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Abstract
The ability to crystallize and structurally characterize ion channels has made it possible to
consider the molecular motions involved in gating these channels. The crystal structure
of the mechanosensitive channel of large conductance from M. tuberculosis (Tb-MscL)
has provided new opportunities to explore mechanosensitive channel function, by
providing a high resolution image of the closed state of the channel. The first section of
this work describes progress towards the functional characterization of the molecular
motions involved in channel gating. A general background to the approaches employed
here is given in Chapter 1.

In Chapter 2, sequence analysis of 35 putative MscL homologues was used to develop an
optimal alignment for E. coli and M. tuberculosis MscL and to place these homologues
into sequence subfamilies. Using this alignment, previously identified E. coli MscL
mutants, which displayed severe and very severe gain of function phenotypes, were
mapped onto the M. tuberculosis MscL sequence. Not all of the resulting M. tuberculosis
mutants displayed a gain of function phenotype; for instance, normal phenotypes were
noted for mutations at A20, the analogue of the highly sensitive G22 site in E. coli. A
previously unnoticed intersubunit hydrogen bond in the extracellular loop region of the
M. tuberculosis MscL crystal structure has been analyzed. Cross-linkable residues were
substituted for the residues involved in the hydrogen bond, and cross-linking studies
indicated that these sites are spatially close under physiological conditions. In general,
mutation at these positions results in a gain of function phenotype, which provides strong
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evidence for the importance of the loop region in MscL channel function. No analogue to
this interesting interaction could be found in E. coli MscL by sequence alignment. Taken
together, these results indicate that caution should be exercised in using the M.
tuberculosis MscL crystal structure to analyze previous functional studies of E. coli
MscL.

A novel fluorescence-based screen for bacterial mechanosensitive ion-channel activity is
developed in Chapter 2. This assay is capable of clearly distinguishing the previously
observed gain of function and loss of function phenotypes for the E. coli
mechanosensitive channel of large conductance (Ec-MscL). The method modifies
Molecular Probes’ Live/Dead® BacLightTM bacterial viability assay to monitor MscL
channel activity as a function of bacterial survival from osmotic downshock.

Chapter 3 describes the random mutagenesis of the mechanosensitive channel of large
conductance from E. coli coupled with the high-throughput functional screen developed
in Chapter 2. This mutagenesis and screening has provided new insights into channel
structure and function. Complementary interactions of conserved residues proposed in a
computational model for gating have been evaluated, and important functional regions of
the channel have been identified. Mutational analysis shows that the proposed S1 helix,
despite having several highly conserved residues, can be heavily mutated without
significantly altering channel function. The pattern of mutations that make MscL more
difficult to gate suggests that MscL senses tension with residues located near the lipid
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headgroups of the bilayer. The range of phenotypical changes seen has implications for a
proposed model for the evolutionary origin of mechanosensitive channels.

Chapter 5 further investigates structure-function relationships in the mechanosensitve
channel of large conductance from M. tuberculosis. Intracellular domains are a common
regulatory motif among eukaryotic ion channels. Here, we show that the carboxyl
terminal domain of the mechanosensitive channel of large conductance from M.
tuberculosis is such a regulatory domain. A combination of structural stability, measured
by circular dichroism thermal denautration, and channel function, measured by in vivo
channel assays, were used to characterize multiple single point mutations in both the E.
coli MscL and Tb-MscL carboxyl terminal regions. As seen previously for other regions
of the channel, this work clearly highlights differences between the two channel
homologues, as the carboxyl terminal domain plays no functional role in Ec-MscL.
Recent Tb-MscL gating models have ignored this region of the channel, however these
studies clearly indicate that the carboxyl terminus plays a central role in channel gating
and therefore should be incorporated into gating models.

The second section of this work describes attempts to develop novel molecular magnetic
materials using a variety of approaches. These approaches and a background to
molecular magnetism are described in Chapter 6.

