enzyme could not be negatively regulated by adenylylation.
Another possibility for the localization of the suppressor was the promoter of glnA. such
that the gene was over- expressed. Another candidate was, perhaps, glnK such thiat the
protein always signaled deadenylylation of GS. All of these regions of the chromosome
were amplified and sequenced and found to be identical to the wild-type.
One last candidate for glnYl was the adenylyltransferase, encoded by the; glnE
gene. Since the gene encoding the enzyme had not been identified in A. vinel^xndii,
although it has been partially cloned (P. Rudnick and E. Grice, unpublished), the E. coli
glnE gene was cloned into a broad-host range plasmid for the introduction into the glnYl
strain. Introduction of glnE was found to restore adenylylation to the glnYl straim such
that the addition of fixed nitrogen decreased GS activity. Therefore, glnYl probably lies
within^, vinelandiiglnE and mutations in this gene stabilize^/wZ) null mutations.
To fiirther test this hypothesis, Andrew Green constructed a point mutation in
glnA at the site of adenylylation, glnAY407F, which was introduced onto the chromosome
by a single recombination. He found that this strain had constitutive GS activity and

could also stabilize glnD null mutations, consistent with the hypothesis that glnD null
mutations inactivate GS by signaling its constitutive adenylylation (inactivation).
Dr. Cohiaghi also studied regulation of NtrC in A. vinelandii since in other
organisms, GlnD signals NtrC phosphorylation (activation) ^ig. 2). The only phenotype
associated with NtrC in A. vinelandii is the inability to express assimilatory nitrate
reductase. This phenotype can be checked by growth on nitrate as the sole nitrogen
source. She found that glnD null strains were not affected in their ability to utilize nitrate
and therefore NtrC might be regulated differently in A. vinelandii (see discussion
Appendix B).
Perhaps the most perplexing result with these experiments was the uridylylation
experiments. Why is it that in nfrX16(glnD)::Tn5 mutants, GlnK can be uridylylated and
in glnD nulls GlnK cannot be uridylylated? This might be due to a reduced rate of
uridylylation in the nfrX16(glnD).\Yx^ strain (see discussion, Appendix B).

It also

cannot be ruled out that nfrX16(glnD)v.TTi5 has one or more suppressor mutations, which
restores some functions but not those of signaling nitrogen fixation.

Nevertheless, the

role of GlnK in the signal transduction to NifL-Nif\ had not been established in these
studies, as was hoped through the identification and mutagenesis of glnK and the studies
on glnD.

1.3.3 The GlnK Protein of Azotobacter vinelandii Regulates Glutamine
Synthetase and Meracts with the NifL-NifA. Regulatory System to Control
nif Gene Expression; Uridylylation Modulates Both Activities (Appendix C)
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This manuscript has not yet been submitted for publication but has been prepared
by myself with minor editing by Dr. Kennedy. This study was designed to ask the
question, 'T)oes GlnK influence nitrogenase expression by signal transduction to the
NifL-NifA. two-component system?" I did all of this work with the exception of the
technical construction of some the plasmids used in the two-hybrid study and the
introduction of a tet''^ cassette into the cantB gene for selection of glnKYSIF sXxz^s, which
were carried out by Chris Kunz and Mali Gunitilaka, respectively. To address the role of
GlnK directly, the site of uridylylation on GhiK was changed, through the use of a
mutagenic PGR primer, from

tyrosine to phenylalaine, such that the new F codon

introduced a unique EcdKL site. This allele should be partially functional, in that GhiK is
available but not GlnK-UMP, and may therefore be viable. The mutated glnKYSlF allele
was recloned into a suicide plasmid and, originally, a kan^ (KIXX) marker was placed in
the downstream omtB gene for selection of A. vinelandii transformants, but later a tet'^
marker replaced the kan'^ marker for construction of double and triple mutants. Since
glnK is a small gene, —330 bp, a marker in amtB, which is immediately downstream,
should give co-transformation of both the marker and the glnKYSJF allele at a detectable
frequency.
Following the construction of the suicide plasmid carrying glnKYSlF omtBvXGt,
the plasmid was transformed into wild-type cells, followed by selection of tet^ colonies.
Of these, many were amp^ (vector-borne resistance), indicating replacement of wild-type
amtB with omtB.Xet. Approximately half of these appeared smaller than the others.
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Since the glnKYSlF mutation had introduced a new restriction site (fiicoRI), the double
recombinants could be screened for the presence of the mutation. The glnK region of the
chromsome from both colony types was then amplified and digested with EcdRl. The
product from large colonies was EcdBl resistant, indicating that the cells were glnlC.
However, the products amplified form the small colonies contained both £coRI resistant
and £coRI sensitive fragments.

These strains, therefore, clearly carried a heterogeneous

mixture of multiple chromosomes, some glnKYSlF omtBvXet and some glnfC amiBvXct.
This result indicated that the glnKYSlF was detrimental and unstable as was glnK and
glnD null mutations in the wild-type background.

Nevertheless, since the glnD

suppressor strain glnYl stabilized glnD null mutations perhaps the same strain could
stabilize the glnKYSlF allele since in other organisms GInK-UMP is required for GS
deadenylylation? Thus, glnYl competent cells were transformed with the same suicide
plasmid. tet^ amp® gene replacement mutants of strains glnYl were of roughly the same
size. These strains were screened in the same way as described above. In a large
percentage of the isolates, the PGR product amplified from glnK was completely digested
with£coRI, indicating complete and stable replacement of glnK with^/«^5/F.
To test the ability of the mutant allele to be uridylylated, a plasmid was
constructed which expressed either glnK or glnKYSlF with a His-tag. These proteins
were tested in E. coli glnB glnK and glnB glnK glnD mutant strains for uridylylation. In
these experiments, uridylylation of GlnK could be detected after incubation of extracts
with a-ketoglutarate, whereas mutant GhiKYSlF could not, and as expected,
uridylylation of GlnK in E. coli extracts was dependent on GlnD. Therefore glnKYSlF
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encodes an unuridylylatable protein, which can be used in studies on regulation of
nitrogenase expression in^. vinelcmdii.
A. vinelandii glnKYSlF strains, along with controls, were tested for growth in Nfree media and expression of a nifH-IacZ fusion (see Appendix C for data). glnKYSlF
strains were found to be severely reduced in both their ability to grown in N-free medium
and to express nifH. Therefore, GlnKYSlF (and presumably native GInK) negatively
affects expression of nitrogenase; uridylylation may prevent the effect under Nlimitation. To test if the effect mediated by GlnK on nif transcription might be mediated
via NifL, glnKYSlF mutants were transformed to nifL'. Strains carrying both mutations
were restored for both growth in N-free broth and expression of a nif reporter fusion,
indicating that mutations in nifL are epistatic. To determine if GlnK might influence
NifL or NifA directly, a yeast two-hybrid assay was developed. Primers were designed
to amplify glnK, nifL, and nifA. The PGR products were cloned into vectors creating inframe fusions to either the GAL4-DNA binding domain or the GAL4-Activation domain.
These constructs were all successfully constructed with the exception of the nif A clones;
sequencing revealed a frame shift during the construction and at the time of writing, must
be reconstructed. However, another lab has successfully reported the use of NifL and
NifA. fusions in the same system, which have been shown to interact in yeast (86).
Nevertheless, both GlnK and GlnKYSlF fusions interacted with NiflL in the assay,
whereas each of the fusion proteins alone failed to activate the GAL4 promoter. Taken
together, these data indicate that GlnK functions downstream of GlnD in signal
transduction to the NifL-NifA two-component system, and that regulation occurs by
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protein-protein interaction between GlnK and NifL. It has not been determined if GlnKUMP may prevent NifL inhibition, or if uridylylation prevents GlnK from interacting at
all with NifL. These experiments, including those to determine the hierarchy of signals
integrated at the NifL-Nif/^. complex, may be better addressed in vitro.

1.3.4 glnD and mviN are Genes of an Essential Operon in Sinorhizobium
meliloti (Appendix D)

This work was done entirely by myself during an overseas fellowship in
Toulouse, France. It was the result of a collaboration between Dr. Kennedy, Dr. Daniel
Kahn and myself. In Dr. Kahn's laboratory, he is interested in the role of PE-like signal
transduction proteins in the alfalfa symbiont Sinorhizobium meliloti.

He has studied

these proteins because he believes that ammonia assimilation via GS must be tightly
controlled during the transition from

the free-living

to the sjmibiotic state; such a

transition is hypothetically required if the bacteria are going to switch from assimilation
of aitmionia to export of nitrogenous compounds.

His last graduate student had

completed work which had demonstrated that PII and PII-UMP had roles in the
regulation of nodule development, nodule eflSciency and regulation of GS (see section
[1.2.7.4.1.4] for regulation of nitrogenase in S. meliloti). However, many of the details
concerning the pleiotropic phenotype remain unresolved. In S. meliloti there is no nifL
gene; expression of nitrogenase is controlled by NifA. whose activity and transcription are
modulated in response to ojQ'gen. In PII mutant strains nitrogenase activity was detected.
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indicating that PII mutations do not render Ni£^. unable to express nitrogenase; however,
transfer of jSxed nitrogen to the plant was defective since the plants were chlorotic, a
condition that could be corrected by the addition of nitrate to the growth substrate.
Therefore, he postulated that PII may be controlling the expression of a fixed nitrogen
exporter, this control was thought to be exclusively of ntrC since mutations in the gene
are essentially wild-type with respect to nodulation. Nevertheless, deletions in glnB
(encoding PIT) or point mutations at the site of uridylylation were severely eflfected for
nodulation.
During the course of my stay, a gene encoding, GlnK, a second Pll-like protein
was identified. Therefore it would be interesting to clone the glnD gene such that the
effects on glutamine sensing and uridylylation, encompassing effects on both PII proteins
might be assessed. Therefore, I used glnD' strains of A. vinelandii to screen a cosmid
library for a gene encoding an S. meliloti GlnD homolog.

From these experiments

several cosmids were isolated which complemented A. vinelandii growth on N-fi"ee agar,
one of which was found to encode the entire glnD gene of S. meliloti. The S. meliloti
glnD gene product is 33% identical to the A. vinelandii GlnD, and is a functional
homolog.
To analyze the function of glnD in S. meliloti, an omega cassette (Q), conferring
resistance to spectinomycin, was inserted into the middle of the gene resulting, probably
creating a polar mutation.

The glnD::Q. allele was cloned into the sucrose counter-

selection vector pJQ200KS, which is Gm^, contains a multiple cloning site, and carries
the sacB gene fi'om B. subtilis (110). sacB confers sensitivity to sucrose because the
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gene product catalyzes the formation of levan, which is though to accumulate at toxic
concentration within the periplasm of Gram (-) bacteria.

sacB vectors are commonly

used when allelic exchange mutagenesis occurs at low frequency.

Using these type of

vectors it is possible to "force" a second recombination by plating single recombinants on
sucrose; resultant colonies should be either wild-type with respect to the target gene or
have the desired gene replacement. This was, however, not the case for S. meliloti glnD,
in that no double recombinants could be isolated using these selective techniques.
Instead large numbers of sacB* mutants (suc^) were isolated and maintenance of wildtype glnD could be detected on the chromosome by PGR. Even if glnD were placed on a
complementing cosmid in trans, no glnD mutants could be isolated. This result indicated
that one or more cotranscribed gene as well as glnD might be essential. Indeed, the same
result was also observed for mutagenesis of the downstream mviN gene, encoding a
protein of unknown function in Salmonella (26). However, if the complementing cosmid
carrying both glnD and mviN were placed in trans, both genes could be exchanged for
null alleles at frequencies expected for mutagenesis of a non-essential gene.
Mutagenesis of glnD was also attempted with glutamine supplementing the
medium, because glutamine auxotrophs of S. meliloti have been isolated and loss of glnD
may signal constitutive GS adenylylation, as found in Appendix B. However, glutamine
did not allow for the isolation of glnD or mviN mutants. Although, these experiments tell
us little about the role of GhiD in the regulation of nodule development, they do provide
more evidence about the possible essentially of glnD in other organisms. The relative
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rarity of glnD mutants in the literature indicates that glnD may have functions outside of
those commonly addressed.

2. PRESENT STUDY

The methods, results, and conclusions of this study are presented in the papers
appended to this dissertation. The following is a brief description of the most important
findings in these papers.

2.1 Characterization of the glnK-amtB Operon of Azotobacter vinelandii
(Appendix A).

1. The gInK-cantB operon of A. vinelandii was identified by Southern hybridization and
sequenced (Meltzus, Doetsch, Rudnick).
2. glnK encodes a hypothetical protein 75% identical to E. coli GlnK and 66% identical
to E. coli GlnB (PIT).
3. glnK is an essential gene under the conditions tested and no role of the encoded
protein could be determined ^eletzus, Rudnick).
4. AmtB is similar to AmtB in other bacteria, yeast and Arabidopsis thaliana and can
function as a methylammonium transporter (Rudnick).
5. The genes are co-transcribed and not regulated by N source (Green, Rudnick).
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2.2 Characterization of glnD Null Mutations in Azotobacter vinelandiv.
Lethality is Suppressible by Prevention of Glutamine Synthetase
Adenylylation (Appendix B)

1. glnD was found to be an essential gene by gene replacement mutagenesis (He,
Colnaghi)
2. Only the 3' end of glnD is dispensable (He, Colnaghi).
3. glnD null mutations can be suppressed by spontaneous mutations which elevate
GS activity (i.e. glnYI) (Colnaghi).
4. glnD null mutations can be suppressed by the engineered glnAY407F allele,
encoding and unadenylylatable GS (Grreen).
5. glnYI is not located mglnA ov glnK (Rudnick).
6. E. coli glnE corrects the defect in glnYI (Rudnick, Colnaghi).
7. GlnK is not uridylylated

in null strains but

partially uridylylated

in

njrX16(glnD)v.Tv^ (He, Colnaghi).
8. glnD null strains are Nif ' but can be rescued by mutations in nifL, as were
nJrXJ6(glnD)::Tn5 (He, Colnaghi).
9. NtrC activity is not affected in the suppressed glnD null strain (Colnaghi).
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2.3 The GlnK Protein of Azotobacter vinelandii Regulates Glutamine
Synthetase and Interacts with the NifL-NifA. Regulatory System to
Control nif Gene Expression; Uridylylation Modulates Botlm Activities
(Appendix C)

1.

An unuridylylatable gInK allele was constructed and placed on the Ji. vinelandii
chromosome (Rudnick, Gunitilaka).

2.

glnKYSlF mutations are lethal in a wild-type background (Rudnick).

3.

glnKYSlF mutations are stable in a.glnYl (constitutive GS strain), indicating that
like GlnD, GlnK regulates the adenylylation state of GS and that GInK-UMP is
required for deadenylylation (Rudnick).

4.

GlnKYSlF protein cannot be uridylylated, and uridylylation of GbnK is GlnDmediated in E. coli (Rudnick).

5.

glnKYSlF strains are severely impaired for the ability to grow dia:zotrophically
and express a nifH-lacZ fusion (Rudnick).

6.

glnKYSlF mutations can be rescued by deletion of niJL, indicating the negative
effect of GlnK on NifA activity requires NifL (Rudnick).

7.

GlnK and GlnKYSlF interact strongly with NifL in a yeast two-hybrid assay
(Rudnick, Kunz, Hines).
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2.4 glnD and mviN are Genes of an Essential Operon in Sinorhizohium
meliloti (Appendix D)

1. The glnD gene of S. meliloti was identified by heterologous complementation in
A. vinelandii (Rudnick, Arcondeguy).
2- The gene was completely sequenced and found to encode a protein similar to
other (GlnD) uridylyltransferases of bacteria (Rudnick).
3. Neither glnD nor the downstream mviN genes could not be replaced by allelic
exchange using a sucrose counter-selection strategy (Rudnick).
4. glnD mutants could not be isolated with glnD in trans indicating potential polar
eflFects of the mutation (Rudnick).
5. glnD and mviN mutants could be easily isolated if a cosmid carrying both genes
was placed in trans (Rudnick).
6. glnD and mviN are tightly linked and may therefore be members of an essential
operon in S. meliloti (Rudnick).

2.5 CONCLUDING REMARKS AND FUTURE DIRECTIONS

Regulation of nitrogen fixation

is a remarkably complex process, involving

regulatory mechanisms that operate on many levels. This work has contributed to the
understanding of how diazotrophs sense fixed nitrogen, a process that involves signal
transduction to the transcriptional machinery. This sensation process has not been clearly
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defined in A. vinelandii, and a fijither characterization of the biochemical properties of
GhiD may reveal diflferences between this enzyme and its homolog in E. coli, for which
many of the details have been established. It is interesting to note that GlnD does not
sense ammonia directly, but rather it senses glutamine.

