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Abstract

Localization of E. coli Chemoreceptor Arrays

by

William Ernest Draper

Doctor of Philosophy in Biophysics

University of California, Berkeley

Professor Jan Liphardt, Chair

The bacterial chemotaxis system, a ubiquitous signaling network found in most
bacteria, is comprised at its core of a large chemoreceptor cluster found specifically
at the cell pole. Despite a wealth of structural and biochemical information on the
system’s components, it is not clear how the chemoreceptor cluster is reliably targeted
to the pole. By bending growing E. coli in agar micro-chambers, we have found that
chemoreceptor cluster localization is highly sensitive to membrane curvature within
non-polar regions of the cell. Furthermore, the strength of the curvature sensitivity
we measured is sufficient to explain reliable polar cluster targeting. We propose that
entropic spreading between the transmembrane domains of chemoreceptor trimers of
dimers leads to the conical complex observed in structural studies, whose shape in
turn induces energetically unfavorable deformations in the membrane. We used the
entropic spreading model to engineer curvature sensitivity into a series of synthetic
protein complexes that we designed out of long, alpha-helical transmembrane proteins
that bind to multivalent protein scaffolds. By altering the connectivity of a complex,
we were able to control whether complexes were found preferentially in regions of
positive or negative membrane curvature. Entropic spreading presents a novel, and
potentially widespread mechanism for membrane curvature sensing and generation.
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Chapter 1

Introduction

1.1 For the love of bacteria

Perhaps the most defining characteristic of life is the propagation of information
and order, termed by Schroedinger the consumption ”negative entropy” (Schrodinger
1992). This order is most easily seen in the exquisite patterning of structures across
all length scales of life, and whose importance is underscored by the inextricable
connection between form and function. Within a cell, the most basic unit of all
life, order is found at the smallest scales in the folded structures of single proteins,
and nucleic acid polymers. At larger scales, single proteins can assemble into large,
modular complexes, and DNA is wound and compacted into massive chromosomes.
At yet larger scales are structural networks such as actin and microtubules, and large
membrane enclosed organelles such as the nucleus.

Recent research, driven largely by advances in fluorescence microscopy, has found
that the organization of bacteria is no exception. Bacteria are ubiquitous and diverse,
present virtually everywhere there is liquid water (Rothschild and Mancinelli 2001),
and with this diversity comes a wealth of shapes, sizes (Young 2006), and metabolisms
(Pace 1997). Underlying this diversity of behaviors are many unique bacterial struc-
tures (see Figure 1.1). In the freshwater bacterium Caulobacter crescentus, cell divi-
sion is asymmetric, producing a stationary stalked cell that adheres to a substratum,
and a motile swarmer cell, which eventually metamorphosizes into a stationary stalked
cell before the next round of division. The soil bacterium B. subtilis, under periods
of nutrient stress, can form an endospore that is highly resistant to environmental
stress, including radiation, dehydration, salinity, extreme pH, and even time in an au-
toclave (Shapiro and Losick 1997). Bacteria form interesting intracellular structures
as well, magnetotactic bacteria rely on a striking chain of membrane-enclosed iron
nanocrystals for migration along magnetic field line (Lefvre and Wu 2013). Purple
photosynthetic bacteria, such as Rhodobacter sphaeroides, house their photosynthetic
apparatus in intracytoplasmic membrane vesicles that are formed as a function of
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environmental light level (Tavano and Donohue 2006).

C

BA

D

Figure 1.1: Examples of unique bacterial behaviors and structures.

(A) Asymmetric division of Caulobacter crescentus to form an adherent stalked cell, and a motile swarmer cell. (B)
Asymmetric division of Bacillus subtilis in response to environmental stress to form a durable spore that can last for up to

a decade. Both A and B are adapted from Shapiro and Losick (1997). (C) Transmission electron micrograph of a linear
array of iron-containing magnetosomes in Magnetovibrio blakemorei. Scale bar represents 0.2 µm, adapted from Lefvre

and Wu (2013). (D) Slices from a cryo-electron tomogram of Rhodobacter sphaeroides, showing phtosynthetic
intra-cytoplasmic membrane vesicles (magenta and green arrows). Light blue and purple arrows show the inner membrane

and cell wall, respectively. Adapted from Tucker et al. (2010).

Even E. coli, a bacterium that lives in the relatively well defined environment of
the human gut, and now the laboratory, exhibits a wealth patterns and structures
(Figure 1.2). Its 4.5 million base pair genome is condensed and super-coiled by an
array of DNA-binding proteins into hundreds of topologically distinct domains, that
are in turn reliably ordered linearly along the length of the cell (Wang, Llopis, and
Rudner 2013). E. coli also have an intricate cytoskeleton that controls cell growth
and division. Cell elongation is driven by the insertion of new cell wall by a large
protein complex (Scheffers and Pinho 2005) which is guided along circumferential
tracks by the polymerization of the actin homologue MreB (Teeffelen et al. 2011).
FtsZ, a tubulin homologue, assembles into protofilaments which in turn arrange at
mid-cell. There, the FtsZ filaments, termed the ”Z-ring”, provide the constriction
force necessary for cell division, and directs the localization of the divisome, the
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protein complex responsible for synthesis of septal cell wall (Lutkenhaus, Pichoff, and
Du 2012). Other more exotic features of E. coli include small proteinaceous organelles
synthesized for ethanolamine utilisation (Tanaka, Sawaya, and Yeates 2010), and the
secretion of extracellular polymeric substance (EPS) to make biofilms (Danese, Pratt,
and Kolter 2000), a characteristic usually associated with, but by no means limited
to pathogenic bacteria.

A B

C

Figure 1.2: Complexity within E. coli.

(A) A gently isolated E. coli chromosome stained with uranyl acetate, imaged by transmission electron microscopy.
Approximate image height is 20 µm. The chromosome shows hundreds of topologically distinct domains. Adapted from

Wang, Llopis, and Rudner (2013). (B) A model for lateral cell wall synthesis in E. coli. Small MreB patches (orange) and
cell wall synthetic machinery (purple) rotate perpendicular to the long axis of the cell. Disruption of MreB leads to
aberrant cell morphology. Adapted from White and Gober (2012). (C) High resolution photoactivated localization

microscopy (PALM) reconstruction of the FtsZ cytokinetic ring labeled with FtsZ-mEos2. FtsZ filaments and a host of
associated proteins guide the synthesis of the septum by the divisome. (i) Brightfield image, (ii) epi-fluorescence image,

(iii) PALM reconstruction. Scale bars represent 0.5 µm. Adapted from Fu et al. (2010)

The bacterial cell pole is crowded with a litany of important structures (Kirk-
patrick and Viollier 2011) (Figure 1.3). In E. coli, the anionic lipid cardiolipin is
found in stable microdomains at the poles (Mileykovskaya and Dowhan 2009), where
it is in turn responsible for the localization of the osmosensory transporter ProP and
mechanosensitive channel MscS (Romantsov et al. 2010). The E. coli Min system,
an inhibitor of FtsZ polymerization, enhances positioning of the cytokinetic Z-ring at
mid-cell by oscillating from pole to pole, thus preventing Z-ring formation close to the
cell poles (Lutkenhaus 2007). Finally, two important signal processing networks reside
at the cell poles. First is the phosphotransferase system (PTS), which is conserved
across a large percentage of bacteria (Barabote and Saier 2005) where it controls pref-
erential sugar choice and transport. Much of the system resides permanently at the
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cell poles, but remarkably, the transcription factor BglG dynamically relocalizes from
the membrane to the cytoplasm by way of the pole as an intermediate upon stimula-
tion of the system with a β-glycoside (Lopian et al. 2010). Second is the chemotaxis
receptor cluster, which is the heart of a sensory system that controls cell migration
in the majority of motile bacterial species (Wuichet and Zhulin 2010). E. coli chemo-
taxis receptors were first identified as a cluster at the cell pole in 1993 (Maddock and
Shapiro 1993), and ever since have been the subject of intensive research. Despite a
wealth of structural and biochemical information about the receptor cluster, it is still
not clear what drives the cluster reliably to the cell poles.

A B

C

t=0 t=5 t=15

D

Figure 1.3: Structures at the E. coli cell pole.

(A) Cardiolipin microdomains at the cell pole (arrows, red channel), labeled with the cardiolipin-specific dye 10-N-nonyl
acridine orange (NAO). The nucleoid is stained with DAPI (blue channel). Adapted from Renner and Weibel (2011). (B)
The Min system oscillates from cell pole to cell pole, as seen by imaging MinC-GFP. Timespoints are in seconds, in the

top right of each frame. Adapted from Raskin and Boer (1999). (C) Dynamics of the phosphotransferase system (PTS),
as seen by imaging the transcription factor BglG-GFP. Cells are exposed to arbutin at time = 0 minutes while BglG is still
membrane associated. BglG accumulates at the cell pole with the other components of the PTS system, and is released

into the cytoplasm. Adapted from Lopian et al. (2010). (D) Chemoreceptors form stable clusters at the cell poles, as
imaged by CheR-YFP. Adapted from Kentner et al. (2006).

1.2 Basics of E. coli chemotaxis

Julius Adler’s laboratory ushered in the modern era of chemotaxis research in 1965
with an overview of E. coli chemotactic behavior, and a long list of unknowns (Adler
1965). Intrigued by the remarkable ability for single cells to quickly migrate centime-
ters up a chemical gradient, E. coli chemotaxis quickly became the model regulatory
system of biology, the subject of hundreds of papers a little over a decade later
(Koshland 1979). Although interest has since shifted to other more complex eukary-
otic signaling systems, E. coli chemotaxis has continued to provide biological insight,
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as the wealth of accumulated knowledge allows researchers to ask extremely detailed
and subtle questions that still apply broadly.

BA C

D

Figure 1.4: Components of E. coli chemotaxis.

