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ABSTRACT
The ability to sense mechanical force is vital to all organisms to interact with and respond
to stimuli in their environment. Mechanosensation is critical to many physiological
functions such as the senses of hearing and touch in animals, gravitropism in plants and
osmoregulation in bacteria. Of these processes, the best understood at the molecular level
involve bacterial mechanosensitive channels. Under hypo-osmotic stress, bacteria are
able to alleviate turgor pressure through mechanosensitive channels that gate directly in
response to tension in the membrane lipid bilayer. A key participant in this response is
the mechanosensitive channel of large conductance (MscL), a non-selective channel with

a high conductance of ~3 nS that gates at tensions close to the membrane lytic tension.

It has been appreciated since the original discovery by C. Kung that the small subunit size
(~130 to 160 residues) and the high conductance necessitate that MscL forms a homo-
oligomeric channel. Over the past 20 years of study, the proposed oligomeric state of
MscL has ranged from monomer to hexamer. Oligomeric state has been shown to vary
between MscL homologues and is influenced by lipid/detergent environment. In this
thesis, we report the creation of a chimera library to systematically survey the correlation
between MscL sequence and oligomeric state to identify the sequence determinants of
oligomeric state. Our results demonstrate that although there is no combination of
sequences uniquely associated with a given oligomeric state (or mixture of oligomeric
states), there are significant correlations. In the quest to characterize the oligomeric state
of MscL, an exciting discovery was made about the dynamic nature of the MscLL

complex. We found that in detergent solution, under mild heating conditions (37 °C — 60



°C), subunits of MscL can exchange between complexes, and the dynamics of this

process are sensitive to the protein sequence.

Extensive efforts were made to produce high diffraction quality crystals of MscL for the
determination of a high resolution X-ray crystal structure of a full length channel. The
surface entropy reduction strategy was applied to the design of S. aureus MscL variants
and while the strategy appears to have improved the crystallizability of S. aureus MscL,
unfortunately the diffraction qualities of these crystals were not significantly improved.
MscL chimeras were also screened for crystallization in various solubilization detergents,

but also failed to yield high quality crystals.

MscL is a fascinating protein and continues to serve as a model system for the study of
the structural and functional properties of mechanosensitive channels. Further
characterization of the MscL chimera library will offer more insight into the
characteristics of the channel. Of particular interest are the functional characterization of
the chimeras and the exploration of the physiological relevance of intercomplex subunit

exchange.
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CHAPTER I

INTRODUCTION

Portions of this chapter were adapted from "MscL: channeling membrane tension" T.A.
Walton, C.A. Idigo, N. Herrera, D.C. Rees, Pflugers Arch - Eur J Physiol. DOI

10.1007/s00424-014-1535-x. Published online: 27 May 2014 [1]

1.1 Mechanosensitive Channel of Large Conductance (MscL)

Mechanosensors are a ubiquitous class of biomolecules that play key roles in transducing
mechanical force into signals for regulation of proper development and survival of living
organisms [2]. Mechanosensing channels are implicated in many functions such as the
senses of hearing and touch in animals, gravitropism in plants, and osmoregulation in
bacteria. As examples, the Piezo channel family is mechanically activated, cation selective,
and exemplifies mechanotransduction in vertebrates and invertebrates [3, 4]. The MscS-
like (MSL) family of proteins in the plant Arabidopsis thaliana helps maintain the correct
shape and size of plastids, which are organelles involved in photosynthesis and gravity
sensing [5]. Under hypo-osmotic stress, bacteria are able to alleviate turgor pressure
through mechanosensitive channels that gate directly in response to tension in the

membrane lipid bilayer [6, 7].

Stretch-activated bacterial ion channels were discovered by C. Kung's group using patch
clamp experiments on Escherichia coli giant spheroplasts [8]. As bacteria contain a variety

of different channels, the crucial breakthrough was the identification by Kung and



coworkers of channels that conducted only when tension was applied to the membrane by
the application of suction to the patch pipette [8]. The first channel to be discovered, later
identified as the mechanosensitive channel of small conductance (MscS) [9, 10],
demonstrated a single channel conductance of ~1 nS and showed both pressure and voltage
dependence as well as selectivity for anions. When subjected to even stronger suction,
patches excised from E. coli giant spheroplasts showed activation of another ion channel
with ~3 nS conductance [7]. This channel was identified as the mechanosensitive channel
of large conductance (MscL). MscL shows no ion selectivity and is localized in the inner
membrane [10-12]. Experiments on purified MscL reconstituted into azolectin liposomes
indicate that MscL is gated solely by tension in the membrane lipid bilayer. The tension
required to gate MscL is near the lytic limit of the membrane, ~10-12 mN m™ [13]. In
osmotic down shock assays, mscS/mscL double knockout cells have poor survivability [9].
These findings make it clear that a critical function of mechanosensitive channels is to
serve as emergency release valves in bacteria. The discovery of such a simple yet robust
system provides an ideal model to study the mechanism of mechanosensation and the

structural dynamics of channel gating.

A key development in establishing the molecular basis of mechanosensation was the
identification by Kung's group of the gene for E. coli MscL, which encoded a 136 amino
acid polypeptide [10]. Given the small subunit size, the large conductance of MscL, and
results of preliminary experiments on a size exclusion column where MscL elutes at a
volume consistent with a molecular mass of roughly 70 kDa, it was postulated that the

active form of MscL is a homo-oligomer [10]. MscL has since been identified in numerous



bacterial species [14, 15]. The best studied MscL orthologues are from E. coli,
Staphylococcus aureus, and Mycobacterium tuberculosis (EcMscL, SaMscL, MtMscL,
respectively); these channels contain 136, 120, and 151 residues, respectively, and the
pairwise percent sequence identity between these proteins are EcMscL - MtMscL (37%),

SaMscL - MtMscL (40%), and EcMscL - SaMscL (51%) [Fig. 1-1G].

The discovery that a relatively small membrane protein functioned as a physiologically
gated channel directly motivated efforts in the Rees group to solve the structure of MscL in
different conformational states [16]. To date there are three crystal structures of full-length
or truncated versions of MscL; MtMscL [17, 18], a C-terminal truncation of SaMscL
(SaMscL(CA26)) [19], and the EcMscL C-terminal domain (EcMscL-CTD) [20] [Fig. 1-1].
The structure of MtMscL determined at 3.5 A resolution established the basic subunit
architecture and revealed a pentameric channel with the subunits surrounding a central
pore. In agreement with hydropathy predictions and other biochemical analyses [Fig 1-1 A
& D] [10, 11], the MscL subunit was found to contain two transmembrane (TM) helices.
The first 12 amino acids of the N-terminus are located on the cytoplasmic side of the
membrane and form an amphipathic a-helix followed by the first transmembrane helix,
(TM1), that crosses the membrane and lines the permeation pathway of the channel.
Residues 48-68 are located on the periplasmic side of the membrane and form an extended
loop with two antiparallel B-sheets. A second transmembrane o-helix (TM2) traverses the
membrane again, from the periplasm towards the cytoplasm, and flanks the exterior of the
channel. The C-terminal domain consists of a short loop (residues 102-105), followed by a

left-handed coiled coil formed by a-helical residues 106-125. TM1 forms the core of a



complex network of interactions between subunits in the transmembrane region. The TM1
of one subunit interacts with the TM1s from two adjacent subunits as well as having an
extensive antiparallel interface with TM2 from an adjacent subunit. In addition, the N-
terminal o-helix of one subunit inserts between the TMs of an adjacent subunit at the
cytoplasmic membrane interface. The narrowest part of the permeation pathway of the
channel is largely hydrophobic, particularly at the constriction point, formed by the side
chains of Ile 17 and Val 21, where the pore diameter is estimated to be between 2-3 A.
Theoretical models predict that a hydrophobic pore of ~9 A diameter is required to conduct
water and ~13 A to conduct hydrated ions [21]. Therefore, the conformation of the

MtMscL structure is designated as a closed or non-conducting state.

The SaMscL(CA26) crystal structure was reported at 3.8 A resolution [Fig. 1-1 B & E]
[19]. In contrast to the MtMscL structure, SaMscL(CA26) adopted a tetrameric oligomeric
state with a shorter, widened conformation. In SaMscL(CA26), TM1 also lines the
permeation pathway, but relative to MtMscL, it adopts a larger tilt angle with respect to the
pore axis. As in the MtMscL structure, TM1 of one subunit interacts with TM1s from two
adjacent subunits, but with an increased crossing angle. TMI1 also exhibits a similar
interaction with TM2 from an adjacent subunit. The pore diameter at the construction point,
Val 21, is expanded to ~6 A. This pore size is still not large enough to allow passage of
water or hydrated ions; therefore, this structure is designated as a non-conducting expanded

intermediate state.



The structure of EcMscL-CTD spanning residues 108-136 was determined at 1.45 A
resolution [Fig. 1-1C & F] [20]. It revealed a pentameric a-helical coiled coil (residues
116-136) and an irregular extended region (residues 108-115). The EcMscL-CTD has
almost three heptad repeats and shows the characteristic knob into hole packing of
hydrophobic residues at periodic intervals expected for a coiled coil [20]. This arrangement
is similar to the MtMscL-CTD and to other coiled coils, such as the cartilage oligomeric

matrix protein (COMP) [22].
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Figure 1-1. Crystal Structures of MtMscL, SaMscL(CA26), and EcMscL-CTD. (A, D) Side and top views of
the crystal structure of MtMscL (PDBID: 20AR). (B, E) Side and top views of the crystal structure of
SaMscL(CA26) (PDBID: 3HZQ). (C, F) Side and top views of the crystal structure of EcMscL-CTD (PDBID:
4LKU). (G) Alignment of the amino acid sequence of EcMscL, SaMscL, and MtMscL. The pairwise percent
sequence identity between these proteins are EcMscL - MtMscL (37%), SaMscL - MtMscL (40%), and
EcMscL - SaMscL (51%).



1.2 Oligomeric State of MscL

To achieve nS conductance from a protein of only 136 residues, EcMscL was postulated to
form a homo-oligomer when it was first identified [10]. Determination of the correct
oligomeric state of MscL is critical to inform estimations for pore diameter and gating
mechanism. The oligomeric state of MscL has been studied using various biochemical and
biophysical techniques, which include covalent crosslinking [11, 12, 18, 23-28], tandem
subunit fusions [11, 26, 29], 2-D electron crystallography [30], atomic force microscopy
(AFM) [31], X-ray crystallography [17-20], analytical ultra centrifugation (AUC) [24, 26],
size exclusion chromatography coupled to multiangle laser light scattering (SEC-MALS)
[24, 32], and oligomer characterization by addition of mass (OCAM) [32]. Researchers
have studied the oligomeric state of various wild type and mutant MscL constructs in vivo
and in vitro. After nearly 20 years of study, the reported oligomeric state of MscL has
ranged from monomer [12] to hexamer [11]. In this section, the results of these studies,
including the strengths and weaknesses of different techniques used, will be discussed,
along with the influence of lipid/detergent environment and sequence space on the

variability of MscL oligomeric state.

Perhaps the most labor intensive method to determine the oligomeric state of MscL has
been structural biology. X-ray crystallography, 2-D electron microscopy, and atomic force
microscopy (AFM) have all been used to image MscL with various results [17-20, 30, 31].
The highest resolution structures can be resolved by X-ray crystallography, and to date
there are three crystal structures of MscL homologs or subdomains [17-20]. X-ray

crystallography is a low-throughput technique because the limiting factors in X-ray



structure determination of MscL are crystal formation and crystal quality. MscL is readily
overexpressed in E. coli and purification gives relatively high protein yields. Nevertheless,
as for most membrane proteins, MscL is recalcitrant to crystallization; even when crystals
appear, they are typically of poor diffraction quality. Chang et al. screened 9 MscL
homologs, 20 detergents, and over 24,000 crystal conditions before they were able to
resolve the structure of MtMscL. Liu et al. determined a structure of truncated SaMscL
after several years of work on full length EcMscL and SaMscL. Furthermore, Walton and
Rees crystallized the soluble C-terminal domain of EcMscL to provide the first structural
information for the E. coli homologue (while crystals of full length EcMscL have been
obtained for nearly 20 years, their resolution has never exceeded ~8 A). These structures
revealed MtMscL as a pentamer, SaMscL(CA26) as a tetramer, and EcMscL-CTD as a
pentamer. The origins of this variability in oligomeric state have not been established, and
may reflect the intrinsic preferences of the protein sequence, as well as external factors
such as the use of detergents, or the selective crystallization of a particular oligomeric state.
It should be noted, however, that, the oligomeric state of detergent solubilized MtMscL and
SaMscL(CA26) observed crystallographically have been confirmed with other methods

[32].

2-D electron crystallography was used to resolve an EcMscL structure to a resolution of 15
A. This study suggested that EcMscL is a hexamer [30]. Detergent purified EcMscL was
reconstituted into E. coli lipid liposomes at high protein to lipid ratios to form vesicular 2-D
crystals. Negatively stained single layer 2-D crystals were imaged, and the 14 best images

were processed. Two types of analysis, a filtered image without symmetry applied, and



filtered images with a six-fold symmetry plane group applied, produced projection maps
with apparent six-fold symmetry. The EcMscL molecules were visualized as hexagonal
particles with a central depression. This was interpreted to be six EcMscL subunits in a ring
lining a pore. At the resolution of the study, however, it is difficult to see such features with
high certainty. AFM studies were performed on Salmonella typhimurium MscL (StMscL)
immobilized on organic monolayers that allowed for experimental control of protein
tension and adhesion [31]. These studies show that under certain conditions, StMscL is
present in the form of nanoscale entities with a diameter of 4-5 nm, interpreted as a
pentameric structure. The dimensions of the AFM probe, and the influence of the probe on
the lateral dimensions recorded for subject proteins, likely limit the resolution of these

studies.

Historically, covalent cross-linking has been the most popular technique for determining
the oligomeric state of MscL, as it is relatively simple, fast, and inexpensive. Cross-linking,
however, has generated the most varied and ambiguous results, due to differences in cross-
linker specificity, length, concentration, and reaction environment. Several studies have
used non-specific cross-linking agents, such as disuccinimidyl suberate (DSS), which
reacts with primary amine groups. Studies using DSS have given different results, even
with comparable protocols. An early cross-linking study by Blount et al. used DSS to
cross-link purified EcMscL solubilized in B-octylglucoside [11]. The products of the
reactions were separated by SDS-PAGE and visualized via silver staining. Six distinct

bands were observed, indicating EcMscL is hexameric [11]. Similar results were observed



when purified membrane fractions were cross-linked, and products were visualized via

western blot.

Subsequently, Sukharev et al. performed cross-linking experiments with OG purified
EcMscL, using variable concentrations of DSS [26]. At lower concentrations of DSS, there
were over eight distinct bands on an SDS-PAGE gel, visualized with Coomassie Blue dye.
At higher concentrations of DSS, both the higher and lower molecular weight bands
disappeared, leaving three prominent bands with the most intense migrating at a molecular
weight consistent with pentameric MscL. Based on these results and those of similar
experiments using other crosslinking agents, EcMscL oligomeric state was interpreted as
pentameric. Since DSS has a relatively long linker length (11 A), the higher molecular
weight bands were attributed to intercomplex crosslinking. It should be noted, however,

that these studies used slightly different crosslinking protocols.

To address some of the issues of non-specific crosslinking agents and detergent effects,
several studies have used a disulfide trapping strategy to crosslink MscL. in membranes
[23-25, 33]. Both wild-type SaMscL and EcMscL lack cysteine residues, making site-
specific cysteine mutants relatively simple to generate. The double cysteine mutant,
SaMscL. L10C/M91C, has intracellular cysteine residues in the N-terminal and TM2
regions of SaMscL. Experiments conducted in whole cells require an oxidizing agent, such
as copper phenanthroline to catalyze disulfide bond formation in the cytosol following
osmotic shock to activate the channel. This process allows the copper phenanthroline

complex to enter the cell directly through the MscL pore, since it will not otherwise diffuse

10



across the membrane. The products of the reaction are then detergent extracted in non-
reducing SDS sample buffer, without quenching the reaction, and visualized by western
blot. Based on such studies, Dorwart et al. suggest that SaMscL is pentameric when

overexpressed in the E. coli membrane.