In chapter 7, a new class of magnetic materials that was prepared using the guanidinium
sulfonate motif and 5,5’-salendisulfonic acid is described. These materials exhibit
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massive magnetic frustration. The copper-manganese material has been extensively
characterized using dc magnetic analysis and displays the classic signs of magnetic
frustration. Although it is difficult to quantitate the extent of frustration in this system,
the copper-manganese complex seems to display significant long-range frustration. The
generality of the guanidinium sulfonate motif, using 5,5’-salen disulfonic acid as a
bridging sulfonate, for the formation of magnetically frustrated materials was verified by
the creation of family of six different magnetically frustrated bimetallic complexes.

xi

Table of Contents
ACKNOWLEDGMENTS .......................................................................................... IV
ABSTRACT............................................................................................................... VII
TABLE OF CONTENTS ........................................................................................... XI
LIST OF FIGURES...............................................................................................XVIII

CHAPTER 1:

INTRODUCTION TO THE MECHANOSENSITIVE CHANNEL

OF LARGE CONDUCTANCE. ...................................................................................1
1.1

USING BACTERIAL ION CHANNELS AS MODELS FOR EUKARYOTIC ION CHANNELS
........................................................................................................................2

1.2

THE MECHANOSENSITIVE CHANNEL OF LARGE CONDUCTANCE ..........................6

1.2.1 Mechanosensation ...............................................................................................................................6
1.2.2 Pre-structural Analysis MscL..............................................................................................................7
1.2.3 The Crystal Structure of MscL ..........................................................................................................10
1.2.4 Post-Structure Analysis of MscL.......................................................................................................11

1.3

LITERATURE CITED .........................................................................................15

CHAPTER 2:

COMPARING AND CONTRASTING THE

MECHANOSENSTIVE CHANNELS OF LARGE CONDUCTANCE (MSCL)
FROM E. COLI AND M. TUBERCULOSIS AND VERIFICATION OF THE M.
TUBERCULOSIS CRYSTAL STRUCTURE. ..........................................................21

xii
2.1

INTRODUCTION ...............................................................................................22

2.2

RESULTS .........................................................................................................25

2.2.1 Sequence Analysis..............................................................................................................................25
2.2.2 Comparative Circular Dichroism Studies ........................................................................................28
2.2.3 Mutational Mapping ..........................................................................................................................29
2.2.4 Verification of the Tb-MscL Structure ..............................................................................................32
2.2.5 Functional Characterization of Loop Mutations..............................................................................35

2.3

DISCUSSION ....................................................................................................35

2.3.1 Sequence Analysis..............................................................................................................................35
2.3.2 Circular Dichroism Studies...............................................................................................................37
2.3.3 Mutational Mapping ..........................................................................................................................41
2.3.4 Tb- MscL Loop Intersubunit Hydrogen Bond...................................................................................41
2.3.5 Functional Studies of the Tb-MscL Loop..........................................................................................43

2.4

CONCLUSIONS AND FUTURE DIRECTIONS .........................................................44

2.5

MATERIALS AND METHODS .............................................................................45

2.5.1 Sequence Analysis..............................................................................................................................45
2.5.2 Constructs, Strains, and Cell Growth ...............................................................................................46
2.5.3 Circular Dichroism Studies...............................................................................................................47
2.5.4 Cross-linking Studies.........................................................................................................................47

2.6

LITERATURE CITED .........................................................................................48

CHAPTER 3:

A HIGH-THROUGHPUT SCREEN FOR MSCL CHANNEL

ACTIVITY AND MUTATIONAL PHENOTYPING. .............................................51
3.1

INTRODUCTION ...............................................................................................52

3.1.1 Phenotypical Characterization .........................................................................................................53

xiii
3.1.2 Classical Growth-Based Assays........................................................................................................53

3.2

RESULTS AND DISCUSSION ..............................................................................57

3.3

CONCLUSIONS AND FUTURE DIRECTIONS .........................................................63

3.4

LITERATURE CITED .........................................................................................64

CHAPTER 4:

GENERATION AND EVALUATION OF A LARGE

MUTATIONAL LIBRARY FROM THE E. COLI MECHANOSENSITIVE
CHANNEL OF LARGE CONDUCTANCE, MSCL. IMPLICATIONS FOR
CHANNEL GATING AND EVOLUTIONARY DESIGN. .......................................68
4.1