(A) Diagram showing all the proteins in the chemotaxis system, and their interactions. Blue circles represent phosphate
groups, red circles represent a chemo-attractant, and small black circles on chemoreceptors represent methyl groups.

Adapted from Hazelbauer, Falke, and Parkinson (2008). (B) Crystal structures of a receptor cytoplasmic domain (Tsr,
1QU7) and periplasmic domain (Tsr, 3ATP) superimposed on an EM reconstruction of native chemoreceptor trimer of

dimers (EMDB-2158). (C) Illustration of the E. coli flagella bundle to cause the cell to run straight, or fly apart to cause
the cell to tumble randomly (left). Bacteria migrate up a chemical gradient (shaded in blue, emanating from a black point
on the far right) by altering the duration of runs and tumbles (right). Adapted from Parkinson (2014). (D) Slice through
a cryo-electron tomogram of the E. coli cell pole, showing the chemoreceptor cluster (left). Volume rendering of receptors,

CheA and CheW fit to the tomogram (right). Adapted from Zhang et al. (2007).

The chemotaxis system is ubiquitous and highly conserved amongst bacteria, with
some form of the system present in roughly 50% of sequenced bacterial genomes
(Wuichet and Zhulin 2010). The prevalence of chemotaxis underscores its utility and
importance to bacteria, it endows each cell with a special ability to make decisions
about location within the environment, allowing it to move toward attractants, and
away from repellents (Figure 1.4, panel B). In E. coli, as is the case in the vast majority
of other bacteria, the chemotaxis system operates by controlling the direction of the
rotary flagellar motor. When all of E. coli’s several flagella spin counterclockwise,
the filaments bundle together and propel the cell forward, called a ”run.” However,
if one of the flagella switches direction, the bundle breaks apart, causing the cell to
rotate randomly, called a ”tumble.” Bacteria are far too small to sense chemical
gradients across their cell bodies, and so during each run, the chemotaxis system
measures the change in attractant concentration, and if it is increasing, extends the
length of the run. However, if the concentration is not increasing, the chemotaxis
system initiates a tumble, which randomly chooses a new direction for the next run.
By controlling the sequence and length of runs and tumbles, chemotactic bacteria use
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a biased random walk to migrate up environmental gradients (Berg and Brown 1972;
Berg 1993), which is able to function over a concentration range as broad as 6 orders
of magnitude (Mesibov, Ordal, and Adler 1973).

The core of the chemotaxis system is an large array of thousands of transmem-
brane chemoreceptors (Figure 1.4, panels A and C) that are bound together at their
cytoplasmic distal dips by the dimeric histidine kinase CheA and a small globular
protein CheW. Chemoreceptors dimers bind a wide variety of chemoeffectors at their
periplasmic domains, including both attractants such as serine, and repellents such
as leucine. Chemoeffector binding triggers a conformational change that propagates
through the receptor to control the kinase activity of CheA, which in turn phosphory-
lates the secondary messenger CheY to make CheY-P. CheY-P binds directly to the
flagellar motor, where it biases the direction of flagellar rotation. CheY has a spe-
cific phosphatase, CheZ, which ensures that CheY-P levels closely track changes in
CheA activity (Hazelbauer, Falke, and Parkinson 2008). Clustering of chemoreceptors
is thought to be vital to the chemotaxis system’s exquisite sensitivity. The receptor
array is able to amplify changes in chemoeffector occupancy into a change in CheA
kinase activity up to 36 fold, as shown by elegant in vivo Forster resonance energy
transfer (FRET) experiments (Sourjik and Berg 2002). Further FRET experiments
showed that CheA kinase activity responds to chemo-attractant binding with a Hill
coefficient of up to 10 (Sourjik and Berg 2004).

Signal adaptation is a vital component of chemotaxis and a common feature of
other sensory systems that gradually adjusts the system’s output back to a consis-
tent ground state when presented with a constant stimulus. Adaptation allows the
chemotaxis system to evaluate its current environment relative to the recent past,
performing a protein-based derivative of environmental signals with respect to time.
Adaptation proceeds by the reversible methylation of a series specific residues along
the length of the chemoreceptor’s long cytoplasmic domain by the methylesterase
CheB, and methyltransferase CheR. Receptor methylation state biases chemoeffector
affinity for the receptor, and thus CheA kinase activity. CheB methylesterase activity
is in turn controlled by CheA phosphorylation to create a closed loop control network
for CheA activity. High CheA kinase activity activates CheB, leading to receptor
de-methylation, where the drop in receptor methylation level leads to suppression of
CheA activity (Hazelbauer, Falke, and Parkinson 2008).

1.3 Spatial patterning of chemoreceptors

Chemoreceptor arrays have been found at the pole in all species thus far examined
(Briegel et al. 2009). Despite the wealth of detailed structural and biochemical data
known about the array, there is no clear mechanism that explains its consistent po-
sition within the cell, making the question even more interesting: how can we know
so much, but still know so little? The answer could lie in the disconnect between
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the micron and the macro world, seen so often across the sciences from physics to
population biology. We know the molecular details of chemotaxis, on the order of
nanometers, but can’t explain subcellular localization, on the order of a micron.
Recent research has shown that ParA-like ATPases encoded within the chemotaxis
operon of V. cholerase and R. sphaeroides are responsible for reliable polar array lo-
calization in those organisms (Ringgaard et al. 2011; Yamaichi et al. 2012). However,
the E. coli chemotaxis operons do not encode any ParA-like proteins.

The most basic unit of a chemoreceptor array is a receptor homodimer, which
consists of a long, cytoplasmic 4-helix bundle, a transmembrane domain, a globular
periplasmic ligand-sensing domain, and an unstructured C-terminal tail. Evidence
from X-ray crystallography (Kim, Yokota, and Kim 1999), in vivo cross-linking (Ames
et al. 2002), and whole-cell cryo-electron tomography (Zhang et al. 2007; Briegel et
al. 2012) indicate that receptor dimers oligomerize into trimers about residues at the
cytoplasmic distal tips of the 4-helical bundle (Figure 1.4, panel B). E. coli express
five receptor subtypes, which form mixed trimers of dimers (Ames et al. 2002). In vitro
reconstitutions of receptor assemblies in membrane nanodiscs have shown that the
downstream kinase CheA is specifically activated by groups of at least three receptor
dimers (Boldog et al. 2006), suggesting that trimers of dimers represent the native
state of chemoreceptors.

Receptor trimers of dimers require both CheA and CheW to form the extended,
ordered arrays visible in cryo-electron tomograms (Zhang et al. 2007), with whole
array structural models suggesting that receptor trimers of dimers are cross-linked by
CheA and CheW into an extended hexagonal lattice (Briegel et al. 2014). However,
receptors remain localized to the poles in CheA and CheW knockouts, as visualized
by fluorescence microscopy (Sourjik and Berg 2000; Kentner et al. 2006), suggesting
that receptor trimers have a limited ability to self-associate in the absence of CheA
and CheW. In another extreme, overexpression of CheW eliminates receptor trimers
and receptor clustering, most likely because CheW binding and trimerization compete
for the same binding surface (Cardozo et al. 2010).

In addition to large polar chemoreceptor arrays, fluorescence microscopy has
shown that E. coli have small receptor arrays localized along the lateral cell body
(Figure 1.5, panel A), and that on average, the smaller lateral arrays are found at
sites of future division at mid-cell, quarter-cell, and so on (Thiem, Kentner, and
Sourjik 2007). Further imaging in long filamentous cells, generated by treatment with
the division inhibitor cephalexin, found that lateral arrays are spaced periodically
approximately every 1 µm, regardless of chemoreceptor expression level (Thiem and
Sourjik 2008), suggesting that array position is governed by the interplay of stochas-
tic nucleation of new clusters, and existing cluster growth. Time-lapse imaging of E.
coli immobilized under an agar plug supports this stochastic cluster nucleation and
growth model (Thiem, Kentner, and Sourjik 2007), and suggest that the system’s
parameters are tuned to stably maintain polar clustering in growing, wild-type cells
(Ping, Weiner, and Kleckner 2008).
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Figure 1.5: E. coli chemoreceptor localization.

(A) Chemoreceptor clusters in wild-type E. coli RP437 labeled with YFP-CheR. Adapted from Thiem, Kentner, and
Sourjik (2007). (B) Photoactivated localization microscopy (PALM) reconstruction of chemoreceptor distribution, imaged

using Tar-mEos2. Blue localizations represent chemoreceptors within the total internal reflection (TIR) volume, and
orange localizations represent all other chemoreceptors. (C) The chemoreceptor cluster size distribution measured from

PALM images as in B (black line). Empirical distribution fit to the stochastic cluster nucleation (SCN) model (red line).
B and C are adapted from Greenfield et al. (2009). (D) Snapshots of particles (green) on a growing membrane simulated

using the SCN model. Timepoints are in millions of Monte Carlo steps. Adapted from Wang, Wingreen, and
Mukhopadhyay (2008). (E) Time-lapse images of chemoreceptor clusters in growing wild-type E. coli, labeled with

genomic Tsr-GFP. Timepoints are in minutes, and black arrows point to cell division events. Adapted from Ping, Weiner,
and Kleckner (2008).