In general, crosslinking experiments are interpreted in a qualitative fashion, which can be
problematic for the unambiguous determination of the oligomeric state of proteins.
Reaction conditions that produce a ladder of bands for easy ‘counting’ of subunits may lead
to incomplete reactions and possibly bands that represent concatamers of cross-linked
subunits [34]. Furthermore, reaction conditions that produce fewer bands (or a single band)
can lead to products that migrate at molecular weights inconsistent with the true molecular
weight of the complex, due to concatamers as well as intramolecular cross-links. A
particularly challenging situation occurs when mixtures of different oligomeric states are
present; the series of bands for the smaller oligomer(s) will be a subset of the ladder for the
largest oligomer. Due to these intrinsic difficulties with cross-linking, alternatives methods

have been employed to determine the oligomeric state of MscL.

Genetic fusion of individual MscL subunits, followed by electrophysiology and
crosslinking, also led to the conclusion that MscL is hexameric [11]. In these experiments,
tandem fusions of MscL subunits generate functional channels in the bacterial membrane,
as well as when reconstituted into liposomes. This observation of channels, presumably
formed by an even number of subunits, combined with cross-linking experiments provided

additional evidence for the hexameric form of EcMscL. A subsequent study using a similar

11



approach, but including triple subunit fusions, also produced functional channels [26]. In
this study, the observation that double subunit fusion constructs form larger channels by
SEC than monomeric constructs implied that the wild type monomeric protein assembles
into a smaller pentameric channel [26]. Poolman and co-workers later repeated this genetic
fusion approach with additional subunits fused together, forming up to six in a single
protein chain. Interestingly, all constructs, from single to hexameric subunit fusions,
produced functional channels [29]. Remarkably these fusions form functional channels
with only one [11, 26] or two [29] amino acid containing linkers between the C-terminus of
one subunit and the N-terminus of the next. This arrangement appears to require that the
structure of either the N-terminal helix or the C-terminal bundle will be perturbed if the
fusions assemble into the same channel. Given that the N-terminus is more sensitive to
modification than the C-terminus [35], we would expect the perturbation to be at the C-

terminal bundle in cases where these fusions assemble into functional channels.

Mass separation techniques such as SEC-MALS and AUC have been used to study the
detergent solubilized molecular weight of several MscL homologs [24, 26, 32].
Sedimentation equilibrium experiments of detergent solubilized EcMscLL were unable to
observe a single species due to protein aggregation in the detergent/lipid mixture analyzed
[26]. The data obtained showed the presence of two or more species and was fit to a two
non-interacting species model. Calculating the molecular weight of the EcMscL complex
from the experimental reduced molecular mass requires the estimation of detergent mass
contribution. Since the amount of detergent bound to each MscLL complex is unknown, it is

difficult to estimate the respective mass contributions of protein and detergent. Sukharev et

12



al. concluded that MscL forms aggregates in OG and speculated that this may also be true
in native membranes based on the observation that addition of lipids to the mixture did not
ablate aggregation. Sedimentation equilibrium was also used to calculate the molecular
mass of SaMscL [24]. The detergent CsEs was chosen for solubilization, as it is neutrally
buoyant in the experimental conditions. The data was fit to a single species model and the
protein mass was calculated to be 71.2 kDa, which corresponds to a pentamer (72.2 kDa).
Results from a sedimentation velocity experiment of SaMscL solubilized in LDAO led to a
calculated protein mass of 62.5 kDa, which corresponds to a tetramer (57.8 kDa). This
result is consistent with the oligomeric state observed in the SaMscL(CA26) structure.
Detergent mass and buoyancy were accounted for with protein-free controls. SEC-MALS
has the ability to separate aggregates from single channel protein detergent complexes, but
uncertainty in determining the protein and detergent contributions to the scattering mass
observed introduces error into the measurement. SEC-MALS has been used with limited
success in measuring the molecular weight, and thus oligomeric state, of several MscL
homologues. In our laboratory, we have observed good agreement between measured and
theoretical pentameric molecular weight for most homologs tested; an exception is
EcMscL, which is consistently measured at ~100 kDa, a mass more consistent with a
hexameric oligomer [32]. If mixtures of oligomers exist in the detergent solubilized state,

currently available SEC columns are not able to separate them.

In view of the challenges in determining the oligomeric state of membrane protein

complexes, the Rees group developed a new method to the measure oligomeric state of

multiprotein complexes. Oligomer characterization by addition of mass (OCAM) is capable

13



(in principle) of unambiguous measurement of the oligomeric state for any protein complex
and also has the ability to detect mixtures of oligomers, if they exist [32]. OCAM counts
protein subunits by selectively removing a mass tag fused to a protein subunit via a short
peptide linker. Cleavage of each mass tag through a specific proteolytic site in the linker
peptide reduces the total mass of the protein complex by an amount defined by the fused
mass partner. Limited proteolysis and separation of the reaction products by size, via Blue
Native PAGE, reveals a ladder of reaction products corresponding to the number of
subunits present in the target complex plus one additional band for the completed reaction
product. The pattern of bands may be used to distinguish the presence of a single homo-
oligomer from a mixture of oligomeric states. Using this approach, we were able to
determine the oligomeric state of several MscL. homologs. Full length MtMscL and
SaMscL are pentameric, while the CTD truncations are pentameric and pentamer/tetramer
mixtures, respectively. EcMscL is a mixture of hexamer and pentamer forms by OCAM.
Unfortunately OCAM, as described above, does not address the in vivo oligomeric state
because it requires detergent solubilized protein. There are also compatibility issues
between certain detergents and BN-PAGE that limit the range of conditions accessible by
OCAM, and the possibility that some oligomers may partially dissociate under the
conditions used to run BN-PAGE experiments. Nevertheless, the results of our OCAM
studies are consistent with the X-ray crystallography for MtMscL and some of the cross

linking results.
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1.3 Conclusions and focus of thesis

As this overview has established, the oligomeric state (or states) of MscL remains a
controversial topic. The multiple oligomeric states observed of MscL not only raise
questions concerning the physiologically relevant oligomeric state of MscL, but they also
generate uncertainty regarding the effects of modifications of the protein sequence and
detergent solubilization (common practices for in vitro membrane protein experiments,
especially to prepare samples for biophysical and structural studies). An understanding of
these effects is crucial for addressing the function of MscL, since ultimately, the oligomeric
state of MscL is an important aspect of the pore size (conductance) and the gating

mechanism.

The objectives of this thesis are to address these issues through two complementary
approaches:

1. determination of the high resolution crystal structure of full length SaMscL

2. preparation and characterization of a comprehensive library of chimeras between
EcMscL and SaMscL to identify the sequence elements responsible for distinct structural

and functional properties of these close homologues.

As described in the following chapters, despite considerable effort and preparation of
numerous crystal forms, it was not possible to obtain high resolution crystals of SaMscL.
The chimera library was successfully prepared and the characterization to date has
provided exciting clues concerning the regions of MscL that influence oligomeric state and

other properties of this fascinating channel.
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Table 1-1. Summary of the Reported Oligomeric State of MscL Homologues Determined Using Various
Techniques.

X-ray Crystallography

Construct  Detergent Oligomer

MtMscL ~ DDM 5 [17, 18]
SaMscL(CA26) LDAO 4 [19]
EcMscL-CTD  n/a 5 [20]

Oligomer Characterization by Addition of Mass (OCAM)

Construct Detergent Oligomer
MtMscL DDM 5 [32]
MtMscL(CA29) DDM 5 [32]
SaMscL DDM 5 [32]
SaMscL(CA26) DDM 5/4 mixture [32]
EcMscL DDM 6/5 mixture [32]
Ci2Bs 5 [32]

Size Exclusion Chromatography - Multi-Angle Light Scattering (SEC-MALS)

Protein Modifier .

Construct Detergent Mass (kDa) Mass (kDa) Error  Oligomer
MtMscL DDM 87.4 89.4 5.2% 5 [32]
SaMscL DDM 72.9 92.1 7.6% 5 [32]

CsEs 72.8 31.3* 0.8kDa 5 [24]
LDAO 60.0 36.8* 2.8kDa 4 [24]
SaMscL(CA26) DDM 46.5 80.4 8.8% 4 [32]
EcMscL DDM 103.3 91.5 0.02% 6 [32]
Analytical Ultracentrifugation (AUC)
Protein Mass .
Construct  Detergent Method (kDa) Oligomer
Sedimentation

SaMscL CsEs Equilibrium 71.2 5 [24]
LDAO Sedimentation Velocity 62.5 4 [24]
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Crosslinking

Construct Detergent Method Oligomer

MtMscL DDM Non-specific 5 [18]
DDM Carbodiimide chemistry 5 [36]

SaMscL LDAO Non specific 4 [19, 24]
TritonX-100 Non specific 5 [24]

In membrane Disulfide trapping 5 [24, 25]
SaMscL(CA26) LDAO Non specific 4 [19]
In membrane Disulfide trapping 5 [25]
EcMscL DDM Non specific 5 [18]
oG Non specific 6 [11]

oG Non specific 5 [26, 28]
TritonX-100 Non specific 5 [24]
In membrane Non specific 5 [26]

In membrane Disulfide trapping 5 [23, 27]
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CHAPTER II

SAECO CHIMERAS

2.1 Background

Initial studies of EcMscL and SaMscL. by OCAM prompted questions concerning the
sequence determinants underlying the variation in oligomeric state [1]. EcMscL and
SaMscL share 51% sequence identity [Fig 2-1B], yet when purified in the detergent
DDM, SaMscL is stringently a pentamer, while EcMscL is a mixture of pentamers and
hexamers. The purpose of the study detailed in this chapter is to use chimeras of SaMscL
and EcMscL to probe the sequence level determinants of oligomeric state and other

structural and biophysical properties.

Chimeric proteins have been widely used to investigate and manipulate the structural and
functional behavior of proteins [2-5]. Chimeras can have properties within the range of
the parent proteins’ or can develop more exaggerated or novel properties not seen in any
parent protein. A rich literature on chimeric proteins documents chimeras of altered
enzymatic activity, substrate specificity, thermostability, and structural conformations.
An important aspect of the design of chimeras is the assignment of the constituent
elements. The SCHEMA method for generating chimeric constructs was developed here
at Caltech by Professor Arnold and colleagues [6, 7]. With this algorithm, the segments
in the chimeras are identified using a SCHEMA disruption energy which is proportional
to the number of amino acid contacts in the parent structure that are predicted to be

broken in the chimera. Chimeric proteins designed by SCHEMA and other methods have
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been used to design thermostable cytochrome P450s [8], screen for thermostabilizing
sequence blocks of cellobiohydrolase class I enzymes [9], improve the activity of beta-

lactamases [10], and to alter the substrate profile of subtilisins [11].

Chimeras have also been used to great effect in the study of channels. As an important
example, the crystal structure of a chimeric voltage-dependent K~ (Kv) channel was
solved at 2.4 A resolution [3]. The voltage sensor paddle domain of rat Kv1.2 was
replaced by that of rat Kv2.1 and the crystal structure revealed a novel conformation of
the channel that led to new mechanistic insights. Of great relevance to the present study,
Yang et al. successfully used chimeras of EcMscL and SaMscL to probe the sequence
basis of variations in gating behavior in MscL [12]. The study examined the effects of
substitutions in a small region of the protein, ranging from the periplasmic end of TM1
through the loop to the periplasmic end of TM2, on channel open dwell times. Systematic
swaps between SaMscL and EcMscL in this region led to the discovery that the EcMscL
TMI/periplasmic loop interface (residues 44 — 49) and the SaMscL periplasmic loop
(residues 48 - 62) confer long open dwell times, while the EcMscL periplasmic loop
(residues 50 - 74) and the SaMscL TM1/periplasmic loop interface (residues 42 - 47)
confer short openings. A mutant ESE50-77, which had a combination of the EcMscL
TM/periplasmic loop interface and the SaMscL periplasmic loop, had an extremely long
open dwell time, longer than either parent. A single residue, 149 in EcMscL and its
equivalent F47 in SaMscl, was identified for its importance in gating kinetics. In
particular the mutant SaMscL. F47L showed a delay in both channel opening and closing

as well as severe hysteresis.
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In the present work, we have exploited chimeras of SaMscL and EcMscL to
systematically explore the relationship between oligomeric state and sequence space of
the full length MscL protein. As discussed in Chapter 1, a single subunit of MscL can be
divided into five distinct structural regions based on secondary structure; N-terminus (N-
term), transmembrane helix 1 (TM1), periplasmic loop (Loop), transmembrane helix 2
(TM2) and the C-terminal domain (C-Term) [Fig. 2-1]. A full chimera set of all the
combinations of these regions from SaMscL and EcMscL will contain 2° = 32 constructs
[Fig. 2-2]. Of these 32 chimeras, two are parent constructs, ten (2x5) are “single variants”
containing 4/5 segments from one parent, and twenty (4x5) are “double variants”
containing 3/5 segments from one parent. This library of chimeras, named SaEco, enables
a coarse but complete scan of the MscL sequence. The working hypothesis is that there
may be a sequence commonality between the SaEco chimeras that exhibit the same
oligomeric state (or mixture of oligomeric states), i.e., MscL chimeras containing a
certain structural region from specific parents (or combinations of such structural
regions) may have the same oligomeric state. Of course, these chimeras can also be used
as a tool to explore the sequence dependence of other properties of MscL such as protein
expression, thermostability, crystallizability, gating behavior, and ability to protect

bacteria from osmotic down-shock.
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Figure 2-1. Crystal Structure of a Single Subunit of MtMscL and Sequence Alignment of EcMscL and
SaMscL. (A) Crystal structure of a single subunit of MtMscL (PDB ID: 20AR) with structural regions
highlighted by color: N-term (yellow), TM1 (orange), Loop (red), TM2 (green), and C-term (blue). (B)
Sequence alignment of SaMscL and EcMscL, which share a 51% sequence identity, with conserved
residues highlighted in blue. The boundaries of the structural regions of EcMscL are labeled above its
sequence and those of SaMscL are labeled below its sequence.

2.2 SaEco Chimera Library Design

The amino acid sequences of SaMscL and EcMscL were divided into five structural
regions based on secondary structural elements. The crystal structure of SaMscL(CA26)
was used to designate the regions of SaMscL. The corresponding elements of EcMscL
were assigned based on homology to SaMscL and MtMscL [Fig 2-1B]. EcMscL was
divided as follows: N-term (M1 - N15), TM1 (V16 - L48), Loop (149 — Y75), TM2 (G76
— L102), and C-term (N103 — S136). SaMscL was divided as follows: N-term (M1 —
N13), T™M1 (V14 - 146), Loop (F47 — Y63), TM2 (G64 — L90), and C-term (M91 —
K120). A library of 32 chimeras of all the combinations of the structural regions of
EcMscL and SaMscL was constructed (SaEco27 — SaEco56) [Fig 2-2], as well as a
library of sGFP fusions (SaEc027-sGFP — SaEco56-sGFP). A fluorescent protein fusion
partner was chosen as the mass tag for OCAM measurements because of the ease of

tracking the protein during expression and purification as well as its possible utility in
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other assays. The superfolder GFP variant (sGFP) was chosen because wild-type GFP
forms weak dimers at high concentrations and the A206V mutation disrupts the
dimerization interface, creating a homogeneous monomeric population [13]. For the
purposes of characterizing the oligomeric state of a multimeric protein, it is important
that the fusion partner does not introduce any intersubunit interactions that could bias or
occlude the protein’s native state. The protein sequence of all the chimeras can be found

in the Appendix section.

The chimeras in this study were numbered in the order they were designed in the cloning
scheme. For example, SaEco27 — 34 was the first set of chimeras to be cloned and had
two gene fragments, one from each parent, stitched together at a single seam point. The
other chimeras, SaEco35 — 56, have multiple gene fragments from each parent distributed
in an alternating fashion with multiple seam points. The numbering scheme of the SaEco
chimeras starts at 27, because the first set of gene fragments amplified from the parent
sequences were numbered 1 - 26, and to avoid confusion while cloning, the SaEco
constructs were numbered starting at 27. Although the numbering scheme is odd, it
introduces an element of randomization that reduces bias when analyzing data, because

the name of the chimera is not easily translated to its sequence.

The SaEco chimera library was successfully cloned using homologous recombination and
site-directed mutagenesis methods and placed in a pET15b vector for expression (see
Methods and Materials for more detail). Each construct was cloned both with and without

an sGFP fused at the C-terminal end via a short linker with a TEV recognition site.
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Figure 2-2. Schematic Illustration of the SaEco Chimera Library. A schematic illustration of all 32 SaEco
chimeras (SaMscL, EcMscL, and SaEco27 — SaEco56) with structural regions delineated as labeled boxes.
Blue boxes represent EcMscL parent origin and red boxes represent SaMscL parent origin. The protein
sequence of all the chimeras can be found in the Appendix section.