INTRODUCTION ...............................................................................................69

4.2

RESULTS .........................................................................................................72

4.2.1 The Library ........................................................................................................................................72
4.2.2 Evaluating Multiple Mutations..........................................................................................................75

4.3

DISCUSSION ....................................................................................................78

4.3.1 Implications for the SG Model ..........................................................................................................79
4.3.1.1

The Role of S1and the Five Conserved Phenylalanines. .................................................................83

4.3.1.2

An Important Aspartic Acid..............................................................................................................85

4.3.1.3

Unimportant Salt Bridges..................................................................................................................85

4.3.2 The Tension Sensor............................................................................................................................86
4.3.3 The Loop.............................................................................................................................................88
4.3.4 Evolutionary Arguments about Mechanosensitive Channels...........................................................89

4.4

CONCLUSIONS .................................................................................................90

4.5

EXPERIMENTAL PROCEDURES ..........................................................................91

4.5.1 Plasmids and Strains .........................................................................................................................91
4.5.2 Random Mutagenesis.........................................................................................................................92

xiv
4.5.3 Phenotypical Characterization of MscL Mutations .........................................................................92
4.5.4 DNA Sequencing ................................................................................................................................93

4.6

LITERATURE CITED .........................................................................................93

CHAPTER 5:

THE CARBOXYL TERMINUS OF THE M. TUBERCULOSIS

MECHANOSENSITIVE CHANNEL OF LARGE CONDUCTANCE (MSCL)......97
5.1

INTRODUCTION ...............................................................................................98

5.2

RESULTS ....................................................................................................... 101

5.2.1 Growth Analysis...............................................................................................................................101
5.2.1.1

Deletion studies ...............................................................................................................................101

5.2.1.2

Ec-MscL Single-Site Mutations......................................................................................................103

5.2.2 Circular Dichroism Studies.............................................................................................................103

5.3

DISCUSSION .................................................................................................. 104

5.3.1 Tb-MscL and Ec-MscL Are Different..............................................................................................104
5.3.2 Structure-Function Studies of Tb-MscL..........................................................................................105
5.3.2.1

Upper portion of the crystal structure carboxyl terminal helix......................................................107

5.3.2.2

Lower portion of the crystal structure carboxyl terminal helix. ....................................................107

5.3.2.3

Residues outside the crystal structure.............................................................................................108

5.3.2.4

Speculation on the role of the Tb-MscL carboxyl terminal region. ..............................................109

5.3.2.5

Analogies to other ion-channel regulatory domains. .....................................................................112

5.4

CONCLUSIONS ............................................................................................... 112

5.5

MATERIALS AND METHODS ........................................................................... 113

5.5.1 Plasmids and Strains. ......................................................................................................................113
5.5.2 Bacterial Growth Studies. ...............................................................................................................114
5.5.3 Protein Expression and Purification...............................................................................................114
5.5.4 Circular Dichroism Thermal Denaturation....................................................................................116

xv
5.6

LITERATURE CITED ....................................................................................... 116

CHAPTER 6:

INTRODUCTION TO MOLECULAR MAGNETISM AND

CRYSTAL ENGINEERING..................................................................................... 120
6.1

INTRODUCTION ............................................................................................. 121

6.2

MAGNETISM ................................................................................................. 121

6.2.1 Diamagentism and Paramagnetism ................................................................................................122
6.2.2 Cooperative Magnetism...................................................................................................................124
6.2.2.1

Dimensionality.................................................................................................................................124

6.2.2.2

Paramagnetism, Antiferromagnetism, Ferromagnetism, and Ferrimagnetism .............................124

6.2.2.3

Magnetic Frustration .......................................................................................................................127

6.2.2.4

Domain Structure.............................................................................................................................127

6.2.3 Temperature and Field Dependance ..............................................................................................128
6.2.3.1

Paramagnets .....................................................................................................................................129

6.2.3.2

Temperature Dependence of Cooperative Magnetic Effects.........................................................132

6.2.4 Summary...........................................................................................................................................137

6.3

DESIGN OF NOVEL MAGNETIC MATERIALS .................................................... 138

6.3.1 High-Spin Organic Polymers ..........................................................................................................138
6.3.2 Bimetallic Ferrimagnets..................................................................................................................141
6.3.3 Crystal Packing................................................................................................................................142