Previous research in our lab used photo-activated localization microscopy (PALM),
a high resolution, single particle localization microscopy (Betzig et al. 2006) to quan-
titatively examine receptor array localization in E. coli (Greenfield et al. 2009) (Fig-
ure 1.5, panel B). Careful analysis of receptor cluster size distributions suggested
that chemoreceptor clustering is governed by a general stochastic cluster nucleation
(SCN) model (Wang, Wingreen, and Mukhopadhyay 2008). In the SCN framework,
formation of new receptor arrays is restricted by a nucleation barrier that results from
the decreased entropy of increasingly oligomeric states. However, beyond a critical
array size, the summed receptor-receptor interaction energies overwhelm the entropic
penalty, and large arrays are highly favored. SCN predicts that large polar arrays will
act as sinks for freely diffusing receptor dimers (henceforth ”monomers”), leading to
a local zone of monomer depletion, and that to overcome the nucleation barrier, new
arrays are most likely to form in regions of highest monomer density. Thus, if a cell
has only one polar receptor cluster, the region of highest monomer density will be the
other pole. In cells with clusters at each pole, the region of highest density will be at
the mid-cell. In this way, SCN predicts that polar array localization is heritable, as
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each daughter cell after division will get at least one large cluster from the old cell
pole.
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Chapter 2

Rapid Induction of Chemoreceptor
Expression

2.1 Expression induction background

Previous research has suggested that chemoreceptor clustering at the cell pole is a re-
sult of stochastic cluster nucleation (SCN) (Thiem and Sourjik 2008; Wang, Wingreen,
and Mukhopadhyay 2008; Greenfield et al. 2009). SCN models receptors as being in-
serted at random positions in the cell membrane, where they can diffuse freely before
either being captured by an existing cluster, or if the local un-clustered receptor den-
sity is high enough to overcome a nucelation barrier, form a new cluster. Existing
clusters locally deplete the un-clustered receptor pool (Greenfield et al. 2009), and so
new clusters are most likely to nucleate as far away as possible, where the density of
unclustered receptors is highest. Thus, an existing polar cluster will effectively target
a new cluster to the opposite cell pole (Figure 2.1, panel A).

SCN makes the prediction that in a cell lacking any existing receptor clusters,
the first new cluster will nucleate at a random position, assuming that receptors are
inserted randomly across the membrane, and there are no diffusional barriers along
the membrane. As receptors are expressed into the membrane, they should initially
appear homogenously across the membrane, transiently associating and dissociating
into proto-clusters. Continued expression should bring the receptor concentration
high enough such that a transient assembly grows large enough to cross the nucleation
barrier, at which point the nascent cluster would grow rapidly. The new, randomly
placed cluster should locally deplete the un-clustered receptor pool, and so the next
new cluster should form as far away as possible, which is most likely to be at the cell
pole (unless the cell is very long), regenerating the observed wild-type pattern.
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Figure 2.1: Rapid induction of chemoreceptors in otherwise receptorless cells.

(A) Nucleation probability of new chemoreceptor clusters in cells with either 0, 1, or 2 existing polar clusters, as predicted
by stochastic cluster nucleation (SCN). (B) Experimental geometry for rapid chemoreceptor induction. Chemoreceptors
were labeled either with a direct fusion of Venus to the high-abundance receptor Tar (C), or indirectly by fusing YFP to

the receptor methyltransferase CheR (D). Scale bars represent 2 µm.

2.2 New clusters always appear at the poles

We tested the prediction that new clusters will appear randomly across the cell by
following the insertion of receptors in E. coli UU2612, which lacks all five endogenous
chemoreceptors but expresses all the other components of the chemotaxis system.
We constructed a fusion of the high-abundance chemoreceptor Tar to the yellow
fluorescent protein (YFP) variant Venus. Venus has a maturation half life of 5 minutes
and is exceptionally bright, making it ideally suited for realtime expression studies
(Nagai et al. 2002). Additionally, illumination in the YFP channel (λ ≈ 500-520
nm) is minimally phototoxic to E. coli, permitting frequent imaging of live cells, and
produces little cellular autofluorescence, enabling high image signal to noise. We
placed the Tar-Venus fusion on a derivative of the arabinose-inducible pBAD plasmid
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series, which have an extremely low rate of leaky expression, and rapid on-off kinetics
(Guzman et al. 1995).

To perform the experiment, a suspension of exponential phase cells were spotted
onto an agar pad containing rich defined media (RDM) (Neidhardt, Bloch, and Smith
1974), a low-fluorescence media that supports doubling times similar to lysogeny broth
(LB), with 0.2% arabinose as both the sole carbon source and inducer for Tar-Venus
expression. The agar pad was dropped onto a glass coverslip, effectively holding the
cells in place on the glass for imaging. The agar pad/cell/coverslip sandwich was
quickly transferred to a heated microscope chamber on an inverted Nikon TE2000
motorized microscope, and was imaged in both brightfield and epi-fluorescence once
per minute (Figure 2.1, panel B for rough diagram). Fluorescence illumination was
provided by a 300W Xenon arc lamp, through a custom Venus filter set. Initially,
the cells had no detectable fluorescent protein, with a faint cellular autofluorescence
barely detectable above background. Remarkably, obvious polar clusters consistently
appeared within 10 minutes of induction (Figure 2.1, panel C). Small fluorescent
foci typically appeared randomly across the cell body within, but were never stable
between frames. The first stable fluorescent cluster always appeared at the cell pole.

Direct fusion of YFP to the C-terminus of either high abundance E. coli chemore-
ceptor is well known to impair, though not abolish both receptor clustering and
signaling (Frank et al. 2011; Kentner et al. 2006). We thus used a fusion of YFP to
the methyltransferase CheR, which binds to the C-terminus of both Tsr and Tar, to
image expression of wild-type Tar in receptorless cells. YFP-CheR fusions are both
fully functional and do not impair clustering (Thiem, Kentner, and Sourjik 2007).
Additionally, by pre-expressing YFP-CheR in receptorless cells, we were also able
to control for the short, but non-zero maturation time before Venus was detectable,
though at the expense of signal to noise. Tar was placed alone on the same pBAD plas-
mid as previously used for Tar-Venus, and an additional salicylate-inducible plasmid
was used to continuously express YFP-CheR at a low level. When Tar was rapidly
induced, obvious polar clusters consistently appeared within 5 minutes of induction
(Figure 2.1, panel D), even more quickly than in the Tar-Venus constructs. In this
geometry, the first detectable fluorescent foci were always at the cell poles, and never
along the cell body.

2.3 Individual receptors are free to explore

SCN makes the prediction that the first receptor cluster will form at a random po-
sition in a previously receptorless cell only if un-clustered receptor dimers appear
homogenously across the cell membrane. Regions of the cell with consistently higher
free dimer concentration, resulting from either diffusional barriers within the cell
membrane or uneven insertion of dimers into the membrane, would bias the position
of cluster nucleation. Chemoreceptors are inserted in the membrane via the SecYEG



CHAPTER 2. RAPID INDUCTION OF CHEMORECEPTOR EXPRESSION 13

translocon (Shiomi et al. 2006), which has been shown to localize to the cell poles, as
a spiral across the cell body, and homogenously across the cell (Gold et al. 2010).

B

A

Figure 2.2: Single chemoreceptor localization in ultra-low expression cells.

(A) Low levels of Tar-Venus expression in otherwise receptorless E. coli revealed a lack of polar clustering. Scale bar
represents 2 µm . (B) Single Tar-Venus molecules localized in otherwise receptorless E. coli, appearing relatively uniform

across the membrane. Colored circles are 0.1 µmin diameter, and represent single localized molecules. Scale bar
represents 2 µm .

To test whether un-clustered chemoreceptor dimers appear homogeneously across
the cell membrane, we localized individual Tar-Venus molecules expressed at low levels
in otherwise receptorless E. coli UU2612. We achieved extremely low expression levels
by exploiting the leaky expression of pBAD plasmids grown in M9 minimal media,
with glycerol as a carbon source. We spotted exponential phase cells onto an agar
pad containing M9 media, which is non-fluorescent, and sandwiched them between
a coverslip as in the previous expression induction experiments. We imaged the
cells in a heated chamber on an inverted Olympus IX-81 microscope equipped with
an Andor iXon Plus EM-CCD, capable of detecting single fluorophores. Cells were
continuously imaged and irradiated with 0.15 kW/cm2 514 nm laser light. Leaky
expression of Tar-YFP was low enough that no polar clusters or stable foci were
visible (Figure 2.2, panel A). As the cells bleached over the course of 20-30 seconds,
single Venus molecules became visible and were localized, as characterized by single
photobleaching steps. We mapped the single molecule localizations on to the outline
of the cell body, and found that in all cells imaged, the distribution of molecules was
uniform (Figure 2.2, panel B). The distribution was not biased toward the poles in
any of the images, suggesting that extremely low expression levels of chemoreceptors
do not have a polar preference.
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2.4 Stochastic cluster nucleation unable to

explain polar clustering

These results demonstrate that SCN is unable to explain the polar localization of E.
coli chemoreceptors. In cells lacking a chemoreceptor cluster, un-clustered chemore-
ceptors were found uniformly across the membrane, suggesting that there is no un-
derlying spatial heterogeneity to un-clustered chemoreceptors. Despite this, the first
detectable cluster after rapid chemoreceptor induction was always at the poles (Fig-
ure 2.1), as imaged with both Tar-YFP and YFP-CheR, whereas SCN predicts that
the first cluster should be at a random position.
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Chapter 3

Curvy Cells

3.1 Curvature: one explanation

A B

Figure 3.1: Curvature a possible mechanism to localize chemoreceptors.

(A) Diagram showing the different mean curvature of a rod shaped cell, e.g. E. coli, at the cell pole compared to the
lateral cell body. R represents the cell’s cylindrical radius, C represents the curvature. Adapted from Huang and

Ramamurthi (2010). (B) Slice from a negative-stained electron tomogram of a 250 nm section of E. coli overexpressing
Tsr, showing extensive tubulation and apparent vesiculation of the membrane. Scale bar represents 170 nm, adapted from

Lefman et al. (2004)

One simple mechanism that could target the chemoreceptor cluster to the cell pole
is the larger mean curvature at the pole compared to the rest of the cell (Figure 3.1,
panel A). There are many examples of membrane curvature sensing and generating
(MC-S&G) proteins in the literature (Antonny 2011), and though chemoreceptors do
not have any obvious structural similarity to well known MC-S&G domains, electron
microscopy has shown that Tsr overexpressed in E. coli forms tubular membrane
invaginations and apparent vesicular structures (Lefman et al. 2004) (Figure 3.1,
panel B). Native expression levels of chemoreceptors do not lead to any detectable
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membrane deformation (Briegel et al. 2009; Zhang et al. 2007), but the inextrica-
ble connection between membrane curvature generation and sensing suggests that
chemoreceptors may indeed be targeted by membrane curvature. To address this
hypothesis, we artificially deformed E. coli in agar microchambers, using a technique
developed by Takeuchi et al (Takeuchi et al. 2005), so that we could look for differ-
ential distributions of chemoreceptors in bent regions of the cell.