This is probably because

assimilation rates for ammonia are high in most organisms. If this is the case, it is fair to
assume that GlnD may regulate nitrogen fixation in response to both external and internal
levels of fixed nitrogen (the product of nitrogen fixation).
As far as the regulation of NifL-NifA by GhiK is concerned, A. vinelandii is the
first documented case in which the activity of a two-component regulator other than
NtrB, in this case NifL, is effectively modulated directly by a Pll-like protein. I believe
this is especially intriguing because it represents a certain degree of non-specificity,
indicating that these proteins may have more targets other than those already identified.
This is part of the reason why the work in Dr. Kennedy's lab will soon be changing focus
to ask more global questions concerning nif regulation by fixed

nitrogen and the

components of the N-sensing cascade of A. vinelandii. This work has already been
fiinded and

Avill

include the construction of microarrays carrying fi-agments (hopefijlly a

library for a genome sequencing project) of the entire genome. To these microarrays,
labeled cDNAs copied fi-om total RNA isolated fi^om various mutants and also fi-om cells
grown with different concentrations of ammonia and N-sources, will be hybridized.
Overlaying hybridizations patterns fi-om a test and a control experiment will provide new
information about genes that are differentially expressed.
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Another approach that could be taken as a result of this work is the continued use
of the yeast two-hybrid system, or the construction of an E. coli two-hybrid system, such
that the role of uridylylation could be tested in glnD mutant strains for GhiK-NifL
interaction. Nevertheless, Ni£L and GlnK constructs are available, and could be used as
bait to screen random fusion libraries. Proteins that interact, especially with GkiK, may
provide evidence as to why the gene cannot be deleted and is considered essential. Along
these same lines, although none have been isolated to date, it might be possible to isolate
glnK null suppressors, which may provide insight into the essentiality of the gene.
Again, this work would provide new data about the fiinction of this interesting group of
signal transduction proteins. There is also funding to construct a heterologous E. coli
system carrying a nifH-lacZ fijsion and expressing the A. vinelandii nifL and nifA. In this
system, it would be possible to determine what the effect loss of GlnK has on nitrogenase
expression, a question that cannot be asked in the natural host. Above all, I think it
would be most satisfying to define a hierarchy with respect to the signals that are
transduced to NifL-Nif\, those being fixed nitrogen, oxygen, and ADP (Fig. 16). This
work might perhaps be best suited for in vitro studies, although it may be possible to
isolate mutants that fail to fiilly derepress nitrogenase m response to N-limitation. These
mutants may uncover the subtleties of the nitrogen-sensing cascade, including novel
regulatory factors as well as the effects small molecules may have on nitrogen fixation.
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To deteimine whetherin Azotobacter vwelandii the Pq protein inflnences theregnlation of nif gene expression
in response to fluxes in the ammoninm supply, the gene encoding Pq was isolated and characterized. Its
deduced translation product was highly similar to Pn proteins from other organisms, with the greatest degree
of relatedness being exhibited to the Escherichia coB glnK gene product. A gene designated omtB was found
downstream of and was cotranscrihed with gbiK as in £. coS. The AmtB protein is similar to functionally
characterbxd ammonium transport proteins from a few other enfcaiyotes and one other prokaryote. glnK and
amtB comprise an operon. Attempts to isolate a stable glnK mutant strain were nnsnccessful, suggesting that
glnK, like glnA, is an essential, gene in A. vinelandii. amtB mutants were isolated, and although growth on
limiting amounts of ammonium was similar in the mutant and wild-^e strains, the mutants were unable to
transport ['"Qmethylanunonium.
Nitrogen fixation genes (nif) are highly conserved among all
nitrogen-fixing bacteria, and in all diazotrophic spedes of the
class Proteobacteria examined, the transcriptional activator
NifA is required for expression of other/ujfgenes (33). la some
diazotrophs of the a and ^ subgroups of Ae class Proteobac
teria, such as Azospirilbun brasilense, Rhodobacter capsulatus,
and Herbaspirittum seropedicae, the NifA proteins are inactive
in cells grown with hi^ levels of anmianium (1, 4, 31). The
inechanism(s) for this is unknown but may involve a PQ pro
tein, known from studies of enteric bacteria to be a major
component of a nitrogen-sensing and signal transduction cas
cade. In diazotrophs of the proteobacterial 7 subgroup, includ
ing Azotobacter vinelandii and Klebsiella pneumoniae, a nifL
gene lies upstream of n:jS4 (3,5,18,26). NifL interacts with and
prevents the activiQr of NXA in cells exposed to o;g'gea or
excess fixed N. Inactivation of NifA prevents it fimm-stimulating transcription iiom promoters adjacent to the several other
R^genes and operons, leading to a failure to produce nitroge•ase enq'me. K pneumoniae NifA deleted of its N-tennibal
domain is more sensitive to inactivation by NifL, suggesting
that a function of this domain is to modulate the response of
NifA to NifL (12). NifL of A. vinelandii was recently shown to
be a redox-sensitive flavoprotein with flavin adenine dinucleotide as the prosthetic group, which when reduced, has no
effect on in vitro NifA-dependent open-complex formation at
the nifH promoter (17). )^en oxidized, Nitt- prevents opencomplex formation- How NifL responds to fixed-N status by
becoming inhibitoty to NifA in is not known. It is also possible
that the susceptibili^ of NifA to NifL inactivation increases as
the fixed-N supply increases.
Transduction of the environmental signal of fixed-m'trogen
status has been best described in enteric organisms (for a
review, see reference 27). Under low-ammonium-concentration conditions, the product of the glnB gene, the
protein.
* Corresponding author. Mailing address: Department of Plant Pa
thology, College of Agriculture, P.O. Box 210036, Universily ot Arizom, Tucson. AZ 85721. Phone: (520) 621-9835. Fax: (520) 621-9290.
E-mjil: ckennedy@u.arizona.edu.
t Present address: Gentechnologie/Mikrobiologie, Fakultat (ur Biologie, Universitat Bielefeld, 33501 Bielefeld, Germany.

a homotrimer consisting of identical 12.4-kDa subimits (9), is
uridylylated at a Tyr residue by the uridyiytransferase activity
of the glnD gene product (32). The uridyfylation state of Pn
determines whether the transcriptional activator NtrC is phosphoiylated or dephosphoiylated ({.e., active or inactive, respec
tively) (2, 29) and the extent to wUch glutamine synthetase
(GS) is adenylylated or deadenylylated (Le., inactive or active,
respective^) (20). The recent finding of second Po-encoding
genes, i.e:, ginJC (present in addition to g&iB in Escherichia coli
[38]) and glnZ (present in addition to gbiB in Azospirillum
brasilense [10]), complicates the picture, espedally with respect
to what occurs under low-fixed-N conditions.
In the nonenteric bacterium A, vinelandii, the glnD gene,
originally named nfrX, was identified byTaS mutagenesis (34)
and subsequent DNA sequence analysis (8). While glnD::TaS
mutants are Nif~, gbiDiiXnS nifL-SKXXX. double mutants are
Nlf^. Two models developed to explain this result are as fol
lows: (i) GlnD is required for conversion of active NifL (which
inhibits NifA) to its inactive form, and (ii) GlnD is necessary
for conversion of NifA to a conformation that cannot be inac
tivated by NifL.The question of whether GlnD influences NifL
(or NifA) via a PQ protein was the basis for this stndy.
Isolation and sequencing of the A vinelaruEi glnK and amtB
genes. The glnB gene of £. coli on pAH5 (19) hybridized to a
3.2-kb EcoRI fragment of A. vineUmdii genomic DNA on
Southern analysis (data not shovra).This fragment was cloned
in pACYC184 (6), giving pND183, and subsequently into
pS'^^30 (2^.giving pDMSOS.Theg&iB-hybridizing region was
further delineated by I^bridization. The nucleotide sequence
of the 23-kb fttl-fcoRI fragment
of pPRlOl (Fig. 1) was
determined on both strands by using exonudease III- and
nuclease Sl-generated deletion derivatives. Analysis of the
2,278-bp sequence revealed two potential open reading frames
(ORFs), one between nucleotide positions 477 (ATG) and
813(TGA) and one between nucleotides 849 (ATG) and 2,157
(TGA). These ORFs potentially encode proteins with molecularweights of 12,240 and 46390 Da, respectively.The product
of the first ORF showed a high degree of ovci^ amino add
sequence similarity to several P„ proteins and includes the
conserved site of uridylylation at TyrSl.The most similar of the
other proteins is the second
protein in E. coli, designated

127
VOL 180, 1998

NOTES

amtB

glnK
PS H H

J_1 1

SB
I
I

SnH

BS
I I
I

P H "Pf

H

3261

_l 1

1-L.

I

E
J

pPRIO I
pPR2Q3
4.072
3.054

pDM513
pDM5I4
1.636

P

-I 1

1-1—» 1 pPR40I
Lab

r

nS— •

'

<

Kin
//
f<

' I pPR20I
pPR202

FIG. L The Z3-lcbgltiiC-<uiuB region of^vneiuida. Hie locaBoni of KIXX
and JbcZ ihterpcuon coiutnicts and thetr dicections of tiuertton are sliown by the
hatched rectanglea and arrows below the line, respectively. The resulting plasmids are named along with (where appropriate) the arable mutant strain of^
vtRc£tuu£i in which the jAi^CJCDOCor^fiiA^cZ regioa replaced the wild.t]rpe
glnK gene. The fragments used as probes to identify RNA fragments on the
Northern blots (seeFi^2) are shown as thin lines. A^rcviatioiu for restrictioa
sites: B. £amtUi E, EcaRl; H, Hmcll; Sn, SiuU SnaBI;P. ArL
GlnK; the two proteins are 75% identical and 84% similar witli
respect to amino acid sequence (data not shown). E. coU GlnB
is less similar,with 66% identical amino acids. High degrees of
similaii^ between theglnB gene products of other members of
the classProteobacteria and the product of the firstyt vindandii
ORF described here also are evident, with identities ranging
from approximately 70 to 74%. Because of the high degree of
similarly of this ORFproduct to the E. caligOiK gene prtsduct
and the proximity of this p,, protein-encoding gene to a puta
tive ammomum transporter in both organisms (see below), the
A. vinelandS gene has been designated glnJC
The second product of the second/4. vinelaiuUi ORF exhibits
the highest degree of overall similarity to the NrgA protein of
BacUIus subtUis (39), with 41% identical and 56% similar
amino adiis. While no specific function for NrgA. has been
determined in this organism, themgA gene lies adjacent to and
upstream of a gbiB-Ukc gene named nrgB, in contrast to the
arrangement identified here for A. vinelandii, in which gltiK is
upstream of thenrgA-]5ke gene.During the course of this work,
five other genes encoding NrgArlike proteins were described
for two eukaryotes and two other prokaryotes, and their prod
ucts are also similar to that of the^ vinelandii ORF described
here (with 25 to 38% identity). These proteins have a signifi
cant hydrophobic core, with 10 to 12 transmembrane-spanning
domains flanked by hydrophilic regions, and include products
of the mepl, mep^ and mep3 genes firom Saccharomyces cerevisiae (22, 23), the amtl gene otAmbidopsis thaliana (30), the
amt gene of Corynebacteriwn glutamicum, and the amtB gene
of £•. coli (35,38). Of these organisms, the only one showing a
definite growth pbenotype was a mepl mepl double mutant of
S. cerevisiae which is unable to grow on media with low levels
of exogenous ammonium (13). While there are no mutants of
the amtl gene olArabidopsis thaliana available for comparison,
the cloned gene from tlUs organism was able to complement
the S. cerevisiae mutant for growth on media with low levels of
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FIG. 2. Northern blot analyst of the gbtK-amtB operon. mRNA trom ammooium-grown Qanes a, c.and e) orNrgrown (lanes b, d, and Q cultures was
prepared by using the Q^gen (Chatsworth, Olil) RNeasey Kit (catalog no.
74904). Samples containing approumately equal amounts of total RfiA were
separated on 0:8% fkmnaldehTde-agarose gels by electrophoresis; th^ was fol
lowed by capillary blotting of the RNA. onto nylon membranes. Blots were
hybridized to thrrc ^-^abeied probes from the ^nlC-<untB region; a 360.fap
HincU fragment (gfnK only), a i.2.1:b Stul fragment (sMC plus antB), and a
0.9^b Stul fragment (am/5 only). L, DKA fngmenc standards.
anunoniunu Mutations in the amt gene of C glutamicum trans
ported 20-fold less ['^C]methylammonium than did the am/'*'
parent strain. Thus, it seemed passible that the nrgA-Wce gene
of A. vindandii located downstream of ^nK im'^t encode a
membrane-spanning protein involved in ammonium transport
(see below). This gene has been named amtB to distinguish it
from atr^, an undated gene' initially identified as being in
volved m anunonium transport in E. coli (14) but now thought
to encode Q>sQ (28).
gfnK and amtB gene expression. Potential ribosome binding
sites for glnK and amtB were located within 10 bp upstream of
the ATG initiation codons. The small intergenic region be
tween glnK and amtB as well as the lack of any obvious tran
scriptional terminator- or promoter-like structures suggested
the probable cotranscription of glnK and amtB. Sequences
similar to the —10- and —35-like regions of other prokaryotic
genes recognized by
are present from 36 to 66 bp upstream
of the ATG of glnlC Whether these setjuences are significant
for transcription of the putative glnK-amtB operon was not
imrestigated. About 75 bp downstream otamtB there begins a
27-bp region with features characteristic of a fector-independent transcription terminator, including a 6-base invertetl-repeat motif separated by 3 bp and followed by a tract of sbcT's.
Northern blotting experiments were carried out to deter
mine whether fixed N regulates expression of the glnK and
amtB genes and whether these two genes are cotranscribed.
RNA prepared from either ammonium- or N^-grown^ vine
landii cultures hybridized extremely weakly but reprodudbly to
three different p^]dCTP-labeled probes: a 360-bp HincU
fragment (glnK only), a 1.2-kb Aul fragment (glnKand amtB),
and a 0.9-kb Stul fragment (amtB only) (Hg. 1). In all cases,
the hybridiring RNA band corresponded to a transcript of
approximately 1.7 kb, the size expected if the glnK and amtB
genes are cotranscribed (Fig. 2). The intensity of labeling of
this band was slightly less for N^-grown cultures than for
NHj'^-grown cultures (Fig. 2). To determine whether the
amount of glnK-amtB mRNA present was unusually small
compared to that of other transcripts, the same Northern blots
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were hybridized with a glnA gene probe. The intensity of the
hybridizing band observed at 1.5 kb. the size of the glnA tran
script previously observed (36) after autoradiogiapiiy, was
about 100-fold greater than that of the glnK-amtB band (data
not shown). glnK-amtB expression was also measured as the
amount of p-galactosidase produced in an amtB-lacZ fiision
strain, MV566, constructed by transformation of UW136 with
pPR203 (Fig. 1) grown under different conditions. The levels
of expression were consistent^ very low, about 75 Miller units
of activity, and were not significantly different in ammonium-,
urea-, or Nj-grown cultures.
These experiments show that the glnK and amtB genes are
cotranscribed in an operon and that their levels of expression
are very low and not significantly mfiuenced by the fixed-N
suppty. In contrast, the glnK-amtB operon of E. coS is tran
scribed from an Nt^-activated promoter and is therefore not
expressed in cells grown with high levels of ammonium (38).
The glnB genes of several other organisms, including Rhizobiitm etU, Rhodobacter capsulatus, and RhodospiriUum mbrum,
are also dependent on NtrC for expression (14a, 21a, 31a).So
fai.A. vinelandiigfnK, E. coliglnB, and Azospirillum bmsilense
glnZ are the only known non-fixed-N-regulated Fo-encoding
genes among the members of the class Proteobacteria (10,37a).
The absence of both
and NtrC recognition moti& in the A
vinelandii glnK promoter region is consistent with the results
obtained torn the expression experiments.
Whether the glnK gene in A. vinelandii reported here rep
resents the only Pn-encoding gene in this organism is uncer
tain. There is some evidence ttiat there is not a second fimctional Pn protein encoded by another gene; only a single
hybridizing band was observed after hybridization of either the
E. coli glnB gene or the A. vinelandii gfnK gene, characterized
here, to genomic digests generated with three different restric
tion enzymes. In an experiment involving the cloning of Puencoding genes by ligation of PCR products generated from
oUgonucleotide primers based on conserved amino acid se
quences in both GlnK and GlnB P.I proteins, each of the 10
products cloned had a DNA sequence identical to that of the
glnK gene described here (24). Also, as discussed below, g£n5
mutants could not be isolated under a variety of growth con
ditions, including those under which another glnB-Wes gene
might be expect^ to be expressed.
Attempts to construct glnK mutants of A. yinelandiL The
kanamydn resistance-encoding KIXX cassette was inserted at
or between endonuclease restriction sites in pPRlOl (Fig. 1).
A. vinelandii UW136 was transformed with the three resulting
glnKz-XrXX. plasmids, pDM513, pDM514, and pPR401. The
kanamycin-resistant, ampicillin-sensitive transformants, which
presumably carried the desired gene replacements because of
the occurrence of a double-crossover event, were serially subcultured three times on selective medium containing kanamy
dn. To verify that replacement of the chromosomal wild-fype
copies of glnK had occurred, genomic DNA was isolated and
analyzed in Southern hybridation experiments using pDMSOS as
a probe. However, in all transformants examined, both wildtype and mutated copies of the glnKtiKDOC genes were de
tected even after prolonged growth of up to 10 subcultures
under selective conditions (Le., with kanamydn) (data not
shown). Also, colonies isolated after 10 cydes of selection
followed by 1 cycle of growth on medium without Icanamydn
had ail become sensitive to the antibiotic. The same pattern of
behavior was observed if transformed cells were plated on a
medium with or without ammonium or with poor or excellent
carbon sources or were incubated under aerobic or microaerobic growth conditions. Therefore, these mutants showed aber
rant behavior similar to that observed when attempts were

