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Biomechanics and mechanobiology have long been recognized as essettitedfowth
and function of biological systemsand recent work has demonstratedhe importance of
mechanical forcedor key physiologicalmechanisra in bacteria Although te bacterial cell
envelope is the primary load bearing stuwe of bacteria, the influence of mechanical stress on
the bacterial cell envelope and its componeiargely understudiedn this thesis | examine the
role of mechanical stress on twgstemsn the bacterial celenvelope multicomponentefflux
complexMacAB-TolC which contributes toantibiotic resistancén Escherichia coliand twe
componentsignaling systemVxrAB which controls gene expression foell wall synthesisn
Vibrio cholerae

Multicomponent efflux complexes form a channel through the bacterial cell envelope in
order to pump toxins and antibiotics out of the.d&le have previously showthat nmechanical
stress compromiseassemblyand functionalityof efflux complex CusCBA however it is
unknown ifotherefflux complexesaresimilarly vulnerableto mechanical stresndthe rok cell
envelope stiffnesplays We expand uporprevious work by investigatinghe influence of
mechanical stress afflux complexMacAB-TolC with and withoutalterationsto cell envelope
stiffness We submitted individual live bacterial cells to controlled mechanical loading using a

cugom microfluidic deviceand used singlenolecule tracking t@bserve efflux pump behavior



We found thatoctahedral shear stress in the cell envefmpenotesefflux complexdisassembly
suggesting impaired antibiotic resistance capab(ligll envelopetiffness plays a significamble
in mediatingthe effect of mechanical manipulation through thagnitudeof octahedral shear
stress as well as changes dall surface areaOur findings demonstrate the importance of
mechanical stress in the cell envel@gewell as cell envelope stiffnefes transenvelopeprotein
function

Although the bacterial cell envelope is theadbearingcomponent of the cellit is
unknown if cell envelophomeostasiss responwe to mechanical stresd/xrAB is a two
componensignalingsystem with a sensor embedded in the cell envelope and a response receptor
that contraé gene expression of cell wadlynthesisWe submittedcells to mechanical loading
using our microfluidic device, hydrostatic pressuand compression and measureditttevity of
the VxrAB signalingsystemin responseWe found thatells experiencinggreater magnitudes of
mechanical load exhibited great®ixrAB signaling Our results suggest the importance of
mechanical signals cdl envelope homeostasis througlrAB mediatedcell wall synthesis.

Together, tis work suggestghe importance of mechanical stress the function of
proteins in the bacterial cell envelopehis work establishes a foundatidar future bacterial
mechanobiologyesearchandhas potential to advansgnthetic biologyas well asnform future

antibiotictreatment strategies
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Chapter 1. Introduction
Adaptedfrom Harper, C. E., & Hernandez, C. J. (2020). Cell biomechanics and mechanobiology
in bacteria: challenges and opportunities. APL bioengineering, 4(2), 024E01he permission

of AIP Publishing

In the classic texOn Growth and~orm, t he mat hemati cal bi ol ogi
described the role of physical forces in the development and growth of organisms, including
examples from mammals, arthroppdsd individual eukaryotic cel[d]. Physical forces regulate
development, healing processes in organs throughout the dudiyhe patbgenesis of diseases
[2]7 [4]. Although biomechanics and mechanobiology ark reeognized ifTmammals and model
organisms used in medical research, eukaryotes represent only a small portion of the aigersity
abundancef life on Earth The total biomass ofdzteria ancrchaeas ~40 timeggreater than that
of all animals combine¢and 1300 times more biomass than humgsis)

Bacteriaare ubiquitous in the environmeahd exhibit broad influence amany aeas
including human health(as both pathogens andsabeneficial commensdlsthe health of
ecosystemsall aspects of the food chaibiofouling of devices processes used imolecular
biology andbiotechnology and emerging technologiesuch assynthetic biology Although
commonly viewed as colloidal particles in suspensionb@seriaare observedguspended in
mediain laboratory conditionslacterian natureare more commonly found adhered to surfaces
or each other in biofilm communitieBacteria can survivehallenging mechanical environments
including the fluid shear stresses generated by turbulent flows, extreme hydrostatic pressures in
soils and deep oeaes, and interruptions their structural integrity caused by antibiotics and other

toxins [6]. The ability of bacteria to not only resist mechanical loads (biomechanics) but also to



respond to changes in the mechanical environmeect{anobiology) is necessary ftreir
survival