2.3 Expression and Purification of SaEco Chimeras

The first step after cloning the SaEco chimeras was to test their expression levels.
Whenever the sequence of a protein is altered, there is always the possibility of altered
(decreased or increased) expression. All constructs were expressed in BL2IAmscl E. coli
strain, cultured in auto-induction media, solubilized using the detergent DDM, and
purified via metal affinity chromatography. Fluorescence images of cell pellets
expressing SaEco-sGFP constructs clearly reveal variations in expression levels [Fig 2-

3A]. Notably, SaEco 27-sGFP, 41-sGFP, 46-sGFP, 51s-GFP, and 54-sGFP have
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significantly lower expression levels than the rest of the library. The low fluorescence is
correlated with poor yields of the protein after purification [Fig. 2-3B], precluding the
possibility that GFP is removed or doesn't mature in these constructs. As discussed later,
there are multiple possible mechanisms for the low expression levels of these constructs;
however, the presence of a cell pellet of comparable size to their counterparts indicates it
is not due to a gain of function phenotype that leads to cell lysis. All constructs are
cultured under the same conditions, which implies that differences are not due to
variations in the cell growth protocols. Therefore it is presumed that the low expression
level in these five constructs is due to a sequence level variation that leads to one or more
problems in the DNA transcription, protein translation, folding, assembly, or degradation
targeting pathways. The common sequence elements between SaEco 27, 41, 46, 51, and
54 include the EcMscL Loop and SaMscL TM2. This trend is not completely
deterministic, however, since SaEco 36, 49 and 56 also have the Loop of EcMscL and the
TM2 of SaMscL, yet express comparatively better. Larger scale cultures of SaEco 27,
41/-sGFP, 46/-sGFP, 51/-sGFP, and 54/-sGFP were able to yield enough protein for

analysis. SaEco27-sGFP never yielded enough protein for analysis.
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Figure 2-3. Test Expression of SaEco-sGFP Fusion Proteins Identifies Five Poorly Expressing Chimeras.
(A) Fluorescence images of cell pellets expressing SaEco-sGFP constructs clearly reveal variations in
expression levels. Cell pellets containing SaEco 27-sGFP, 41-sGFP, 46-sGFP, 51s-GFP, and 54-sGFP have
little to no detectable fluorescence. (B) SDS-PAGE gel of purified SaEco-sGFP proteins further
demonstrates that those five constructs have a significantly lower protein yield than the rest of the chimera
library. (C) Schematic illustration of poorly expressing SaEco chimeras, with blue boxes representing
EcMscL parent origin and red boxes representing SaMscL parent origin. The common sequence elements
between SaEco 27, 41, 46, 51, and 54 include the EcMscL Loop and SaMscL. TM2.

2.4 OCAM of SaEco Chimeras

All SaEco-sGFP constructs were analyzed by the OCAM technique as described in
Chapter 1 [1]. Each protein was incubated with TEV protease at 34°C (the optimal
temperature of TEV protease activity) and sampled at 15, 60, and 240 minute time points.
Negative controls were also run without added TEV and sampled at the 0 minutes time
point and after 240 minutes incubation at 34°C. The products of these reactions were

analyzed by Blue Native PAGE (BN-PAGE), and the number of bands in the lanes were



quantified by densitometry and compared to that of wild-type EcMscL and SaMscL [Fig.
2-4]. SaMscL has six distinct bands, excluding the highest molecular weight band, which
is believed to be a dimer of pentamers, and the lowest molecular weight band, which is
sGFP liberated from the fusion protein upon TEV protease cleavage [1]. Six bands
correspond to the expected proteolytic products from a pentameric species as it loses
sGFP tags in a stepwise fashion (an n-mer will generate n+1 distinct species containing 0,
1, ... n sGFPs; this assumes that all species with the same number of sGFPs will migrate
as a single band on BN-PAGE). It should be noted that at the 0 time point, even before
TEV is added, there is a second faint band below the major band. The major band
corresponds to the mass of the entire fusion protein complex, and the second lower band
corresponds to the mass of the fusion proton complex minus a single sGFP tag. This loss
of the sGFP mass partner is presumed to be due to proteolytic activity in the expression

host cell [1].

The banding pattern for EcMscL is more complicated than that of SaMscL. With
EcMscL, eight distinct bands (excluding the dimer and s-GFP bands) can be resolved. At
first glance, one might assume this indicates a heptameric complex (n+1, with n=7).
However, based on work done in the original OCAM paper to estimate the mass of the
bands based on migration distance, it was determined that this banding pattern is
consistent with a mixture of hexamers and pentamers [1]. The principles of OCAM
dictate that a mixture of hexamers and pentamers would have 13 distinct bands
((n,+1)+(np+1), with n,=6 and ny,=5). However, it is not possible to resolve all 13 bands

with the current BN-PAGE protocol because some of the products of the reaction are
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similar in mass (within 8.6 kDa) and the estimated resolution limit of the gel is 13 kDa
[1]. Therefore, multiple bands can overlap each other. Extensive efforts were made to
improve the separation of bands on the gel by trying different percentage polyacrylamide
non-gradient and gradient gels and extending electrophoresis times. These efforts were
not successful in resolving additional bands, however, which ultimately will likely
require construction of new fusions with a mass increment that would be more cleanly

resolvable.

As proof of principle that it is possible for a mixture of oligomeric states to be fully
resolved by OCAM, we can look to the OCAM analysis of SaMscL(CA26) [1].
SaMscL(CA26) is a mixture of pentamers and tetramers, and when analyzed by OCAM
the products of a proteolytic reaction ran as eleven distinct bands by BN-PAGE
((ng+1)+(np+1), with n,=5 and ny=4). The products for this construct have masses that
differ by more than 13 kDa, which are resolvable by this gel system. For the purposes of
this study, we will designate any SaEco chimera that runs as six distinct bands as a

pentamer and those that run as eight distinct bands as a pentamer/hexamer mixture.

All SaEco chimeras (except the poorly expressing SaEco27-sGFP) were analyzed by
OCAM. A majority of them ran as pentamers, like SaMscl, while most of the remaining
ran as either a hexamer/pentamer mixture like EcMscL or a tetramer/pentamer mixture.
The chimeras that strongly displayed the characteristic eight-band pattern of EcMscL are
SaEco 30-sGFP, 37-sGFP, 40-sGFP, and 50-sGFP [Fig. 2-5]. SaEco 30, 37, 40, and 50

have in common the sequence elements of the N-term and TM2 of EcMscL and the C-
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Term of SaMscL [Fig. 2-5F]. Please refer to the Appendix section for gels of the OCAM

results of all the chimeras.
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Figure 2-4. OCAM Measurements Reveal that SaMscL is a Pentamer and EcMscL is a Mixture of
Pentamers and Hexamers. (A) BN-PAGE separation of SaMscL-sGFP OCAM reaction products and
controls. TEV protease reactions were quenched at 15, 60, and 240 minute time points. Controls were run
without added TEV and sampled at the 0 minutes time point and after 240 minutes incubation at 34°C. A
total of six reaction products are observed corresponding to the loss of 0-5 sGFP mass tags of a pentameric
species. The cleaved sGFP is observed at a lower gel migration distance. (B) Densitometry traces of (A)
with each peak labeled to show the expected OCAM reaction product. (C) BN-PAGE separation of
EcMscL-sGFP OCAM reaction products and controls. A total of eight reaction products are observed in a
banding pattern consistent with a mixture of hexameric and pentameric species. (D) Densitometry traces of
(C) with each peak labeled to show the expected OCAM reaction product.
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Figure 2-5. OCAM Measurements Reveal Four Chimeras that are a Mixture of Pentamers and Hexamers.
(A) BN-PAGE separation of SaEc030-sGFP OCAM reaction products and controls. A total of eight
reaction products are observed in a banding pattern consistent with a mixture of hexameric and pentameric
species. (B) Densitometry traces of (A) with each peak labeled to show the expected OCAM reaction
product. (C - E) BN-PAGE separation of OCAM reaction products and controls of SaEco 37-sGFP, 40-
sGFP, and 50-sGFP, respectively. A total of eight reaction products are observed in a banding pattern
consistent with a mixture of hexameric and pentameric species. (F) Schematic illustration of SaEco
chimeras that are a mixture of pentamers and hexamers, with blue boxes representing EcMscL parent origin
and red boxes representing SaMscL parent origin. The common sequence elements between SaEco 30, 37,
40, and 50 include the EcMscL N-term and TM2 and the SaMscL C-Term.
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SaEco 41-sGFP, 46-sGFP, 51-sGFP, and 54-sGFP, which coincidentally are poorly
expressing chimeras, have a mixed oligomeric stage, postulated to be a mixture of
tetramers and pentamers [Fig. 2-6]. In the densitometry plot of SaEco41-sGFP [Fig. 2-
6B], at certain time points, additional bands can be seen between the proteolytic products
of a pentameric species. There is a band between the a; and a4 bands (mw=168 kDa and
195 kDa, respectively) and another one between the a, and a; bands (mw = 141 kDa and
168 kDa, respectively). Based on the relative migration distance of the additional bands
to that of the pentamer proteolytic product bands, a rough estimation of the molecular
weights of the additional bands correlate with that of a tetrameric species (bs, mw = 177

kDa and b;, mw = 151 kDa).
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Figure 2-6. OCAM Measurements Reveal Four Chimeras that are a Mixture of Tetramers and Pentamers.
(A) BN-PAGE separation of SaEco41-sGFP OCAM reaction products and controls. Reaction products are
observed in a banding pattern consistent with a mixture of tetrameric and pentameric species. (B)
Densitometry traces of (A) with each peak labeled to show the expected OCAM reaction product. (C - E)
BN-PAGE separation of OCAM reaction products and controls of SaEco 46-sGFP, 51-sGFP, and 54-sGFP,
respectively. Reaction products are observed in a banding pattern consistent with a mixture of tetrameric
and pentameric species. (F) Schematic illustration of SaEco chimeras that are a mixture of tetramers and
pentamers, with blue boxes representing EcMscL parent origin and red boxes representing SaMscL parent
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origin. The common sequence elements between SaEco 41, 46, 51, and 54 include the EcMscL Loop and
the SaMscL N-Term and TM2.

Intriguingly, there were several chimeras that exhibited banding patterns that appear to
represent unique oligomeric states different from those observed in either parent
construct or in the literature. SaEco 30-sGFP, 50-sGFP, and 55-sGFP have two additional
lower molecular weight protein bands that correspond to oligomeric states smaller than
tetramer [Fig. 2-7]. In lanes 1, 2, and 5 of the gel of SaEco55-sGFP [Fig. 2-7A], there is
one band below the "a" band (mw = 84 kDa) and another one between the a; and a, bands
(mw = 110 kDa and 137 kDa, respectively). Based on the position of the proteolysis
bands, a rough estimation of the molecular weights of the additional bands correlate with
that of a trimer (c3, mw = 131 kDa) and a dimer (d;, mw = 60 kDa). Precise molecular
weights of protein bands on a gradient BN-PAGE gel cannot be easily derived, because
the relationship between protein molecular weight and migration distance can only be
empirically established through the use of appropriate standards, especially with a
gradient gel. Nevertheless, we can be certain that the bands represent oligomers of MscL
because there are no other protein components in the 1% and 5™ lane of each gel. SDS-
PAGE gels of the purified proteins show that the preparations are >99% pure. It should
also be noted that there are no detectable proteolytic products of TEV digestion of the "c"

and "d" oligomers. The bands appear to fade over the course of the TEV reaction.
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Figure 2-7. SaEco30-sGFP, SaEco50-sGFP, and SaEco55s-GFP have Lower Molecular Weight Oligomers
Postulated to be Dimers and Trimers. (A) BN-PAGE separation of SaEco55-sGFP OCAM reaction
products and controls. Two additional oligomer bands are observed at migration distances that likely
correspond to dimers and trimers. (B) Densitometry traces of (A) with each peak labeled to show the
expected OCAM reaction product. (C - D) BN-PAGE separation of OCAM reaction products and controls
of SaEco030-sGFP and SaEco50-sGFP, respectively. Two additional oligomer bands are observed at
migration distances that likely correspond to dimers and trimers. (E) Schematic illustration of SaEco
chimeras that are a mixture of tetramers and pentamers, with blue boxes representing EcMscL parent origin
and red boxes representing SaMscL parent origin. The common sequence elements between SaEco30, 50

and 55 include the EcMscL TM1 and TM2 and the SaMscL C-Term.
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2.5 Heat Sensitivity of SaEco Chimeras

Using OCAM data, pentamer/hexamer mixed oligomeric state chimeras were
unambiguously identifiable. Somewhat surprisingly, however, was the initial difficulty in
interpreting the BN-PAGE of non-fusion SaEco chimeras. Non-fusion SaEco chimeras
are anticipated to give one and two bands on BN-PAGE for single and mixed oligomeric
states, respectively. With the protocols initially used, however, even wild-type EcMscL
did not display the characteristic double band of mixed oligomeric state constructs [Fig.
2-8]. To troubleshoot the discrepancy between the interpretations of the OCAM data as
compared to the SaEco non-fusion data, differences in protocols between these two
approaches were systematically tested. These tests included assessing the influence of the
following conditions on the non-fusion SaEco chimeras: addition of TEV buffer (20 mM
Tris pH 7.5, 50 mM NaCl, 0.5 mM EDTA, 5 mM DTT), addition of TEV protease,
addition of iodoacetamide (a TEV quencher) and incubating samples at 34°C for 240
minutes, before running BN-PAGE gels of the non-fusion samples. These initial results
revealed that temperature had a significant effect on the oligomeric state of certain SaEco
chimeras [Fig. 2-8]. Detailed examination of the OCAM data also confirmed this
phenomena; certain hexamer/pentamer mixed oligomeric state constructs, including
EcMscL-sGFP and SaEco50-sGFP, showed a marked increase in the population of
hexamers versus pentamers after incubation at 34°C for 240 minutes in the absence of

TEV [Fig. 2-4C and Fig. 2-5E].

To probe the effects of temperature on oligomeric state, pentamer/hexamer mixed

oligomeric state SaEco chimeras were exposed to mild heating at 34 °C for 240 minutes,
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and then visualized on BN-PAGE gels. The results showed that EcMscL, SaEco30, and
SaEco50 are heat sensitive, while SaEco37 and SaEco40 do not appear to be [Fig. 2-8].
SaEco30 had the most marked shift in the percentage of the population of hexamers after
heating, with the hexameric population increasing from 32% to 57% of the total protein.
Before heating, EcMscl and SaEco50 exhibited a poorly defined hexamer band, which
appeared to be a shoulder on the pentamer band that could not be integrated by gel
analysis software. After heating, however, a clear hexamer band appeared corresponding
to 28% and 42% for EcMscL and SaEco50, respectively. In contrast, SaEco37 and
SaEco40 showed insignificant changes in hexamer population upon heating (18% to
20% and 22% to 17%, respectively). The sequence commonality between SaEco30 and
SaEco50 are the N-term, TM1, and TM2 of EcMscL and the C-term of SaMscL. Again,
these motifs are not strictly deterministic, as EcMscL. does not have the C-term of

SaMscL, but it still shows heat sensitivity.
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Figure 2-8. Temperature Effects on Hexamer/Pentamer Mixed Oligomeric State SaEco Chimeras. (A, C,
E, G, and 1) BN-PAGE separation of EcMscL, SaEco30, 37, 40, and 50, respectively, before and after
incubation at 34 °C for 240 minutes. EcMscL, SaEco030, and 50 show an increase in the percentage of the
population of hexamers after heating. (B, D, F, H, and J) Densitometry traces of (A, C, E, G, and 1,
respectively) with each peak labeled to show the percentage of each oligomer.