6.4

CRYSTAL ENGINEERING ................................................................................ 144

6.4.1 Macromolecular Synthons...............................................................................................................144
6.4.2 Rules for Crystal Packing................................................................................................................145

6.5

LITERATURE CITED ....................................................................................... 147

xvi
CHAPTER 7:

USE OF CRYSTAL ENGINEERING TO DESIGN A NOVEL

FAMILY OF FRUSTRATED MAGNETIC MATERIALS BASED ON
GUANIDINIUM 5,5’-SALEN DISULFONATE ...................................................... 152
7.1

INTRODUCTION ............................................................................................. 153

7.1.1 The “Ward Lattice”.........................................................................................................................153
7.1.2 Design Strategy................................................................................................................................154

7.2

RESULTS AND DISSCUSSION........................................................................... 157

7.2.1 Guanidium N-phenylsalicylidene sulfonate Complexes.................................................................157
7.2.2 Guanidinum 5,5’-Salendisulfonic Acid Bimetallic Materials .......................................................159
7.2.2.1

The Copper-Manganese Complex ..................................................................................................159

7.2.2.2

Other Bimetallic Complexes...........................................................................................................170

7.3

CONCLUSIONS ............................................................................................... 173

7.4

MATERIALS AND METHODS ........................................................................... 173

7.5

LITERATURE CITED ....................................................................................... 175

APPENDIX I: SUPPLEMENTARY DATA FOR THE CRYSTAL STRUCTURE
OF N-PHENYLSALICYLIDENE SULFONIC ACID GUANIDINIUM................ 180
I.1 TABLES ............................................................................................................ 181
I.2 FIGURES ........................................................................................................... 188

APPENDIX II:

TOWARDS THE DEVELOPMENT OF A HIGH SPIN

ORGANIC POLYMER ............................................................................................ 193
II.1

INTRODUCTION ............................................................................................. 194

xvii
II.2

RESULTS AND DISCUSSION ............................................................................ 199

II.2.1 Increasing the Solubility of Polymer 1...........................................................................................199
II.2.2 Synthesis and Electrochemical Characterization of Polymer 2....................................................201

II.3

LITERATURE CITED. ...................................................................................... 203

APPENDIX III:

USING THE “WARD LATTICE” FOR MATRIX ISOLATED

EPR SPECTROSCOPY OF A TRIPLET BIRADICAL ......................................... 205
III.1

INTRODUCTION ............................................................................................. 206

III.2

RESULTS AND DISCUSSSION........................................................................... 207

III.3

CONCLUSION ................................................................................................ 209

III.4

LITERATURE CITED ....................................................................................... 210

xviii

List of figures
Figure 1.1: The mechanosensitive channel of lager conductance is gates in response to
bilayer tension. ........................................................................................................8
Figure 1.2: The Tb-MscL crystal structure viewed from side, top, and bottom.............10
Figure 1.3: The de novo gating model for E. coli MscL developed by Sukharev, Guy
and co-workers. .....................................................................................................12
Figure 1.4: Computational model for the transmembrane domains of E. coli MscL
developed by Perozo, Martinac, and co-workers using EPR constraints. ................14

Figure 2.1: M. tuberculosis MscL crystal structure. .....................................................24
Figure 2.2: MEME consensus group analysis shown on the AMPS multiple sequence
alignment...............................................................................................................26
Figure 2.3: Regional AMPS pairwise alignments for the first transmembrane domain,
the loop region, and the carboxyl terminus.............................................................27
Figure 2.4:

Circular dichrosims spectra for nine different homologues of the

mechanosenitive channel of large conductance. .....................................................28
Figure 2.5: Comparison of protein length to the maximal predicted helical content for
the various homologues of MscL. ..........................................................................30
Figure 2.6: Representative plate growth for mutations mapped from E. coli MscL to M.
tuberculosis MscL. ................................................................................................31
Figure 2.7: Cross-linking of the R45K/Q51E mutant of M. tuberculosis MscL. ...........33
Figure 2.8: Bis-malimide cross-linking reagents with spacer arms of vary lengths. .....34

xix
Figure 2.9: Cross-linking of the R45C/Q51C mutant of M. tuberculosis MscL. ...........34
Figure 2.10: Representative plate growth for loop mutations to M. tuberculosis MscL. 36
Figure 2.11: Sample structures from PDB FASTA searches with MscL loop regions...40