J. BACrERIOU
made to construct
insertion mutants of A vinelandu (36).
From the results of this previous work it was conduded that
glnA null mutations are lethal because GS is the only ammo
nium assimilatiott-associated en^me present and glutamine
cannot be transported in A. vinelandii.It thus appears that null
mutations in glnK also cannot be tolerated and are lethal.
Similar results were obtained in. attempts to construct glnD"
KKX null mutants (7). (While the original glnD [orignally
named nfrX\ mutants were viable and NiT", the sites of Tn5
insertion were at the &r 3' end of the gene, leaving doubt as to
whether they represented null mutants [see references 8 and
36]). Since PQ-UMP is reqtiired in enteric bacteria for rapid
deadenylylation of GS, one possible reason for severe growth
impairment in the A. vinelandii glnK (and also glnD) mutants is
that GS is insuffidenUy active (i.e.. remains adenylylated even
under low-fixed-N conditions). To test this possibility, MV75, a
strain in which GS cannot be aderqrfylated carrying aglnA gene
in which TVr407 has been mutated to Phe, (15), was trans
formed with the glhKXIXX plasmids pDM513 and pDM514
individually. While the alter^ GS state did allow the glnD
mutations to become stable and complete gene replacement
occurred (7), the glnKiKDOC MV75 transformants behaved
like the wild-type transformantsin that wild-type chromosomes
were always present after many subcultures on antibiotic-con
taining medium and resistance was quickly lost if the colonies
were plated on antibiotic-£ree medhi^ Therefore, the lethality
or impairment of growth of A. vinelandii caused by the intro
duction of glnK mutations is possibly dne to an effect not only
on GS activity but also on some othervital cellular function. As
indicated above, there is unlikely to be a second P^-encoding
gene in A- vinelandii, as there is in £ coli, Azospirillum
bmsilense, and certain other bacteria. It is of relevance here
Chat glnB glnZ double mutants of Azospirillum bmsilense are
severely growth impaired (11), as are£ co££6iS£<nJCmutant5
(16a), and that glnB mutations also appear to be lethal both in
Synecocckus spp. and in RhodospiriUum mbrum since standard
genetic techniques failed to res^t in replacement of the wildtype gene with a mutated copy (16, 21a).
anuB mutants are unable to transport ['''C]meihylammonium. To construct amtB interposon mutations, pDMSOS was
partially digested with Stul and iigated to the KIXX cassette
that had been blimt-ended with Smal, giving pPR201 and
pPR202 (Fig. 1). Wild-type strain UW136 and MVlOl were
transformed with both plasmids, and this was fallowed by se
lection on kanamycin-containihg medium. Complete replace
ment of the amtB gene was confirmed by Southern smaly^ for
both KIXX insertion transformants of each strain (data not
shown); all were stably kanamycin resistant even after several
subcultures in nonselective medium. Thus, unlike glnK, the
amtB gene has no fimaion that is of vital importance to A.
vinelandii.
It was hypothesized that if the amtB gene encodes an am
monium transport protein, then the amtB-KIKX mutant
strains may be less able to grow on limiting ammonium con
centrations than the parent^ wild-type strain. The amtB mu
tant strains MV560 and MV561 were able to fix nitrogen and
grew only slightly less well than UW136 on N-firee BS agar
medium. Therefore, the Nif~ nifHziKSS (lacZj amtBiiKIXX
mutant strains MV562 and MV563 (Fig. 1) were used in these
experiments since their growth is dependent on a supply of
fixed nitrogen. Mutants and parent strain MVlOl were grown
in BS medium plus urea (5 mM) and then diluted and plated
by pipetting 20-tii suspension aliquots, each containing approx
imately 200 cells, onto BS medium containing ammonium ac
etate at concentrations ranging from 0.05 to 10 mM. There was
no difference in the results obtained with the two strains; in
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SUMMARY

GlnD is a pivotal protein in sensing intracellular levels of fixed nitrogen and has been
best studied in enteric bacteria where it reversibly uridylylates two related proteins, PII
and GlnK. The uridylylation state of these proteins determines the activities of glutamine
synthetase (GS) and NtrC. Results presented here demonstrate that glnD is an essential
gene in Azotobacter vinelandii.

Null glnD mutations were introduced into the A.

vinelcmdii genome, but none could be stably maintained unless a second mutation was
present that resulted in unregulated activity of GS.

One mutation, glnJI, occurred

spontaneously to give strain MV71 which failed to uridylylate the GLnK protein. The
second, created by design, was glnAY407F (MV75), altering the adenylylation site of GS.
gln71 is probably located in glnE, encoding adenylyltransferase, because introducing the
Escherichia coli glnE gene into MV72, a. glnD * derivative of MV71, restored regulation
of GS activity. GlnK-UMP is therefore apparently required for GS to be sufiBciently
deadenylylated in A. vinelandii for growth to occur. The t^glnD GS*^ isolates were Nif"
which could be corrected by introducing a nifL mutation, confirming a role for GUiD in
mediating nif gene regulation via some aspect of the NifL/Ni£\ interaction. MV71 was
unexpectedly NtrC

suggesting that A. vinelandii NtrC activity might be regulated

differently than in enteric organisms.
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INTRODUCTION

The glnD gene product is thought to be a component of the A. vinelandii fixed N signal
transduction pathway that regulates nif gene expression. Certain Tn5 Nif * regulatory
mutations were located in a gene, originally named nfrX, that by subsequent sequencing
was shown to encode a protein highly similar to the glnD gene product of Escherichia
coli (Santero et al., 1988; Contreras et al., 1991). The only discernible phenotype of nfrX
mutant MV17 was Nif ~ which could be corrected by introducing either a nifLvMan
mutation or the E. coli glnD gene on a wide host range plasmid (Contreras et al., 1991).

In enteric bacteria, GlnD and the small trimeric proteins PII encoded by glnB and GlnK, a
Pn paralogue, constitute a cellular N sensor. Biochemical experiments using wild-type
cell extracts, and also in vitro systems to examine the activities of purified proteins, have
shown that the activity states of these proteins are dependent on small effector molecules
and influence a cascade of events leading to the activation or inactivation of proteins
involved in nitrogen metabolism (for reviews, see Merrick & Edwards, 1995; Reitzer,
1996) . GlnD contains both uridylyl-transferase and -removing activities that are
regulated largely by glutamine (Jiang et al., 1998). In wild-type cells grown in Nlimiting conditions, GlnD reversibly uridylylates PII (Son & Rhee, 1987) and GlnK (van
Heeswijk et al., 1995).

PII-UMP or GlnK-UMP increase the rate of deadenylylation

(activation) of glutamine synthetase (GS) by stimulation of the adenylyl-removing
activity of ATase (adenylyltransferase), the product of the glnE gene (van Heeswijk et
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al, 1995; Edwards & Merrick, 1995; Jaggi et al., 1997). In cells transferred to N-rich
medium, GlnD deuridylylates PII and GlnK (van Heeswijk et al. 1996). PIE stimulates
the adenylyl-transferase activity of GlnE (Jaggi et al., 1997) and also the phosphatase
activity of NtrB (Kamberov et al., 1995; Jiang & Ninfa, 1999) leading to the
dephosphorylation and inactivation of the transcriptional activator, NtrC. Because the
glnK gene in enteric bacteria requires phosphorylated NtrC (NtrC-P) for expression,
GlnK synthesis does not occur in E. coli cultures grown with ammonium (He et al., 1998,
van Heeswijk

a/., 1996).

This work further examines roles of GlnD in A. vinelandii. Attempts were made to
isolate true glnD null mutants, with internal deletion/insertion mutations, because the
initially-studied glnD mutant, MV17, contained Tn5 inserted about 80 bp upstream of the
stop codon, very near to the 3'end of this large gene (2700 bp) (Contreras et al., 1991).
While MV17 was Nif ~ both GS and NtrC activities appeared to be normally regulated .
The truncated GlnD protein in MV17 may therefore have retained GlnD function(s)
associated with GS and NtrC activities but not with its influence on the NifL/Nif^\.
regulatory interaction. It is likely that GS and NifL/Nif^V activities are determined by the
uridylylation state of GlnK, the only Pll-like protein apparently present in A. vinelandii
(P. Rudnick, manuscript in preparation). The designation of glnK in A. vinelandii was
based on the greater similarity of its gene product to GlnK proteins in other organisms
and on the location of glnK upstream of amtB, encoding a methylammonium membrane
transport protein, an organization that occurs in several other Proteobacterial species
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(Meletzus et al.^ 1998; Jack et aL, 1999; Thomas et al., 2000). The use of MV17 to
define a role for GInD in nif gene regulation in A. vinelandii was further compromised by
the occurrence of an uncharacterized g/«D-Iinked suppressor mutation that restored good
growth on N-sufl5cient medium in this strain as compared to the original poor growth
phenotype in MV16 fi-om which MV17 arose (Santero et al., 1988). The glnD null
mutations reported here, with interposon mutations in the 5' and central regions, could
replace the wild-type glnD gene after transformation into A. vinelandii,

but strains

carrying only the mutated glnD gene could not be isolated unless a second mutation
occurred, either spontaneously or by design, resulting in the mability of GS to be
adenylylated.

METHODS

Bacterial strains and growth conditions

Strains and plasmids are shown in Table 1. A. vinelandii strains were grown aerobically
at 30° C in Burk's medium (Newton et al., 1953) with 1% sucrose (BS); BSN contained
15 mM ammonium acetate, HSU contained lOmM urea; BSNO3 contained 10 mM
KNO3. Glutamine was included in competence and selective media at 1 mg ml'^ where

indicated. Antibiotics for selection of recombinant A. vinelandii strains were added at the
following concentration: ampicillin 50 ng ml'^; kanamycin 2 ^ig ml'^; streptomycin 0.5
jig ml"^; tetracycline 2.5 ^g ml'\
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Construction and transformation of mutations in the^/ziZ) gene of^^. vinelandii

pSS166 or pRCSl were mutagenized with either the KEXX (Kan*) or the D. (Str^
cassettes at or between different restriction sites, thereby creating insertion or
deletion/insertion mutations OFig.l).

Plasmids were transformed into

A. vinelandii

competent cells on solid competence medium (Bali et al., 1992) with and without added
glutamine. Amp^ transformants were those in which a double crossover event leading to
gene replacement had occurred {pla was located on the suicide vectors). These were
serially subcultured several times on BSN+Kan or BSN+Str. DNA was prepared from
transformant or wild-type strains as described (Hopwood et ah, 1985).
For complementation experiments plasmid pLAFR3 and pPR803 were conjugated into A.
vinelandii MV72 and MV71 strains

by triparental mating with E. coli

and the

transformants were selected on the basis of resistance to tetracycline (Kennedy and
Drunmiond, 1985).

Construction of glnA (GSY407F) mutants

Site-directed substitution of codon TAG (Tyr) with codon TTC (Phe) was achieved by
elongation of a mutagenic primer. Plasmid pAG401, in which the glnA gene of A.
vinelandii was cloned by ligation of a 0.6 kb Pstl-EcdKi fragment from

pAT512 into

pTZ19, was used as template. One plasmid, pAG444, was confirmed by sequencing to
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contain the mutated glnA gene. pAG444 was transformed into A. vinelandii in order to
insert the mutated glnA gene into the bacterial chromosome by a single cross-over event,
leading to cointegration of the glnAYAQTB plasmid. One such strain was named MV74.

Glutamine synthetase assays

A. vinelandii cultures for GS activity measurement were typically grown for 20-30 h in
20 ml BSU; 15 mM ammonium acetate was added when they reached an ODeoo of 0.6 0.8 and then removed 30 min later by centrifligation of cells and resuspension in N-free
medium. 6 mis of culture were sampled before addition of ammonium, 30 min after its
addition and 30 min after its removal. Cells were harvested and resuspended in 200 jil
1% KCl. GS Mn^-dependent transferase and Mg^-dependent synthetic activities were
measured at pH 7.15 and 7.6, respectively, using the reaction mixture (containing O.l
mg/ml cetyltrimethyl-ammonium bromide for cell lysis) described by Bender et al.
(1977). At these pEb, the transferase and synthetase activities showed the strongest
changes in response to the degree of GS adenylylation (BCleinschmidt & Kleiner, 1978
and 1981). One unit of GS activity is the amount of enzyme producing 1 nmol of yglutamyl hydroxamate per min. Activities for all strains were determined several times;
the data in Fig. 3 are from a single representative experiment.
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In vitro uridylylation and western blot analysis

Crude protein extracts were prepared from 25 ml of saturated BSN cultures (ODgoo 0-8 1.0). Cells were harvested and resuspended in 500/il of 50 mM Tris/HCl, pH 7.5,
containing 100 mM KCl and 10 mM MgCb, then disrupted by sonication. Uridylylation
of Pn in extracts was determined as described (Atkinson et al., 1994; Kamberov et al,
1995). To 92 ^1 of crude extract were added 0.1 mM ATP, 1 mM DDT, 0.1 mM

a-

ketoglutaric acid (a-KG), pH 7.5, and 5 nl of [a -^^P]UTP (1.1x10"* Bq) (Amersham,
Arlington Heights, IL).

Mixtures were incubated for 2 h at 30° C and stopped by

addition of EDTA (10 mM). Proteins were separated by SDS-PAGE and transferred to a
Duralose membrane for subsequent exposure to X-ray film.

Western analysis was

performed using the Immun-BIot Assay Kit (Biorad, Hercules, CA). Treated membranes
were incubated with E. coli anti-PII (gift from W. van Heeswijk), diluted 1:2500, for 2.5
h at room temperature. Anti-rabbit IgG alkaline phosphatase conjugate was added and
after 2 h, cross-reacting proteins were identified by adding substrate for alkaline
phosphatase activity.

Signal intensities were quantified by Molecular Dynamics

ImageQuant software package.

RESULTS

Attempts to construct stable ^/nZ) null mutants
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A. vinelandii wild-type strain UW136 was transformed with glnD insertion/deletion
mutations, removing the central, entire, or 5' regions of glnD,

carried on the Amp"^

suicide vectors pTZlSR or pBluscriptll unable to replicate in this host:

pRCSl::Q

(glnDl::Cl, StrO, pSS1663 (^/«D2::KIXX; KanO, and pSSK (g/wDirJOXX; Kan") (Fig.
1). Kan"^ or Str^ transformants (grown with or without 10 mM glutamine) were screened
for ampicillin sensitivity; Amp® (vector-free) isolates were subsequently subcultured at
least three times on the antibiotic used for initial selection. Several Str^ Amp® pRCSlrrH
transformants in which the mutated glnD gene had presumably replaced the wild-type
allele by a double recombination event were analyzed by Southern hybridization. In all
colonies, two Kpnl fragments hybridized to a glnD probe: a 4.7 kb band corresponding to
the wild-type glnD region and a 5.2 kb band, representing the glnDlv.Q. mutated region
(Fig. 2a). These results indicate that the transformants contained both wild-type and
mutated copies of glnD. It is possible for both to be present in the same cell on different
chromosomes because A. vinelandii often carries multiple chromosomal copies
(Maldonado et al., 1994). In addition, 10 to 50 individual colonies of pRCl::Q, pSSl663
and pSSK transformants were tested for retention of Kan*^ or Str^, after three subcultures
on antibiotic-free medium.

All A. vinelandii transformants obtained lost antibiotic

resistance after only one subculture on BSN agar without antibiotics. These two criteria,
instability of antibiotic resistance and retention of wild-type and mutated copies of
chromosomes after many generations of selective growth, were previously used to
establish the lethality of other cassette insertion-null mutations in A. vinelandii
(Toukdarian et al., 1990; Meletzus et al, 1998; Zheng et al., 1998).
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pTU13 transformants (KIXX inserted downstream of the glnD coding region, Fig.l) were
stably Nif * and retained Kan"" after many generations in non-selective medium. Southern
analysis of the DNA of one isolate tested showed that only the mutated region and not the
wild-type was present in its genome (data not shown). This indicates that the instability
of antibiotic-resistance observed in transformants derived using pSSl663, pSSK, or
pRCSl::n, is due to interruption of glnD itself and not due to interference with
expression of any gene downstream from glnD.

Isolation and analysis of a stable A vinelandii glnD internal deletion mutant

In one experiment in which A. vinelandii was transformed with pRCSl:;Q, a single
Str^Amp® transformant appeared as a much larger colony than usual. In this isolate,
MV71, Str resistance was not lost as had usually occurred with pRCSlirH Str '' Amp ®
transformants after cycles of growth on a medium without Str.

In addition, while

unstable glnDl:.Cl mutant transformants were small and irregularly shaped, MV71
colonies looked nearly the same as wild-type, though they were smaller on ammoniumcontaining medium.

In Southern hybridization analysis of MV7I genomic DNA, the

glnD probe hybridized only to a 5.2 kb Kpnl fragment, the size of the glnDl ::Q. fragment
(Fig 2b). These results show that replacement of the wild-type gene with the glnDl v.Q.
allele had occurred in MV71, and chromosomes carrying wild-type glnD genes were
undetectable. In addition, MV71 colonies were Nif".
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The appearance of this rare, stable glnDlv.O, null mutant, MV71, among a background of
several hundred unstable mutants suggested that a second, compensating mutation in an
unknown gene had occurred in this strain; this mutant allele was designated gln71. In
order to separate the glnDlv.O. and glnJI alleles, MV71 was first transformed with
plasmid pSS166 carrying the wild-type glnD gene, followed by selection on BS medium
without antibiotics. All Nif
which the glnDli.Q.

transformants were Amp® Str^ and represented strains in

allele was replaced with wild-type glnD

by homologous

recombination. One such transformant carrying only the gin?] mutation and not the
glnDl::€l allele was named MV72. The only phenotype noted for MV72 was a longer lag
phase and slower growth rate in liquid BSN and smaller colony formation on solid BSN
than occurred with the wild-type strain. The growth rate of MV72 on N-fi-ee medium
was similar to that of the wild-type strain.

MV72 transformed with pRCSl::^2

Cg/wZ)/::Q) resulted in Str^ Amp® transformant colonies (30 tested) that were unable to fix
nitrogen, and had the same colony morphology as the original MV71 mutant, confirming
that MV72 contains a mutation capable of stabilizing the glnD null mutation by
suppressing its very deleterious or lethal effect in A. vinelandii.

GS activity of MV71 and MV72

Two other deleterious/lethal insertion mutations were those in glnA encoding GS or in
glnK (Toukdarian et a/.,1990; Meletzus et al, 1998). Because GS is an essential enzyme
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in A. vinelandii, and since GlnD in enteric bacteria influences the activity state of GS
through modulation of the activity of the GlnE protein which adenylylates/
deadenylylates GS, it seemed possible that the glnJl mutation in MV71 and MV72 might
affect GS catalytic behaviour.