To further explore the time dependence of this shift in population of oligomeric states for
these constructs, a time course experiment was conducted. EcMscL, SaEco30, and

SaEco50 were heated at 34°C with time points sampled at 30, 60, 120, and 240 minutes
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and then analyzed by BN-PAGE [Fig. 2-9]. For EcMscL, the population of hexamers
increased during this time period from 20% = 23% = 24% = 30% =» 36%. For
SaEco030, the population of hexamers increased for the first 120 minutes, but seemed to
have plateaued by the 240 minute mark: 35% =» 43% = 51% = 57% = 59%. SaEco50
showed a sharp increase in the population of hexamers from an indistinct small shoulder
to 37% after only 30 minutes of incubation after which the population seems to have

plateaued: ~0% = 37% = 41% = 42% =» 43%.
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Figure 2-9. Time Course Temperature Experiments Track the Shift in Population of Oligomers Over Time
(A, B, and C) BN-PAGE separation of time course temperature experiments of EcmscL, SaEco30, and
SaEco50, respectively. Oligomeric state is monitored after incubation at 34°C for 30, 60, 120, and 240
minutes. (D, E, and F) Densitometry traces of (A, B, and C, respectively) with each peak labeled to show
the percentage of each oligomer. (G) Schematic illustration of EcMscL, SaEco30, and SaEco50, with blue
boxes representing EcMscL parent origin and red boxes representing SaMscL parent origin. The common
sequence elements between EcMscL SaEco30, and SaEco50 include the EcMscL N-term, TM1, and TM2.
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2.6 Subunit Exchange of SaEco Chimeras

Evidence that the oligomeric state of some MscL constructs is dynamic motivated
experiments to explore the underlying mechanism of this phenomenon. If in a closed
system (such as a fixed sample volume under mild heating conditions) the equilibrium
between pentameric and hexameric complexes shifts, there should be evidence of subunit
exchange between complexes. An experiment was accordingly designed to test for
subunit exchange in MscL constructs. Purified SaEco-sGFP constructs and their
corresponding SaEco non-fusion constructs would be mixed in a tube, incubated at
various temperatures and visualized by BN-PAGE. If there is indeed subunit exchange
between sGFP fusion and non-fusion complexes, one would expect to see a ladder of
intermediate species similar to that of an OCAM experiment. SaEco30 was chosen for the
preliminary experiments, because it showed the most marked change in oligomeric state
after incubation at 34 °C. SaEco30 and SaEco30-sGFP were incubated both separately
and together at 4 °C and 34 °C for four hours [Fig. 2-10A]. In the control experiment
when SaEco30 and SaEco30-sGFP were mixed together and incubated at 4 °C, there are
no intermediate species. However, when incubated together at 34 °C, as predicted, we see
a ladder of heterogeneous complexes similar to that of an OCAM experiment. A second
time course experiment was conducted to monitor the evolution of these intermediate
species. SaEco30 and SaEco30-sGFP were incubated at 34 °C and sampled at 30, 60,
120, and 240 minutes [Fig. 2-10B & C]. As early as 30 minutes incubation, intermediate
species begin to appear and continue to increase in abundance over the course of the

experiment. The results of these preliminary experiments confirmed that subunit
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exchange can occur, and therefore subunit exchange experiments were conducted for the

rest of the SaEco chimeras.
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Figure 2-10. Preliminary Experiments Reveal that Subunit Exchange Can Occur Between SaEco30-sGFP
and SaEco30 Complexes. (A) BN-PAGE separation of SaEco30 subunit exchange experiment products
and controls. SaEco30 and SaEco30-sGFP were incubated both separately and together at 4 °C and 34 °C
for four hours. (B) BN-PAGE separation of SaEco30 subunit exchange time course experiment products.
SaEco30 and SaEco30-sGFP were incubated at 34 °C and sampled at 30, 60, 120, and 240 minutes (C)
Densitometry traces of (B) with each peak labeled to show the expected species.

43



To test for subunit exchange in all SaEco chimeras, purified SaEco-sGFP constructs and
their corresponding SaEco non-fusion constructs were mixed in a tube and incubated at 4
°C, 37 °C, 50 °C, and 60 °C for four hours, and then visualized by BN-PAGE. All SaEco
chimeras (except SaEco27) were tested and the results from these experiments showed
that most constructs exhibit a temperature dependent subunit exchange [Fig. 2-11] (see
Appendix for gel images of all the SaEco subunit exchange experiments). Within the
temperature range tested, all constructs except SaEco39 show a ladder of intermediate
species. For many constructs, the final distribution of bands is peaked at intermediate
values, as anticipated for a randomized distribution of subunits. Given the number of
constructs and the limited range of temperatures tested, it was not possible to evaluate the
kinetics of subunit exchange, and instead the extent of exchange after four hours
incubation at different temperatures was used to estimate the temperature dependence of
subunit exchange. The temperature of exchange (Tg) for each construct was estimated as
the temperature at which exchange would be ~50% complete after four hours. For
example, Tg for SaMscL = 55 °C, EcMscL = 44 °C, SaEco38 = 60 °C, SaEco53 = 50 °C,
and SaEco55 = 37 °C [Fig. 2-11] (see Table 2-2 at the end of the chapter for a list of
estimates of Tg of all the SaEco chimeras). Given the relatively large intervals in the
temperature screen, evaluation of Tg is necessarily imprecise, but the subsequent analyses

based on these values were not particularly sensitive to the precise numerical values.

To test for a correlation between Tg and the structural regions of the chimeras, a principal

component analysis was performed using a Mathematica script. The chimeras were

represented numerically by the parent origin of each structural domain (N-term, TM1,
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loop, TM2, C-term) where -1 represented SaMscL parent origin and +1 represented
EcMscL parent origin. By this convention, SaMscL = (-1,-1,-1,-1,-1), EcMscL =
(1,1,1,1,1), SaEco30 = (1,1,1,1,-1), etc. The estimated Tgs for the chimeras were scaled
so that the average value equaled 0 and variance equaled 1. SaEco31 and SaEco39 were
excluded from the analysis because their Tg> 60 °C and therefore could not be estimated
and SaEco027 was also excluded due to insufficient protein to study experimentally. The
principal component analysis yielded coefficients for the components (0.432, -0.765, -
0.175, -0.170, 0.378) associated with the temperature dependence of subunit exchange.
The correlation between the experimental values and predicted values of T 1s 0.773. The
negative values for TM1, loop, and TM2 mean that SaMscL parent origin is associated
with higher Tg, while the positive values for N-term and C-term mean that EcMscL
parent origin is associated with a higher Tg. The analysis accurately predicted that the
chimera with the highest Tg would be (1,-1,-1,-1,1), which represents the chimera
SaEco039. SaEco39 was the only chimera that showed no evidence of subunit exchange
even after four hours of heating at 60 °C (and was therefore not included in the principal
components analysis). Conversely, the analysis predicts that the chimera with the lowest

Tg would be (-1, 1, 1, 1, -1), which is SaEco42, and SaEco42 has a Ty of 37 °C.
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Figure 2-11. Experiments Reveal that Most MscL Constructs Exhibit Temperature Dependent Subunit
Exchange. (A, B, C, E, F, G) BN-PAGE separation of subunit exchange experiment intermediates for
SaMscL, EcMscL, SaEco55, SaEco39, SaEco38, and SaEco53, respectively. Purified SaEco-sGFP
constructs and their corresponding SaEco non-fusion constructs were mixed in a tube and incubated at 4
°C, 37 °C, 50 °C, and 60 °C for four hours. The temperature of exchange (Tg) for each construct was
estimated as the temperature at which exchange would be ~50% complete after four hours. Tg for SaMscL
=55 °C, EcMscL = 44 °C, SaEco38 = 60 °C, SaEco53 = 50 °C, and SaEco55 = 37 °C. (D) Densitometry
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Examination of subunit exchange of the poorly expressing chimeras more clearly
indicates the presence of a mixture of tetrameric and pentameric complexes [Fig. 2-12].
In particular, gels of SaEco41 and SaEco51 show a distinct, lower molecular weight band
that corresponds to a tetrameric non fusion (oligomer "b"), and in the 60 °C lane of

SaEco41 the by band is visible [Fig. 2-12A & D].
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Figure 2-12. Subunit Exchange of the Poorly Expressing Chimeras. (A, C, D, E) BN-PAGE separation of
subunit exchange experiment intermediates for SaEco41, SaEco46, SaEco51, and SaEco54, respectively.
Purified SaEco-sGFP constructs and their corresponding SaEco non-fusion constructs were mixed in a tube
and incubated at 4 °C, 37 °C, 50 °C, and 60 °C for four hours. The temperature of exchange (Tg) for each
construct was estimated as the temperature at which exchange would be ~50% complete after four hours.
Tg for SaEco41 = 44 °C, SaEco46 = 44 °C, and SaEco51 = 44 °C, and SaEco54 = 44 °C. (B) Densitometry
traces of (A) with each peak labeled to show the expected species.
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47



2.7 Crystallography of SaEco Chimeras

Four constructs were chosen as candidates for crystallization based on their homogeneity
(single oligomeric state) and high expression levels. SaEco 28, 31, 32, and 52 were
expressed in the BL214Amscl E. coli strain, cultured in TB-AMP media, solubilized using
DDM, and purified via metal affinity chromatography and size exclusions
chromatography. For each construct, the sample was split into two equal parts, one of
which had the 6His tag removed by thrombin cleavage and underwent a second size
exclusion column. All eight samples were screened for crystallization using the 96-
condition commercial screens MemGold™ and MemGold2™ (Molecular Dimensions).
All trays were vapor diffusion sitting drops set up by the Crystal Gryphon™ (Art
Robbins Instruments) at room temperature and incubated at 4°C for crystal growth. These
screens were chosen because they are specifically designed for screening membrane
proteins and in the past have produced crystal hits for MscL homologues and their
mutants. Also, previous crystallization studies have shown that MscL almost exclusively

crystallizes at 4°C.

Four of the samples, SaEco28 + His tag, SaEco28 - His tag, SaEco31 + His tag, and
SaEco31 - His tag, gave over 45 initial crystal hits. Some of the more promising hits are
shown below in Figure 2-13. Most of the crystal conditions were similar to conditions
previously used to crystallize MscL; low molecular weight PEGs (e.g., PEG 400, PEG
550MME, etc), low to neutral pH (4.6 — 7.5), and divalent cation salts (e.g CaCl,, Mg
acetate, etc). The constructs crystallized in many crystal forms including needles, rods,

plates, and cubic forms. Crystals large enough to harvest were looped, frozen under liquid

48



nitrogen, and shipped to the Stanford Synchrotron Radiation Lightsource (SSRL) for X-
ray diffraction screening at Beamline 12-2. The best crystals diffracted out to ~12 A

resolution in the best direction and had reasonably well defined spots

Several of the conditions that produced the most promising crystal hits were optimized in
hopes of improving the crystal quality. Custom crystallization trials were set up with
varied precipitant concentration, pHs, buffers, salts, and additives. Several cryo-
protectants were also screened to help preserve crystal integrity during harvesting.

Unfortunately after extensive effort, crystal quality could not be improved.
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Figure 2-13. SaEco28 and SaEco31 Readily Form Crystals. (A) SaEco 28, 31, 32, and 52 were chosen as
candidates for crystallization based on their homogeneity (single oligomeric state) and high expression
levels. (B) SaEco28 + His tag, SaEco28 - His tag, SaEco31 + His tag, and SaEco31 - His tag gave over 45
initial crystal hits, but even after optimization the best crystals diffracted out to ~12 A resolution in the best
direction.
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2.8 Discussion

In this study, we created a chimera library to systematically survey the correlation
between MscL sequence and phenomena like expression level, mixed oligomeric state,
heat sensitivity, and subunit exchange. Our results demonstrate that although there is no
combination of sequences uniquely associated with each property, there are correlations.
Low expression is correlated to EcMscL loop and SaMscL TM2. Pentamer/Hexamer
mixed oligomeric state is correlated with the EcMscL N-term and TM2 and SaMscL C-
term. Tetramer/pentamer mixed oligomeric state is correlated to EcMscL loop and
SaMscL N-term and TM2. High temperature of subunit exchange is linked to EcMscL N-
term and C-term and SaMscL TM1, Loop and TM2, with SaMscLL. TM1 providing the

dominant contribution.

Table 2-1. Summary Table Highlighting the Sequence Elements Correlated to Low Expression, Mixed
Oligomeric State and High Temperature of Subunit Exchange.

Low Expression C— T 71 top [ [ ]
5/6 Mixed Oligomeric State Nteem | | ] Tm2 | Cterm |
4/5 Mixed Oligomeric State Loop
High T Nterm |__Twi ] _top | w2 ] Cremn
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Protein Expression

Our understanding of overexpression of recombinant membrane proteins in hosts like E.
coli 1s still very imprecise, but there is an ever-growing literature on the subject [14-17].
There are various stages in the protein expression pathway that if disturbed could lead to
poor expression levels. First, it is important to choose an appropriate expression strain,
plasmid vector, and promoter for expression. Upon translation, oversaturation of the
translocation system can lead to improper membrane protein targeting, insertion, and
folding. There have been a few proposed ways to circumvent this issue, including
slowing down the rate of transcription using tunable E. coli expression strains like
Lemo21(DE3) or co-expressing proteins with Sec translocon components [18-20]. Also,
at the translocation stage the transmembrane segments of the protein have to be
recognized and correctly inserted into the membrane. Sequence determinants of proper
insertion include but are not limited to hydrophobicity, segment length, and the position
of polar, aromatic, and charged residues [16, 21]. After insertion into the membrane,
proper folding and assembly into tertiary and quaternary structures is critical and in some
cases is facilitated by chaperones and other proteins. As lipid interactions are essential for
proper folding and function of membrane proteins, host lipid composition can affect
assembly. It is not uncommon for membrane proteins to misfold in a host with
significantly different lipid composition than its native environment [16]. Even after
proper assembly of the protein, it is possible that the protein (or large quantities of the
protein) is toxic to the cell [17]. The protein might also have a short half-life and be

targeted for degradation.
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In general, SaEco constructs expressed relatively well, with the exceptions of SaEco-27,
SaEco41/-sGFP, SaEco46/-sGFP, SaEco51/-sGFP, and SaEco54/-sGFP, which had
significantly reduced expression levels, and SaEco27-sGFP, which could not be detected
at all. The common sequence elements between these poorly expressing constructs are
the Loop of EcMscL and the TM2 of SaMscL. As detailed above, there are multiple
possible causes for the lower expression levels of these constructs and more extensive
studies are needed to determine the exact cause(s), but from the current results some
inferences can be made. In cultures of the low expressing SaEco chimeras, the presence
of a cell pellet of comparable size to their counterparts indicates they do not cause a gain
of function phenotype that leads to cell lysis. All constructs were cultured under the same
conditions, which implies it is not an issue with the cell growth protocol. Therefore, it can
be speculated that the low expression level in these five constructs is due to a sequence
level variation that leads to problems in the transcription, protein translation, folding,
assembly, or degradation targeting pathways. There have been documented cases of
closely related proteins (like SaEco chimeras) with vastly different expression levels [14,

22]. The slightest change in sequence can affect protein expression.

Oligomeric state

Over many years of study, the oligomeric state of MscL has been proposed to vary from
monomer to hexamers [23, 24]. From the literature, we can infer that the oligomeric state
of MscL is governed by a complex set of factors, including environment (lipid, detergent,
etc) and protein sequence (homologues, mutations, etc). Several studies show that

oligomeric state is undoubtedly controlled on the sequence level. When translated in vitro

52



by total chemical synthesis, EcMscL and MtMscL. were functional when reconstituted
into lipid vesicles [25]. Even when the EcMscL protein sequence was expressed in two
halves (N-half (M1-D67) and C-half (I68 — S136)), expressed and purified separately,
and then reconstituted into lipid vesicles together, they formed functional channels [26].
MscL has the ability to self-assemble into functional oligomers and this intrinsic property
is encoded in the amino acid sequence. Here we examine the sequence level determinants

of oligomeric state, while keeping the environment constant, using SaEco chimeras.

In the OCAM analysis, SaEc030-sGFP, 37-sGFP, 40-sGFP, and 50-sGFP run as a
mixture of pentamers and hexamers. These constructs have in common the N-term and
TM2 of EcMscL and the C-Term of SaMscL. SaEco41-sGFP, 46-sGFP, 51-sGFP, and
54-sGFP appear to run as mixture of pentamers and tetramers. The common sequence
elements between these constructs are the Loop of EcMscL and the N-term and TM2 of
SaMscL. SaEco30-sGFP, 50-sGFP, and 55-sGFP also appear to have lower oligomeric
states, which are postulated to be dimers and trimers. These constructs have in common

the sequence elements of the TM1 and TM2 of EcMscL and the C-term of SaMscL.