3.2 Artificially curved cells

A B

C D

Figure 3.2: Agar microchambers.

E. coli were artificially deformed in agar microchambers made by casting hot agar directly on photoresist etched with
micron-scale features (A). The resultant chambers were visible in brightfield (B). Growing, filamentous E. coli deformed

against the edges of the chambers (C). Chemoreceptors, labeled with YFP-CheR, were easily imaged in fluorescence (D).

To artificially deform cells, we grew E. coli with the division inhibitor cephalexin
in agar micro-chambers with a variety of bent shapes. We developed large grids of
chamber shapes in CAD software, and had them printed onto a 10” chromium mask
(Fine Line Imaging). The mask was exposed onto 4” silicon wafters coated with
FujiFilm OCG-825 G-line resist using a 10x GCA 6200 wafer stepper, and developed
to produce micron-scale positive relief channels in the photoresist. To make the agar
chambers, we cast hot M9 media that contained agar (3% w/v) and the division
inhibitor cephalexin (50 µg/mL) directly on photoresist (Figure 3.2, panel A and B).
The agar was then peeled off the resist, and a drop of mid exponential phase E. coli
was sandwiched between the patterned agar and a microscope coverslip. The sandwich
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was incubated for 3-4 hours at 33 and then imaged on an inverted epi-fluorescence
microscope (Nikon TE2000) equipped with a 300 W Xenon arc lamp.
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Figure 3.3: Artificially deformed filamentous E. coli.

Cells were confined within agar micro-chambers to generate a variety of deformed, curved shapes (A, brightfield, B
corresponding YFP-CheR fluorescence). Bright-field images of deformed cells (A) were used to generate cell outlines, and

chemoreceptor clusters were localized in fluorescence (B). Clusters were positioned along the cell outline (C), and were
assigned the local membrane curvature, as measured from the outline (D). To determine whether using brightfield outlines
was an appropriate way to estimate membrane curvature, filamentous E. coli were imaged with both brightfield (E, left)

and with the fluorescent membrane dye FM-4-64 (E, right). We calculated cell outlines from the brightfield data (F, blue)
and FM-4-64 (F, red), and measured the curvature at corresponding distances along each side of the cell outline (G, blue
and red are brightfield and FM-4-64, respectively). We also tested whether the quasi-oscillations seen in most curvature
traces were an artifact of the cell outline finding and curvature measuring algorithm (H) by imaging filamentous E. coli
with different pixel sizes and different objectives. 0.108 m px−1 and 0.162 m px−1 used a 100x 1.4 NA objective, and

0.27 m px−1 used a 40x 0.75 NA objective. Scale bars represent 2 µm.

Cells deformed into a variety of curved shapes as they elongated into long filaments
and contacted the edges of the agar chamber (Figure 3.2, panel C). In regions of agar
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that lacked micro-chambers cells frequently buckled and folded along their length,
under compression from the pressure of cell elongation against the pinning force of the
agar on the coverslip. Chemoreceptors were easily imaged in fluorescence (Figure 3.2,
panel D). We automatically chose cell outlines from brightfield images using a subpixel
contour tracing algorithm (Figure 3.3, panels A–C). Using spline interpolation, we re-
sampled a series of evenly spaced points (x(t), y(t)) a corresponding distance t along
the outlines, from which we directly calculated the curvature κ as

κ =

(
dx

dt

d2y

dt2
− d2x

dt2
dy

dt

)((
dx

dt

)2

+

(
dy

dt

)2
)− 3

2

We defined positive curvature as cell-pole like curvature, i.e. the inside face of a
convex shape. Cell poles were identified in each outline as the two regions with the
highest positive curvature, and were ignored for further analysis as they would bias
any measurement of curvature sensitivity.

Profiles of lateral cell curvature clearly reflected the curvature imposed by the agar
chambers (Figure 3.3, panel D), typically on the order of ± 0.5 µm-1. Because the
artificial cell deformation assay did not easily permit labeling of the cell membrane
with a small molecule dye, we wanted to ensure that it was reasonable to measure
the cell membrane curvature profile from brigthfield images. We labeled filamentous
cells grown in suspension with the membrane dye FM 4-64, placed them on an agar
pad, and imaged them in both fluorescence and brightfield. Overall, the measured
curvature profiles matched closely, and only ever differed in magnitude, not sign
(Figure 3.3, panel G). Both measurements were sensitive to focus, however.

We observed an additional unexpected variation in curvature on the order of ±0.25
µm-1, occuring over micron scale distances. This variation was apparent in filamentous
cells grown in solution, and when using several objectives, pixel sizes, and imaging
modes (Figure 3.3), suggesting it is an intrinsic property of filamentous cells and
not an imaging or image processing artifact. This unexpected source of curvature
variation, in combination with the curvature imposed by the agar micro-chambers,
gave a broad distribution of measured lateral cell curvatures, with approximately 95%
of measured curvatures between -0.85 µm-1 and 0.65 µm-1 (Figure 3.4, panel B top
inset).

3.3 Chemoreceptor Distributions in Curved Cells

We used these artificially deformed cells to measure the sensitivity of native chemore-
ceptor clusters to lateral membrane curvature. We labeled chemoreceptors with YFP-
CheR so as to minimally perturb clustering (Thiem, Kentner, and Sourjik 2007), in
wild-type RP437 E. coli that natively express all five endogenous chemoreceptors.

Individual clusters were automatically chosen from filtered fluorescence images,
and localized by fitting with a 2-dimensional gaussian (Figure 3.3, panel C). Clusters
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more than 0.3 µm from the closest outline were ignored to avoid including clusters on
the top or bottom of the cell, and the remaining clusters were assigned the curvature
from the nearest point on the corresponding re-sampled cell outline. As a measure
of relative cluster size, we integrated the fluorescence intensity within 0.2 µm of the
cluster centroid, and background subtracted for both cell and image background fluo-
rescence, as a measure of relative size. The resultant distribution of cluster intensities
was roughly exponential, in close accordance with previously measured cluster size
distributions, when comparing with clusters large enough for this experiment to detect
(Greenfield et al. 2009) (Figure 3.4, panel B bottom inset).
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Figure 3.4: Chemoreceptor curvature and intensity enrichment for a large dataset.

Cluster intensity and curvature were measured for a large dataset (A), from which was extracted relative cluster
enrichment as a function of membrane curvature (B, top, green), and cluster intensity (B, bottom, blue). Insets show

distributions of cell curvatures (B, top, green), and cluster intensity (B, bottom, blue. Dotted line represents exponential
fit). A, and B aggregate 646 cells and 7143 clusters. Shaded areas indicate 1 standard deviation.

We plotted cluster frequency as a function of lateral membrane curvature, weighted
with the inverse of a kernel density estimate (KDE) of the corresponding curvature
probability to correct for non-uniform sampling of cell curvatures. Cluster frequencies
were expressed as fold frequency increase relative to uncurved lateral membrane.
We found a large enrichment of chemoreceptors with increasing lateral membrane
curvature, appearing approximately exponential (Figure 3.4, panel B), demonstrating
that chemoreceptor localization is highly correlated with curvature. We also plotted
cluster frequency as a function of intensity in regions of high curvature relative to
un-curved regions of lateral cell. The resultant intensity enrichment profile increased
approximately exponentially (Figure 3.4), demonstrating that larger clusters are more
sensitive to membrane curvature.



CHAPTER 3. CURVY CELLS 20

Next, we wanted to determine whether curvature enrichment is an intrinsic prop-
erty of chemoreceptors, or if it depends on other external factors. Previous researchers
have suggested that localization might depend on unspecified components of the E.
coli cytoskeleton (Thiem, Kentner, and Sourjik 2007; Thiem and Sourjik 2008). To
test this, we treated cells with the drug A22 to depolymerize MreB (Kruse et al.
2006), which forms a moving filament network across the cytoplasmic face of the
inner membrane (White and Gober 2012), and measured chemoreceptor curvature
enrichment profiles. We found a curvature enrichment profile similar to untreated
cells in A22 treated cells (Figure 3.5, panel A), in inexplicable contrast to previous
reports that chemoreceptors do not cluster in A22 treated cells (Shih, Kawagishi,
and Rothfield 2005). Another candidate component of the cytoskeleton is the Min
system, which helps direct division site placement by oscillating from cell pole to cell
pole (Lutkenhaus, Pichoff, and Du 2012). In MinCDE knockouts, we found that the
chemoreceptor enrichment profile was indistinguishable from wild-type (Figure 3.5,
panel B). We also examined cells depleted of FtsZ, the primary component of the
cytokinetic Z-ring (Lutkenhaus, Pichoff, and Du 2012), by growing cells harboring
a temperature-sensitive ftsZ allele at the restrictive temperature (43◦C). Although
expression of the chemotaxis system is repressed at high temperatures, leading to a
sparse, noisy dataset, the curvature sensitivity again appeared similar to wild-type
(Figure 3.5, panel C).