The idea that &cteriaare sensitive to physical forceis not new In 1982 Koch and
colleaguesproposed thathe growth andelongationof individual bacteria \ere related to
mechanical stress and strain withthe cell envelopeassociated with turgor pressufé].
Mechanosensitive channels in the bacterial cell membranesulesequentlidentified and shown
to promote survival in response to rapid fluctuations in osmol&iit}9]. Technological advances
in the past decade hagbown tlat the mechanical properties of bacteria influence cell divisio
[10] and cell envelope remodelifitl], [12]. Additionally, bacteriakextracellularappendagesave
been shown tserve a mechanosensitive functionsirface sensinfl3]i [15] and subsequent
expression of virulence factorfl6] and biofilm formation [17]. Research on bacterial
biomechanics and mechanobioldwgs continued to grow in recent years (see Chapter 2 for a
depth review). kErtherunderstanding the role of physical forces in bacterial physiology has the
potential to advance a number of figlgtentiallyleadng to new engineering and synthetic
biology applicationsand even antibiotic treatment strategresvhich the mechanical fiction of
bacteria is a key component

In this thesisl expandupon previous worknunderstanding how mechanical strafects
bacteria, with a particular focus aomponents in the cell envelop&he cell envelope is
considered thgrimary loadbearng component of the cell (sgehapter 2 for areview of
components contributing to cell mechanjdgnce maintaining the mechanical integrity of the
cell envelope is essential for cells to survive mechanical challenges from the environment. Also,
componats of thecell envelopeexperience changes mechanicaktress and strain in thezl|

envelope due tenvironmental mechanical stimalndare thereforedeally positionedo function



as mechanosensitive and mechanoresponsive straidtigkentifiedtwo specific systems with key
features in the cell envelope to investigate furdeethe two aims of my thess multicomponent
efflux pump and a two component signaling system

Aim 1 of my thesisinvestigates the influence of mechanical stress onldacomponent
efflux complex. Multicomponent efflux complexes form a channel through the bacterial cell
envelope in order to pump toxins and antibiotics out of the Satice multicomponent efflux
complexes form a rigid link between all layers of the eallelope, we suspected that they may
experience mechanical stress concentratzml be vulnerable to increased mechanical stress in
the cell envelopeOur previous worklid in factshowthatthe assembly of multicomponent efflux
complex CusCBA irEscheritia coliwas disrupted by octahedral shear stress in the cell enyelope
suggesting that mechanical loading can impair efflux pump mediated antibiotic res[§@jnce
However, it was unknown if other traesvelope complexes are similarly sensitive to mechanical
stress. lis also unknown how cell biomechani@s,particularcell envelope stiffnessnfluences
mechanosensitive compleassembly Therefore, my first ainmis to determine the effects of
mechanical stress and cell envelope stiffness on multicomponent efflux complé&BMatC
functionin Escherichia coli

Aim 2 of my thesis investigates tledfect of mechanicaktress on cell wall synthesis
medatedby a two component signaling systeltechanical stimuli function as a primary signal
for tissue remodeling of other biological lebdaring structures such as bone artdries but it
is unknown if mechanical stresgluences bacterial cefinvelopehomeostasislo investigate the
role of mechanical stress on cell envelbpeneostasisve chose to look at a system that costrol
gene expression focell wall synthesis two-component signaling system VxrAB Mibrio

cholerae Two component signaling systems areimportant mechanism of signal transduction



used by bacteria to adapt to environmental signals via gene exprésssignal that VXA senses
is unknown, but in respon$&rAB activates a regulon thaticludes the entire cell wall biogenesis
pathway{19]. The sensor portion of ihsignaling systenVxrA, is embedded in the cell envelp
soit would be &posed ta@whanges in cell envelope streBsereforemy second ains to determine

the effectof mechanical stress arxrAB mediated celwall synthesisn Vibrio cholerae.



Chapter 2. Background
Adaptedfrom Harper, C. E., & Hernandez, C.(2020). Cell biomechanics and mechanobiology
in bacteria: challenges and opportunities. APL bioengineering, 4(2), 024E01he permission

of AIP Publishing.

Here | will review the current state of the emerging field of bacterial biomechanics and
meclanobiologyto provide relevant backgrouaad context for my researdicover the structuse
in bacteria that contribute to cell biomechanics, the current assays available for mechanically

stimulating bacterial cells, and review what is currently knowouaimechanobiology in bacteria.

2.1 Structure of Bacteria

The structure, morphologgnd internal constituents bacteriavary considerablyamong
speciesHowever there arghreemajor characteristics thabntributeto the biomechanics of all
bacteriathe bacterial cell envelopgnemagnitude ointernalpressureandthe cytoskeletorSince
historically most of the research on single cell biomechanics and mechanobiology lesis be
performed on mammalian cells, | Widresentcomparisons omammaliancell and bacterial cell
physiology and structure.