There are several interfaces in the MscL channel where there are complex inter-subunit
interactions that could influence oligomeric state. Based on the crystal structure of
MtMscL [27, 28], TM1 from each subunit interacts with two TMIls from adjacent
subunits. TM1 also interacts with two TM2s, one from the same subunit and another from
an adjacent subunit. The N-term of one subunit is inserted between the TM2s of two

adjacent subunits. There are also interactions between subunits in the C-terminal helical
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coiled coil and between adjacent loops [29, 30]. Mutations that affect any of these

interactions could lead to altered oligomeric behavior.

Heat Sensitivity

Our experiments on EcMscL, SaEco30, and SaEco50 show that oligomeric state can be
dynamic in solution. Under mild heating conditions, we see that the relative ratios of
hexamers to pentamers can shift in these chimeras. Initial gels of EcMscL showed a very
minor hexamer band, compared to the original OCAM paper where EcMscL exhibited a
more nearly 50:50 distribution of pentamers and hexamers. The purification scheme used
in the original OCAM paper is significantly different from the purification scheme used
in the studies on SaEco chimeras, however. The original OCAM paper protocol cultured
cells in TB media, induced expression by addition of IPTG at ODggo = 2, lysed the cells
using a microfluidizer and ran two columns, a metal affinity column at 4 °C and a SEC
column at room temperature. The protocol used to study SaEco chimeras cultured cells
overnight in ZYM-5052 auto-induction media, lysed cells by freeze-thaw cycles, and ran
only a metal affinity column at 4 °C (no SEC column) followed by dialysis to remove
imidazole. Based on the results of heat sensitivity experiments, we believe the most
impactful difference between the two protocols was the extended time samples spent at

room temperature while on the SEC column.

Temperature effects on MscL stability have been tested using circular dichroism.

Temperature melts of EcMscL and MtMscLL were monitored at 220 nm at pH 7.5 and

showed mostly alpha helical CD spectra, with irreversible thermal unfolding [33].
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EcMscL and MtMscL have two transitions, one at 65 °C and another at 85 °C, where
there is a significant change in ellipticity. Another CD study of MtMscL shows a similar
transition point at 60 °C [30]. The heat-induced shift in oligomeric states we observe at
34°C takes place at a temperature significantly lower than those associated with tertiary
structure unfolding for EcMscL and MtMscL (~60 - 65 °C) and closer to physiological

temperature.

Subunit Exchange

The results of the subunit exchange experiments show definitive evidence that in
detergent solution, subunits of MscL can exchange between complexes. In the literature,
there is only one prior study that documented a dynamic change in oligomeric state of
MscL in solution [31]. In that study, SaMscL solubilized in detergent LDAO was
analyzed by SEC-MALS and yielded an estimated protein mass ~61 kDa (tetramer). The
sample was then exchanged into detergent CgEs, and when re-analyzed by SEC-MALS
yielded a higher estimated protein mass of ~74 kDa (pentamer). This process was
reversible, because when exchanged back into LDAO, the protein mass decreased back to
~60 kDa. The authors dismissed this as a detergent artifact, and looked no further into the
phenomenon. The results of the subunit exchange experiments detailed above gives us

more insight into the mechanism of the movement of subunits between complexes.

Presumably in order for subunit exchange to occur there has to be some combination of

channel fusion and fission, which mandates an intermediate species of lower oligomeric

state (tetramer, trimer, dimer, or monomer). There is evidence of lower oligomeric states
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in some chimeras, but not all. It is therefore particularly interesting that SaEco30,
SaEco50, and SaEco55, three chimeras that have what are postulated to be trimer and
dimer bands, have low estimated Tg of 37°C. It is possible that lower oligomeric state
species exist in all chimeras that show subunit exchange, but these species are so
transient or are in such low abundance that they cannot be visualized on the BN-PAGE

gels.

Even though subunit exchange in detergent solution has now been proven, it is still
unclear whether this is a physiologically relevant phenomenon. Several studies have co-
expressed two MscL mutants and seen a population of hetero-oligomers that contain
subunits of both mutants. Mika et al. co-expressed EcMscL and EcMscL(G22C) from the
same plasmid under control of different promoters and found they had a heterogeneous
population of channels [32]. Chromatofocusing was used to separate these complexes by
pl. Although this experiment, and others like it, indicate that protein subunits translated
from multiple mRNAs can form hetero-oligomers, it cannot be determined whether this
occurred during channel assembly or through subunit exchange of homogeneous channels
after assembly. Further experiments will have to be designed to probe in vivo subunit

exchange.

Crystallography
Crystallization trials of SaEco 28, 31, 32, and 52 yielded no crystal structures. As it often
is with MscL, the barrier for structure determination was not failure to obtain crystals, but

rather that the crystals diffracted poorly. It was promising that there were over 45 initial
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crystal hits, but several rounds of optimization did not improve diffraction quality. It was
interesting to note, however, that SaEco28 (Tg = 60 °C) and SaEco31 (Tg > 60 °C)
crystallized while SaEco32 (Tg = 44 °C) and SaEco52 (Tg =37 °C) did not produce
crystals. It should also be noted that MscL constructs (including SaEco chimeras) rarely
crystallize at 20 °C and almost exclusively crystallize at 4 °C. This begins to show a
potential connection between thermostability (in terms of subunit exchange) and
crystallizability. It might be that subunit exchange introduces heterogeneity that impedes
crystal growth and quality and this is exacerbated at higher crystallization temperatures.
Screening MscL constructs for high Tr may be a possible way to select ideal candidates

for crystallography.

Table 2-2. List of the Oligomeric State and Temperature of Exchange (Tg) of the SaEco Chimeras

Chimera | Oligomeric State | Tg (°C) Chimera | Oligomeric State | Tg (°C)

SaMscL 5 55 41 4/5 44

EcMscL 5/6 44 42 5 37
27 n/a n/a 43 5 37
28 5 60 44 5 44
29 5 37 45 5 44
30 5/6 37 46 4/5 44
31 5 > 60 47 5 44
32 5 44 48 5 50
33 5 44 49 5 55
34 5 55 50 5/6 37
35 5 44 51 4/5 44
36 5 50 52 5 37
37 5/6 44 53 5 50
38 5 60 54 4/5 44
39 5 > 60 55 5 37
40 5/6 55 56 5 55

57



References

1. Gandhi, C.S., T.A. Walton, and D.C. Rees, OCAM: a new tool for studying the
oligomeric diversity of MscL channels. Protein Sci, 2011. 20(2): p. 313-26.

2. Trudeau, D.L., M.A. Smith, and F.H. Arnold, /nnovation by homologous
recombination. Curr Opin Chem Biol, 2013. 17(6): p. 902-9.

3. Long, S.B., et al., Atomic structure of a voltage-dependent K+ channel in a lipid
membrane-like environment. Nature, 2007. 450(7168): p. 376-82.

4. Carbone, M.N. and F.H. Arnold, Engineering by homologous recombination:
exploring sequence and function within a conserved fold. Curr Opin Struct Biol,
2007. 17(4): p. 454-9.

5. Rico, J.A. and B. Hocker, Design of chimeric proteins by combination of
subdomain-sized fragments. Methods Enzymol, 2013. 523: p. 389-405.

6. Voigt, C.A., et al., Protein building blocks preserved by recombination. Nat
Struct Biol, 2002. 9(7): p. 553-8.

7. Meyer, M.M., et al., Library analysis of SCHEMA-guided protein recombination.
Protein Sci, 2003. 12(8): p. 1686-93.

8. Li, Y., et al., 4 diverse family of thermostable cytochrome P450s created by
recombination of stabilizing fragments. Nat Biotechnol, 2007. 25(9): p. 1051-6.

9. Heinzelman, P., et al., Efficient screening of fungal cellobiohydrolase class I
enzymes for thermostabilizing sequence blocks by SCHEMA structure-guided

recombination. Protein Eng Des Sel, 2010. 23(11): p. 871-80.

58



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Clouthier, C.M., et al., Chimeric beta-lactamases: global conservation of parental
function and fast time-scale dynamics with increased slow motions. PLoS One,
2012. 7(12): p. €52283.

Jones, D.D., Recombining low homology, functionally rich regions of bacterial
subtilisins by combinatorial fragment exchange. PLoS One, 2011. 6(9): p.
€24319.

Yang, L.M., D. Zhong, and P. Blount, Chimeras reveal a single lipid-interface
residue that controls MscL channel kinetics as well as mechanosensitivity. Cell
Rep, 2013. 3(2): p. 520-7.

Pedelacq, J.D., et al., Engineering and characterization of a superfolder green
fluorescent protein. Nat Biotechnol, 2006. 24(1): p. 79-88.

Grisshammer, R., Understanding recombinant expression of membrane proteins.
Curr Opin Biotechnol, 2006. 17(4): p. 337-40.

Wagner, S., et al., Rationalizing membrane protein overexpression. Trends
Biotechnol, 2006. 24(8): p. 364-71.

Bowie, J.U., Solving the membrane protein folding problem. Nature, 2005.
438(7068): p. 581-9.

Luirink, J., et al., Biogenesis of inner membrane proteins in Escherichia coli.
Biochim Biophys Acta, 2012. 1817(6): p. 965-76.

Wagner, S., et al., Tuning Escherichia coli for membrane protein overexpression.
Proc Natl Acad Sci U S A, 2008. 105(38): p. 14371-6.

Schlegel, S., et al., Optimizing membrane protein overexpression in the

Escherichia coli strain Lemo21(DE3). J Mol Biol, 2012. 423(4): p. 648-59.

59



20.

21.

22.

23.

24.

25.

26.

27.

Wagner, S., et al., Consequences of Membrane Protein Overexpression in
Escherichia coli. Molecular & Cellular Proteomics, 2007. 6(9): p. 1527-1550.
Hessa, T., et al., Recognition of transmembrane helices by the endoplasmic
reticulum translocon. Nature, 2005. 433(7024): p. 377-81.

Akermoun, M., et al., Characterization of 16 human G protein-coupled receptors
expressed in baculovirus-infected insect cells. Protein Expr Purif, 2005. 44(1): p.
65-74.

Blount, P., et al., Membrane topology and multimeric structure of a
mechanosensitive channel protein of Escherichia coli. EMBO J, 1996. 15(18): p.
4798-805.

Hase, C.C., A.C. Le Dain, and B. Martinac, Molecular dissection of the large
mechanosensitive ion channel (MscL) of E. coli: mutants with altered channel
gating and pressure sensitivity. ] Membr Biol, 1997. 157(1): p. 17-25.

Clayton, D., et al., Total chemical synthesis and electrophysiological
characterization of mechanosensitive channels from Escherichia coli and
Mycobacterium tuberculosis. Proceedings of the National Academy of Sciences
of the United States of America, 2004. 101(14): p. 4764-4769.

Park, K.H., et al., Purification and functional reconstitution of N- and C-halves of
the MscL channel. Biophys J, 2004. 86(4): p. 2129-36.

Chang, G., et al., Structure of the MscL homolog from Mycobacterium
tuberculosis: a gated mechanosensitive ion channel. Science, 1998. 282(5397): p.

2220-6.

60



28.

29.

30.

31.

32.

33.

Steinbacher, S., et al., Structures of the prokaryotic mechanosensitive channels
MscL and MscS. Mechanosensitive lon Channels, Part A, 2007. 58: p. 1-24.
Maurer, J.A., et al., Comparing and contrasting Escherichia coli and
Mycobacterium tuberculosis mechanosensitive channels (MscL). New gain of
function mutations in the loop region. J Biol Chem, 2000. 275(29): p. 22238-44.
Maurer, J.A., et al., Confirming the Revised C-Terminal Domain of the MscL
Crystal Structure. Biophysical Journal, 2008. 94(12): p. 4662-4667.

Dorwart, M.R., et al., S. aureus MscL is a pentamer in vivo but of variable
stoichiometries in vitro: implications for detergent-solubilized membrane
proteins. PLoS Biol, 2010. 8(12): p. e1000555.

Mika, J.T., et al., On the role of individual subunits in MscL gating: "all for one,

one for all?". FASEB J, 2013. 27(3): p. 882-92.

Strop, P. (2002). Characterization of the mechanosensitive channel of large
conductance. (Doctoral dissertation), California Institute of Technology.

http://resolver.caltech.edu/CaltechETD:etd-05092002-155216 1

61



CHAPTER III

LT CHIMERAS

3.1 Design of LT Chimeras

Chimeric mutants of MtMscL, EcMscL, and SaMscL were designed to probe the role of
the periplasmic loop and C-terminal domain in function, oligomeric state, and
crystallizability. These loop and ‘tail” (LT) chimeras are of particular interest because
previous studies have highlighted the importance of these regions. The C-terminus has
been of significance in all three MscL crystal structures solved to date. A 26 amino acid
C-terminal truncation to SaMscL improved the quality of crystals and led to the
resolution of its crystal structure (PDB ID: 3HZQ) [1]. It is also hypothesized that this
truncation may have caused the switch in oligomeric state to a tetramer, instead of the
expected pentamer like MtMscL. In the crystal structure of MtMscL (PDB ID: 20AR),
the last twenty residues of the C-terminus were not resolvable from the diffraction data,
presumably because they were disordered in the crystal [2, 3]. A high resolution crystal
structure of the isolated C-terminal domain of EcMscL was solved at 1.45 A resolution
(PDB ID: 4LKU) [4]. The MtMscL and SaMscl(CA26) crystal structures had crystal

contacts in the loop and C-terminus.

Targeted mutations to residues in the C-terminus of MtMscL decreased its
thermostability [5], shortening the linker between TM2 and the a-helical coiled coil,
decreased the conductance of the channel [6], and deleting the entire C-terminus

increased the open dwell time of the channel [1]. The periplasmic loop was also selected
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as a substitution site, because it is the least conserved region amongst the homologues.
Mutagenesis studies on MtMscL. and EcMscL have identified mutations in the loop that
cause both gain of function and loss of function phenotypes [7-9]. Two studies on
EcMscL, one that expressed the protein in two halves divided at the loop and another that
proteolytically cleaved the protein at the loop, showed that the channel was still
functional, but had increased mechanosensitivity [10, 11]. These studies have led to the
hypothesis that the loop acts as a spring that resists channel openings and assists channel

closings.

As with the SaEco chimeras, the structural regions were defined based on secondary
structure elements and were designated based on the crystal structures of MtMscL and
SaMscL(CA26) [Fig 2-1]. In the current study, four LT chimeras were designed by
simple “cut and paste” substitutions [Fig 3-1]. The protein sequence of all the chimeras
can be found in the Appendix section. LTO was previously designed by Dr. Zhenfeng
Liu, and LT1, LT2, and LT3 are novel designs. The codon optimized genes of LT1, LT2,
and LT3 were ordered from Genscript™ and were inserted into pET15b vectors using
Ndel and BamHI restriction sites. LT-sGFP fusions were also cloned using homologous
recombination. Plasmids were transformed into BL21Gold E. coli strain for
crystallization screening and BL2IAmscl E. coli strain for OCAM and subunit exchange

studies.
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MtMsclL N-term Tm1 Loop Tm2 C-term

SaMscL | wNtem | tmi | toop | Tm2 | cCtem |
EcMscL Neerm | Tmi | toop | Tm2 | cCtem
LTO N-term Tm1 toop | Tm2 C-term
LT1 Nterm | Tm1 | Loop Tm2 | Cterm
LT2 N-term Tmil Loop | Tm2 C-term
LT3[ mterm | tmi | op | tTm2 Cterm

Figure 3-1. Schematic Illustration of the LT Chimera Library. A schematic illustration of the wild-type and
chimeric constructs; MtMscL, SaMscL, EcMscL, LTO, LT1, LT2, and LT3. Structural regions are
delineated as labeled boxes, green boxes, represent MtMscL parent origin, blue boxes represent EcMscL
parent origin, and red boxes represent SaMscL parent origin. The protein sequence of all the chimeras can
be found in the Appendix section.