Figure 3.1: Idealized electrophysiological traces showing phenotypically wild type,
GOF and LOF MscL mutants.................................................................................54
Figure 3.2: Schematic representation of the classical gain of function assay. ...............55
Figure 3.3: Schematic representing that classic growth based loss of function assay. ...56
Figure 3.4: Schematic representation of the Live/Dead BacLight bacterial viability assay
and a fluorescent microscope image of bacteria stained with the SYTO 9 and
propidium iodide (Molecular Probes, Eugene OR).................................................57
Figure 3.5: A schematic representation of the modified Live/Dead BacLight assay......59
Figure 3.6: Modified Live/Dead BacLight assay for Ec-MscL mutants of known
phenotype. .............................................................................................................62

Figure 4.1: Distribution of nucleotide and amino acid mutations observed in the library
of 408 sequenced Ec-MscL constructs. ..................................................................73
Figure 4.2: Phenotypic distribution of sequenced Ec-MscL constructs..........................74
Figure 4.3: Distribution of the number of amino acid mutations observed for a given
residue in Ec-MscL................................................................................................74
Figure 4.4: Comparisons of the observed number of phenotypically wild-type mutations
with the predicted number of phenotypically wild-type mutations..........................76

xx
Figure 4.5: Phenotypically non-wild-type mutations mapped onto the SG closed state
structure.................................................................................................................77
Figure 4.6: (A) A single chain of the SG closed state model highlighting the various
regions of the protein. (B-D) Top views of the SG closed state model, intermediate
state model, and open state model with the V23 plug shown in CPK and the putative
S1 helix shown in red. ...........................................................................................81
Figure 4.7: Loss of function mutations shown as CPK on the SG closed state structure.86

Figure 5.1:

The carboxyl terminal region of the Tb-MscL crystal structure is

highlighted, with all ionizable residues shown in spacefilling. ............................. 100
Figure 5.2: GOF index for carboxyl terminal deletion mutants of Tb-MscL................ 101
Figure 5.3: GOF index for single-site mutations in the carboxyl terminal region of TbMscL. .................................................................................................................. 102
Figure 5.4: Sequence alignment of the carboxyl terminal regions of Tb-MscL and EcMscL. .................................................................................................................. 104
Figure 5.5: Circular dichroism thermal denaturation curves are shown for wild type TbMscL and a series of single-site carboxyl terminal mutations............................... 106
Figure 5.6: A) Helical wheel showing observed GOF phenotype for mutations in the
carboxyl terminal region of Tb-MscL. B) Helical wheel showing observed shifts in
thermal stability for mutations in the carboxyl terminal region of Tb-MscL. ........ 110
Figure 5.7: A cartoon depicted one possible conformation of a Tb-MscL single subunit.
............................................................................................................................ 111

xxi
Figure 6.1: The alignment of magnetic moments at absolute zero for the four principle
classes of magnetism. .......................................................................................... 125
Figure 6.2: Magnetic frustration is illustrated............................................................. 127
Figure 6.3: The random orientation of domains within a two dimensional ferromagnetic
is shown. ............................................................................................................. 128
Figure 6.4: Brillouin curves for ideal paramagnets with various S values are shown.
Magnetization normalized to the saturation magnetization is plotted against H/T. 131
Figure 6.5: Magnetic susceptibility as a function of temperature for paramagnetic,
ferromagnetic, and antiferromagnetic materials.................................................... 133
Figure 6.6: A typical plot for the susceptibility temperature product as a function of
temperature is shown for paramagnetic, ferromagnetic, antiferromagnetic and
ferromagnetic materials. ...................................................................................... 134
Figure 6.7: A pot of inverse susceptibility as a function of temperature is shown for a
paramagnet, a ferromagnet, and an antiferromagent. ............................................ 135
Figure 6.8: A typical hysteresis curve for a material with a bulk magnetic moment is
shown. ................................................................................................................. 137
Figure 6.9: A schematic model for the design of high-spin organic molecules. .......... 139
Figure 6.10: Spin interactions in a bis(diphenylcarbene)[2,2]paracyclophane system. 143
Figure 6.11: Molecular synthons that have been employed for crystal engineering. ... 145

Figure 7.1: A) Schematic representation of the sheet-like hydrogen bonded networks
formed from guanidinium cations and sulfonate anions.