The degree of GS adenylylation was qualitatively

enstimated from the ratio of the Nfa'^-dependent transferase activity at pH 7.15 to the
Mg^-dependent synthetic activity at pH 7.6 (BCleinschmidt & Kleiner 1978 and 1981). At
these pH values both activities showed the strongest and inverse changes in response to
the degree of GS adenylylation (Kleinschmidt & Kleiner 1978). When ammonium was
added to cultures of the wild type strain UW136, the activities ratio increased about 5fold, indicating GS adenylylation (Fig. 3c). After removal of ammonium, the activities
ratio decreased to approximately the original value, indicating GS deadenylylation. In
contrast, the activities ratio of both MV7I and MV72 strains remained very low and little
changes were observed upon addition and subsequent removal of ammonium from
cultures, indicating that in the gln71 strains regulation of GS activity via adenylylation
was altered.

The Mg^-dependent synthetic activity and the Mn'^-dependent transferase

activity of either MV72 or MV71 were respectively higher and lower then wild-type (Fig.
3a and 3b). This can be explained considering that in both mutant strains GS is
hyperactive.

Th^glnJl mutation is probably located in Xh^glnE gene

Candidate genes in which the glnJl mutation might have occurred include glnA (e.g. a
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mutation preventing adenylylation of Tyr407), glnK (e.g. a mutation that results in a
GhiK-UMP-like conformation), or glnE (e.g. a null mutation that inactivates the GSadenylylation function of GlnE). Another possibility was that the glnJl mutation was in
an unknown gene or regulatory region linked to glnD.

Linkage between gln71 and glnD was ruled out by transformation experiments in which
MV71 DNA was used to transform the wild-type strain UW136. When the amount of
donor DNA added to competent cells was just sufScient to yield 50 — 100 Str ^
transformants per plate, all of the approximately 1000 colonies obtained were small in
size and unstable with respect to streptomycin resistance, indicating that cotransformation
of glnJl with glnD did not occur at significant frequency.

To determine whether the gln71 mutation occurred within glnA ov glnK, DNA from these
regions of MV72 were sequenced. Each sequence in both strains was identical to the
wild-type gene.

Attempts to identify and clone the glnE gene of A. vinelandii by

Southern hybridization using the E. coli glnE gene as probe or by PCR strategies based
on GlnE amino acid similarities in other prokaryotes were unsuccessful. An alternate
strategy was to try to complement the unregulated GS activity phenotype of MV72 by
introducing the E. coli glnE gene on a wide host range plasmid. To achieve this, the 5 kb
BamHUPstl fragment from

plasmid pDK805 (van Heeswijk et al., 1993) carrying the E.

coli glnE gene was subcloned into vector pLAFR3 (Peet et al., 1986), resulting in
pPR803.

pPR803 restored adenlylation/ deadenylylation of GS in MV72 (Fig. 3c),
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indicating that the mutation stabilizing the gInD phenotype is most probably located in
glnE.

An experiment to further test the idea that the gln71 mutation is located in glnE was
based on the idea that if the lethality of the glrtDr.:0. allele was suppressed by a mutation
in glnE, then the stable mutant MV71 carrying both the glnDl::Q. and glnJl alleles
should be unable to yield viable transformants carrying pPR803. Plasmids pPR803 and
pLAFR3 were independently conjugated into both MV71 {glnDlv.Q. gln71 ) and MV72
(gln71) strains by triparental mating (see methods). MV72 yielded several hundred tet ^
colonies after conjugation with either pPR803 or pLAFRS. MV71 (pLAFRS) tet ^
transformants also numbered in the hundreds while no tet ^ colonies arose from
conjugation of MV71 cells with pPR803, indicating that introduction of the E. coli glnE
gene which restored the ability of GS to be adenylylated was 'lethal' and could not be
harbored in the glnDl/.Q. gin?I background.

Consistent with the conclusion that the gln71 mutation is in the glnE gene is that the poor
growth phenotype of MV7I and MV72 on BSN medium is similar to that shown hy glnE
mutants of Salmonella typhimurium (Kustu et al., 1984). Poor growth in these mutants
was attributed to a deficiency of glutamate due to its hyperconversion to glutamine. In
addition, mutations in glnE suppressed the glutamine auxotrophy of glnD mutants in
Salmonella typhimurium (Bancroft et al., 1978).
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Construction oiglnA (GSY4(iiTF) glnDiiCl double mutants

In parallel experiments to test the hypothesis that glnD null mutations were lethal because
GS cannot be deadenylylated in the absence of GlnD, the site of GS adenylylation was
altered by mutagenesis of glnA (see Methods). KglnAY407F strain, MV74, grew well in
BS medium but not in liquid BSN medium and only very small colonies formed on BSN
agar; again this is probably related to a glutamate deficiency as for the glnJl (glnE)
mutant. As in MV71 and MV72, little change of GS catalytic behaviour occurred in
MV74 upon addition or removal of fi:om

the medium (data not shown). MV74 was

then transformed with the glnDIv.Q. plasmid pRCSlrrQ.

Several hundred Str^

transformants, about half of which were Amp^ indicating glnD gene replacement by a
double crossover event, appeared as large colonies on BSU Str medium, and did not lose
Str resistance after several cycles of growth on non-selective medium. Southern blot
analysis confirmed the complete substitution of wild-type glnD with the glnDl: :Q. allele
in a representative Str'^ Amp® isolate, MV75 (data not shown), indicating that like glnJl,
glnAY407F can stabilize a g'/wZ) null mutation.

Influence of glnD mutations on nif gene regulation and NtrC phenotype

As with the original glnD::Tn5 mutant MV17 (Santero et al., 1988), neither MV71 nor
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MV75, the two stable glnD null mutants characterized here, were able to grow on N-free
media (solid or liquid) and had little or no detectable nitrogenase activity, as measured by
acetylene reduction (data not shown). The Nif ~ phenotypes of MV71 and MV75 were
suppressed (i.e became Nif ^ by introducing the nifLI.iKIXX deletion/insertion mutation
(Bali et al., 1992; Blanco et al., 1993), or, in the case of MV71, by introduction of pCKI
expressing the K. pneumoniae nifA gene constitutively (Kennedy & Robson, 1983). This
result confirms that the A. vinelandii glnD gene product is required for the relief of NifL
inhibition ofNifA. that normally occurs in cells grown under N-limiting conditions.

Because glnD null mutants of enteric bacteria are generally Ntr ", the stable glnD null
mutants MV71 and MV75) and also MV17 \glnD16:iTn5], were examined for growth on
nitrate as an indicator of NtrC activity (Toukdarian & Kennedy, 1986). Tests included
growth on BS + NO3 agar medium and also liquid medium derepression experiments in
which the lag time and subsequent growth rate after shift from BSN to BSNO3 was
determined- All three glnD mutants grew on BSNO3 at a rate indistinguishable from
wild-type UW136 and had no longer lag time after shift from BSN to BSNO3 (data not
shown), indicating an NtrC ^ phenotype.

Uridylylation of GlnK and Western blot analysis

The GlnK protein of A. vinelandii was labelled in cell-free extracts to which [a -^^P]UTP
and a-ketoglutarate were added. As shown in Fig. 4, labelling of a 12 kDa protein was
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observed in cell-free extracts of wild-type and MV17 strains; extent of label in the 12
kDa protein in MV17 was about 60% of that appearing in wild-type extracts (determined
by Quant Image Analysis). No [^^PJUTP incorporation was detected in the stable t^glnD
gln71 strain MV71. Similar amounts of GlnK protein were present in wild-type and in
MV17 extracts, as shown by western blots treated with polyclonal antibody prepared
against the PII protein from E. coli. Slightly less 12 kDa protein was detected in MV71
extracts, approximately 75% of that found in the other two strains.

That uridylyl-

transferase activity of GlnD was present in MV17 confirms the hypothesis that GlnD in
this mutant was not completely inactivated by the Tn5 insertion or that the activity was at
least partially restored by the uncharacterized suppressor mutation that occurred in
MVI6, leading to MV17. Unfortunately, MV16 stored cultures were not viable and it
was not possible to distinguish between these two possibilities.

DISCUSSION

A. vinelandii represents a model system among Eubacteria for analyzing mutations in
essential genes. Retention of both mutant and wild-type copies of chromosomes can
occur and be detected in A. vinelandii because it can harbor a large number of
chromosomes, up to 80 or more, depending on growth conditions (Maldonado et al.,
1994). The great majority of null mutations in A. vinelandii genes have been easily
introduced and fiilly replaced the wild-type alleles; these are too numerous to detail here
but include e.g. many nif, ntr, cyd, vnf, anf, and hup genes.

The first case of an
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apparently lethal mutation in A. vinelandii was the finding that mutations in the glnA
gene encoding GS, created by insertion of Tn5 or other elements, could replace the wildtype gene but were maintained in only a fraction of the chromosomes and only under
antibiotic selection for the insertion element (Toukdarian et al., 1990). The lethality of
glnA null mutations in A. vinelandii was explained by the inability of this organism to
transport glutamine and the absence other pathways for ammonium assimilation
(Kennedy & Toukdarian, 1987). Other examples of essential genes in A. vinelandii
include glnK ^eletzus et al., 1998), and also isc genes encoding proteins involved in
iron-sulflir cluster formation (Zheng et al., 1998). glnD can now be added to the list.

The most probable explanation for the failure to establish glnD null mutations in A.
vinelandii is the requirement of GlnD protein for uridylylation of GlnK, which in turn is
required for deadenylylation of GS. Alteration of the adenylylation site Tyr407 to Phe in
the GS protein allows the glnD null mutations to stably replace the wild-type allele.
Also, a spontaneously-arising stable glnD mutant strain, MV71, carried a second-site
mutation, gln71, which is probably located within glnE, and results either in a lack of
both adenylyl-transferase and adenylyl-removing activities of GlnE or a GlnE which is
locked in the latter conformation and fails to respond to ammonium. It was previously
shown that glnA null mutations could not be established in A. vinelandii even in the
presence of added glutamine (Toukdarian et al, 1990) and that glutamine was not
significantly transported into A. vinelandii cells in [^''C]-glutaniine uptake experiments.
In the current work, addition of glutamine also did not allow establishment of the glnD
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null mutations (Toukdarian et al., 1990). Taken together, these results confirm that GS in
A. vinelandii is an essential enzyme for the biosynthesis of glutamine and ammonium
assimilation.

In enteric bacteria, glnD mutants are generally NtrC

adenylylate GS faster and

deadenylylate it more slowly than in wild-type organisms, and the extent to which
glutamine is required for growth varies considerably (Bancroft et al., 1978; Foor et al.,
1978; Bueno et al., 1985; Edwards & Merrick, 1995; Atkinson & Ninfa, 1998).

Based

on these general phenotypes, it was expected that A. vinelandii glnD null mutants might
be less able to grow on nitrate (the only NtrC ' phenotype identified in this organism
(Toukdarian & Kennedy 1986), and that GS might be deadenylylated at a rate slower
than in wild-type. However, no effect on growth on nitrate was observed in the viable
glnD mutants MV71 (glnDlv.Cl gln71) or MV75 (glnDl::Q. glnAY407F). In contrast,
the physiological effect of glnD mutations in A. vinelandii on the inability of GS to be
deadenylylated appears to be more drastic than in the enteric glnD mutants. The inability
to isolate stable glnD mutants of A. vinelandii at all unless a second mutation occurred
resulting in inability of GS to be adenylylated is evidence for this. The target proteins,
NtrB and GhiE, of A. vinelandii may be less and more, respectively, sensitive to the
influence of GlnK or GhiK-XJMP in A. vinelandii than to GlnB or GlnK (or their
uridylylated forms) in enteric organisms. Alternatively, the apparent NtrC ^ phenotype of
A. vinelandii glnD mutants might be explained by there being suflBcient a-ketoglutaric
acid in cells grown in nitrate to inhibit the phosphatase activity of NtrB resulting in the
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inability of NtrC to be dephosphorylated (Jiang & Ninfa, 1999).

That the glnDv.TnS mutation located at the 3' end of the glnD gene in MVI7 did not
severely influence the ability of the mutant strain to uridylylate GlnK indicates that the
transferase activity does not involve the C-terminal region of the protein. GlnD is very
large, >100 k Da, and was shown by Jiang to have both uridylyl-transferase and removing activities located within the same active site (Jiang et aL, 1998).

It is relevant

in this context that, as for A. vinelandii, glnD null mutants also could not be isolated in
Sinorhizobivm meliloti (P. Rudnick et al, manuscript submitted) or in the Gram positive
Corynebacterium glutamicum (Jakoby et al., 1999).

In the case of R. meliloti, the

apparent lethality is not related to the adenylylation state of GS, as is shown here for A.
vinelandii, because a glnAl mutant with a Y407F substitution that prevents GS
adenylylation (Arcondeguy et al., 1996) did not provide a background in which stable
and viable glnD::spc mutants could be isolated (TP. Rudnick & D. Kahn, unpublished).
Also, in Acetobacter diazotrophicus glnD insertion mutations resulted in very tiny colony
formation after several days of growth (Perlova et al., 2000). Whether this suggests an
essential or near-essential role for GlnD other than that for PEE- or GlnK-uridylylation, or
one for PII-UMP or GInK-UMP remains to be determined. Recent connections between
GlnD and cell division, in which glnD99:\Yr\I0 suppressed the lethality of a temperature
sensitive ftsZ mutation (Powell and Court, 1998) and between GlnD and polyP
accumulation which is believed to prevent stress-induced damage (Ault-Riche et al.,
1998) may provide clues. Also, a transposon insertion in the Vibrio fischeri glnD gene
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resulted in slower but variable growth rates depending on N source and, very
interestingly, an inability to synthesize siderophores for iron uptake (Graf and Ruby,
2000). In contrast, glnD null mutants of Rhizobium tropica were apparently unafiTected
in general growth properties; however, only those with insertion mutations in the 5' or
central region of glnD were unable to utilize nitrate as N source and did not induce
chlorosis in plants, a process that is regulated by fixed N (O'Connell et al., 1998). This
result again reflects the complexity of GlnD and the apparent dispensibility, at least in
some cases, of the C-terminal region of the protein.

The Nif ~ phenotype of the glnD null mutants was, as for the original glnD: JYn5 strain
MV17, corrected to Nif ^ by the introduction of the nifLlvXJXK mutation (Bali et al.,
1992) or the plasmid pCKl which constitutively expresses the nifA gene of K.
pneumoniae (Kennedy & Robson, 1983) (MV75 was not tested). This confirms the
involvement of GhiD in relieving the inhibition of NifA. by NifL in A. vinelandii. He et
al. (1998) and Arcondeguy et al. (1999) recently showed that GlnD is required for relief
of K. pneumoniae NifL inhibition of NifA. activity in an £•. coli background. The GlnD
requirement is for uridylylation of PII, and PII-UMP is required to eliminate the PIIstimulated dephosphorylation of NtrC (Jiang &Ninfa, 1999). NtrC-P is in turn needed for
expression of glnK. GkiK appears to be the only NtrC-P activated gene required to
modulate the NifL/NifA. interaction and is required for relief of NifA inhibition by NifL
in enteric bacteria

et al. 1998; Jack et al., 1999). However, the uridylylation state of

GlnK appears to be immaterial with respect to the NifL/NifiA. interaction (He et al., 1998;
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Arcondeguy et al., 1999). Therefore the only role for GlnD is apparently in ensuring that
NtrC is phosphorylated and available iot glnK transcription. Edwards & Merrick (1995)
had shown that GlnD was not required for relief of inhibition of NifA. by NifL in an
ntrB6 strain that should express glnK constitutively. In contrast, the requirement in A.
vinelandii for GlnD to relieve inhibition of NifA. activity by NifL does not involve NtrC,
because NtrC is required neither for expression of the nifLA operon (Toukdarian &
Kennedy, 1986; Blanco et al., 1993), as it is in K. pneumoniae, nor iov glnK expression,
implied from the fact that the glnKamtB operon in A. vinelandii is expressed at very low
levels under all conditions, regardless of fixed N supply CMeletzus et al., 1998). Also,
the glnK promoter region shows no sequences similar to those recognized by NtrC and
a^, as are found upstream of the glnK gene in E. coli and in K. pneumoniae. Therefore,
the requirement of GlnD to relieve inhibition of Ni£(V activity by NifL apparently occurs
by a different mechanism in A. vinelandii than in the enteric organisms.

Is uridylylated GlnK protein in A. vinelandii required for relief of inhibition of NifA.
activity by NifL?

Both glnD mutant strains MV17, which can at least partially

uridylylate GlnK, and MV71, which cannot detectably uridylylate GlnK, are both Nif "
and restored to Nif

by introduction of a «/^:;KIXX mutation. These results might

suggest that GlnK is not involved in relief of inhibition of Ni£i\. activity by NifL or that
its uridylylation state is irrelevant, as reported to be the case for enteric bacteria (He et
al, 1998; Arcondeguy et al., 1999). It is conceivable that levels of GlnK-UMP in MV17
are suflScient to promote deadenylylation of GS, but not sufiBcient to relieve NifL
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inhibition of NififV under nitrogen fixing conditions. Recent results with a glnKYSlF
mutant indicate that uridylylated GlnK is reqired for relief of inhibition of Ni^ activity
by NifL in wild-type A. vinelandii but not in the nifLlvY^SXX. mutant strain (Rudnick et
al., manuscript in preparation).