3.2 0CAM

When solubilized in the detergent DDM, OCAM analysis demonstrated that SaMscL and
MtMscL are pentamers, while EcMscL is a mixture of pentamers and hexamers [12].
Using the purification and OCAM protocols described in Chapter 2, all LT-sGFP
constructs were analyzed and compared to wild-type and SaEco constructs [Table 3-1].
LTO ran as a hexamer/pentamer mixture, LT1 ran as a tetramer/pentamer mixture, and

LT2 and LT3 ran as pentamers [Fig. 3-2].
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Figure 3-2. OCAM Measurements Reveal that LT Chimeras Have Varied Oligomeric States. (A) BN-
PAGE separation of LT0-sGFP OCAM reaction products and controls. TEV protease reactions were
quenched at 15, 60, and 240 minute time points. Controls were run without added TEV and sampled at the
0 minutes time point and after 240 minutes incubation at 34°C. A total of eight reaction products are
observed in a banding pattern consistent with a mixture of hexameric and pentameric species. (B)
Densitometry traces of (A) with each peak labeled to show the expected OCAM reaction product. (C) BN-
PAGE separation of LT1-sGFP OCAM reaction products and controls. Reaction products are observed in a
banding pattern consistent with a mixture of tetrameric and pentameric species. (D) Densitometry traces of
(C) with each peak labeled to show the expected OCAM reaction product. (E - F) BN-PAGE separation of
OCAM reaction products and controls of LT2 and LT3, respectively. Reaction products are observed in a
banding pattern consistent with pentameric species.

3.3 Subunit Exchange

The LT chimeras were tested for subunit exchange using the protocol described in
Chapter 2. All four constructs showed evidence of subunit exchange with temperature of
exchange (Tg) for LTO =37 °C, LT1 =37 °C, LT2 =37 °C, and LT3 > 60 °C [Fig. 3-3].

These values are compared to those of wild-type and SaEco constructs in Table 3-1.
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Figure 3-3. Experiments Reveal that LT Chimeras Exhibit Temperature Dependent Subunit Exchange. (A,
B, C, D) BN-PAGE separation of subunit exchange experiment intermediates for LTO, LT1, LT2, and LT3,
respectively. Purified LT-sGFP constructs and their corresponding LT non-fusion constructs were mixed in
a tube and incubated at 4 °C, 37 °C, 50 °C, and 60 °C for four hours. The temperature of exchange (Tg) for
each construct was estimated as the temperature at which exchange would be ~50% complete after four
hours. Tg for LTO =37 °C, LT1 =37 °C, LT2 =37 °C, and LT3 > 60 °C.
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3.4 Crystallization

LTO, LT1, LT2, and LT3 were expressed in the BL21Gold E. coli strain, cultured in TB-
AMP media, solubilized using detergent DDM, and purified via metal affinity
chromatography and size exclusion chromatography. All samples were screened for
crystallization using the 96-condition commercial screens MemGold™, MemGold2™,
MemSys™, and MemStart™ (Molecular Dimensions). All trays were vapor diffusion
sitting drops set up by hand or using the Crystal Gryphon™ (Art Robbins Instruments) at
room temperature and incubated at 4°C for crystal growth. Only two LT chimeras
produced crystal hits, LTO and LT2, and they had less than 10 combined initial crystal
hits. Crystal conditions were optimized and crystals were screened for X-ray diffraction
at Beamline 12-2 at the Stanford Synchrotron Radiation Lightsource (SSRL), but they all

diffracted poorly.

Solubilization Detergent Screen

* Names and abbreviations of detergents mentioned in this section: n-Octyl-B-D-
Glucopyranoside  (OG), n-Decyl-B-D-Maltopyranoside (DM), n-Dodecyl-B-D-
Maltopyranoside (DDM), 5-Cyclohexyl-1-pentyl-f-D-maltopyranoside (CYMAL-5), 6-
Cyclohexyl-1-hexyl-B-D-maltopyranoside (CYMAL-6), 7-Cyclohexyl-1-heptyl-B-D-
maltopyranoside (CYMAL-7), Lauryldimethylamine-oxide (LDAO), n-
Dodecylphosphocholine  (FOS-CHOLINE-12), n-Tetradecylphosphocholine (FOS-
CHOLINE-14), 7-Cyclohexyl-1-heptylphosphocholine (CYCLOFOS-7), and Zwittergent

3-14.
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According to the Protein Data Bank of Transmembrane Proteins (PDBTM), as of 08-22-
2014  there are 2,272 reported structures of transmembrane proteins
(http://pdbtm.enzim.hu) [13]. These proteins are solubilized in a wide variety of
detergents and the choice of solubilization detergent can greatly affect crystallizability
and crystal quality. There are an overwhelming number of commercially available
detergents and selecting targets for a detergent screen can be difficult. During the first
round of screening it is common to use detergents that have previously been successfully
used to solubilize proteins for X-ray crystal structure determinations. The Membrane
Protein Data Bank has easily searchable statistics and can be used to identify the most
commonly used detergents (http://www.mpdb.tcd.ie/index.asp). As of the last entry in
January 2011, 159 structures of proteins solubilized in OG had been solved, 152 in DDM,
126 in LDAO, 84 in DM, 48 in FOS-CHOLINE-12, etc. All these top targets except OG
were included in the LTO detergent screen. In particular, DDM and LDAO were of
interest because MtMscL and SaMscL(CA26), respectively, solubilized in those two
detergents yielded crystal structures [1-3]. OG was excluded from these trials because

previous studies show that MscL aggregates and is not stable in OG [14, 15].

Other considerations to be made during detergent selection are the physical properties of
the detergent [16]. These include detergent solubility, the critical micellar concentration
(CMC) at which the detergent self-assembles into micelles, and aggregation number,
which is the number of detergent monomers per micelle and is related to micelle size by
the detergent monomer molecular weight. Detergent molecules are made up of a

hydrophilic head group and a hydrophobic alkyl chain. The size and charge of the head
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group and the length of the alkyl chain affect the physical properties of the detergent. The
length of the alkyl chain affects the aggregation number, CMC, and solubility of the
detergent. Short chains have higher CMC and lower aggregation number and longer alkyl
chains have poor solubility. Detergent head group properties influence the harshness and
solubility of detergents. Small ionic head groups tend to have better solubility, but are
harsher (e.g., sulfates). Larger neutral head groups tend to be gentler, but less soluble

(e.g., maltopyranosides).

The size and dynamic nature of the detergent belt around the transmembrane protein can
impede formation of an ordered crystal lattice. Membrane protein crystals tend to have a
high solvent content, due to the accommodation of the detergent belt and the limited
exposed protein surface for crystal contact formation. The ideal detergent for a membrane
protein is one that is able to extract the protein from the cell membrane and is gentle
enough not to perturb the native structure of the protein. A small micelle size is also
favorable because more protein surface is exposed that can potentially form crystal
contacts, and the amount of space occupied by detergent in the crystal lattice is minimal.
However, the micelle size has to be adequately large to protect the hydrophobic region of
the protein and prevent aggregation in aqueous solution. A common strategy used to
improve crystal quality after an initial crystal hit is the “nearest neighbor” strategy. For
example, if a protein forms poorly diffracting crystals in DDM, the protein can then be

screened in DM which has a smaller micelle size, but the same head group.
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For the first detergent screen, LTO was extracted in DDM, detergent exchanged into DM,
LDAO, CYMAL-7, CYCLOFOS-7, and FOS-CHOLINE-12 and screened for
crystallization using MemGold™ screen and incubated at 4 °C. LTO did not crystallize in
any of the other detergents. Figure 3-4 shows a comparison of a crystallization condition
(15% w/v PEG 2000, 0.02 M Bis-Tris pH 7), which gave a crystal hit in DDM, but not in
the other detergents. LTO in DDM formed small needles, but in other detergents the drop
stayed clear or formed precipitate except CYMAL-7, which seemed to form what looks

like amorphous aggregate.

n-Dodecyl-B-D-maltopyranoside n-Decyl-B-D-maltopyranoside 7-Cyclohexyl-1-heptyl-B-D-maltopyranoside
(DDM) (DM) (CYMAL-7)
72 o0 )
\/\/VV\N’I‘—oo & T
CHy : \ -
Lauryldimethylamine-oxide 7-Cyclohexyl-1-heptylphosphocholine n-Dodecylphosphocholine
(LDAO) (CYLCOFOS-7) (FOS-CHOLINE-12)

Figure 3-4. Detergent Screen Shows LTO Only Crystallizes When Solubilized in DDM. Images of
crystallizing drops of LTO solubilized in various detergents in crystallization condition; 15% w/v PEG
2000, 0.02 M bis-tris pH 7.0. (A) LTO in DDM forms small needles, (B) LT0 in DM, (C) ITO in CYMAL-
7, (D) LTO in LDAO, (E) LT0 in CYCLOFOS-7, and (F) LTO in FOS-CHOLINE-12
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Extensive effort was made to optimize the LTO in DDM crystal hit, including screening
around the initial crystallization condition and an additive screen, but the crystals could
not be optimized past unharvestable needles. Focus was then turned to LT2, which was
the only other LT chimera that crystallized. An initial screen of LT2 in DDM gave a few
crystal hits, including the thin plates shown in Figure 3-5A. Initial optimizations screened
around the initial crystallization condition (22% v/v PEG 400, 0.05 M Na Citrate pH 5.4,
0.07 M NaCl) as well as an additive screen. The additive screen showed improved or
altered crystal forms with additive detergents CYMAL-6, CYMAL-5 and Zwittergent 3-
14 [Fig. 3-5B, C, and D, respectively]. Therefore CYMAL-5, CYMAL-6, and
Zwittergent 3-14 were chosen as targets for a solubilization detergent screen of LT2.
CYAML-5 and CYMAL-6 are ideal targets, because they also satisfy the ‘“nearest
neighbor” strategy. Like DDM, they both have gentle maltopyranoside head groups, but
their hydrophobic chains include a cyclohexyl ring [Fig. 3-5B & C]. Detergents with
cyclohexyl rings in their alkyl chains were developed because they offer the benefits of
both short and long chain detergents in that they usually have good solubility and a lower
aggregation number. For example, compared to DDM, which has an aggregation number
of 78-149 and mw = 510.6 Da, CYMAL-5 and CYMAL-6 have aggregation numbers of
47 and 91, respectively, and mw= 494.5 Da and 508.5 Da, respectively. Therefore the
CYMAL-5 and CYMAL-6 are predicted to have smaller micelle size and therefore

potentially allow for the formation of better ordered crystal lattices.

LT2 was extracted and purified in CYMAL-5, CYMAL-6, Zwittergent 3-14, and FOS-

CHOLINE-14, screened for crystallization using MemGold™ screen, and incubated at 4
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°C. LT2 crystallized in CYMAL-6, but not in the other detergents [Fig. 3-5E, F & G].
These crystal hits were optimized and screened for X-ray diffraction, but did not yield

high quality diffraction data.

H
- iy o
o 1 W
N "
HO \_'/\ 1 «I.n. o
6-Cyclohexyl-1-hexyl-B-D-maltopyranoside  5-Cyclohexyl-1-pentyl-B-D-maltopyranoside Zwittergent 3-14
(CYMAL-6) (CYMAL-5)

Figure 3-5. Detergent Screen Shows LT2 Crystallizes When Solubilized in Both DDM and CYMAL-6.
(A) LT2 solubilized in DDM crystallized in condition 22% v/v PEG 400, 0.05 M sodium citrate pH 5.4,
0.07 M NaCl. (B - D) Crystal condition (A) with additive CYMAL-6, CYMAL-5, and Zwittergent 3-14,
respectively/. (E) LT2 solubilized in CYMAL-6 crystallized in condition 26% v/v PEG 400, 0.1 M sodium
citrate pH 5.5, 0.05 M NaCl. (F - G) Crystal condition (E) with additive ZnCl and CYMAL-7, respectively.
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3.5 Discussion

The LT chimeras were successfully cloned, expressed, purified, and screened for
oligomeric state, subunit exchange, and crystallization. The small size of the chimera

library limits the information that can be obtained from the results, but in comparison to

the SaEco chimeras, they can test previous findings.

Table 3-1. Summary Table of the Oligomeric State and Temperature of Exchange of the LT Chimeras in

Comparison to Wild-Type and SaEco Constructs.

Oligomeric State | T, (°C)

EcMscL [ Nownm | Tt Loop Tm2__|_Ctem 5/6 44
LTQ weem . e o | t;p  com 5/6 37
30 [xvaem T mi T toop [ Tm2 [ Cierm 5/6 37
LT [seerm T _tmt ] toop [ 7ma ] ctem 4/5 37
50 [ Neem | Tm Loop tm2_ | Cterm 5/6 37
MtMscL N-term Tml Loop Tm2 Cterm 5% n/a
LT2 [ wem | 7m wop | tma [ ctem 5 37
54 Ehemalegnial_ter Ttz con 4/5 44
SaMscL [ Ntem | T Loop tm2__|_ Cterm | 5 55
LT3 Cemalemialareanlamig] cen 5 > 60
o ] PRI T P I T 5 > 60

* Oligomeric State of MtMscL was obtained from Gandhi et al. [12]

OCAM

Comparison of the LT Chimeras to wild-type and SaEco constructs gives a fuller
understanding of the effects of the structural regions of MscL. Comparing wild-type

EcMscL to LTO and SaEco30 shows that substitutions to the EcMscL C-term do not
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affect oligomeric state. To further corroborate that finding, comparing wild-type SaMscL
to LT3 and SaEco31 shows that substitutions to the C-term of SaMscL also do not alter
oligomeric state. This implies that the C-term of MscL does not contribute to the

determination of oligomeric state.

The role of the MscL loop is less clear. Comparing LT1 and SaEco50, it appears that
substituting the loop and C-term of MtMscL into the EcMscL sequence alters the
oligomeric state; however, the same substitutions of SaMscL. do not. Comparing LT2 to
SaEco54, substituting the loop and C-term of EcMscL into the MtMscL sequence does
not change its oligomeric state, however, the substitution of the same regions into the
sequence of SaMscL changes its oligomeric state. The loop of MscL is the least
conserved region in the protein and therefore it is plausible that substitutions in that

region from various homologues produces varied effects.

Subunit Exchange

The Tg of LTO, LT1, and LT2 are 37 °C and the Tg of LT3 is >60 °C. These values
correspond well with the principal component analysis performed in Chapter 2 and
compare well with the corresponding SaEco chimeras. LTO and the corresponding
SaEco30, LT1 and the corresponding SaEco50, and LT3 and the corresponding SaEco31,
all have identical Tgs. LT2 and SaEco 54 have a Ty of 37 °C and 44 °C, respectively, and
the difference in Tg could be because of the TM1 of SaMscL, which is strongly

correlated to higher Tk.
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Crystallization

In initial screens of the LT chimeras, only LTO and LT2 gave crystal hits. LTO was

screened with various solubilization detergents, but it only crystallized when solubilized

in DDM. LT2 was also screened and crystallized when solubilized in both DDM and

CYMAL-6. None of the optimized crystals yielded high quality diffraction data.
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CHAPTER IV

SURFACE ENTROPY REDUCTION STRATEGY

4.1 Surface Entropy Reduction (SER) Strategy

An increasingly popular strategy to improve the crystallizability of proteins is Surface
Entropy Reduction (SER) [1]. SER uses rational mutagenesis to alter the surface entropy
of proteins. The surface entropy of a protein can affect crystallization since
immobilization of the side chains of surface residues involved in lattice contacts is
entropically unfavorable and may impede the formation of crystals. Crystal formation is a
complex process that is affected by many factors; one of the many is the loss of
conformational entropy of hydrophilic long chain residues on the protein surface. Surface
residues with high conformational entropies (like lysine and glutamate) can extend into
the solvent and have freedom of movement and flexibility; this freedom is restricted
when they are involved in or near crystal contacts. The SER method aims to reduce the
unfavorable loss of entropy due to side chain immobilization by formation of lattice
contacts, thereby improving the probability of crystallization. The SER strategy is
postulated to not only increase a protein’s propensity to crystallize, but also to increase

the probability of obtaining high diffraction quality crystals.