Mammalian cells are separated from their environment by a cell membrane consisting of a
phosphdpid bilayer. Structurally,the cell boundaryof bacteriais more complexhan that of
mammalian cellend can include one or two cell membranes anthostbacterialspeciesa cell
wall. Together the cell membrgsgand cell wallarer ef erred to as the #fAce
constituents of the cell envelope provide the prin@mgnotypic classification for bacterss

determined using staining approacliéscovered by Hans Christian Grd@0]: Gramnegative



bacteriahave an inner membranan outer membrane, ardcell wall (Fig 2.1A) while Gram
positivebacterighaveonly theinner membrane anzell wall (Fig 2.1B). The inner membrane and
outer membranef bacteria, like that of mammalian cellsecomposed ophogholipid bilayers
The lipid composition of bacterial cell membrarmesl mammalian cell membranes drierent
in many waysFor example, thenost abundarltpid in mammalian cellsphosphatidylcholineis
not present in most bactefiid], [22]. In mammalian cells,wlesterol is a vitatomponent othe
plasma membrane, baholesterol isnot found in bacterial cell membrand he differences in
membranecompositionbetween mammalian and bacterial cesisedifferences in membrane
fluidity. Additionally, the protein composition within bacterial membratiffers from that within
mammalian membranes. Most notably, the outer membrane of-@rgative bacteria contains
lipopolysaccharides (LPS) that contributeotder membrane structuaeadmay alsanfluencecell
mechanical propertiekastly, thebacteriakell wallis the major determinant bhcteriakcell shape
and mechanical propertiesMammalian cells do not have cell wallEhe bacterialcell wall is
composed of the peptidoglycan (known as therein in older literatur§23]). Peptidalycan
consists ofpolysaccharide strands crosslinked by peptide chains, creapogoas meshlike
structure(pore size4-20 nanometers[24], [25]. The thickness of the el wall varies among
speciesthe peptidoglycariayer in Gampositive bacteria iseported to bd9-33 nmthick and
the peptidoglycaf Gram-negative bacteriss reported to b2.56.5 nmthick [26]. As a result
Gram-positive bacteriaisplaygreater cell envelope stiffnedgan Grarppositivebacterig27].

In mammalian cellstransmembrane protein complex#sat transmit and/or detect
mechanical forceare involved in most mechanosensory mechanigmisacteria, mechanically
analogous protein complexes must cross the entire cell envBlagterialtransenvelope protein

complexesthat connect all layers of the bacterial cell envel@pel are present in both Gram



positive and Grarmegative species ide the flagella and pi|R7]. In Grampositive organisms,
wall teicloic acidsare attached to thpeptidoglycanand lipoteichoic acids form connectis
between thanner membrane and thpeptidoglycanIn Gramnegative organismdipoprotein
(LPP) connects the outer membrane and peptidoglyaada variety oftransenvelope protein
complexesincludingsecreion systems and efflux complexepan thennermembrane, cell wall,
and outer membrane

Mammalian cells survive in a relatively well controlled osmetiwironmentand in most
cases the cell membraneed onlyresist smallmagnitudes obsmotic pressurenternal pressure
in mammalian cells igypically less than onkilopascal28]. In contrast, ndernormal physiologic
conditions, bacteria maintain karge transenvelope osmotic pressure referred to in the
microbiology literatureas turgor pressure. Turgpressureas typically 100 kPd29], although
reports range from0-500 kPa[30]i [33]. The large range in reported turgor pressure may be a
result of differences among bacterial genus and spani@ss also likely theesult oftechnical
limitations in measuring turgor pressure in bactdB4]. In either case, the turgor pressure in
bacteria is at least one order of magnitude greater than that of mammaligarztlikely two
orders of magnitude greateAs a result, membrane tension in bacterial cells is Jangating
mechanical challenges to cells undergotadi envelope remodelingell elongation and cell
division.