In addition. Little et al (2000) recently demonstrated

that unuridylylated Pll-like proteins cause NifL to be inhibitory to Ni£^ in an in vitro
system.
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Table 1. Strains and plasmids

Characteristics

Source/ reference

MV17

nfrX16(glnD):-.Tn5 (Nif)

Santero et al. (1988)

MV71

glnDr.-.O.glnJl (Nif")

This work

MV72

glnJl (Nif^

This work

MV73

glnDlv. a glnJl wz/Z-/;jaXX (Nif ^

This work

MV74

glnA8 (GSY407F) (Nif ^

This work

MV75

glnDl:. n glnA8 (GSY407F) (NiT)

This work

UW136

rifl (Nif")

Bishop & Brill (1977)

Strains/ plasmids
A. vinelandii

E. coli
DH5a

71//18

supE44 A/acU69 ((j)80 /acZAMlS) hsdRll Sambrook et al. (1989)
f&cAl
gyrA96 thil relAl
supE thi bJilac-proAB) F' \proAE^ lacT^ Sambrook et al. (1989)
/flcZAM/J]

Plasmids
pAG401

Pstl-Ecd9il fragment from
containing the
glnA gene cloned in pTZ19R

pATS12 This work

pAG444

Pstl-EcdBJ. fragment cloned into pTZ19R This work
containing the mutated glnA gene

pAT512

12.5 Kb Hindni-Clal fragment from
Toukdarian & Kennedy
cosmid pVLSl containing A. vinelandii (1986)
glnA gene

pBIuscript

Cloning and sequencing vector (Amp

Stratagene

pDKSOS

E. coli glnE cloned in pUC18

van Heeswijk
(1993)

et

al.
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pLAFR3

22 kb Cosmid (Tet')

Feetetal. (1986)

pPR803

E. coli glnE cloned in pLAFR3

This work

pPH45

Plasmid containing Q (Str'' Spc '^) cassette

pRCSl

3.3 Kb BamHL-Kpnl fragment from
pSS166 cloned in pBluscript

Prentki
and
(1984)
This work

pRCSl:: Q.

Ocassette inserted between the two Pstl This work
sites in gInD in pRCS1

pSS166

4.7 kb Kpnl fragment containing glnD in Santero et al. (1988)
pTZ18

pSS1663

KIXX cassette inserted between BamHl This work
and BglE sites in pSS166 (g/nD2: JKIXX)

pSSK

KIXX cassette inserted between the two This work
Sail sites in pSS166 (glnD3::KDOC)

pTU13

KIXX cassette inserted in the BglH site This work
downstream of glnD

pTZ18R/pTZ19R

Cloning and sequencing vectors (Amp *)

pUC4::KIXX

Plasmid
cassette

Pharmacia

containing KIXX (Kan ^ ) Pharmacia

Krisch
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FIGURE LEGENDS
Fig. 1. Map of mutations in the A. vinelandii glnD region. The 4.7 Kb Kpnl fragment
containing the glnD gene was cloned in pTZ18 to give pSS166; the 3.3 kb Kpnl-BcmiHL
fragment was cloned into pBIuescript to give pRSCl. Sites of deletion and insertion of Q
and KDCX cassettes and position of insertion of Tn5 in the original glnD ' mutant MV17
are indicated. The horizontal arrow indicates direction of transcription of the glnD gene.
Restriction sites are abbreviated as follow: B. 5amHI; Bg, BgM:, K, Kpnl, P, PstV, S,
Sail.

Fig. 2. Southern blot analysis oiglnD.\ Cltransformants. DNA was prepared from strains,
digested with Kpnl and run on 0.8% agarose gels for fragment separation. The probe was
a 700 bp BcmiHl/EcdBl fragment from

pSS166 labeled with [^^P]dCTP in a random-

primed polymerase reaction (Stratagene, LaJoUa). A; lane a, 1 kb ladder (Gibco); lane b,
wild-type UW136; lanes c, d two 'unstable' glnD:: H transfcrmants. B: lane a, UW136;
lane b, MV71.

Fig. 3. GS activities in wild-type, mutant, and transformant strains. Strains were grown
and assayed as described in Methods, a: Mn^-dependent transferase activity. biMg"^dependent synthetic activity, c: activities ratio.

Fig. 4.

In vitro uridylylation

and inununoblotting analysis of A. vinelandii GlnK.
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Following an in vitro uridylylation reaction, proteins of the cell-free extracts were
separated by SDS-PAGE and transferred to Duralose membranes for exposure to X-ray
film (lane d, e,

The same blot was then incubated with E. coli anti-Pn serum for

Western analysis (lane a, b, c). Lanes a and d, UW136 (wild-type); lanes b and e, MV17
{glnDI6:Hn5)-, lanes c and f, MV71 {glnDlv. Q glnJl).

Fig.l
Tn5m
MV16/17
pSS166
K

I

Ikb

KIXX
glnD3
pSSK

KIXX
glnD2
pSS1663

pRCSl

Q
glnDl
pRCSl::Q

KIXX
pTU13

Fig.2

o
activity ratio

o

cn

Q>

O"
|0
o

cn

Ck)
o

CO
01

Mg+^-dependent syntetlc activity

Mn++<lep«ndent transferase activity

oU

oK>

o
t>

oV

oIn

oa»

o
b

o
K)

olo
tn

oCJ

wxx/z/x/yx/yxyyyA

Tl
(Q'

ca

Ov
00

169

Fig.4

170

The GlnK Protein of Azotobacter vinelcmdii Regulates Glutamine Synthetase and
Interacts with the NifL-NifA. Regulatory System to Control nif Grene Expression;
Uridylylation Modulates Both Activities

Running title: Azotobacter vinelandii GlnK

Paul Rudnick, Chris Kunz, Eric HBnes, Mali Gunitilaka and Christina Kennedy'.

Department of Plant Pathology, The University of Arizona, Tucson, Arizona 85721

'Corresponding author. Mailing address:
Department of Plant Pathology, Forbes 204,
The University of Arizona, Tucson, AZ 85721.
Phone (520) 621-9835 or (520) 621-3263.
Fax (520) 621-9290. E-mail: ck;ennedy@u.arizona.edu.

171

SUMMARY
In many bacteria, nitrogen limitation signals the expression and uridylylation of one or
more PH-like signal transduction proteins. These proteins function as allosteric effectors
of regulatory proteins involved in the control of nitrogen source utilization.

In

Azotobacter vinelandii, modulation of nitrogenase expression by the NifL-NifA. twocomponent system is coupled to ammonium availability by a mechanism involving the
Pll-uridylyltransferase/uridylyl-removing enzyme (GlnD).

Whether the PH-like GlnK

protein, a substrate for GlnD, is involved in these processes has not been studied in vivo
because glnK is an essential gene. This paper describes the construction of a glnKYSlF
mutation encoding an unuridylylatable form of the protein.

When placed on the A.

vinelandii chromosome, this mutation was only viable in a strain in which glutamine
synthetase activity was constitutive (i.e. not adenylylated in cultures grown with excess
ammonium), suggesting GlnK-UMP is required for GS deadenylylation.

Moreover,

glnKYSlF mutants were severely impaired for growth in N-free media and for expression
of a chromosomal nifH-lacZ fiision; these two defects were rescued by deletion of nifL.
In a yeast two-hybrid assay, both GlnK and GlnKYSlF interacted with NifL. Consistent
with in vitro data, these results suggest that unmodified GlnK stimulates the formation of
a NifL:Ni^ non-activating complex by interacting with NifL; uridylylation of GhiK in
response to nitrogen-limitation would prevent this function. Notably, this model is in
contrast to that proposed for the related Klebsiella pneumoniae, where either form of
GlnK can relieve NifL inhibition.

ni

INTRODUCTION

Genes encoding PIE and Pll-Iike signal transduction proteins have nov^ been
identified in many organisms, including species of Bacteria, Archaea and plants [(for a
current review (Ninfa and Atkinson, 2000)].

The trimeric forms of these proteins

flinction as allosteric modulators of enzymes or regulatory proteins involved in nitrogen
source uptake, assimilation, or degradation (Merrick and Edwards, 1995). Differential
relay of metabolic signals via Pll-like proteins is determined by the protein's
uridylylation state, which is modulated by the g/wD-encoded uridylyltransferase/uridylylremoving enzyme in response to the concentrations of key carbon and nitrogen
metabolites. In this manner, PH-like proteins function as important indicators of the
global nitrogen and carbon status of the ceil (Ninfa and Atkinson, 2000;Qian and Tabita,
1998). In some species of nitrogen-fixing bacteria, these proteins have been adapted to
control nitrogen fixation by regulating the transcription of «/^specific regulators (Holtel
and Merrick, 1988) or by influencing the activity of these regulators directly (Arsene,
Kaminski, and Elmerich, 1996;Little et al., 2000).

PH-like proteins have also been

shown to control the level of ADP-ribosylation (Zhang et al., 2001), a protective
mechanism controlling nitrogenase activity (Ludden and Roberts, 1989).
Many organisms encode more than one Pll-like protein. Together, these paralogs
may function coordinately by forming complex heterotrimers (van Heeswijk et al.,
2000;Forchhammer et al, 1999), the formation of which subtly varying their affinities for
certain protein targets or small molecule effectors. When more than one Pll-like protein
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is encoded by an organism, these proteins typically share a high degree of sequence
conservation, although the role of each must be assessed separately since they often
function similarly but not equivalently (van Heeswijk et al, 1996;De Zamaroczy,
1998;De Zamaroczy et al., 1996), The specificity of these proteins for each particular
target appears to be a function of the characteristic T-loop portion of the protein, which
contains the conserved site of uridylylation (Y51), and the specificity for some targets
may be controlled by as few as one or two residues found within this region of the protein
(Arcondeguy, Lawson, and Merrick, 2000;Jiang et al, 1997).

Additionally, the

expression of the genes encoding these proteins may be differentially responsive to
nitrogen source (Liu and Magasanik, 1993;van Heeswijk, Hoving, Molenaar, Stegeman,
Kahn, and Westerhofl^ 1996).
The function and regulation of Pll-like proteins has been best-studied in
Escherichia coli and other enteric bacteria. E. coli carries two genes encoding sintiilar
proteins: glnB, coding for GlnB (synonymous with PII, but called GhiB for clarity
throughout) and ghiK, whose translated product is 67% identical to GlnB (van Heeswijk
et al., 1995). glnB is constitutively expressed (ECim and Burgess, 1994), whereas glnK
expression requires the general nitrogen regulator, NtrC (van Heeswijk, Hoving,
Molenaar, Stegeman, Kahn, and Westerhoff, 1996). The activity (phosphorylation state)
of NtrC is regulated directly by the sensor-kinase, NtrB, whose activity is modulated in
response to nitrogen status by GlnB (Jiang and Ninfa, 1999). In response to nitrogenlimitation, GlnB and GlnK are expressed and the proteins are uridylylated, which changes
their affinities for certain ligands and targets, (Son and Rhee, 1987;Bueno, Pahel, and
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Magasanik, 1985;Atkinson et ah, 1994;Atkmson and Ninfa, 1998;Atkmson and Ninfa,
1999). Uridylylation is favored by glutamine limitation, which binds to stimulate the
uridyly-removing activity of GInD, and a-ketoglutarate, which binds directly to GlnB
and

GlnK (Jiang, Peliska, and Ninfa, 1998;Kamberov, Atkinson, and Ninfa,

1995;Atkinson and Ninfa, 1999). GlnB-UMP and GlnK-UMP signal deadenylylation of
glutamine synthetase (GS) via ATase (GlnE), resulting in its activation. Uridylylation of
both proteins also favors phosphorylation of NtrC, resulting in the expression of a suite of
genes involved in nitrogen source utilization including glnA, encoding GS (Reitzer,
1996). If ammonium is added to low N-status cultures, glnK is not expressed and the
unmodified form of GlnB directly signals dephosphorylation of NtrC and adenylylation
of GS [reviewed in derrick and Edwards, 1995)].
In most studied diazotrophic Proteobacteria, PII and PH-like proteins have been
adapted to control nitrogenase expression in response to combined nitrogen. This effect
can be mediated by the transcriptional activation of w//-specific regulators by NtrC
homologs (Espin et al., 1982;Jones and Haselkom, 1989), or these proteins may directly
control the activity of the regulators, as may be the case for the GlnB protein of
Azospirillum brasilense, which is thought to activate the N-terminus of NifA in response
to nitrogen-limitation (Arsene, Kaminski, and Elmerich, 1996;Arsene, Kaminski, and
Elmerich, 1999).

However, direct evidence of protein-protein interaction of Pll-like

proteins with wz^specific regulators has not been demonstrated per se.
Azotobacter vinelcmdii and Klebsiella pneumoniae, members of the yProteobacteria, contain in addition to the wy^specific activator, Ni£\, a negatively- acting
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regulatory protein encoded by the nifL gene (Kennedy, 1977;Blanco et aL, 1993). In K.
pneumoniae, the two genes, nifL and nifA, are linked and transcriptionally and
translationally coupled, insuring stoicheometric expression (Govantes, Andujar, and
Santero, 1998).

As regulatory proteins, M£L and Ni£f\. fiinction

as a unique two-

component system in that signal transduction between NifL and NifA occurs by proteinprotein interaction [reviewed (Dixon, 1998)] and not by phosphorylation; mutations
altering key residues affecting autophosphorylation in NifL, the kinase homolog, do not
alter signal transduction (Woodley and Drummond, 1994). Inhibitors such as oxygen and
fixed nitrogen signal the fiDrmation of a non-activating NifLrNifA complex and limit
expression of Ni£\-dependent promoters (Dixon, 1998).
Inhibition of NifA in response to oxygen by NifL is mediated directly through a
redox-sensitive FAD group bound to NifL, limiting expression of w//* genes in response to
oxygen flux (Schmitz, 1997;Hill et aL, 1996).

The nitrogen response is less well

understood, but it is generally believed that sources of combined nitrogen have little or no
direct effect on NifLrNi^ although there is evidence that K. pnetanoniae NifL purified
fi"om ammonia-grown cells may exhibit some spectroscopic differences (Hill, Austin,
Eydmann, Jones, and Dixon, 1996;Klopprogge and Schmitz, 1999). Genetic data in K.
pnetanoniae and A. vinelandii indicates that the nitrogen response may be mediated
through the activities of Pll-like proteins and GlnD. However, the mechanisms by which
this occurs appear different (Contreras et aL, 1991;Edwards and Merrick, I995;Espin,
Alvarez-Morales, Carmon, Dixon, and Merrick, 1982;Soderback et aL, 1998). In K.
pneumoniae, the expression of niJLA is under the control of NtrC-P; ntrC mutants are Nif
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(Espin, Alvarez-Morales, Cannon, Dixon, and Merrick, 1982) and consequently,
mutations that fail to signal phosphorylation of NtrC, such as glnD also do not express
niflA and are Nif ~ (XXX). Recently, using in a heterologous E. coli system, NtrC was
found to be essential for a second related function outside of its requirement for
expression of niJLA: expression of glnK (He, Soupene, and Kustu, 1997), which is in
turn required for relief of NifL inhibition (van Heeswijk, Moving, Molenaar, Stegeman,
Kahn, and Westerhofl^ 1996;He et ah, 1998). The uridylylation state of GbiK, however,
is apparently irrelevant, since relief of NifL inhibition could be achieved in both glnD
strains and in strains carrying a glnKYSlN allele (He, Soupene, Ninfa, and Kustu, 1998).
As expected, GlnK has a similar role in the native K. pneumoniae (Jack, De Zamaroczy,
and Merrick, 1999), and glnB cannot substitute at physiological gene doses (Arcondeguy,
van Heeswijk, and Merrick, 1999). These results are consistent with a model for K.
pneumoniae in which failure to express glnK under nitrogen sufficiency is adequate to
maintain NifL inhibition.
In contrast to the K. pneumoniae system, expression of A. vinelandii nifLA does
not require NtrC (Toukdarian and Kennedy, 1986). However, like ui K. pneumoniae,
glnD required for nitrogenase expression (Santero et al., 1988), implying that, unlike in
K. pneumoniae, uridylylation of a Pll-Iike protein might be required for relief of NifL
inhibition. Also in contrast to the enteric organisms, A. vinelandii contains only glnK,
and its expression is not controlled by nitrogen source (Meletzus et al., 1998).
Interestingly, both glnK and glnD are essential genes, as determined by experiments
which demonstrate that null alleles do not homogenously replace wild-type chromosomes
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and are quickly lost in the absence of selective pressure for the mutated copy (Meletzus,
Rudnick, Doetsch, Green, and Kennedy, 1998;Colnaghi et al., 2001).

Why glnK is

essential is not currently known and thus far, in vivo experiments to determine a role for
glnK in relief of NifL inhibition have been hampered because of its essentiality. glnD is
required for activating GS, an enzyme which catalyzes the sole ammonia assimilatory
reaction in this organism (Toukdarian and Kennedy, 1986), since glnD null mutants of-<4.
vinelandii have only been isolated in the presence of second-site suppressor mutations,
which elevate the concentration of active GS (Colnaghi, Rudnick, He, Green, Yan,
Larson, and Kennedy, 2001). Nevertheless, glnD strains are Nif * and introducing null
mutations in nifL restores nitrogen fixation, suggesting a role for GlnD in relieving NifL
inhibition (Colnaghi et al., 2001). To test this hypothesis and to assess the differences in
nif gene regulation between K. pneumoniae and A. vinelandii, an unuridylylatable
glnKYSlF mutation was introduced into the A. vinelandii chromosome, and the stability
of this mutation as well as its effect on nif gene expression were examined. Studies in
vitro indicate that A. vinelandii GlnK or E. coli GlnB as well as 2-ketoglutarate, but not
Av GlnK-UMP, may influence the NifL-NifA. system through NifL (Little, ReyesRamirez, Zhang, van Heeswijk, and Dixon, 2000). To seek out GlnK protein-protein
interactions, a yeast two-hybrid assay was developed and was used to show that GlnK
interacts with Nifl!^ directly. Results presented here indicate that GlnK uridylylation is
essential for cell viability by signaling activation of GS and for the positive regulatory
functions of NifA. by limiting the NifL-stimulating function of unmodified GlnK.
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RESULTS

Uridylylation of GInK is essential for growth of wild-type strain UW136. It
was previously demonstrated that GlnD is required for nif gene expression in A.
vinelandii and that the dependence on GkiD could be circumvented by deletion of nifL or
by over expression of nifA (Contreras, Drummond, Bali, Blanco, Garcia, Bush, Kennedy,
and Merrick, 1991;Colnaghi, Rudnick, He, Green, Yan, Larson, and Kennedy,
2001;Rudnick et al., 1997). These experiments suggested that GlnD was a key regulator
of the NifLrNifiV interaction. While GlnK has been described in this organism, no role
for this protein as a substrate for GlnD, or a role in regulating NifL or Nif^. directly,
could be determined because of the essential nature of the gene (Meletzus, Rudnick,
Doetsch, Green, and Kennedy, 1998). To further this work by determining if GlnK and
more specifically GlnK uridylylation had roles in regulating NifLrNifA, a conservative
substitution of tyrosine for phenylalanine at the site of uridylylation (Y51) was
constructed by elongation of a mutagenic primer (see Experimental Procedures). The
mutation at Y51 also created a new £coRI site, which was used to screen for the presence
of the mutation (Fig. 1). To facilitate selection of strains carrying the mutation hereafter
designated glnKYSlF, an antibiotic resistance marker was cloned into the 5' end of the
adjacent omtB gene to form plasmid pPRllS (Table I). Previous studies in this organism
and K. pneumoniae have determined that omtB mutations have little or no effect on the
regulation of nitrogen fixation

(Meletzus, Rudnick, Doetsch, Green, and Kennedy,

1998;Jack, De Zamaroczy, and Merrick, 1999).