In SER, surface residues with high conformational entropies, like lysine, are mutated to
amino acids with lower conformational entropies, like alanine [1]. Longenecker et al.
conducted a study in which they systematically mutated clusters of lysines into alanines

on the surface of truncated constructs of human guanine nucleotide dissociation inhibitor
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(RhoGDI). Twelve SER mutants of RhoGDI(NA23) and RhoGDI( NA66), each with one
or more lysines mutated to alanine (e.g., K113A or K98,99,105A), were screened using
Crystal Screen 1 & 2 (Hampton Research, 96 conditions total). Neither of the two
truncation mutants had previously been successfully crystallized, but the twelve SER
mutants generated forty-two crystal hits. Four of those hits gave high diffraction quality
crystals. Three of the crystal structures showed that the mutated residues were directly
involved in crystal contacts and one structure showed that the single mutated residue was
not in close proximity to any crystal contacts. The SER strategy has been updated to also
include mutation of other high conformational entropy residues (glutamate and
glutamine) to low conformational entropy amino acids (serine, tyrosine, threonine, and
histidine) [2]. Again using RhoGDI(NA66), Cooper ef al. made forty SER mutants and
got hundreds of crystal hits, with many being of high diffraction quality. Their results
showed that tyrosine mutants produced the most hits and although histidine mutants gave
relatively fewer hits, their crystals were more likely to generate high resolution structures.
Information drawn from early studies on SER has been used to create an SER prediction
server (http://nihserver.mbi.ucla.edu/SER/) to identify possible sites for mutation. The
primary amino acid sequence of a protein is input to the server and processed to output
suggested mutation clusters, each with an SER score. To identify residues of interest, the
primary sequence is run through a preliminary analysis, which involves secondary
structure prediction, entropy profiling, and a PSI-BLAST search. The secondary structure
is predicted using PSIPRED, and residues are scored based on their location on the
protein. An entropy profile of the protein is determined using values from Sternberg’s

side chain entropy tables and averaged three residues at a time to identify sequence
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regions of high side chain entropy. A PSI-BLAST search is subsequently performed to
avoid mutations in highly conserved regions and highlight potential mutation sites that
are aligned with low conformational entropy regions in homologous proteins. This
preliminary analysis gives a list of residue clusters that are then scored based on several
factors, including the length of the low entropy patch post mutation, the minimum

number of mutations needed to effect the greatest entropy reduction, etc.

While the SER approach was motivated by side chain entropy considerations, it is
possible, and even likely, that mutations of residues like lysine to alanine have
consequences other than entropy reduction, and these other effects contribute to improved
crystallization properties. For example, SER mutations result in a change in the
electrostatic charge of the protein or can affect solubility, or result in the removal of side
chains that alters steric effects. It can also be argued that the surface entropy reduction
caused by the mutation of so few residues does not produce a large enough improvement
in free energy to stimulate crystallization. The thermodynamics of crystallization is
complex and not precisely understood, so it is difficult to absolutely prove or disprove the
validity of SER. However the increasing repertoire of structures solved using the SER
strategy demonstrates that, whatever the underlying mechanism(s), it represents an
effective way to rationally design protein mutants for crystallization purposes. Prior to
SER, truncations of large disordered regions, tryptic digests, and random mutagenesis
were the main options for engineering proteins that crystallize better than wild-type.
Truncations and tryptic fragments are major modifications that may significantly alter

protein structure, and the possibilities for random mutagenesis are endless. SER has
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opened up a new avenue for crystallographers to more rationally narrow down the target

sites for mutagenesis.

SER has helped to determine structures of many proteins that are recalcitrant to
crystallization, including the human proteins CUE:Ubiquitin complex, Yersinia pestis
LerV Antigen [3], and choline acetyltransferase [4]. However, these are all soluble
proteins and the efficacy of the SER strategy in a-helical membrane protein

crystallography has not been well documented.

4.2 Design of SaMscL. SER Mutants

The crystal structure of SaMscL(CA26) truncation mutant has been solved at 3.8 A
resolution as a tetrameric channel in an expanded non-conducting intermediate state [5].
The crystal structure of wild-type MtMscL has been solved at 3.5 A resolution as a
pentameric channel in a “closed” non-conducting state [6, 7]. While these structures have
given insight into the gating behavior and function of MscL, the use of the CA26
truncation of SaMscL has complicated the comparison to MtMscL since it is not clear
how deletion of the C-terminal domain has influenced the structure. Obtaining a high
resolution structure of a full length SaMscL. SER mutant that is closer to wild-type
(differing by only one to three mutations) could help address important questions

concerning differences in their observed gating, function, and oligomeric state, such as:
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*  Will the full length SaMscLL. SER mutants have a conformation similar to the
expanded non-conducting intermediate state of SaMscL(CA26) or a “closed” state
similar to that of MtMscL?

*  Will it be a tetramer like SaMscL(CA26), a pentamer like MtMscL, or have a

unique oligomeric state?

The amino acid sequence of wild-type SaMscL was submitted to the SER prediction
server (http://services.mbi.ucla.edu/SER/) and the output of this analysis identified three
mutation sites: the charge cluster composed of the three residues 92-94 (KKE92AAA),
residues 54-55 (KE54AA), and residue 62 (K62A), with SER scores of 7.88, 3.83, and
1.11, respectively. A higher SER score indicates a higher predicted reduction in surface
entropy. Figure 4-1 shows the location of the three suggested SER mutation sites
highlighted on a single subunit of the SaMscL(CA26) crystal structure. K62 and KE54
are located on the periplasmic loop and KKE92 is located on the C-terminal region,

interestingly right before the truncation point.
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K92, K93, E94

Figure 4-1. Crystal Structure of a Single Subunit of SaMscL(CA26) with the SER Mutation Sites
Highlighted. Mutation sites are highlighted by depicting the molecules of the side chains as space filling
spheres. K62 and KE54 are located on the periplasmic loop and KKE92 is located on the C-terminal region.

Cloning, Protein Expression and Purification

SaMscL SER mutations were cloned by site-directed mutagenesis. A standard quick-
change PCR protocol was used to incorporate the mutations into the wild type gene. All
SaMscL SER mutants have an N-terminal 6His-tag with a thrombin recognition sequence
between the tag and target protein. All genes were incorporated into a pET15b plasmid
and were transformed into and expressed in the E. coli BL21Gold(DE3) strain. Cells
were cultured in 1% glucose TB-AMP media and expression was induced with IPTG.
Proteins were extracted and solubilized in dodecyl-p-D-maltoside (DDM) detergent and
lysed using either a sonicator or a microfluidizer. They were subsequently purified by
both nickel affinity and size exclusion chromoatography. The 6His tag was then removed
by thrombin digestion followed by a final purification step on a size exclusion column to
remove thrombin and cleavage fragments. Purified samples were then concentrated to 12-

18 mg/ml for subsequent crystallization screening.
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4.3 Crystallization

Crystal trays were set up either by hand or using the automated Mosquito™ (Rigaku/TTP
LabTech). Trays set up by hand were vapor diffusion hanging drops with a protein to
reservoir solution ratio of 1 ul: 1 ul, set up at room temperature and stored at 20 °C or 4
°C. Trays set up by the Mosquito™ were vapor diffusion sitting drops with a protein to
reservoir solution ratio of 0.2 ul: 0.2 ul, set up at room temperature and stored at 20 °C or
4 °C. All constructs were screened at a minimum with the commercial screens MemGold
1 & 2 (Molecular Dimensions, MD), Crystal 1 & 2 (Hampton Research, HR), and Index
1 & 2 (HR). These screens were chosen because they cover a comprehensive range of
precipitants, salts, pHs, and additives. The MemGold screens were of particular interest,
because they are specifically designed for screening membrane proteins and in the past
have produced crystal hits for MscL. homologues and their mutants. Other commercial
screens used were MemSys (MD), MemStart (MD), MemPlus (MD), the PEGs Suites 1
& 2 (Qiagen), Peg/lon (HR), MembFac (HR), Wizard 1&2 (Emerald BioSystems), and

JCSG+ (MD).

Four of the SaMscL SER constructs produced crystal hits, with SaMscL(KKE92AAA)
being the most successful (ten hits), while SaMscL(K62H) yielded three hits and
SaMscL(KE54HH) and SaMscL(KKE92HHD) produced one hit each. Table 4-1 lists all
the SaMscL SER mutants screened, the commercial crystallization screens used, and the
number of initial crystal hits obtained. Figure 4-2 shows a few sample images of these
crystal hits and their conditions. The SaMscL. SER mutants crystallized in a variety of

forms including, needles, rods, and plates. MemGold was the most successful screen.
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Wizard and Crystal also gave multiple hits. The trends among successful crystallization
conditions were low molecular weight polyethylene glycols (PEGs 400-1000), sodium
and magnesium salts, and pH 5.4 - 7.0 buffer. Crystallization conditions that produced
crystal hits were optimized until they generated harvestable crystals. These crystals were
looped, frozen under liquid nitrogen, and shipped to Stanford Synchrotron Radiation

Lightsource (SSRL) for X-ray diffraction screening at Beamline 12-2.
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Table 4-1. Table of the SER Mutants Screened For Crystallization. A total of ten SaMscL. SER mutants
were cloned, expressed, purified, and screened for crystallization conditions. SaMscL(KKE92AAA)
produced ten hits, SaMscL(K62H) yielded three hits and SaMscL(KE54HH) and SaMscL(KKE92HHD)
produced one hit each.

SaMscLL SER
mutant

Commercial Screens Tested

Crystal
Hits

K62A

MemGold 1&2, MemPlus, MemSys, Crystal 1&2, Index
1&2, JCSG+, Wizard 1&2, PEG Ion, MembFac

None

KE5S4AA

MemGold 1&2, MemPlus, MemSys, Crystal 1&2, Index
1&2, JCSG+, Wizard 1&2, PEG Ion, MembFac

None

KKE92AAA

MemGold 1&2, MemPlus, MemSys, Crystal 1&2, Index
1&2, JCSG+, Wizard 1&2, PEG Suites 1&2, PEG Ion,
MembFac

10

K62Y

MemGold 1&2, MemPlus, MemSys, Crystal 1&2, Index
1&2, JCSG+, Wizard 1&2, PEG Suites 1&2, PEG Ion,
MembFac

None

KE54YY

MemGold 1&2, MemPlus, MemSys, Crystal 1&2, Index
1&2, JCSG+, Wizard 1&2, PEG Suites 1&2, PEG Ion,
MembFac

None

KKE92YYY

MemGold 1&2, MemPlus, MemSys, Crystal 1&2, Index
1&2, JCSG+, Wizard 1&2, PEG Suites 1&2, PEG Ion,
MembFac

None

K62H

MemGold 1&2, MemPlus, MemSys, Crystal 1&2, Index
1&2, JCSG+, Wizard 1&2, PEG Suites 1&2, PEG Ion,
MembFac

KE54HH

MemGold 1&2, MemPlus, MemSys, Crystal 1&2, Index
1&2, JCSG+, Wizard 1&2, PEG Suites 1&2, PEG Ion,
MembFac

KKE92HHD

MemGold 1&2, MemPlus, MemSys, Crystal 1&2, Index
1&2, JCSG+, Wizard 1&2, PEG Suites 1&2, PEG Ion,
MembFac

KE54LL

MemGold 1&2, MemPlus, MemSys, Crystal 1&2, Index
1&2, JCSG+, Wizard 1&2, PEG Suites 1&2, PEG Ion,
MembFac

None
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Figure 4-2. SaMscL SER Mutants Produced Crystal Hits. (A) SaMscL(K62H), condition 0.1 M sodium
chloride, 0.1 M bicine pH 9.0, 20% w/v polyethylene glycol monomethyl ether 550. (B)
SaMscL(KKE92AAA), condition 0.05 M sodium chloride, 0.02 M magnesium chloride, 0.1 M sodium
citrate pH 6.0, 22% v/v polyethylene glycol 400. (C) SaMscL(KKE92AAA), condition 0.1 M sodium
chloride, 0.1 M bicine pH 9.0, 20% w/v polyethylene glycol monomethyl ether 550. (D)
SaMscL(KE54HH) 0.05 M magnesium chloride, 22% v/v polyethylene glycol 400, 0.1 M glycine pH 9.0.
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Optimization of Crystal Conditions

SaMscL(K62H) crystallized in a solution of 0.05 M magnesium acetate, 24% v/v
polyethylene glycol 400, and 0.05 M sodium acetate pH 5.4. This initial condition
generated thin needle clusters [Fig 4-3A]. The first round of optimization was a 2-D
screen of PEG 400 concentrations and buffer pH. A new condition of 24% PEG 400, 0.05
M sodium acetate pH 4.6, 0.05 M magnesium acetate, gave larger needles, but they were
still clustered. The new optimized condition was then screened with commercial additive
and detergent screens (Hampton Research). The addition of several additives, in
particular strontium chloride, calcium chloride, hexanediol, and hexamine cobalt (III)
chloride, produced needles and plates that were harvestable [Fig 4-3B, C & D]. Crystals

from these drops were harvested and sent for X-ray diffraction screening.

Several harvested crystals were screened and they all diffracted poorly and could not be
used for structural analysis. The best crystals diffracted out to ~11 A resolution in the
best direction and had well defined spots. SaMscL(KKE92AAA) SaMscL(K62H),
SaMscL(KE954HH) and SaMscL(KKE92HHD) were exhaustively screened for
optimized crystallization conditions as well as cryoprotectants, but there was no

improvement in diffraction quality.
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Figure 4-3. Optimization of SaMscL(K62H) Crystals. (A) SaMscL(K62H) 24 % v/v polyethylene glycol
400, 0.05 M magnesium acetate, and 0.05 M sodium acetate pH 5.4. (B) SaMscL(K62H) 24 % v/v
polyethylene glycol 400, 0.05 M magnesium acetate, 0.05 M sodium acetate pH 4.6, and 0.15 M calcium
chloride. (C) SaMscL(K62H) 24 % v/v polyethylene glycol 400, 0.05 M magnesium acetate, 0.05 M
sodium acetate pH 4.6, and 0.02 M hexamine cobalt (III) chloride. (D) SaMscL(K62H) 24 % v/v
Polyethylene Glycol 400, 0.05 M magnesium acetate, 0.05 M sodium acetate pH 4.6, and 6% v/v
hexanediol.

4.4 Discussion

The SER strategy was used to design mutants of SaMscL, and these constructs were
successfully cloned, expressed, purified, and screened for crystallization conditions.
SaMscL(KKE92AAA) SaMscL(K62H), SaMscL(KE954HH) and SaMscL(KKE92HHD)

gave over ten initial crystal hits, which is more than had been recorded for wild-type
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SaMscL. Crystallization conditions were optimized extensively, but failed to yield high

quality diffraction patterns for structural analysis. The best crystals only diffracted out to

~ 11 A resolution in the strongest direction. While the SER strategy appears to have

improved the crystallizability of SaMscL, unfortunately the diffraction qualities of these

crystals were not significantly improved.
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CHAPTER V

FUTURE DIRECTIONS

5.1 Functional Characterization of SaEco Chimeras

The most critical next step is the functional characterization of the SaEco chimeras to
elucidate the roles of the structural elements in channel physiology. There are several
assays that can be used to characterize MscL function of which the most widespread are
cell survival under downshock conditions and electrophysiology. Osmotic down-shock
assays can be used to test cell survivability after exposure to hypo-osmotic shock
conditions [1-4]. Electrophysiology experiments can characterize single channel traces to
evaluate changes in the pressure threshold of gating, channel open dwell times, and
conductance. From the results of these studies, chimeras may be found to behave
similarly to wild-type, or they may exhibit altered channel function which can be
assigned to two basic phenotypes: gain of function (GOF) and loss of function (LOF)
phenotypes. A GOF phenotype can be caused by channels that have increased sensitivity
and therefore gate at lower tensions, including the extreme case of channels that can
spontaneously open in the absence of applied tension. A LOF phenotype can result from
channels that either have decreased sensitivity and gate at higher tensions, including

channels that no longer can open.

Cell Survival Assay

There are several cell survival assays that have been used to test the activity of MscL

variants and their ability to rescue cells from osmotic down-shock. Preliminary studies
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were conducted using a simple osmotic down-shock assay outlined by Liu ef al. to assess
the function of MscL [4]. First, plasmids containing MscL variant genes were
transformed into the mscl/mscs knock out E. coli strain MJF465(DE3) and cells were
cultured in LB media overnight. Pre-cultures were used to seed a fresh culture of LB
media and were grown to ODgyo = 0.3. Cultures were mixed at a 1:1 ratio with LB media
supplemented with NaCl (to final concentration of 1 M) and IPTG. Samples were
incubated for 1 h after which they were normalized to ODgpp = 0.1. These normalized
samples were then diluted 1:500 into isotonic LB media (mock-shock) or pure distilled
water (down-shock). Samples were incubated for 20 minutes and then aliquots were
spread on regular LB agar plates. After overnight incubation, colonies on each plate can
be counted. A comparison of the number of colonies on the mock-shock plates to those
on down-shock plates indicates whether the MscL variant was able to rescue cells from

osmotic down-shock.