In mammalian cellghe mechanical performance of céislominated byhecytoskeleton
T the dynamic structure of actin and tubulin that prog&teucture to the cell and enabteansfer
of forces to internal structuresmd organellesAlthough bacteria lack a cytoskeletdacteria do
have a number of cytoskeleldde molecules that serve mechanical functiofise most well

understoodaytoskeletorlike proteinsare MreB,crescentirand FtsZMreB was first identifiedas



a Ashape det er Bacilus sulgils MneBandcMraB hralogs are present in almost
all nonspherical bacterig§35]. MreB is a curved protein located circumferentially rivd-like
bacteria andesists the hoop stressgsnerated by turgor pressuiéig 2.1C) [36]i[38]. In the
absence of MreBa normally od shapedpecies assumes a spherical sH8pg Crescentins a
molecule that resmblesintermediate filamestin mammalian cells and is presentiasentand
helical shaped bacterifd0]. Crescentin filaments areriented longitudinallyalong the inner
surface of the bacterial cell envelppeeatingasymmetrianechanicasktiffnessthatresults inthe
cell curvatureas the cell elongates during growfrig 2.1D) [40]i [42]. FtsZ is a tubulidike
moleculethat assembleat the point of cell divisio43] (the Z-ring) (Fig 2.1E). FtsZ resists
circumferential and hoop stressemised by turgor pressuaad thereby enables the tapering of

the cell envelope required foell separation during divisigd4]i [46].
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Figure 2.1. Bacterial cell structure a) Gramnegative bacteria have an inner membrane,
peptidoglycan, and an outarembrane. (b) Grafpositive bacteria have an innmembrane and
peptidoglycan.(c) MreB, shown in white, is located circumferentially in Hda bacteria.
Modified from[47]. (d) Crescentin filaments, shown in pink, are oriented on the inner surface of
the cell wal in curved and helicdbacteria.Modified from [40] (e) FtsZ, shownn lime green,

assembles at the septum during dellsion. [43].



2.2Mechanical Stimulation Assays

The mechanical properties of bacteria and bacterial components are challenging to evaluate
due to the small cebize (typically ~ 1 um in characteristic size)lhe small size of bacteria
represents a challenge applyingmechanical loads as well as maasy deflections of the cell
envelopeAs a result, mny methods fomeasuring mechanical propert@smammalian cellsr
applying mechanical stimulus to mammalian cel® not feasible for bacteri&gubstrate
stretching, one of the most common methoflmechanical stimulation of mammalian cells, is
ineffectivefor bacteriabecause it requirdsacteriato beadheredo the substraten at least two
points(a situation difficult toconfirm experimentally Additionally, deformation of a bactem
on a subtrate can bedifficult to observe.Micropillar substrates, another useful means of
measuring forces generated by mammalian aaiésalso ineffective for bacteria as the size of the
micropillars (210 microns) isubstantialljfarger than bacteri@8]i [50].

Micropipette aspirationis a well-establishedapproach for measuring the stiffness of the
mammalian cell membrarmut has limited utility with bacteriduring micropipette aspiration a
pipette tip much smaller than the cagliplies negative pressure to the cell membrapalt a small
portion of the cell into the pipette tiphe pressure andeformation of theell aremeasurednd
used to calculatelastic modulusand viscosity of the celb1]. Although nanopipettesan be made
that are sufficiently small to capture a bactetiee stiffness of thecell wall prevents reliable
measures of deformation under micropipette aspiration (although some measures of bacteria after
the removal oflte cell wall have been reportg®]).

One early and innovative method of measuring bacterial mechanical properties was created
by Thwaites and Mendelson. Bactegi@wn intochainswere formed into threads up to a meter

long, and the material properties of these threads were used to estena@t¢hial properties of
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individual bacterig53]. A major limitation of examining threads of bacteria is that the measured
stiffness is related not only to the stiffness af thacteria but alsto the proteins linking the
bacteriathat are in loaded in seri@sthin the thread.

Despite the challenges in providing a controlled mechanical stimulus to bacteria, a number
of techniques have been developed to mechanically stimrhdateria to assess cell mechanical
properties or even isolate mechanosensitive mechanisie® | will review tke following
methods: osmotic shock, gel encapsulation, cell bending, extrusion loading, atomic force

microscopy, and fluid shear.

2.2.1 OsmoticShodk

Perhaps the most straightforward methodamflying mechanical stress hacteria
is throughosmotic shockThe technique involvegeneratinga rapid change in the osmolarity of
the external medjaresultingin changes inturgor pressure anbacterial geometrfFig 2.2).
Change in cell dimensions during osmotic shock can be used to estimateeroedlope
stiffness[54], [55].