Therefore, we expected these two
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mutations together to closely represent the effects of the glnKYSlF allele. Since omtB
has a role in the transport of methylamine and/or in facilitating the diffusion of ammonia
in this and other organisms, however, it cannot be ruled out that loss of omtB may cause
slight differences in

expression in response to ammonium salts in the growth medium

(Meletzus, Rudnick, Doetsch, Green, and Kennedy, 1998;Soupene et al., 1998).
Therefore, strains carrying only the cantB mutation were examined in parallel.
Transformation of strain UW136 with plasmid pPRllS, which cannot replicate in
A. vinelandii, gave rise to small and large Tet''^ Amp^ colony types (Fig. 1), suggesting
that the glnKYSlF mutation might be detrimental, or perhaps lethal, since amtB mutants
are not impaired for groAvth on the selective medium. To determine if the glnKYSlF
mutation had recombined onto the chromosome along with the cimtB3::tet, the glnK gene
was amplified fi"om the chromosome by PGR. Following amplification, the PGR product
was digested with EcdRI, which digests the glnKYSlF allele in half, while glnK*' is
EcoVdL resistant. This analysis revealed that cells in the larger of the two transformant
colony types were glnK^ (Fig. 2A) (lanes 6-9).

Surprisingly, the smaller colonies

contained both alleles, demonstrating an inability of glnKYSlF to homogeneously replace
glnK in these cells (lanes 1-5). Previous work on A. vinelandii in this and other labs has
demonstrated the appearance of multiple alleles of a gene within a single colony,
presumably the result of an unstable heterogeneous population of chromosomes being
present in individual cells (Zheng and Dean, 1994;Meletzus, Rudnick, Doetsch, Gk^een,
and Kennedy, 1998;Toukdarian et al, 1990;Golnaghi, Rudnick, He, Green, Yan, Larson,
and Kermedy, 2001). In these cases, the drug resistance marker is lost and the wdld-type
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gene retained when the drug is removed, indicating that the gene is essential or required
under a particular growth condition. Therefore, each colony was tested for stability of the
tetracycline resistance marker by plating in the absence of tetracycline followed by reculturing in its presence. This experiment revealed that, similar to other very deleterious
mutations, the antibiotic resistance in strains carrying glnKYSIF was unstable in a wildtype background; cells from

the small colonies did not grow when replated on

tetracycline in contrast to the large glnK^ isolates. These analyses indicate that the
glnKYSIF mutation is lethal in a wild-type background.
Strains carrying the glnJl suppressor mutation stabilize the glnKYSIF
Current work on the glnD gene of A. vinelandii has revealed that many mutations that
affect the 5' or central portion of the gene are lethal. However, these mutations can be
suppressed by mutations that constitutively elevate glutamine synthetase (GS) activity
(Cobiaghi, Rudnick, He, Green, Yan, Larson, and Kennedy, 2001;Rudnick, Colnaghi,
Green, and Kennedy, 1997). One such mutant isolated as a glnDl::Q. suppressor in A.
vinelandii, called glnJl, was constructed by transformation of this strain to glnD*. This
strain, MV72, contains a highly active GS, and the mutation in this strains is probably in
ATase smce this defect can be rescued by introduction of E. coli glnE (Colnaghi,
Rudnick, He, Green, Yan, Larson, and Kennedy, 2001). MV72 fixes nitrogen at levels
similar those for UW136 but grows more slowly on medium supplemented with a high
concentration of ammonium acetate.
Since the mutation in MV72 stabilized glnD null mutations we tested the stability
of glnKYSIF in this strain. Transformation of MV72 with pPRl 18 resulted in uniform
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colony sizes on BS medium supplemented with 10 mM ammonium acetate, and greater
than 60% of Tet^ Amp^ transformants carried only the

mutation in the absence

of wild-type glnK, as determined by PGR amplification of gInK followed by EcdBl
digestion (Fig. 2B). Tetracycline resistance in both glnKYSlF amtB3:XQt and glnK^
amtB::tet strains was stable. A strain carrying glnKYSlF amtBvXet was named MV577,
and the corresponding glnK*' strain, MV578. These results indicate that GlnK-UMP is
required for control of GS activity, probably by signaling deadenylylation of GS by
ATase. Importantly, these experiments indicate that MV72 could be used as a host strain
to study the role of GlnK in the regulation of NifiV activity in A. vinelandii.
glnKYSlF encodes a protein which cannot be uridylylated.

To test

biochemically if GlnKYSlF could be modified by uridylylation, the mutant and wild-type
glnK genes were expressed in E. coli from
Experimental Procedures).

plasmids pPR113 and pPRllS (see

These two plasmids express the complete GlnK or

GkiKYSlF proteins fused to an N-terminal BQs-tag. Since E. coli encodes at least two
proteins which can be uridylylated, a strain was constructed that lacked both glnB and
glnK. The parental strain, MC4100, was transduced to glnB" and glnK to give strain
CK1007 and glnB^ glnK and glnD' to give strain CK1008 (See Experimental Procedures)
by generalized PI transduction of published mutations (Table 1).

To determine if

GlnKHis6 or GlnKY51FHis6 could be uridylylated in E. coli extracts, strains CK1007
and CK1008 carrying either pPR113 or pPRllS were grown to mid-log phase in LB, the
extracts were incubated with ImM a-ketoglutarate and labeled with [a-^^P]-UTP,
subjected to SDS-PAGE followed by Western blotting (Fig. 3 A) or autoradiography of
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the dried gel (Fig. 3B) (See Experimental Procedures). When extracts of strains without
a plasmid were labeled with [a-^^P] UTP no protein was detected in either host strain
(lanes 2, 5). In contrast, CK1007 (pPR113) (lane 3), which encodes GlnKKQs6, was
intensely labeled but not in strain CK1008(pPR113) (lane 6), indicating that GlnKHis6
can be uridylylated in E. coli by a

GInD-dependent mechanism.

As expected,

GInKY51FHis6 expressed from pPRllS was not labeled in the glnD^ strain CK1007 or
in CK1008 (lanes 4, 7). Di all lanes, GInKIBs6 or GInKY51FIBs6 of the expected 14kDa
molecular weight was detected by Western blotting using antibodies to the E. coli GInB
protein (Fig. 3A). These results indicate that glnKYSIF encodes a stable unuridylylatable
protein.
Uridylylated GlnK is required for growth on N-free media and for
expression of nif genes.

MV577 was able to form only small colonies on N-free

medium indicating that the glnKYSIF mutation affected nitrogenase.

To determine

growth rates for these strains, growth curves were plotted (Fig. 4). In these experiments,
MV577 grew very poorly in N-free medium with a doubling time of greater than II
hours, compared to MV578, the corresponding glnK* strain, which doubled in about 4
hours (Fig. 4A). The growth rate of MV577 was partially corrected by the addition of 10
mM ammonium acetate to the cultures (Fig. 4B), although not to the level of MV578,
suggesting that the mutation may have other effects on cell physiology not identified
here. Nonetheless, the glnKYSIF mutation severely impairs growth in N-free medium.
To examine the effect of the glnKYSIF mutation on NifA activity, nifHl-lacZ
reporter strains were constructed (Table 1). The strains used in these experiments were
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grown overnight in 5 mM urea followed by dilution into BS containing 2niM urea for
derepression (which does not inhibit nif expression but supports growth of Nif *, nifHllacZ strains) or containing 10 mM ammonium acetate for repression.

At least four

samples were taken throughout the growth curve and measured for P-galactosidase
activity, which was then plotted vs. the ODgoo of the culture as described in Experimental
Procedures. Activities are reported as the diflferentiai rates of P-galactosidase synthesis
and are reported in Table 2. These data indicate that the gln71 suppressor mutation, used
to stabilize the glnKYSlF mutation, had little effect on nifH expression under derepressed
conditions (MV72H), nor do the combined glnJI cantB mutations in strain MV578H.
Therefore any effects seen in the isogenic glnKYSlF strains are a consequence of the
glnK mutation and not the background.

For comparison, a nifHl-lacZ fiision in MV71

{glnDlv.Q. gin?!) was constructed and assayed. The nifU^ parent of this strain is Nif"
and did not form small colonies on N-free medium. When compared to MV578 (^IniC),
strain MV577 (glntCYSlF) had a 10-fold decrease in the expression of nifHl-lacZ in the N condition, indicating that uridylylated GlnK is required for activation of the nifH
promoter (Table 2).
To determine if the effects of GlnK on NifA activity were perhaps mediated
through NifL, nifL from

MVS77 was disrupted with a KIXX cassette encoding

kanamycin resistance to give strain MV579 or the corresponding nifHl-lacZ strain,
MV579H. Both growth on N-free medium (Fig. 4A) and nifHl-lacZ expression (Table
2) were restored to wild-type levels by mutation of nifL, and as seen with other nifL
strains expression of nifHl-lacZ was not fiiUy repressed in the presence of ammonium
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(Table 2) (Bali et ah, 1992). As controls, the mJLl.iKJXK was introduced into strains
MV72H and MV578H for

comparison (MV580H

MV581H). However, the

corresponding nifH*^ strains were very slow-growing, probably due to the combined
effects of the gln71 and nifL and or/ amtB mutations, and growth rates were not
measured.

Together, nifHl-lacZ expression data indicates that unmodified GhiK

negatively regulates Nifi^ activity by a mechanism involving NifL.
GlnK and GlnKYSlF interact with NifL in a yeast two-hybrid assay. Data
fi-om the previous section would indicate that GlnK exerts its effects on Ni£\ through
NifL. To assess if GlnK interacts with NifL directly, gene fusions to the GAL4 DNA
binding and activation domains were made to nifL, glnK and glnKYSlF, and the plasmids
were transformed in pairs into yeast strain SFY526, a strain carrying a lacZ reporter
downstream of the GALl UAS. In this system, activation of the reporter is dependent on
the fusion proteins coming into proximity long enough to activate transcription, a
function that is dependent on the fused target proteins. The results indicate that none of
the plasmids activated expression when paired wdth either vector alone (Table 3). As a
positive control, p53 and SV40 large T-antigen as supplied with the kit were used, and
were shown to activate transcription at -100 P-gal Units. In test assays, GlnK and NifL
interacted in both vector combinations.

GlnKYSlF also interacted with NifL, but only

when NifL was fused to the GAL4 DNA-binding domain (Table 3).

These results

indicate that NifL and GlnK may physically interact in vivo, demonstrating a possible
mechanism for the activation of the inhibitory properties of NifL in response to nitrogen
suflBciency.
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DISCUSSION

GlnK-UMP is essential for activation of GS. There is convincing evidence that
PH-like proteins and/or uridylyltransferase (GInD) are essential in some organisms. The
latter may represent situations where PII-UMP and/or a paralog are essential for a vital
function, although such functions have not been documented. However, in A. vinelcmdii,
a unique situation exists which allows lethal mutations to be transiently place on the
chromosome. The presence of multiple chromosomes in this organism allows lethal
alleles to be recombined onto the chromosome as long as a wild-type copy exists within
the same cell. In this manner, it is possible to have a population of cells, which carry
both alleles as long as there is a selectable phenotype for the unstable allele.

This

unstable condition allows for the isolation of stabilizing second-site suppressors. The
mutagenesis of glnD in this organism represents one such case, which allowed the
isolation of the GS^ allele gln7I. Using a similar approach, no stable glnK null mutants
could be isolated, indicating that this gene may be required for more than one function,
which would require multiple suppressors.

Consequently, we propose that glnVl

stabilizes glnKYSlF, as it does glnDl ::£l, because both of these mutations create a state
in which GS is irreversibly inactivated by adenylylation. This result suggests that GhiKUMP may be the sole protein, which can signal GS deadenylylation in A. vinelandii. The
reason why glnK null mutants cannot be isolated is not known, although A. vinelandii is

186

well suited for such a study that may reveal potentially new regulatory targets for this
class of proteins.
GlnKYSlF cannot relieve the inhibitory properties of NifL. In contrast to K.
pneumoniae, it would appear that uridylylation of A. vinelandii GlnK is essential for
relief of NifL inhibition. This study was prompted by that fact that glnD mutants of A.
vinelcmdii are Nif*, and directly addresses the question of the role of GhiK as a substrate
for uridylyltransferase.

It cannot be ruled out that these mutations have similar

phenotypes because they affect separate pathways. However, given the well-established
role of uridylyltransferase of other organisms, it would appear likely that GlnK-UMP
signals relief of NifL inhibition. In these experiments, gene dosage was limited by the
chromosomal location of both the reporter and the regulatory proteins. The results should
therefore be representative of typical changes in nitrogenase expression with respect to
growth phase. As has been proposed for A. vinelandii and organisms which probably
have only one Pll-like protein, the composition of this protein may be an amalgam of
residues such that a single protein can fiinction for all needed regulatory targets. In this
case, it would be crucial to effectively uridylylate GlnK in response nitrogen flux.
Therefore, uridylylation would serve as a rapid mechanism of signal transduction, which
does not require changes in gene expression. In contrast for K. pneumoniaz, which has
evolved to accommodate two PH-like proteins, PII serving as the general regulatory
protein, which is always available to quickly adapt to nitrogen suflBciency and starvation,
and GbiK which may be more specific to nitrogen fixation and/or severe N-starvation
responses.

In this scenario, it would seem suflBcient to simply express glnK in the
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absence of combined nitrogen, which then regardless of uridylylation state, relieves NifL
inhibition.
Unmodifled GlnK interacts with NifL in a yeast two-hybrid assay. In this
work we proposed that GInK might impart its effects directly on the NifL-NifA. system.
Although, this result has been observed in vitro (Little, Reyes-Ramirez, Zhang, van
Heeswijk, and Dixon, 2000), we wished to study the interaction of the proteins in a living
cell and to possibly determine with which protein GhiK might interact. In the yeast twohybrid system, GlnK and GhiKYSlF interacted with NifL. We took it for granted that
NifL and NifA interacted in this system since this had previously been show (Lei,
Pulakat, and Gavini, 1999). What we are unable to rule out is the possibility that GInK
interacts with NifA. as well. Nevertheless, the demonstration of interaction between
GlnK and NifL represents the first evidence the two proteins might interact in a manner
such that GbiK stabilizes the NifL:Ni£\ non-activating complex and uridylylation would
prevent such a function. Since no glnK null mutants are available for this organism, it is
currently impossible to predict what may be the result of loss of GlnK directly. However,
adaptation of an E. coli system, which lacks both E. coli PE-like proteins and expresses
A. vinelandii glnK may provide supporting evidence about the role of this protein and its
uridylylated form in the relief of NifL inhibition. However, since glnK null mutants are
not available for A. vinelandii it may be most informative to study the interaction of GInK
with the NifL-NifA regulatory system in vitro where the hierarchy of signals can be
studied directly.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Growth Conditions. The bacterial strains and plasmids
used in this study are listed in Table 1. A. vinelandii strains were grown in Burk's (BS)
medium supplemented with 1% sucrose, 5 or* 10 mM ammonium acetate, 2 or 5 mM urea,
or no added nitrogen source at 30°C. Liquid cultures were grown with shaking (200 rpm)
(Newton, Wilson, and Bush, 1953). A. vineJandii was made competent by plating on BS
medium lacking Fe [competence medium (C®4)] (Bali, Blanco, HBU, and Kennedy, 1992).
Cells were resuspended in liquid CM containing 16 mM MgS04 prior to transformation.
E. coli strains were grown in LB at 37°C with shaking (250 rpm). Plwr transduction was
performed as previously described (Manoil and Slauch, 1999). E. coli was transformed
by standard techniques. Saccharomyces cervisiae strains were maintained on rich YPD
medium or minimal SD medium with shaking (200 rpm) for selection of strains carrying
plasmids which encode prototrophy markers.