Other researchers have suggested that the inner membrane component cardiolipin
has a role in targeting chemoreceptors to the pole (Cabin-Flaman et al. 2005). Cardi-
olipin forms stable microdomains at the cell pole (Mileykovskaya and Dowhan 2000),
and has been observed to redistribute to regions of high positive curvature in E. coli
spheroplasts (Renner and Weibel 2011). In cells knocked out for ClsA, the only gene
responsible for cardiolipin synthesis in exponentially growing cells (Tan et al. 2012),
we found that the chemoreceptor curvature enrichment profile was indistinguishable
from wild-type (Figure 3.5, panel B).

Finally, we measured curvature enrichment profiles in cells knocked out for CheA
and CheW, which along with chemoreceptors, form the structural core of chemore-
ceptor clusters. Previous imaging of chemoreceptors in CheA/CheW knockouts found
chemoreceptors as diffuse polar caps using YFP-CheR (Sourjik and Berg 2000), that
are undetectable in cryo-electron tomography (Zhang et al. 2007). However we found
chemoreceptors as distinct foci along the lateral cell, in addition to the previously de-
scribed polar caps (Figure 3.5, panel C). Though CheA/CheW knockout clusters were
on average much smaller than native clusters (Figure 3.5, panel C), we found that the
curvature enrichment profile was indistinguishable from native chemoreceptor clusters
when controlling for cluster size (Figure 3.5, panel C).
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Figure 3.5: Chemoreceptor curvature and intensity enrichment of mutants.

(A) WT cells treated with the MreB inhibitor A22 (258 clusters). (B) WT cells (WT, 7143 clusters), WT cells knocked
out for the Min system (∆MinCDE, 2664 clusters), WT cells knocked out for cardiolipin (∆cls, 859 clusters), receptorless
cells expressing a mutant of Tar lacking the periplasmic domain (Tar◦, 2643 clusters). (C) WT cells (WT, 7143 clusters),
WT cells knocked out for the major receptor cluster components CheA and CheW (924 clusters), WT cells containing a
tsFtsZ allele grown at 43◦C (219 clusters). Curvature enrichment is shown for clusters within intensity range 0-500. (D)

Receptorless cells expressing full length, 12 nm shortened, and 16 nm shortened Tsr (1534, 1328, 1038 clusters,
respectively). Curvature enrichment is shown for clusters within intensity range 150-750. Representative fluorescence

images of each mutant are shown next to each label. Shaded areas indicate 1 standard deviation. Scale bars represent 2
µm.

3.4 Receptor intrinsic curvature

All these results together suggest that membrane curvature sensitivity is an intrinsic
property of receptors, which is plausible in light of receptor structure. As reviewed
in Chapter 1, evidence from x-ray crystallography (Kim, Yokota, and Kim 1999),
in vivo cross-linking (Massazza, Parkinson, and Studdert 2011), and cryo-electron
tomography (Briegel et al. 2012; Zhang et al. 2007) indicate that receptor dimers
further into cone shaped trimers about contacts in the cytoplasmic distal tip, with
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the membrane distal portion splayed apart (Figure 3.6, panel A).
The splayed transmembrane domain of each dimer in the trimer should be tilted

with respect to the membrane, thus inducing a small deformation in the lipid bi-layer.
Spurious oligomerization of the splayed trimer of dimers structure about the cytoplas-
mic tip is probably what accounts for membrane tubulation in cells overexpressing
Tsr (Lefman et al. 2004). We model each membrane deformation as a hemisphere
with curvature c0, defined as the inverse of the slant height of a cone extended along
the trimer of dimers to an imaginary vertex beyond the cytoplasmic tips (Figure 3.6).
Using approximate numbers from a cryo-electron tomographic reconstruction (cryo-
tomogram) of native chemoreceptors (Briegel et al. 2012), we estimate c0 to be 25
µm−1.

3 nm
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20 nm

4°

HAMP

Signaling/
Trimerization
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D

4-helix
bundle

Figure 3.6: Chemoreceptor trimer of dimers structure.

(A) Crystal structures of the Tsr cytoplasmic domain (1QU7) and Tsr periplasmic domain (3ATP) superimposed on an
EM structure of native chemoreceptor trimer of dimers (EMDB-2158). (B) Cartoon of a chemoreceptor trimer of dimers,
with dimensions and angles estimated from the data in A. Approximate domain boundaries are labeled and colored. (C)
Volume rendering of the same EM structure viewed end on to illustrate the arrangement of trimers of dimers within a

large cluster, overlaid with a cartoon illustrating dimensions of each dimer transmembrane region (blue circle), and
approximate area of each trimer of dimers membrane deformation (magenta). (D) Model for trimer of dimers curvature

sensitivity S, as a function of membrane elasticity κ, cell radius R−1
cell, and trimer of dimers geometric parameters A, area

of membrane deformation (magenta circle in C), and c0, intrinsic curvature (slant height of cone in B).

To calculate the membrane deformation energy from each trimer of dimers, we
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used the well established Canham-Helfrich elastic membrane model (Helfrich 1973;
Callan-Jones, Sorre, and Bassereau 2011; Seguin and Fried 2013)

Edeform =
1

2
κ(H − c0)2A

where κ is the membrane bending modulus in units of kbT, H is the mean curvature
of the membrane around the deformation, and A is the area of the deformation. Mean
curvature H is defined as

H =
1

2
(κ1 + κ2)

where κ1 and κ2 represent the two principle curvatures of the membrane. For an
un-deformed section of the lateral cell, the cell is a simple cylinder, which only has
one non-zero principle curvature, so the mean curvature Hlateral is defined solely by
the cell radius Rcell

Hlateral =
1

2

(
R−1
cell + 0

)
=
R−1
cell

2

For deformed regions, the mean curvature Hbent depends on an additional component
C, the curvature measured from the brightfield outline

Hbent =
1

2

(
R−1
cell + C

)
Thus, receptors should partition between un-bent lateral cell and artificially de-

formed regions according to the difference in membrane deformation energies

∆Etrimer = Edeform (Hlateral)− Edeform (Hbent)

=
1

2
κA

((
R−1
cell

2
− c0

)2

−
(
R−1
cell + C

2
− c0

)2
)

≈ 1

2
κAC

(
c0 −

R−1
cell

2

)
, if C << c0 −

R−1
cell

2

From this simplified expression, we extract the energy penalty for a single trimer
of dimers per unit curvature along the lateral cell, which we term the curvature
sensitivity S

S =
1

2
κA

(
c0 −

R−1
cell

2

)
, ∆Etrimer = CS

We model the energy penalty for a whole cluster as scaling linearly with N , ignoring
any interactions between individual membrane deformations because they are small,
with a tangent angle of roughly 4◦ at the edge of each deformation (Figure 3.6)
(Reynwar et al. 2007)

∆Ecluster = CNS



CHAPTER 3. CURVY CELLS 24

Using the Boltzmann distribution, we can thus predict the probability of observing a
cluster at a lateral membrane curvature C, as measured from the cell outline, relative
to the probability of observing a cluster in un-deformed, straight cell

P (Hbent)

P (Hlateral)
= eβ∆Ecluster = eCNS

The main prediction we extract from this simple model is that enrichment rela-
tive to un-curved membrane should scale exponentially with both lateral membrane
curvature C and cluster size N . This scaling is well supported by our data (Figure
3.3, panel B). Using 25 kbT for κ (Rawicz et al. 2000), 2.5 µm−1 for R−1

cell, and trimer
of dimers parameters extracted from cryo-tomograms A = 2.8 x 10−5 µm2 and c0 =
25 µm−1 (Figure 3.6), we predict that a solitary receptor trimer of dimers would see
an enrichment at a cell pole where C = R−1

cell = 2.5 µm−1 of 2.1%, which should be
virtually undetectable. However, those same parameters predict a polar enrichment
of 109 fold, using a conservative estimate for the size of a large polar cluster of 1,000
receptor trimers (Hazelbauer, Falke, and Parkinson 2008).

We binned the raw cluster data into sequential overlapping intensity bins and fit
an exponential function to each curvature enrichment profile (Figure 3.7), giving a
profile of curvature sensitivity S as a function of mean cluster intensity. We fit the
resultant profile with a simple linear equation to estimate the experimental curvature
sensitivity S per unit intensity. We measured the average intensity of a polar cluster
from the same dataset to be 2350, which assuming the average polar cluster contains
1,000 trimers of dimers (Hazelbauer, Falke, and Parkinson 2008) gives a conversion
factor of 0.43 trimers of dimers per unit intensity for our imaging conditions. Using
this conversion factor, the experimental curvature sensitivity is S = 0.010 kbT µm
trimer−1. This is strikingly close to the sensitivity calculated from our model (Figure
3.6, panel D), where S = 0.0083 kbT µm trimer−1.

Endres (2009) developed a model for curvature based localization of chemore-
ceptors to the pole, considering higher order membrane effects including coupling
between receptor transmembrane domains, and osmotic pinning pressure of receptors
against the cell wall. In the limit of clusters containing more than about 20 trimers of
dimers, Endres predicted an energy difference of roughly 0.7 kbT per trimer of dimers
between the pole and lateral cell. In contrast, we estimate a dramatically smaller
energy difference of 0.02 kbT per trimer of dimers. This is probably because we do
not consider coupling between neighboring trimers of dimers, which in the Endres
model leads to dramatically larger membrane deformations and thus energies.
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Figure 3.7: Cluster curvature sensitivity as a function of cluster intensity for WT cells.

Curvature enrichment profiles were generated for cluster data from subsequent, overlapping intensity bins, and fit with an
exponential function. Intensity bins were chosen to have an equal number of clusters (N=573). The exponential

coefficient was plotted as a function of the mean intensity bin value, yielding a plot of cluster curvature sensitivity S as a
function of cluster intensity, as we model Enrichment = eCNS (N is proportional to Intensity). The points were fit with a

linear function with an intercept of zero to estimate S. Intensity bins lower than 250 were ignored, as we expect that
many dim clusters are actually larger, out of focus clusters that are not easily rejected by our peak finding algorithm, thus

biasing the effective curvature sensitivity at low intensities artificially high.