B) Schematic

representation of layered materials synthesized from guanidinium cations and

xxii
disulfonates, as viewed along the long axis of the hydrogen bonded ribbons
contained in the nominal planar guanidinium sulfonate networks......................... 154
Figure 7.2:

Schematic representation of copper-manganese ferromagnetic or

ferrimagnetic linear chains in a guanidinium sulfonated crystal lattice. ................ 156
Figure 7.3: Variable temperature magnetic data for compounds 1 and 2. ................... 158
Figure 7.4: Stereo views of the guanidinium N-phenylsalicylidene sulfonate crystal
structure as viewed along each of the principle crystallographic axes................... 160
Figure 7.5: Field-cooled, zero-field-cooled, and remnant magnetization as a function of
temperature for the copper-manganese complex................................................... 162
Figure 7.6: Hysteresis loops for the copper-manganese complex at 2K, 20K and 40K.
............................................................................................................................ 163
Figure 7.7:

The temperature dependence of the coercive field and remnant

magnetization of the copper-manganese complex is shown.................................. 164
Figure 7.8: The susceptibility temperature product as a function of temperature for the
copper-manganese complex measured at five different applied magnetic fields.... 165
Figure 7.9: Susceptibility as a function of temperature for the copper-manganese
complex.

Increased susceptibility is observed as the applied magnetic field

decreases. ............................................................................................................ 166
Figure 7.10: Inverse susceptibility as a function of temperature for the coppermanganese complex............................................................................................. 167
Figure 7.11: A modified “Ward lattice” that would explain the observed magnetic data
for the copper manganese complex. ..................................................................... 170

xxiii
Figure 7.12: Susceptibility (A), susceptibility temperature product (B), and Curie (C)
plots for the family of frustrated magnetic material obtained with an applied
magnetic field of 100 G. ...................................................................................... 172

Figure I.1: Structural components of N-phenylsalicylidene sulfonic acid guanidinium.
............................................................................................................................ 188
Figure I.2: View of N-phenylsalicylidene sulfonic acid guanidinium along the bc plane.
............................................................................................................................ 189
Figure I.3: View of the N-phenylsalicylidene sulfonic acid guanidinium structure along
the ab plane. ........................................................................................................ 190
Figure I.4: View of the N-phenylsalicylidene sulfonic acid guanidinium structure along
the ac plane.......................................................................................................... 191

Figure II.1: Schematic for a one-dimensional ferromagnetic polymer........................ 194
Figure II.2: Model one-dimensional oxidatively doped polaronic ferromagnets......... 196
Figure II.3: Selected spin densities are shown from the 2,6-di-tert-butylfuchsone radical
anion. .................................................................................................................. 198
Figure II.4: Cyclic voltammograms for polymer 3 in THF, acetonitrile, and 1:1
THF:acetonitrile. ................................................................................................. 200
Figure II.5: Cyclic voltammogram for polymer 2 in THF. ......................................... 203

xxiv
Figure III.1: Photolysis of the diazene precursor of the dimethyl Berson biradical (1)
readily affords the biradical (2) ............................................................................ 206
Figure III.2: Photolysis of the diazene precursor to dimethyl Berson (1) at 77 K in a
guanidinium 4.4’-biphenyldisulfonate matrix....................................................... 208
Figure III.3: Half field transition for the dimethyl Berson radical measured at room
temperature in a guandinium 4,4’-biphenyldisulfonate matrix.............................. 209
Figure III.4: EPR spectra of the dimethyl Berson radical measured at room temperature
in a guandinium 4,4’-biphenyldisulfonate matrix. ................................................ 210

xxv