Yeast transformations were conducted

using the LiAc method also from the Clontech handbook. Media was supplemented with
antibiotics where appropriate; for A. vinelarudii, ampicillin 25 |ig/ml, chloramphenicol 50
Hg/ml, kanamycin 1 |ig/ml, streptomycin 1 |ig/ml and tetracycline 5 ng/ml; for E. coli,
ampicillin 100 |ig/ml, chloramphenicol 30 ^agAnl, kanamycin 50

spectomycin 30

|ag/ml, streptomycin 50 ng/ml and tetracyclime 10 jig/ml.
Construction of a plasmid carrying glnKYSlF. Forward primer 'glnB F H3'
(5'-TCCATAACCACAAGCITGATAGGGG-3'), which introduces a Hindm site for
cloning

and

reverse

mutagenic

primer

'glnB

Y-F'

(5-
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GCAGAAAGTCGACTACGAATTCCG-3'^ which introduces a new E^coRI site at
tyrosine 51 (TAC->TTC) and contains a recognition site fov HincJl, were used to amplify
the 5' half of glnK from

pPRlOl with Pfii polymerase according to manufacturer's

protocol (Stratagene). pPRIOl was then digested with HindHl, which cuts in the vector,
and HincTL and ligated to similarly digested glnKYSIFVCK product to give pPR102 (Fig.
1).

Standard recombinant techniques were performed essentially as described by

Maniatis et al. ^aniatis, Fritsch, and Sambrook, 1982). Clones were screened for the
presence of a new EcdSl site, and the introduction of the point mutation in pPR102 was
verified by sequencing (LMSE sequencing facility. The University of Arizona).

To

facilitate selection of A. vinelcmdii carrying the glnKYSlF mutation, a tetracycline
resistance cassette was introduced into the 5' end of the adjacent amtB gene.

The

tetracycline resistance gene was isolated from pBR322 as a 1.4 kb EcdRUAval fragment,
blunt-ended with the addition of dNTPs and the Klenow fragment of DNA polymerase I
and cloned into the single NspV site of the amtB genes of pPR102. A clone carrying the
tetracycline resistance gene in the forward orientation was isolated and designated
pPRl 18 to be used for mutagenesis of the^. vinelcmdii chromosome (Fig. 1).
Construction of

plasmids expressing GlnKHis6 and GlnKY51FHis6.

pPR113 was constructed by PCR amplification of glnK from pPRlOl with primer 'GLNK
FB' r5'-GAGATGGATCCGATGAAGCTAGT-3'') and primer 'GLNK RK', ® which
introduce a BaniHL and a Kpnl site, for directional cloning into the His-tag vector
pTrcEBs B (Invitrogen). The PCR product was first cloned into the T-A cloning vector
pGemT-EASY (Promega) to give plasmid pPRllO, which was digested with BaniHl and
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Kpnl and the insert was cloned into similarly digested pTrcHisB to give pPR113.
pPRllS was constructed in essentially the same manner, except glnKYSIF was amplified
fi-om plasmid pPR103 by PCR and cloned directly into pTrcIBsB following digestion.
pPRllS and pPRllS have an N-terminal translational fusion that contains 6 histidine
residues, encoded by pTrcHis B.
Construction of yeast two-hybrid plasmids. Plasmid vectors used in the yeast
two-hybrid assays were pGAD424 (AD-fiision) and pGBT9 (BD-fiision) fi-om the
Matchmaker System (Clontech). For cloning of nifL, glnK or glnKYSIF into two-hybrid
vectors, PCR products were amplified from plasmid or chromosomal template DNA and
ligated to pGEMT-EASY as an intermediate step. For each of these genes the entire
reading was cloned by the introduction of restriction site compatible with sites in the twohybrid vectors. nrfL was amplified with primers XXXX and from

chromosomal

DNA as template and cloned into pGEMT-Easy, followed by cloning into the two-hybrid
vectors; glnK and glnKYSIF were amplified from pPRlOl and pPRlOS, respectively.
Amplification

was

performed

using

primers

GlnK.for.EcoRl

(5'-

TTACACGGAATTCTGTTTCATGAA-3') GbiK.R- rS'-CGGGGGGGATCCTGGGCT3'). The cloned products were digested with EcoiBl and cloned into the either pGBT9 or
pGAD424. All plasmids were verified by sequencing.
Recombination of glnKYSIF onto the A. vinelandii chromosome. The suicide
plasmid pPRllS was used to transform^, vinelandii strains UW136 and MV72 followed
by selection on tetracycline.

To screen for allelic replacement mutants, Tet^

transformants were plated onto BSN plates supplemented with ampicillin. Tet'^ Amp^
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colonies were purified and analyzed for the presence of the glnKYSIF mutation by PGR
amplification

of

the

300

bp

glnK

gene

using

primers

'KlOlU'

(5-

ACTTGAATCGGGATCGTTT-3') and -KIOID' (5'-GCCTTTGCGCAGCGTCAT-3')
fi-om single colonies as template. The generated PGR products were then digested with
EcdRL to screen for the mutation. Li this experiment, EcdSl will cleave the glnKYS IF
firagment in half whereas wild-type glnK is resistant to the enzyme (Fig. 1). A single Tet^
Amp*^ isolate carrying an integrated pPRllS on the chromosome, pPRlOl and pPR103
were used as controls in the amplification experiments.

An MV72 Tet

Amp

transformant carrying glnKYS IF amtBvXQt was named MV577 and a glnK^ omtBvXot
transformant was designated MV578.

nifLlvKSXX strains were constructed by

transformation with pAB29 (Bali, Blanco, Hill, and Kennedy, 1992) followed by
selection on kanamycin and screening for sensitivity to ampicillin.
Construction of nifHl-lacZfKSS reporter strains.

A. vinelandii strains

UW136, MV72, MV577, MV578 and MV579 were transformed with pJAW2 to generate
nifHl-lacZrK.SS transcriptional fusions on the chromosome (Arcondeguy et al., 1996).
pJAW2 is a suicide vector carrying the nifHI-lacZfKSS fiision, which carries a nifH-lacZ
transcriptional fiision followed by the kanamycin and streptomycin marker genes fi^om
Tn5 (Walmsley and Kermedy, 1991). Transformants were selected on streptomycin and
allelic

exchange

mutations

were

identified

by

screening

for

sensitivity

to

chloramphenicol. The fiisions in Sm^ Gm^ isolates were verified by PGR amplification
of a nijH-lacZ product fi-om the chromosome (not shown).
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K coli strains used in the uridylyiation experiments were constructed by PI
transduction of published alleles. To construct a strain devoid of both glnB and glnK in
strain MC4100, t^glnBv.Qzxci was moved from strain NCM1736 (He, Soupene, and
Kustu, 1997) by PI transduction to generate CK1005. CK1005 was then transduced with
^//zATrrSpc®" with a lysate grown on strain NCM1971 (He, Soupene, Ninfa, and Kustu,
1998) to generate strain CK1007. A triple glnB glnK glnD mutant strain was constructed
by transducing glnD99::TnlO from NCM1686 (He, Soupene, and Kustu, 1997) followed
by selection on tetracycline.
P-galactosidase assays and preparation of cell-free extracts.

A. vinelandii

strains were maintained on BS medium or BS medium supplemented with 5 mM
ammonium acetate, a concentration empirically determined to not inhibit growth of gln71
strains (P. Rudnick, unpublished).

Cells used for growth curves were first

grown

overnight in 10 ml starter cultures in BS containing 5 mM ammonium acetate. The next
morning, the cultures were diluted to 10 Klett units (ODsoo—O.l) in either BS
supplemented with 10 mM ammonium acetate or BS (N-free) and grown for 27 hours.
Samples were read periodically on a Klett reader in sidearm flasks and plotted on a semi
log graph. For analysis of nifH-lacZ fijsions in A. vinelandii, 10 ml overnight cultures
were grown in BS supplemented with 5 mM Urea and the appropriate antibiotics. The
following day, the cultures were diluted to approximately 25 Klett units in fresh BS
supplemented with either 10 mM ammonium acetate for repression or 2 mM urea for
derepression. Five samples were taken throughout a 12-hour period, at which time the
ODeoo was recorded for each sample. Samples were inmiediately frozen and stored at
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-20°C. P-galactosidase activities were determined for each sample in units per milliliter
according to the following calculation which has been modified for an ELISA microtiter
plate reader: 1000[OD4i4-(1.75 x OD54o)]/(A/ x v), each time point was assayed in
duplicate and the experiment was repeated for each strain at least three times (fi-om
Miller, 1972). The activities for each time point were then plotted vs. ODeoo and the
slope of each line was then approximated to give the differential rates of P-galactosidase
synthesis. P-galactosidase assays of yeast strains were performed according the protocols
supplied by the manufacturer (Stratagene). Amino acids were added according to the
manufacturer's instructions (Stratagene). Briefly, single colonies of strains carrying the
appropriate plasmids were inoculated into SD selective media and grown to saturation at
30°C. Cultures were then diluted into 8 ml YPD and grown to an ODeoo of 0.5-0.8 for
single-point assays. At which time 1.5 ml of culture was pelleted, washed, concentrated
and assayed in Z-buffer also as according to manufacturer (Stratagene).

Preparation of cell-free extracts, In vitro uridylylation assays and western
blotting.

For preparation of cell-fi-ee extracts, CK1007 or CK1008 carrying plasmid

pPRl 13 or pPR115 were grown in 25 ml of LB in a 125 ml flask to an ODeoo of -0.5. At
such time the cultures were induced with 500 nM IPTG for 2-3 hours. Strain CK1008
grew markedly slower than CK1007 and plasmid pPR115 inhibited growth of CK1007,
CK1008 and MC4100, with greater inhibition observed afl:er induction. The cells were
harvested, washed once in an equal volume of uridylylation buffer (50mM Tris-Cl,
lOOmM KCl, lOmM MgCb pH 7.5) and resuspended in 0.5 or 1.0 ml of the same buffer
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(Atkinson, Kamberov, Weiss, and Ninfa, 1994). The cell suspensions were lysed with 3
by 5 second bursts on a Branson Sonicator on medium-high power and 3 cycles snap
freezing in liquid Nj followed by rapid thawing at 37°C. Soluble proteins were collected
from the supematants following centrifiigation at 12,000xg^ for 15 min. at 4°C.

All

extracts were quantitated using a modified Bradford method (BioRad).
Uridylylation of GhiKHis6 was carried out in vitro basically as described in
(Kamberov, Atkinson, and Ninfa, 1995). Briefly, 30 |ig of soluble protein containing
GlnK"^® or GlnKY51FHis6 was incubated in uridylylation buffer plus 0.2 mM ATP. 1
|il of [a^^P]-UTP 800Ci/mmol and 1 mM a-ketoglutarate (pH 7.5) were added to initiate
labeling of GlnK. The reaction mix was incubated for 30 min. at 30°C. Duplicate
samples, incubated with unlabelled UTP prepared for Western analysis, were processed
in parallel. AH samples were mixed to IX Lamelli loading buffer, boiled for 5 min. and
half of the reaction mix was separated by 12% SDS-PAGE. The gel containing labeled
proteins was dried overnight between cellulose sheets. The dried gel was subjected to
autoradiography on Kodak Biomax film for approximately 30 min.

A second gel

containing unlabelled proteins was blotted to a nitrocellulose membrane with a BioRad
semi-dry electroblotter following equilibration in Bjerrum and Schafer-Nielson transfer
buffer (48 mM Tris, 39 mM glycine, 20% methanol, pH 9.2) (BioRad). Polyclonal E.
coli Pn rabbit antisera were applied as the primary antibody.

Alkaline phosphatase

conjugate was then used to detect the proteins using an AP substrate pack for
colorometric development (BioRad).
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TABLE L Bacterial strains and plasmids used in this study
Strain orPIasmid
Strains
A. vinelandii
UW136
UW136ff

Relevant Genotype and/or Characteristics

niJHl-lacZ/KSS

MV71

gln71 glnD\:Cl

MV72

gln7I

MV378

myLi::KIXX niJHl-lacZ/KSS

MV577
MV577H
MV578
MV578H
MV579
MV579H

gln71 glnKYSlF amtBvXet
gin?I glnKYSlFcmtBvX&t ni/Ifl-lacZ/KSS
gln7I amtBrXet
gln71 amtB::tetnifFII-lacZfKS,S
gln71 glnKYSlF amtB.XuX. niJLlvXSXX.
gln7I glnKYSIF amtBMei niJLIvXJXX niJHllacZlKSS
gln7J amtSvX&t niJL'.iKSXX.
gln7I niJL.^fJXK

Rif^derived from strain UW (ATCC 13705)

Reference of Source

^ishop and Brill, 1977)
this work and
(Arcondeguy, Huez,
Fourment, and Kahn,
1996)
(Colnaghi, Rudnick, He,
Green, Yan, Larson, and

Kerme^, 2001)

MV580
MV581
E. coli
DH5a

(spontaneous glnDI::0. suppressor)

supE44 hsdRl 7 recA I thi-1
AlacU169(jij80lacZAMlS) endAl gyrA96relAl
[A(/ac)U169 araD139 rpsL thi\

MC4100
CK1007
CK1008

MC4100 with (AglnBy.-.Csxi^glnKv.STp^
MC4100 with (A^/rt5)::Cam®;g/n/r::Spc^

NCM;197I

glnD99:r[nI0
glnK::S^^

NCM1686

glnD99:-:TxilO

NCM1736

(Ag/«5)::Cam^

(Colna^, Rudnick, He,
Green, Yan, Larson, and
Kennecfy, 2001)
(Bali, Blanco, Hill, and
Kennedy, 1992)
this work
this work
this woric
this work
this work
this woric
this work
this work
(Hanahan, 1983)
(Casadaban, 1976)
this work
this work
(He, Soupene, Ninfa, and
Kustu, 1998)
(He, Soupene, and Kustu,
1997)
(He, Soupene, and Kustu,
1997)

S. cerevisiae
SFY526
HF7c
Plasmids
pAB29

pTZ19 derivative canying carrying n//L7::KIXX

pBR322
pJAW2

Tet"^ vector/source of tet^ gene
suicide plasmid canying niJHl-lacZl¥iSS

pPRlOl

pTZ19 carrying i4.

Clontech
Clontech

vinelandii glnK amtB

(Bali, Blanco, Hill, and
Kennecfy, 1992)
(Bolivar e/a/,, 1977)
(Walmsley and Kennedy,
1991)
(Meletzus, Rudnick,
Doetsch, Green, and
Kenne<fy, 1998)

pPR102
pPR113
pPRllS
pPR118

pTZ19 carrying^, vinelandiiglnKYSIFamtB
plasmid encoding GlnKHis6 in pTrcHis B
plasmid encoding GlnKYS lFEIis6 in pT rcHis B
pPR102 with a 1.4 kb EcoWJAval Te? gene cloned
into amtB
His-tag Cloning vector
GAL4 binding-domain fusion two-hybrid vector
GAL4 activation-domain fusion two-hybrid vector

this work
this work
this woik
tliis work

pTrcEBs B
Invitrogen
Clontech
PGBT9''
Clontech
PGAD424''
pTDl
pVA3
Clontech
Strain UW136H is a remake of strain MVlOl (Walmsl^ and Kenne(fy, 1991)
For description of two-hybrid fusion constructs see Experimental Procedures.
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TABLE 2. Expression of nifH-lacZ in glnKYSlF strains of A. vinelandii
P-Galactosidase Activity
(U/ml/QDsoo)^
+N®
-N^
16,100
200
15,130
240
160
160
260
860
191
12,010
4,880
14,610

Grenotype
(wild type) glnJl
glnJl
glnJl glnDlwO.
glriJl omtBvXet glntCYSIF
glnJl omtB/.tet
glnJl omtBiXet glnKySJF
wz/L.iKIXX
MV580H glnJl amtB::tet niJL::KIXX
5,870
KT
MV581H gln71 nifL::KXXK
5,260
9,570
^ See materials and methods for determination of P-galactosidase activities.
^ All strains carry a nifHl-lacZfKSS transcriptional fusion from Walmsley and Kennedy
(1991).
° Burk's sucrose medium supplemented with 10 mM ammonium acetate.
^ Burk's medium containing 2 mM urea as a non-repressive nitrogen source.
°NT=not tested
Strain**
UW136H
MV72H
MV71H
MV577H
MV578H
MV579H
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TABLE 3. GlnK interactions in a yeast two-hybrid assay.
Strain^

BD fusion"

AD fusion*^

|3-galactosidase
Activity'^ (U/ml/ODeoo)
S122'''' p53
SV40 large T-antigen
110
18
SI12^
NifL
GlnK
SI13^
GlnK
NifL
49
S114^
GInKYSIF
16
NifL
<2
S124
GInKYSIF
NifL
<2
S103
vector only
vector only
<2
S123
GlnK
vector only
<2
S125
GhiKYSlF
vector only
<2
S132
vector only
NifL
<2
S134
NifL
vector only
<2
S135
vector only
GlnK
<2
S136
vector only
GInKYSIF
® All strains are derivatives of yeast strain SFY526 canying two corresponding plasmids.
'' Fusion is to GAL4 DNA-binding domain.
® Fusion is to GAL4 transcriptional activation domain.
^ See materials and methods for determination of P-galactosidase activities.
® Strain S122 carries plasmid pVA3 and pTDl from the Clontech kit as positive controls.
^ These strains also give sufficient expression of a GAL4-his reporter in host strain HF7c
to allow growth on His"DO medium.
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FIGURE LEGENDS
Figure 1. Map of the glnK amtB region and construction of glnKYSlF. To construct
the glnKYSlF mutation, the 5' half of glnK was amplified with a mutagenic primer that
contained the TAC->TTC base change encoding residue 51.

The mutation of Y51

prevents uridylylation of the encoded protein and introduces a new EcdBl site, with
which clones were screened. The PCR product was cloned back into plasmid pPRlOl to
give plasmid pPR102. To facilitate selection of clones carrying the point mutation, a
tetracycline resistance gene was cloned into the 5' end of the downstream amlB gene
carried on the plasmid. A. vinelandii mutants were selected on the basis of Tet^ and
screened for sensitivity to vector borne Amp'^. Of these, glnK was amplified and digested
with EcdBl to identify mutants carrying the glnKYSlF allele. P, PstV, Hd, Hin6ni-, H,
HincU-, E, j^coRI; N, NspY.