3.5 Structural Aspects of Chemoreceptors

Trimer of dimers curvature sensitivity S should have a strong dependence on recep-
tor length. Reduction in receptor length L should shorten the trimer of dimers cone,
reducing the membrane deformation area A and thus S (Figure 3.6, panel B). We
made two Tsr mutants, Tsr∆10 and Tsr∆16, with 10.5 and 15.5 nm of the 4-helix
bundle deleted from the cytoplasmic domain, respectively (Figure 3.8). The deletions
were carefully chosen to avoid disrupting the heptad repeat characteristic of 4-helix
bundles. We labeled the length mutants with YFP-CheZ, as Tsr∆16 bound poorly to
our preferred label, YFP-CheR. CheZ binds to the cytoplasmic distal tip of chemore-
ceptor trimers of dimers, and in complementation assays, YFP-CheZ is completely
functional (Sourjik and Berg 2000). Remarkably, both mutants readily formed polar
clusters in receptorless UU2612 cells (Figure 3.5, panel D). We compared curvature
enrichment profiles of the two mutants to wild-type Tsr, and found that progressively
shorter receptors were less sensitive to membrane curvature (Figure 3.5, panel D).
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The underlying mechanism that drives curvature enrichment in our model is the
intrinsically curved cone shape of receptor trimers of dimers. What accounts for this
intrinsically curved shape? Most chemoreceptors have a large, periplasmic ligand-
binding domain, which could conceivably force the trimer of dimers structure open
into the cone shape with the trimerization domain acting as a hinge (Figure 3.6, pan-
els A and B). Thus, deletion of the periplasmic domain should dramatically reduce the
deformation area A and thus curvature sensitivity S. To test this hypothesis, we mea-
sured the curvature enrichment profile of Tar◦, a Tar mutant lacking the periplasmic
domain (Figure 3.8) (Gosink, Carmen Buron-Barral, and Parkinson 2006), expressed
in receptorless UU2612. We found that clusters of Tar◦ had a curvature enrichment
profile indistinguishable from native receptor clusters (Figure 3.5, panel B), suggest-
ing the periplasmic domain has no role in the shape of trimers of dimers.
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Figure 3.8: Cartoon of mutant chemoreceptors, drawn roughly to scale.

The Tsr cartoon is overlaid with a crystal structure of a Tsr hybrid (3ZX6) and the Tsr periplasmic domain (3ATP).

Another possibility is that receptor trimers of dimers are rigidly held in the cone
shape by the trimerization contacts, which extend 2.5 nm along the end of the cy-
toplasmic tip (Ames et al. 2002; Kim, Yokota, and Kim 1999). However, even small
breathing between trimer contacts, which are mostly weak hydrophobic interactions,
would lead to large transmembrane movements. For example, a 1 nm movement
of the trimer transmembrane domains toward each other would lead to a maximum
displacement of 0.25 Å in the trimerization contacts, less than 10% of the average
trimer contact distance. Furthermore, on the length scale of a chemoreceptor, protein
is relatively elastic (Perticaroli et al. 2013), and so even if the trimer contacts were
rigid, the long 4-helix bundle domain should be able to flex along its length. Finally,
a ring of conserved glycine residues are though to confer some flexibility to the 4-helix
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bundle midway along the receptor’s cytoplasmic domain (Coleman et al. 2005; Briegel
et al. 2012).

4-helix bundle flexibility suggests a unique mechanism for trimer of dimers intrin-
sic curvature, where dimer transmembrane domains should spread apart to maximize
configurational entropy (Figure 4.1, panel A). Using measurements from α-helical
coiled-coils (Wolgemuth and Sun 2006; Yogurtcu, Wolgemuth, and Sun 2010), a con-
servative estimate for 4-helix bundle persistence length is P = 500 nm. A single
receptor dimer L = 25 nm long should experience an average deflection along its
length 〈h〉 =

√
L3/P = 5.6nm due to thermal motion within the 4-helix bundle

alone, more than enough to account for the cone shape we estimate from structural
data. Additional deflection could come from breathing in the trimer contacts.



28

Chapter 4

Synthetic Clusters

4.1 A test of the curvature model

We set out to identify a mechanism that could explain the finding that chemore-
ceptors have intrinsic sensitivity to membrane curvature, but do not resemble any
known curvature sensitive protein (McMahon and Gallop 2005; Huang and Rama-
murthi 2010). We hypothesized that receptor curvature sensitivity arises from the
cone-shaped structure of chemoreceptor trimer of dimers. We supported that hy-
pothesis with an a priori calculation of trimer of dimers curvature sensitivity that
closely matched experimentally measured curvature sensitivity, using parameters de-
rived from cryo-electron tomographic reconstructions. However, that leaves the source
of the trimer of dimers cone shape as an outstanding question.

Our experiments with chemoreceptor length mutants, and a chemoreceptor that
lacks its cytoplasmic domain led us to speculate that flexibility along the long cyto-
plasmic filaments leads to a spreading between the receptor transmembrane domains,
held in a cone shape by trimerization contacts at the cytoplasmic distal tips. The
spread apart cone shape would be favored to maximize trimer of dimers configura-
tion entropy, thus we consider trimer of dimers curvature sensitivity as arising from
”entropic spreading” (Figure 4.1, panel A). We could not develop an unambiguous
experiment to test entropic spreading directly with receptor trimers of dimers, so we
used the model to engineer curvature sensitivity into an artificial protein complex.
The model depends on the generalized structure of long elastic rods that are anchored
to the membrane on one end, and tethered together at the other. In this arrangement,
entropic spreading suggests that the membrane anchored domains should spread out-
ward and tilt, generating small deformations in the membrane that are minimized in
regions of membrane with inward curving, positive curvature (Figure 4.1, panel B).
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Figure 4.1: Entropic spreading inspired synthetic curvature sensitive protein complexes.

(A) Cartoon illustration of entropic spreading model. Receptor trimers of dimers should adopt a cone like shape to
maximize configurational entropy, as a result of flexibility along the receptor dimer’s length. (B) Cartoon of a generalized
model for a curvature sensitive protein complex composed of long, transmembrane protein rods, and a soluble multivalent

oligomerizer protein, according to the principle illustrated in A. (C) Cartoon of mutant chemoreceptors and SH3 based
protein scaffolds, drawn roughly to scale. The Tsr cartoon is overlain with a crystal structure of a Tsr hybrid (3ZX6) and

the Tsr periplasmic domain (3ATP).

We developed a multivalent scaffold protein to bind and oligomerize a transmem-
brane rod protein into a receptor-like cluster. Binding was mediated by the Src
homology 3 domain (SH3) from mouse CRK and a cognate SH3 binding sequence
engineered for high affinity (Kd = 0.1 µM) (Posern et al. 1998). As a rod protein, we
designed a Tsr mutant with the trimerization domain at the cytoplasmic tip replaced
with an SH3 binding sequence to make Tsr∆T-SH3, which is unable to trimerize or
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further oligomerize on its own (Figure 4.1, panel C). We built the scaffold protein,
8xs5, out of eight direct repeats of the SH3 domain separated by 10 aa glycine-serine
linkers (Figure 4.1, panel C). We expressed the components in receptorless E. coli
UU2612 to eliminate any interference from native chemoreceptor clusters, and la-
beled Tsr∆T-SH3 with YFP-CheR.
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Figure 4.2: Synthetic curvature sensitive protein complexes.

Synthetic complexes were built from a Tsr mutant unable to form trimers of dimers, oligomerized by a scaffold protein
binding to either (A) the cytoplasmic distal tip, or to (B) the periplasmic domain. (C) Curvature enrichment profiles for

cytoplasmic (green, top images, 735 clusters), and periplasmic scaffolds (red, bottom images, 716 clusters) showed
opposite curvature and intensity enrichments. (D) Synthetic curvature sensitive complexes were also built using an

entirely synthetic transmembrane rod, composed of spectrin repeats from human dystrophin, oligomerized with the same
cytoplasmic scaffold protein as in A. (E) Curvature enrichment plots of the totally synthetic clusters show strong

curvature and intensity enrichment (1479 clusters). All intensity enrichment plots use a curvature range of 0.3-0.7 µm−1,
relative to -0.1-0.1 µm−1. Shaded areas indicate 1 standard deviation. Scale bars represent 2 µm.

We found that our synthetic complex formed efficiently, with dual labeled YFP-
CheR bound receptors and mCherry tagged scaffold showing the components co-
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localized as punctate spots (Figure 4.2, panel A). The complexes were predominantly
polar, with the largest clusters always at the poles, and smaller clusters occasionally
along the lateral membrane, in a manner visually indistinguishable from wild-type
chemoreceptor clusters. Both clustering and polar localization were robust to varia-
tion in component expression level, but in cells expressing only one of the two compo-
nents, we saw no clustering (Figure 4.2, panel A). Whole cell cryo-electron tomograms
showed no evidence of protein aggregation or membrane distortion, even with both
components grossly overexpressed (Figure 4.3).

Curvature enrichment profiles of the artificial complexes showed a strong, mono-
tonically increasing preference for positive curvature similar to the curvature enrich-
ment of native chemoreceptor clusters, though with a slightly lower sensitivity (Figure
4.2, panel C). As with wild-type clusters, larger complexes were also more sensitive
to membrane curvature (Figure 4.2, panel C).

We hypothesized that curvature sensitivity of our artificial complex should invert if
the mutant receptors were tethered together by their periplasmic domains, analogous
to inverting the orientation of the trimer of dimers in the membrane so the cone vertex
is in the periplasm (Figure 4.2, panel B bottom). To test this, we designed a Tsr
mutant, Tsr∆T-pSH3, with the cyotplasmic trimerization domain removed as before,
but with the SH3 binding sequence inserted in an exposed loop in the periplasmic
domain. We targeted the scaffold protein to the periplasm using the twin arginine
transporter (TAT) signal sequence from E. coli TorA (Thomas et al. 2001).