Preliminary trials were run using this protocol to test both negative and positive controls
[Fig. 5-1]. Negative controls were carried out using the MJF465(DE3) cells, cells
transformed with an empty vector, and cells expressing the soluble protein MLP-Tv. The
positive control was done on cells expressing wild-type SaMscL. The results show that
only cells expressing SaMscL. were able to survive osmotic down-shock, evidenced by
the large number of colonies on the down-shock plates. The results of this assay were not
reproducible, however, and we were not able to obtain consistent results from this

deceptively simple analysis.
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Figure 5-1. Preliminary Results of a Cell Survivability Osmotic Down-Shock Assay. Negative controls
were carried out using the MIJF465(DE3) cells, cells transformed with an empty vector, and cells
expressing the soluble protein MLP-Tv. The positive control was done on cells expressing wild-type
SaMscL. The results show that only cells expressing SaMscL were able to survive osmotic down-shock,
evidenced by the large number of colonies on the down-shock plates.

Maurer et al. developed a high-throughput assay that modifies the Molecular Probes’
Live/Dead® BacLight™ bacterial viability assay to characterize GOF and LOF MscL
constructs [2]. In this assay, cells are grown in the presence of two DNA binding
fluorescent dyes, the membrane-impermeable red fluorescent dye propidium iodide and
the membrane permeable green fluorescent dye SYTO 9. The fluorescence of both SYTO
9 and propidium iodide increases when bound to DNA. Monitoring the green to red

fluorescence signal ratio is an indicator of the ratio of live to dead cells. Cell cultures
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with live cells will have a high green to red fluorescence ratio, since while SYTO 9 can
penetrate the membrane and bind to intracellular DNA, propidium iodide cannot.
Cultures with a high population of dead cells will have a lower green to red ratio, because
once the cell membrane is compromised, propidium iodide can now interact with DNA,

with the consequent increase in red fluorescence.

The experiments are performed with the MJF465(DE3) strain and the MscL variants are
introduced via an inducible plasmid. First, cells are grown in minimal media for 14 h
until they reach steady state. These cultures are used to inoculate a fresh culture and are
grown in the presence of IPTG for 7.5 h. Samples are diluted 20-fold in solutions of
varying osmotic strength containing propidium iodide and SYTO 9 and incubated for 75
minutes. Fluorescence signals of these samples are read at excitation wavelengths of 480
and 490 nm and emission wavelengths of 500 and 635 nm. There are three possible
outcomes: for GOF MscL variants, the green to red fluorescent levels will be low at all
osmotic strengths, because the cells died upon induction of protein expression; for wild
type activity MscL variants, the green to red fluorescence ratio should remain high at
most osmotic strengths except at very high down-shocks; LOF MscL variants should
have a high green to red fluorescence ratio at low down-shock shocks, but the
fluorescence ratio should drop at intermediate down-shocks. This assay was successfully
used by Maurer and Dougherty (2001), and is a promising approach for large scale

screening of chimeras.
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A second fluorescence assay has also been described, which uses the poorly membrane
permeable DNA binding dye ethidium bromide to measure release of DNA upon cell
death [3]. MJF465(DE3) cells carrying plasmids with the desired MscL variant gene are
cultured for 16 h in LB media supplemented with NaCl (to a final concentration of 500
mM) (LB-500) in the presence of IPTG. These pre-cultures are used to seed fresh
cultures of the same media and these cultures grown to an ODggo = 0.5. Cells are pelleted
by centrifugation at a low spin and resuspended in 500 mM NacCl solution. Samples are
diluted 50-fold into six shock solutions containing ethidium bromide and ranging from
500 mM NaCl to 0 M NaCl. Samples are incubated for 45 minutes in the dark at room
temperature and centrifuged at low spin to pellet the cells. The fluorescence of the
supernatant can then be measure at 254 nm excitation wavelength and 632 nm emission
wavelength. After correction for background, the fluorescence intensity is proportional to
the amount of DNA in solution due to DNA release after cell death. Cells expressing
MscL variants with wild type activity will have a low fluorescence signal at all osmotic
strengths. Cells expressing LOF MscL variants are expected to have a low fluorescence
signal at moderate osmotic strengths and show an increase in fluorescence intensity at
low osmotic strengths. Cells expressing non-lethal GOF MscL variants will have a high
fluorescence signal at all osmotic strengths. While the apparent simplicity of this assay is
attractive, in our experience, it was not sensitive enough to detect the difference in the
fluorescence levels between samples with live and dead cells. All cells showed
significant fluorescence levels, perhaps due to high background lipid fluorescence noise,
or cells becoming transiently permeable to ethidium bromide through the open

mechanosensitive channels during osmotic changes.
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It is important to ensure that all protocols are thoroughly tested using controls (SaMscL,
EcMscL, empty vector, and inducible non-mechanosensitive protein) for reproducibility
of results before variants are characterized. Osmotic down-shock assays are notoriously
finicky and protocols are often difficult to reproduce. Minute variables such as the
temperature of the LB-agar plates used in the experiments, to the method by which cells
are spread (beads vs. spatula), have been shown to have significant effects on results.
Extensive efforts were made to develop a stringent protocol for a down-shock assay and
this still yielded inconsistent results. Further efforts need to be made to find a protocol

that gives consistent results.

Electrophysiology

Electrophysiological experiments on MscL variants will yield a more detailed assessment
of the properties of the channels. There are two instruments that have been used to take
electrophysiological measurements of MscL: traditional patch clamp rig and nan]i[on
Port-a-Patch® [4, 5]. Both systems are compatible with E. coli giant spheroplasts and
reconstituted proteoliposomes. With traditional patch clamp rigs, the patch pipette tip is
manipulated under the microscope and touched to the surface of a vesicle. Light suction
is applied and the pipette tip forms a giga-ohm seal with the membrane and the
membrane patch is excised. A voltage is applied across the membrane and negative
pressure is applied to the patch to induce channel gating. Current across the membrane is
measured as pressure is applied and discreet jumps in current occur upon channel

opening. With the Port-a-Patch®, a planar chip with an aperture is used instead of a
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pipette, and vesicle solution is loaded onto the chip. Light suction is applied and a vesicle
should land on the aperture, forming a giga-ohm seal. Measurements are then taken the

same way as with a traditional patch-pipette.

E. coli Giant Spheroplast Preparation

Detailed below is a protocol that I have used to create E. coli giant spheroplasts
expressing MscL. MJF465(DE3) cells transformed with plasmids containing MscL
variants were cultured overnight in LB media and used to inoculate a fresh culture.
Cultures were grown to an ODgoo = 0.3, then inoculated with IPTG and cultured for
another 30 minutes. Cells were pelleted by centrifugation at low speed and resuspended
in phosphate buffer. Cells were pelleted again and resuspended in phosphate buffer
containing sucrose and lysozyme. Cells were incubated in a shaker at 37 °C for 2 h.
Samples were diluted with phosphate buffer containing EDTA at 1:1 ratio and returned to
the shaker for another 15 minutes. Cells were pelleted, resuspended in phosphate buffer
containing sucrose, pelleted again, and finally resuspended in the same buffer. The size
and shape of the cells can be assessed under a microscope. While I and others in the
group have used this protocol to prepare sphaeroplasts for electrophysiology, the general
experience was that the preparations were difficult to work with. There was a lot of cell
debris in the samples which clogged the aperture of the chip of the Port-a-Patch® and
also reduced the chances of a viable sphereoplast landing on the aperture. The
spheroplasts were quite fragile and when using both the Port-a-Patch® and traditional

patch clamp rig, excised patches formed weak seals.

99



Proteoliposome Preparation

A straightforward protocol was used by Liu ef al. to create proteoliposomes for analysis
of MscL activity [4]. Purified protein is added to azolectin suspension in phosphate
buffer. The mixture is incubated at room temperature for 1 h after which biobeads are
added (to remove detergent) and incubation is continued for another 3 h. Biobeads are
removed by centrifugation at low spin and the lipid/protein mixture is pelleted by
ultracentrifugation at high speed. The pellet is washed once with DR buffer (200 mM
KCl, 10 mM HEPES pH 7.4), then resuspended in the same buffer. A drop of the
suspension is deposited on a slide and allowed to dry overnight in a vacuum desiccator.
The resulting lipid film was spotted with DR buffer and rehydrated overnight by vapor
diffusion equilibration over a sealed reservoir. The result is a suspension of unilamellar
and multilamellar giant vesicles containing the reconstituted protein that can be used for
patch clamp experiments. While used successfully in our group, in general, this approach
was plagued by formation of multilamellar giant vesicles that could not be used for
electrophysiology, since the multiple membranes prevent the flow of ions through the

patch pipette, even when MscL is open.

5.2 Identification of Interfaces Necessary for Subunit Exchange

Using the subunit exchange protocol, different MscL constructs can be screened for their
ability to form hetero-oligomeric complexes. This will give insight into the interfaces that
mediate complex formation. The simple protocol will mix two samples together, one

containing MscL variant A and the other containing MscL variant B-sGFP fusion. This
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mixture will be initially heated at 4°C, 37°C, 50°C, and 60°C for 4 h and run on a BN-
PAGE gel. Subsequent studies can look more carefully at time and temperature
dependence of this process. If MscL variant A and B complexes exchange subunits, there
will be a ladder of intermediate species. It will be particularly interesting to test if
EcMscL and SaMscL can form heterogeneous complexes. The first set of experiments
can test various MscL variants against wild-type EcMscL or SaMscL. A preliminary
experiment was performed on SaEco30 and SaEco50-sGFP. After incubation at 34 °C for
4 h, results show that they are able to exchange subunits [Fig. 5-2]. SaEco30 and
SaEco50 share a similar sequence, differing only in the sequence of the loop. Their
ability to form a heterogeneous complex implies that the loop is not critical for complex
formation. Previous studies have postulated an intersubunit interaction between adjacent
loops, and mutagenesis experiments showed a role of the loop in channel open dwell
times and tension sensitivity [6, 7]. Even though the loop is functionally relevant, it may
not be important for formation of oligomers. A subunit exchange study of MscL variants
will test this hypothesis and reveal more about the role of the other sequence elements in

complex formation.
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Figure 5-2. Preliminary Experiments Reveal Subunit Exchange Can Occur Between SaEco30 and
SaEco50-sGFP Complexes. Purified SaEco30 and SaEco50-sGFP were mixed together and incubated at
37°C for 4 h and run on a BN-PAGE. The results show a ladder of intermediate species as a product of
intercomplex subunit exchange.

5.3 In-Membrane Subunit Exchange

Bimolecular fluorescence complementation (BiFC) analysis can be used to probe subunit
exchange between MscL complexes embedded in the cell membrane. BiFC uses
fluorescent protein fragments fused to two interacting species to probe protein-protein
interaction. Here one MscL subunit is fused to YN (residues 1-172, the N-terminal
fragment of YFP) and another MscL subunit fused to YC (residues 173-238, the C-
terminal fragment of YFP). If these two subunits are in close proximity, the two YFP
fragments will reconstitute and regain the ability to fluoresce [8, 9]. Therefore,

presumably if two samples, one with homogeneous Mscl-YN complexes and another
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with MscL-YC complexes, are mixed and subunit exchange occurs, the YFP fragments

will reconstitute and a fluorescent signal will arise.

First, the optimal position for a fluorophore fragment fusion on the MscL subunit must be
determined. To get fluorescence when the MscL subunits interact, the fluorescent protein
fragment on each subunit must be close enough to interact with each other. The
fluorescent protein fragment must also not be placed so that fragments fused to subunits
in two different complexes can interact. Trial and error experiments for the placement of
the fluorescent protein fragments and the length of the linker must be done. A C-terminal
fusion like that used on the MscL-sGFP constructs will probably be effective. In vitro
subunit exchange experiments on purified protein can be used as a control to test the
hypothesis of fluorescence upon subunit exchange. Once this is optimized, the

experiment can be carried out in cell membranes.

E. coli membrane vesicles containing over expressed MscL fusions can be prepared using
the method detailed by Lee et al. [10]. MscL-YN and MscL-YC can be cloned into
separate plasmids and transformed into cells (also separately). These cells are then
cultured and protein expression induced using a standard protocol. Cells are lysed using a
microfluidizer and unlysed cells removed by centrifugation at a low spin. The membranes
are pelleted by ultracentrifugation at a high speed and resuspended at 20 mg/ml
concentration. At this point, the membranes from cells containing MscL-YN and
membranes from cells containing MscL-YC can be mixed at a 1:1 ratio. It may be

necessary to run a quantitative western blot to estimate the amount of target protein in
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each membrane solution so that equivalent amounts of MscL-YN and MscL-YC are
present in the vesicles. The membrane solution is made into vesicles by gentle sonication
on ice. Vesicles are subjected to five freeze thaw cycles to randomize the orientation of
MscL in the membrane and extruded through a 400 nm polycarbonate filter to form
evenly sized vesicles. A fluorescence measurement can be taken as a baseline for
subsequent experiments. Vesicles can then be incubated at various temperatures and
fluorescence signal monitored over time. If subunit exchange occurs between MscL-YN
complexes and MscL-YC complexes, over time the fluorescence intensity should
increase. MscL-YN - MscL-YC complex will be visualized at 512 nm excitation

wavelength and 529 nm emission wavelength [8].

There are two potential pitfalls in applying this technique to MscL. One is that part of the
vesicle preparation protocol calls for five freeze-thaw cycles. These temperature spikes
may induce MscL subunit exchange during vesicle preparation and bias the starting
fluorescence levels. It may be possible to skip the freeze-thaw step of the protocol,
because randomizing MscL orientation in the membrane is not critical for the qualitative
purposes of the assay. The second potential pitfall is that once the YC and YN fusions of
two MscL subunits reconstitute, the ability of those subunits to dissociate for further
subunit exchange may be hindered. Potential pitfalls withstanding, this in-membrane
subunit exchange assay can possibly provide an answer to the physiological relevance on

subunit exchange.
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5.4 Crystallography

Additional SaEco chimeras will be identified as targets for crystallographic studies. Four
SaEco chimeras have been screened for crystallization and the observation that SaEco28
(Tg = 60 °C) and SaEco31 (Tg > 60 °C) crystallized while SaEco32 (Tg = 44 °C) and
SaEco52 (Tg =37 °C) did not produce crystals provides new criteria to identify promising
targets. A high Ty may be correlated to a more stable homogenous population, which is
favorable for crystal formation and growth. The next targets could be SaEco38 (T = 60
°C) and SaEco39 (Tg > 60 °C). The best diffracting crystals screened were those of SER
mutants SaMscLK62H and SaMscLKKE92AAA. Therefore, a combination of these
mutations may improve crystal quality even more. SaMscLK62H,KKE92AAA can be

easily cloned by quick change mutagenesis and screened for crystallization.
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APPENDIX

A.1 Methods and Materials

Cloning — SaEco Chimeras

SaEco and SaEco-sGFP constructs were cloned using homologous recombination and site
directed mutagenesis techniques. These constructs were cloned into a pET15b vector
under the T7 promoter. All SaEco-sGFP constructs had a short linker
(SASGENLYFQSL) with a TEV protease recognition site between the SaEco and sGFP
sequences. A pET15b vector containing EcMscL-sGFP was used as a template and was
linearized by either a restriction digest at restriction sites Ndel and Nhel or PCR
amplification using Phusion Polymerase®. The linearized vector had both the N-terminal
6-His tag (MGSSHHHHHHSSGLVPRGSH) and the C-terminal linker and sGFP fusion
intact. Gene fragments were PCR amplified from template plasmids containing wild-type
EcMscL and SaMscL using Phusion polymerase®. These fragments were then amplified
to attach 18 base pair overhangs that had a complementary sequence to the adjacent
sequence in the assembled SaEco gene. Assembly of the linearized vector and fragments
was done using the GeneArt Seamless Cloning Kit®. The plasmids were then
transformed into E. coli TOP10® cells, cultured in LB-AMP, extracted with a Qiagen

mini-Prep kit®, and sequence verified.

The GeneArt® cloning kit advertises the ability to assemble five fragments, however
three fragments was the maximum successfully assembled. Therefore the SaEco chimeras
were cloned in a step-wise manner. The first set of chimeras were cloned with two gene

fragments, one from EcMscL and the other from SamscL. The second set of chimeras
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were cloned with fragments from the first set and each fragment had both the EcMscL
and SaMscL sequence. After extended effort, some chimeras proved very difficult to
clone, therefore SaEco36-sGFP, SaEco37-sGFP, SaEco41-sGFP, SaEco43-sGFP,
SaEco44-sGFP, SaEco45-sGFP, SaEco46-sGFP, SaEco47-sGFP, SaEco49-sGFP,
SaEco51-sGFP, SaEco54-sGFP, and SaEco55-sGFP were ordered from GenScript™. To
create the SaEco (non-fusion) const<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>