Figure 2. PCR analysis of glnKYSlF amtB::tet transformants. (A) Large and small
colony Tet^ Amp^ transformants of wild-type strain UW136. Top panel is amplified
PCR products and lower panel are products after EcdBl digestion. EcdRl cleaves
glnKYSlF in half while glnK is £coRI resistant. Lanes 1-5 small colony transformant.
Lanes 6-9 large colony isolates. Lane 10 glnKYSlF PCR product amplified fi"om plasmid
pPRllS. Lane 11 glnK amplified fi-om plasmid pPRlOl. Lane 12 Amp^ Tet'^ isolate
resulting fi^om integration of plasmid pPRllS carrying both alleles in tandem.
Transformation of

(B)

glnDhiQ. suppressor strain MV72. Lanes 1-15 Tet'^ Amp® isolates.

202

Transformants carrying glnKYSlF have completely replaced wild-type gInK. Lane 16
glnKYSIF^com plasmid pPRl 18, lane 17 wild-tj^je glnKamplified fi"om pPRlOl.

Figure 3. Western analysis and uridyiylation of A. vinelandii GlnK and GlnKYSlF
in E. colL Top panel is western blot of E. coli extracts incubated with a-ketoglutarate
and UTP for 30 minutes. Lower panel is an autoradiograph of the same extracts labeled
with [a^^P]-UTP. Lane 1 purified GlnKHis6 as a size standard. Lane 2 CK1007. Lane 3
CK1007 (pPR113). Lane 4 CK1007 (pPRllS). Lane 5 CK1008.

Lane 6 CK1008

(pPRl 13). Lane 7 CK1008 (pPRl15). Lane 8 No protein.

Figure 4. Growth of glnKYSlF strains in Burk's medium supplemented with 1%
sucrose.

A) —N=without added fixed nitrogen, B) + N=with the addition of lOmM

ammonium acetate. UW136, wild-type strain; MV72, gln71\ MV577 gln71 glnKYSlF
omtBvXQt^-, MV578, glnJl amtBvXQt^-, MV579, glnVl glnKYSIF

nifLlvYJXK.
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Abstract
To evaluate the role of uridylyl-transferase, the Sinorhizobium meliloti glnD gene was
isolated by heterologous complementation in Azoiobacter vinelandii. The glnD gene is
co-transcribed with a gene homologous to Salmonella mviN. Using a powerful sucrose
counter-selection procedure, glnDJy.Q. or mviNlv-O. mutants could not be isolated unless
a complementing cosmid was provided, indicating that glnD and mviN are members of an
indispensable operon in S. meliloti.

Key Words: glnD, Sinorhizobium meliloti, Azotobacter vinelandii, mviN, nitrogen
regulation
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Sinorhizobium meliloti forms a symbiosis with Medicago sativa (alfalfa) in which
nitrogen is fixed by the bacteria and released to the plant in exchange for photosynthates.
After infection of plants, bacterial cells differentiate into bacteroids contained within
plant membrane-enclosed organelles, symbiosomes, located within root nodules.
Establishment of a successful symbiosis probably involves a shift in bacterial metabolism
ft^om assimilation of ammonia to export of nitrogenous compounds since release of
combined nitrogen to the plant would require such a transition. Therefore, ascertaining
the features regulating this particular metabolic switch may provide valuable insight into
events associated with effective nodulation. As in many other bacteria, Sinorhizobium
meliloti assimilates ammonia through the glutamine synthetase (GS) / glutamate synthase
(GOGAT) cycle. Unusually, members of the Rhizobiaceae carry three genes encoding
isoforms of GS at separate loci (8). The major enzyme, GSI, is similar to GS of the
enteric bacteria and is susceptible to post-translational adenylylation, which reduces the
rate of ammonia assimilation in vivo (1). As in enteric bacteria, a specialized, protein
called Pn, regulates the level of GSI adenylylation (2). In E. coli, a model organism for
studies on nitrogen regulation, the interactions of Pn with its targets depend on the
uridylylation state of Pn, which responds to intracellular concentrations of the key
metabolites glutamine and a-ketoglutarate (for current reviews see (10, 12)). Depletion
of glutamine is sensed by the GlnD protein (9), which carries uridylyl-transferase/uridylyl
removing (UTase) activities, resulting in uridylylation of Pn (10).
The role of P n in S. meliloti was previously examined by construction of two
alleles of the corresponding glnB gene: AglnBlO, a non-polar null mutation, and glnBPS,

216

a second allele that encodes a protein altered at the site of uridylylation. With respect to
symbiosis, Pn was required to efiBciently transfer fixed nitrogen to the plant but not for
nitrogenase expression (2). Predictions were that glnD mutants would exhibit phenotypes
similar to glnBPS mutants, however this is complicated by the occurrence of multiple Pnlike proteins in S. meliloti (D. Kahn and P. Rudnick, unpublished) as in many other
organisms (reviewed (12)). Therefore, the focus of this work was to directly address the
role of UTase in the regulation of Pn and its homologues in S. meliloti. We report here the
cloning, sequencing and mutagenesis of the S. meliloti glnD as well as evidence that this
region of the chromosome is essential.
Cloning and sequence analysis of the glnD region of the chromosome. To
isolate a library clone encoding a functional UTase, a pLAFR3 genomic library was
mobilized into two Nif' glnD strains of Azotobacter vinelcmdii, MV17 (16) and MV71
(5). Several cosmids were isolated that complemented MV17 and MV71 by restoring
their ability to fix nitrogen on N-fi-ee Burk's agar medium (11). One complementing
cosmid, pTA30, contained a single central HindSL site within the insert. One half of the
insert of pTA30 was cloned as a HindSH fi-agment into pBluescriptll KS+ to form
plasmid pPR604. This 13 kb fi^agment was then cloned into the broad host-range vector,
pJRD215, to form pPR608 and mobilized into A. vinelandii strain MV71 by tri-parental
mating.

Neither this plasmid nor pPR601 containing the remaining portion

complemented this strain for growth on N2 (Fig. 1). Indeed, sequencing of the HindHl
junction revealed that this restriction site cleaves the glnD gene. The sequence of a 5.2
kb Pst\ fi-agment

containing the Hindni site was determined (accession number
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AF227730), showing that the S. meliloti glnD gene is located between mutS, encoding a
DNA-mismatch repair en2yme from many organisms, and a gene homologous to mviN
from Salmonella typhimuriwn (hereafter called mviN) (4).
Complementation of an A. vinelandii glnD mutant with S. meliloti glnD. The
5.2 kb Pstl fragment of pPR602, containing partial ORFs for mutS and mviN and the
complete glnD gene, was subcloned into pJRD215 to give plasmid pPR611 (Fig. 1). This
plasmid was conjugated into A. vinelandii glnD strain MV71.

Transconjugants

harbouring pPR611 were restored for their ability to grow on N-free medium, indicating
that S. meliloti glnD was the only gene required by this strain to restore growth on this
medium and that glnD encodes a fiinctional UTase.
Mutagenesis of glnD. To examine its role, the glnD gene was mutagenized by
insertion of an Q element from pHP45f2 conferring resistance to spectinomycin into the
central HindSL site of pPR612, creating a polar mutation in glnD (pPR613). The Pstl.
fragment from pPR613, containing the mutation, was cloned into pJQ200KS, a vector
carrying gentamycin resistance and conferring sensitivity to sucrose (sacE), to form
plasmid pPR614 (15). pPR614 cannot be replicated in S. meliloti and is a suicide vector.
This plasmid was mobilized into wild-type S. meliloti GMI708 by conjugation followed
by selection on spectinomycin, which will select for strains in which homologous
recombination at the target locus has occurred. A single Sp^ colony was propagated
overnight without antibiotics to facilitate excision of vector sequences and replacement of
the wild type allele with glnDl v.Q. by homologous recombination (TFig. 2). The overnight
culture was plated on medium containing spectinomycin and sucrose. Surprisingly, 88%
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of the Suc^ Sp^ isolates were also Gm^, indicating that the vector had not excised. To
examine the structure of the chromosome targeted by the mutagenesis, primers were
designed to amplify a 400 bp product from the wild-type glnD and a 2.4 kb product from
glnDl::Q. (Tig. 3, lanes 1-3). Long-range PCR analysis of the Suc''^ Sp^ Gm^ isolates
(lanes 6-8) generated products identical to Suc^ Sp^ Gm^ isolates, which have an
integrated copy of pPR614 (lanes 4-5). This indicates a strong selective pressure driving
Suc^ by mutation in sacB rather than by recombination that would excise glnD. The
remaining 12% Suc^ Sp*^ Gm® clones also retained both mutant and wild-type copies of
glnD (Fig. 3, lane 9), similar to the above-described isolates. In an experiment reported
by Quandt and Hynes in which a construct carrying a similar amount of homologous
DNA flanking the cassette was used, only 0-2% Gm^ colonies were isolated following
selection on sucrose and spectinomycin compared to 88% for this experiment (15). Our
inability to isolate allelic replacement null mutants of glnD prompted us to investigate
further the possibility that glnD, or downstream genes occurring in the same
transcriptional unit, may be essential.
In the next experiment, a single clone was selected on gentamycin after
conjugation of pPR614. This isolate was then grown overnight without antibiotics and
plated on sucrose as the sole selective pressure.

Figure 2 illustrates possible events

stemming from integration of pPR614 and outcomes. In this experiment, we predicted
that resolution of the single-crossover would occur at similar frequency on either side of
the cassette if no pressure was applied for maintenance of the wild-type target gene. For
example, considering an equal amount of flanking DNA on either side of the cassette,
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sucrose resistant isolates should arise at a frequency of 50% Suc^ Sp^, 50% Suc^
0% Suc^ Gm'^.

and

Very few, if any, should be Gm^, having occurred by presumptive

mutations in sacB. However, in contrast to this prediction, between 95% and 99% of the
Suc^ isolates were Sp^, indicating preferential loss of glnDl::Q and restoration of the
wild-type copy by recombination. Of the approximate 5% Sp®^ isolates, all were Gm''^
indicating retention of vector sequences (Table 2). These results demonstrate strong
selective pressure to maintain the wild-type locus.
In other organisms, GlnD regulates the activity of GS through Pn, which also
seems to be the case for S. meliloti, since cells that encode a uridylylation deficient Pn are
unable to deadenylylate GSI (2). Interestingly, A. vinelcmdii glnD null mutations are
lethal (5, 6) because GS is constitutively inactivated by adenylylation; GS is an essential
enzyme in this organism probably because the organism lacks other means to assimilate
ammonia, as well as a transport mechanism for glutamine (17). We therefore tested the
possibility that mutants in the S. meliloti glnD could not be isolated because of a
requirement for glutamine, either by supplementing all media with 0.4% glutamine, a
concentration suflBcient to allow growth of GS mutants, (data not shown) or by using the
glnAl strain GMI3105 in which GSI is insensitive to adenylylation (Table 2) (1). In both
cases, Suc'^ Sp^ Gm^ colonies could not be isolated which lacked the wild-type copy of
glnD, further supporting an essential role for th&glnD locus.
mviN mutagenesis. In parallel, a mviN mutagenesis construct, pPR617, was made
by insertion of a Smal digested Q element into the single blunt-ended Pstl site of mviN,
carried on plasmid pPR615. The entire 4.6 kb Xhol fragment containing mviNlv.O. was
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subcloned into pJQ200KS to form plasmid pPR618. This plasmid was used exactly as
pPR614 (Fig. 2) except for inactivation of mviN. Surprisingly, there was a strong bias
towards maintenance of wild-type mviN as well (Table 2).
glnD and mviN mutants can be readily isolated with a cosmid carrying
multiple genes in trans. To support our claim that the glnD-mviN operon may encode
essential gene products in S. meliloti, complementing plasmids were introduced into a
strain carrying either pPR614 or pPR618 integrated on the chromosome. For these
experiments, plasmid pPR611 and cosmid pTA30 were used as a source of the wild-type
gene(s). The mutagenesis was carried out as described above with the exception that all
plates and cultures were supplemented with the appropriate antibiotic for maintenance of
the complementing plasmid. Mutagenesis of glnD carrying pPR611 gave no isolates that
were Suc^ Sp^ Gm^, indicating that the mutation in glnD has polar eflFects on essential
linked genes (Table 2). In contrast, glnD or mviN could be easily replaced by gene
replacement if pTA30 were in the background. For the glnD mutagenesis, approximately
33% of the Suc^ isolates were Sp'^ and Gm® and 0% of the Sp^ isolates were Gm^. This
is as predicted when there is little or no selective pressure to maintain the wild-type target
gene. Mutagenesis of mviN in the presence of pTA30 gave similar results: 45% of the
Suc^ isolates were Sp^ and Gm^ and 1% Sp^ Gm*^. We conclude that glnD and mviN are
members of an essential operon in S. meliloti.
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TABLE 1. Bacterial strains and plasmids used in this study
Strain or plasmid

Genotype

Phenotype or characteristic

Reference

nfrX16:J;n5
glnDhiQ.
glnYl

Nif sup? (fast growing)
Nif GS*^

(16)
(5)

Strain 2011
derivative

Rif^

(3)

glrtAJ

GSI unadenylylatable

(1)

(Amp^) clom'ng vector
(Amp^) cloning vector self-ligated at EcoRV
(Amp®^ Sp^) carries Q interposon
IncQ broad-host range vector (Kan^ Sm*^)
(Gm^) sacB mobilizable cloning vector
IncP cosmid Te^
Hindjn. fiagment deleted derivative of pTA30
pBIuescriptn KS+ with 5.2 kb Pstl fragment
pBIuescriptn KS+ with 13 kb HindJIl fragment
pJRD215 with 13 kb HindlSI fragment
pJRD215 with 5.2 kb ClaT/Sacl fragment (glnD*)
pGEM-T Easy carrying 5.2 kb Pstl fragment
pPR612 with Inserted ^x.H^nd^l (glnDl::0)
pJQ200BCS carrying
pBIuescriptn KS+ with 3.6 kb HindWSacl fragment
pPR615 with inserted at Pstl blunt
pJQ200KS with mviNl"Cl
Library clone with mutS glnD mviN

Stratagene
Promega
(14)
(7)
(15)
(13)
This study
This stu<fy
This study
This study
This study
This stu(fy
This study
This stucfy
This study
This study
This study
This study

A. vinelandii
MV17
MV71
iSl meliloti
GMI708
GMI3I05
Plasmids
pBIuescriptn KS+
pGEM-T Easy
pHP45n
pJRD215
pJQlOOKS
pLAFR3
pPR601
pPR602
pPR604
pPR608
pPR6U
pPR6L2
pPR6l3
pPR614
pPR6I5
pPR617
pPR618
pTA30
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TABLE 2. Gene replacement analysis of the glnD-mviN region of the S. meliloti chromosome
Strain
GMI708
GMI3105
GMI708
GMI708

Plasinid(s)

Primary"Selection

Secondary"
Selection

Fraction®
Suc^Sp^

5/100
Sue
pPR614 (glrtDl.n) Gm
6/100
Gm
pPR614
Sue
7/100
Sue
PPR618 (mviNIzQ) Gm
Mutagenesis of strains harboring complementing plasmids
58/100
pPR614, pPR611
Sue, Km
Gm, Km

Fraction" of
Suc^ Sp^ that
are Gm^
5/5
6/6
7/7
58/58

(glnD^
GMI708

pPR614, pTA30 (glnD"

Gm, Tet

Sue, Tet

33/100

0/33

mvihT)
GMI3105
pPR614. pPR611
Gm, BCm
Sue, Km
22/100
GMD105
pPR614, pTA30
31/69
Gm, Tet
Sue, Tet
GMI708
94/100
pPR618, pPR611
Gm, Km
Sue, Km
GMI708
pPR618, pTA30
24/99
Gm, Tet
Sue, Tet
65/100
GMI3105
pPR618, pPR611
Gm, Km
Sue, Km
GMI3105
pPR618, pTA30
10/76
Gm, Tet
Sue, Tet
'indicates original selection of transconjugants
'' selection after growth of transconjugants overnight in the absence of antibiotics.
" represents fraction of Suc®^ isolates that have retained Sp*^ from glnDI::Q. or mviNl::D.
''fraction of Sp®^ isolates that have retained
encoded on the vector

22/22
1/31
33/94
0/24
65/65
0/10
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FIGURE LEGENDS

Figure 1. Restriction map of the cloned glnD region of the chromosome. P, Pstl; H,
Hindni', X, Xhdl. The column on the right indicates whether the corresponding plasmid
complements A. vinelandii glnD.

Figure 2. Schematic representation of events following conjugation of plasmid pPR614
into S. meliloti. Following homologous recombination, the corresponding strain would
contain one copy of each of glnD, glnDlv.Cl, sacB and the gentamycin resistzmce gene,
aacCl, giving the indicated phenotype (A). Loss of sacB {sacB* indicates a mutated
form which does not confer sensitivity to sucrose) by mutation would allow both copies
of glnD to reside on the chromosome along with aacCl (TB). Resolution of the single
recombination resulting in excision of the vector might have one of the two possible
outcomes illustrated (C). The second, resulting in the loss of wild-type glnD, was never
observed without another source of the target gene. The locations of the PCR primers
used to generate the products seen in Figure 3, are shown for reference.

Figure. 3. Long range PCR amplification of a central fi-agment of glnD or glnDh iQ.
fi-om various sources during mutagenesis. A single isolate was grown overnight without
antibiotics and plated on LB + 5% sucrose and spectinomycin (lOOng/ml). Isolates were
then screened for resistance to gentamycin. PCR products were amplified fi^om single
colonies unless otherwise indicated. Lane 1, pPR602 (plasmid DNA); lane 2, GMI708;
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lane 3, pPR614 (plasmid DNA); lane 4-5, Suc^

Gm^ isolates; lane 6-8, Sue''" Sp^

Gm^ isolates; lane 9, rare Suc'^ Sp^ Gm® isolate which unexpectedly retained glnDlv.Cl.
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