Periplasmic scaffolded complexes readily formed when the components were co-
expressed in cells, appearing as punctate spots on the cell membrane (Fig 4.2, panel
B). As with the initial synthetic complex, when either component was expressed in
isolation, we saw no clustering. However, unlike our initial complex, the periplasmic
complexes appeared randomly distributed across the cell membrane, with the largest
clusters only occasionally at the pole. Curvature enrichment profiles of these com-
plexes revealed a slight preference for negative curvature (Figure 4.2, panel C), as our
entropic spreading model predicted.

By demonstrating that the same protein components can be directed either toward
or away from the poles simply by changing their connectivity, i.e., by tethering SH3-
binding chemoreceptors together by either the periplasmic or cytoplasmic domains,
we have controlled for any unknown external factors that might be responsible for
polar localization in native chemoreceptors. Any unknown factors should have still
directed the periplasmic-binding mutants to the cell poles, as the mutant receptors
were chemically nearly identical to the cytoplasmic-binding receptor mutants, and
native chemoreceptors.
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Figure 4.3: Cryo-transmission electron image of synthetic clusters.

(A) 2-D Cryo-transmission electron image of E. coli overexpressing synthetic protein clusters composed of Tsr∆T-SH3
and 8xS5. Cells were applied to a hydrophillic lacey carbon film supported on a copper grid, blotted and plunge frozen
into liquid ethane using a manual plunger (Comolli et al. 2012). TEM images were collected on a JEOL JEM3100FFC

equipped with in-column Omega energy filter, FEG electron source, cryo-stage maintained at 86 K, using a Gatan CCD
camera at the end of a decelerator (Downing and Mooney 2008). (B) Corresponding fluorescence micrographs of the cells

used to prepare samples for A.

4.2 Totally Synthetic Clusters

To control for any contribution from chemoreceptors to our artificial complex’s cur-
vature sensitivity that was unrelated to their structural role as rods, we designed a
heterologous membrane bound rod. As a membrane tether, we used a 22 amino acid,
single pass transmembrane helix from an arbitrary Synechocystis gene, which we fused
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via a 7 aa glycine-serne linker to the N-terminus of YFP. Next, we fused spectrin re-
peat domains from human dystrophin to the C-terminus of YFP to form an extended
rod. In dystrophin, each subsequent spectrin repeat forms a 3-helix bundle that ex-
tends into a long, filamentous structure, with each repeat adding approximately 5
nm in length (Le Rumeur, Hubert, and Winder 2012). We used dystrophin spectrin
repeats 20 and 21, as they have been previously shown in vitro to have no propensity
to self aggregate, and no affinity for membranes (Legardinier et al. 2008; Mirza et al.
2010). Finally, we added an SH3 binding sequence to the C-terminus of the spectrin
repeat domains, to make tm-YFP-D2021-SH3 (Figure 4.1).

The heterologous rod distributed evenly across the membrane (Figure 4.2, panel
D) when expressed alone in E. coli DH5α, identically to our previous rod, Tsr∆C-
SH3. When co-expressed with our cytoplasmic scaffold 8xs5, the heterologous rod
efficiently formed clusters, which were predominantly localized to the poles (Fig-
ure 4.2). Curvature enrichment profiles were nearly identical to our receptor-based
artificial complexes, with a strong preference for positive curvature, and increased
curvature sensitivity with increasing complex size (Figure 4.2).

4.3 Context for entropic spreading

A B C

Figure 4.4: Common membrane curvature sensing and generating mechanisms.

(A) Amphipathic lipid packing sensor (ALPS) motifs sense curvature by embedding in lipid defects induced in curved
bilayers. Small arrows indicate lipid packing defects. Diagram of ArfGAP1 and membrane adapted from Antonny (2011).

(B) Rigid, curved scaffold proteins sense curvature by preferentially binding curved membranes along the protein’s
extended curved surfaced, as in bin-amphiphysin-rvs (BAR) domain containing proteins. Example structure of the

amphiphysin BAR domain, adapted from Zimmerberg and McLaughlin (2004) (C) Curvature sensing by curved, rigid
scaffolds is often coupled to oligomerization, such as with clathrin, the COPI and COPII coatamer complexes. Shown is a

theoretical depiction of a COPI cage, adapted from Lee and Goldberg (2010).

With chemoreceptor clusters and more generally our entropic spreading model, we
have demonstrated a novel mechanism for membrane curvature sensing. With few
exceptions, research on membrane curvature sensing and generating (MC-S&G) by
proteins has focused on the roles of amphipathic helices, which are thought to detect
lipid packing defects in curved membranes (Figure 4.4, panel A), and rigid, curved
”scaffold” proteins that bind and deform membranes along their length (Antonny
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2011) (Figure 4.4, panels B and C). However, neither of these mechanisms obviously
apply to chemoreceptors, which our results suggest depend on thermally derived dy-
namics to sense curvature.

Recently, artificial confinement of proteins to small lipid domains on the outside
of large vesicles was shown to induce membrane tubulation (Stachowiak et al. 2012).
The researchers modeled collisions between the tethered proteins as inducing a steric
pressure on the outer leaflet of the vesicle bilayer. The pressure essentially expands
the outer leaflet’s surface area, causing the bilayer to bend away (Figure 4.5, panel
A). Asymmetric binding of flexible, self avoidant polymers to a membrane produces
a similar curvature effect, inducing ”pearling” of vesicles into highly curved shapes
(Decher et al. 1989). A membrane-bound polymer maximizes its configurational en-
tropy when the membrane bends away from it, allowing the polymer to explore more
conformational space (Lipowsky 1995) (Figure 4.5, panel B), thus inducing a similar
pressure on the membrane.

A B

C D

Figure 4.5: Asymmetric binding can induce membrane curvature.

(A) Steric pressure derived from the asymmetric binding of a protein to a membrane can induce membrane curvature, as
in Stachowiak et al. (2012). (B) To maximize configurational entropy of a flexible, self-avoidant polymer bound to a
bilayer, the membrane bends away, as in Decher et al. (1989). (C) Any imbalanced force across the bilayer, whether
expansive (left), or compressive (right) should induce membrane curvature. (D) Chemoreceptors and our synthetic

curvature sensitive complexes conceivably induce a compressive force on the inner leaflet of the cytoplasmic membrane.

Any asymmetric force across the membrane should induce curvature, whether it
be expansive, as in a steric pressure or a self-avoiding polymer, or compressive (Figure
4.5, panel C). Such a general mechanism was first proposed in a study of drug bind-
ing to erythrocite membranes by Sheetz and Singer (1974), and was termed and the
”bilayer couple” hypothesis, drawing on analogy to curvature changes in a bi-metallic
couple with temperature. Our synthetic curvature sensitive complexes, and by exten-
sion chemoreceptor clusters, could be considered as inducing a compressive force on
the membrane that is responsible for the curvature sensitivity we measured in both
cases. The compressive force comes from self attraction, mediated by the SH3 scaffold
in the case of the synthetic complex, and by both trimerization and CheA/CheW in
the case of a chemoreceptor cluster (Figure 4.5, panel D). Such a compressive mech-
anism has been predicted both in the context of membrane adsorbed polymers (Kim
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and Sung 2001), and recently, in the context of protein clusters (Stachowiak, Brodsky,
and Miller 2013). Although our synthetic scaffolds were able to detect curvature, we
could not find any membrane deformations in cryo-TEM tomograms of cells overex-
pressing the complexes, suggesting they do not generate a significant bending force
(Figure 4.3). However, by tuning the parameters of the complex, it is likely that this
mechanism could also generate curvature.

Given its simplicity, the entropic spreading model is likely a widespread mecha-
nism for (MC-S&G), and as such has relevance beyond just trimers of dimers and
chemoreceptors. It potentially explains the sorting of some GPI-anchored proteins
(GPI-APs) and regulated secretory proteins (RSPs) in the trans-Golgi network (Sta-
chowiak, Brodsky, and Miller 2013), the budding of some viruses (Welsch, Mller, and
Krusslich 2007), and the regulation of mitochondrial cristae (Rabl et al. 2009). Ex-
periments with shiga toxin B-subunit, which induces membrane tubules both in vitro
and in vivo, have also suggested a connection between an asymmetric compressive
force and bilayer curvature (Rmer et al. 2007)
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Chapter 5

The Future of Scaffolds

5.1 Scaffolds in biology

Scaffold proteins provide a rich mechanism for regulation within the cell, by providing
a structure to hold multiple protein species in close proximity, often in a modular
manner. For the same reasons, scaffold proteins present a novel tool for studying and
reprogramming cellular behavior, since they allow researchers to quickly and easily
combine existing proteins and protein-protein binding domains to design complexes
with novel properties, such as a different binding specificity, a new chemistry, or a new
sub-cellular localization. Two major uses for artificial protein scaffolds have already
been demonstrated, both inspired by existing biological examples.

Eukaryotic cells naturally use scaffold proteins to control kinase localization in
a wide variety of signaling pathways (Good, Zalatan, and Lim 2011). The canonical
signaling scaffold is Ste5, crucial to the S. cerevisiae mating pathway, where it brings
together three kinases involved in the same phosphorylation cascade, ultimately pro-
ducing a single kinase output (Chol et al. 1994). By replacing two of the protein-
protein interaction domains on Ste5 with a heterologous protein-protein interaction
domain, researchers were able to redirect the output from the mating pathway to the
high-osmolarity response pathway (Park, Zarrinpar, and Lim 2003).

A rather extreme example of a natural biological scaffold is the cyanobacte-
rial carboxysome, which provides an extremely large (approx 100 nm) multimeric
protein scaffold for the Calvin cycle enzymes carbonic anhydrase and ribulose-1,5-
bisphosphate carboxylase/oxygenase (RuBisCO) (Yeates et al. 2008). Holding the
two enzymes in close proximity dramatically increases flux through the Calvin cycle
by providing a concentrated source of CO2 for RuBisCO, an enzyme that is notori-
ously slow and non-specific. Dueber et al. (2009) used this type of metabolic design
to increase efficiency of a heterologously expressed mevalonate biosynthesis pathway
in E. coli, which do not normally synthesize mevalonate. The researchers controlled
the stoichiometry of the three enzymes involved by altering the number of binding
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sites for each enzyme on a scaffold, and were ultimately able to achieve a 77-fold
improvement in pathway flux.

5.2 Long-term single molecule imaging

( (

...
scaffold (>16x direct repeats)

target
protein diffusing binder

fused to FP

Figure 5.1: Scaffolds for long-term single molecule imaging

Here we present a new use for artificial protein scaffolds, which we predict will have
broad appeal to the study of cell biology and biophysics. While building the Src
homology 3 (SH3) domain scaffolds, both for the synthetic curvature sensitive com-
plexes in Chapter 4 and other experiments not described here, we began to consider
whether a protein scaffold could be used to enhance fluorescent protein based fluores-
cence microscopy, in a manner analogous to that employed by Bertrand et al. (1998)
to image single mRNAs in a living cell. There, the researchers designed an RNA
transcript that contained in the 3’ UTR multiple direct repeats of the coat protein
binding hairpin from bacteriophage MS2. When the RNA was transcribed in the
presence of a GFP fusion to the MS2 coat protein, single transcripts were visible as
bright fluorescent foci. The technique is now the standard way for analyzing realtime
in vivo transcription (Coulon et al. 2013).

We constructed a scaffold protein out of 24 direct repeats of the iDimerize A/C
heterodimerizer protein DmrA (Clontech), each separated by a short glycine serine
linker, and we constructed a ”binder” protein out of iDimerize protein DmrC fused
to GFP (Figure 5.1). Upon addition of a small molecule, DmrA binds to iDimerize
protein DmrC with high affinity, such that addition of the molecule in vivo leads to
decoration of the scaffold by up to 24 GFP molecules. As a test of the fluorescent
scaffold principle, we fused 24x DmrA to the heavy chain from kinesin KIF5, a plus
end directed microtubule motor (Hirokawa and Takemura 2005).

The KIF5-24x DmrA scaffold and DmrC-GFP binder were co-transfected into
Hela cells. Upon addition of the heterotrimerizer small molecule, we saw many small,
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moving foci throughout the cells (Figure 5.2, panel A) when imaged on a standard
laser scanning confocal (Zeiss LSM-700). Over the course of 30 minutes, despite
continuous imaging at 2 frames per second, there was no appreciable bleaching of the
foci. The foci covered a range of sizes and intensities, probably representing a range
of oligomeric states. Sporadically, the very large foci would break apart into multiple
fast moving small foci, which would often re-form in a different place, suggesting that
the large foci do not represent non-functional aggregates. Movement of the small foci
was sporadic, and covered a wide range of speeds from barely detectable, to 0.5 µm
sec−1 (Figure 5.2, panel B), which is in the range of speeds measured for kinesins in
vitro (Hirokawa and Takemura 2005).

t = 0 t = 30 minutes

t = 0 s 0.5 1.0 1.5 2.0 2.5 3.0 3.5

A

B

2.0 μm

0.5 μm

Figure 5.2: Single kinesin molecules fluorescently labeled with protein scaffolds

(A) A single Hela cell expressing a fusion of the kinesin heavy chain from KIF5 fused to a DmrA scaffold protein. The
DmrA is bound by DmrC-GFP. Many moving foci were visible, ranging from extremely small, probably representing single

kinesins, to extremely large (arrows point to both extremes). The large foci would occasionally split apart into many
small, moving foci, suggesting they are not non-functional protein aggregates. There was no appreciable bleaching after
30 minutes of continuous imaging on a laser scanning confocal. (B) A snapshot from the same movie as in A, showing

that we were able to detect the rapid dynamics of individual kinesins, again without any detectable bleaching.

These preliminary experiments with kinesin demonstrate the extreme utility of
scaffolds for in vivo imaging of single molecules. We are currently developing a series
of several scaffolds based on other protein-protein binding domains to make it possible
to label multiple different proteins with separate colors, all in a single living cell.
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Appendix A

Methods

A.1 Strains and Plasmids

Except as noted in Chapter 4, cell strains were derivatives of the E. coli K-12 strain
RP437, including receptorless strain UU2611 (tsr tar tap trg aer cheR). Both strains
were a gift from Sandy Parkinson (University of Utah, Salt Lake City). Knockout
strain RP437 ∆cls was made by P1 transduction from Keio clone JW1241-5 (Yale
Stock Center). Temperature sensitive strain RP437 ts-ftsZ was made by P1 trans-
duction from MCZ84 (Yale Stock Center). Knockout strains RP437 ∆minCDE and
RP437 ∆cheA-cheW were made by P1 transduction from donor strains made using
lambda red recombination, according to Datsenko and Wanner (Datsenko and Wan-
ner 2000). Unless otherwise noted, cells were grown in standard LB medium at 37
◦C. All plasmids, except for the scaffold 8xs5, were made using sequence and ligase
independent cloning (SLIC) (see Appendix B), a polymerase chain reaction (PCR)
based recombination method. As PCR is unreliable for amplifying direct repeats, the
scaffolds 8xs5 and 24x-DmrA were made using traditional restriction enzyme based
cloning, and propagated in Stbl2 (Invitrogen).

A.2 Microscopy

Unless otherwise noted, all microscopy was performed using a 1.4 NA 100x objective
on a Nikon TE2000 inverted microscope, equipped with a Sutter Instrument Lambda
LS 300 Watt xenon arc lamp and an Andor iXon+ EMCCD. We used the Nikon
filter set G2E/C for imaging RFP and FM-4-64, and custom filters for imaging YFP
(505/20 excitation, 520LP emission). Cells were grown on the microscope for time-
lapse microscopy using an objective heater (20/20 Technology) set to 33 ◦C, under an
agar pad (3% w/v) containing non-fluorescent rich defined medium (RDM, Teknova).
All image acquisition and microscope control was performed using custom software
(C++, Python).
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A.3 Data processing

Images were analyzed using custom written software written entirely in C++ and
Python, drawing heavily on the NumPy, SciPy, and Matplotlib Python modules.
Cell outline tracing was performed using custom-written sub-pixel weighted contour
algorithm, from which curvature was calculated as (x’y” - y’x”)/(x’2 + y’2)3/2, where
each partial derivative is with respect to distance along the outline. Curvatures less
than -0.7 or greater than 0.7 µm−1 were ignored. Unless otherwise indicated, cur-
vature enrichment histograms were weighted with the reciprocal of the correspond-
ing cluster’s whole-dataset curvature probability, and included all cluster intensities.
Relative curvature enrichment was calculated by normalizing by the average cluster
frequency between -0.05 and 0.05 µm−1. Unless otherwise specified, all intensity en-
richment histograms were weighted with the reciprocal of the corresponding cluster’s
whole-dataset intensity probability, and included clusters from highly curved regions
(clusters between 0.5 and 0.7 µm−1). Relative intensity enrichment was calculated by
normalizing by the intensity enrichment in un-curved regions (clusters between -0.1
and 0.1 µm−1).
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Appendix B

Cloning

B.1 SLIC

Our lab’s research relies heavily on skilled cloning, and the work presented herein
is no exception. It’s often the case that for every one functional construct, whether
it be a fluorescent protein fusion or a chimeric protein, there will have been two
non-functional constructs. This issue makes the ability to clone a large volume of
constructs important, or else research would slow to a near standstill.

One technique that has been invaluable to the lab, both for its ability to rapidly
generate complicated constructs, and for its relative simplicity, is sequence and ligase
independent cloning (SLIC) (Li and Elledge 2007). I came across this technique while
struggling with the inefficiency of traditional restriction/ligation based cloning, and
except for in special circumstances, have never looked back. In the years since our
lab adopted SLIC, other conceptually identical techniques have been published, most
notably Gibson et al. (2009), but none of the techniques offer any advantage over
SLIC, and all require more and more expensive reagents.

SLIC is basically an in vitro homologous recombination reaction between any-
where from two to ten linearized DNA fragments that have short, 20-40 bp regions of
homology to each other (Figure B.1, panel A). The fragments are mixed with T4 DNA
polymerase, which has 3’-5’ exonuclease activity, producing long 5’ overhangs. Be-
cause the ends of the fragments have homology to each-other, the overhangs generated
in the exonuclease step are able to anneal to each-other to make a non-covalent, but
complete plasmid. The annealed construct is stable enough to survive transformation
into E. coli, which repairs the overhangs to make a covalent plasmid.

The linearized DNA fragments are almost always produced using the polymerase
chain reaction (PCR). The requisite short regions of homology between the fragments
are added in each PCR using chimeric primers that hybridize to the DNA template
at the 3’ end, but have homology to the other target fragment at the 5’ end (Figure
B.1, panel B). The resultant fragments are digested with DpnI to remove any con-
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taminating plasmid DNA. The transformation efficiency for a single SLIC reaction is
typically extremely high, depending on the number of DNA fragments in the reaction,
producing thousands of clones. Typically, more than 90% of clones are correct.

5'

3'

5'

5'

junction

forward primer

reverse primer

backbone

frag. 1
frag. 2

frag. 3

B

A

PCR 1
PCR 2

Figure B.1: Sequence and ligase independent cloning (SLIC)

(A) Schematic showing the general in vitro recombination scheme that SLIC employs. (B) Schematic of primer design for
a single junction in a SLIC reaction.
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