During hypo-osmotic shockthe osmolarity outside of the cell drops quickigsulting in
an increase iurgor pressurecell volume and tensioron the bacterial cell envelope as water
diffuses into the cellThe change in mechanical stress within the cell envelope dasimgtic
shockis determined usingiechanical models of thin walled pressure veg56éls[57]. For arod-
like cell with internal pressure P, radius r, wall thicknesshe thin walled pressure vessel

approximation indicatethe following principal stresses

. = Eq. 2.1
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. = Eq. 2.2

] - Eq. 2.3

wherellais the axial stressiis the hoop stresa n dis tiie radial stress (much smaller in
magnitude than the other two and denoted as negative because it is compressive iDoange).
hypo-osmotic shock the magnitude of axial stress, hoop stress, and radial stress in the cell envelope
increases (Tabl2.1).

Hyperosmotic shoclcan be caused by a rapid increase in osmolality of the surrounding
liquid media and results ireductionan turgor pressure, cell volumand stressewithin the cell
envelopelf thereduction in turgor pressure is sufficigniéirge the inner membrane may separate
from the cell wall a response known as plasmoly$igy 2.2). Observations of lasmolysishave
been usefutor determining the mechanical contributions of the diffecamhponents of the cell
envelopd55]. However, separation of the inner memlgrtom the cell wall througlplasmolysis
is rarely uniform around the cedinvelope and it is therefore difficult t@stimate theesulting
change in membrane tension

Osmotic shockis advantageous in thaiian be used on bacteria of any shape sizeand
changes in cell geometry due to fluctuations in osmolarity can be observed gaickhe order
of seconds to minutedMicrofluidic devices developed over the last dizaand available
commercially can apply rapid changes in osmolarity including cyclic variations, opening up a
range of potential mechanical stimuli to bacteAdditionally, osmotic shock can hgerformed
in a highthroughput fashionOsmotic shock experients have provided substantial insight into
the role of pressureell wall insertion cell division, andstiffness of the outer membraft8],

[11], [55], [59] Despite the utility of osmotic shock as a mechanical loading apprdesk, dre

limitationsto the amount ofmechanicaloadingthat can be applied using this meth@éhen large
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changes in mechanical load are appllegerosmoticmediamay lead tglasmolysisandhypo
osmotic medianay lead tacell lysis Additionally, modificatiors to osmolarily, by altering cell
water contentmay influence cell physiology independently from the change in turgor pressure
potentially limiting the ability to use the approach sbudyingmechanobiology58] . Lastly, a
major limitation of osmotic shock as a mechanical stimulus ighkahagnitude diurgor pressure

is difficult to ascertair{see above)and the turgor pressuchanges over time dke cell adapts

the internal osmlarity to decrease osmotic presstiraiting our ability to understand the relative

changes in mechanical stress

Table 2.1 The change in the magnitude of the mechanical stress in the bacterial cell envelope

caused bynechanical loading assays.

Hoop Stress | Radial Stress Axial Stress

Osmotic Shock

Hypo-osmotic y y y

Hyperosmotic z z Z

Gel Encapsulation - - Z

Cell Bending - - 9 Flow S ' d
Z Opposit e

Extrusion Loading z z g

AFM ¥ near contact Zat contact y near contact

Fluid Shear - - y
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Figure 2.2 Osmotic shock.Top left: a bacterium experiences hypemotic shock which results
in an increase in cellolume. Top right: a bacterium experiences hyg@notic shock which
results in a decrease in cell volume. Bottom left: a bacterium under normal osmotic pressure.
Bottomright: a bacterium experiences plasmolysis which may result in the inner membrane (black)

separating from the cell wall (orange).

2.2.2 Gel Encapsulation

Tuson et al. introduced a novel method of studying bacterial mechanical
properties/mechanobiolodyy encapsulating bacteria withsolid mediaa technique we refer to
here as gelencapsulation[57]. In a ¢el encapsulatiorexperiment,rod-shaped bacteria are
suspended in solid media (agarose gel) #rel elongation of each individual bacterium is
measured as it grow¥he gel surroundhg the bacteria generates compressive forcesrésat

elongation (Fig 2.3). Increasing the stiffness ohd gel results in greater resistancecsll
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elongation.By examining cell elongatiom many different stiffnesses gfel, it is possible to
calculatt he Youngdés modul us o[b7.t he bacterial cell

Mechanical stress caused by gel encapsulatiarivescompressive foregenerated by
the gel that balance thtensile stresses in the cell envel@ssociated withurgor pressureAs a
result,a rod-shaped bacterium submitt¢éo gel encapsulation experiences a reduction in axial
tensile stresswithout changes in &op or radial stress(Table 2.1)[18]. One challenge in
interpreting mechanical characterization using gel encapsulation ikéHatces generated by the
surrounding gel only occuwhen the gel is deformebly the addition of material to thecell
envelope. As there is evidence that external forces can infltieecates oinsertion of material
into thecell envelopethe factor being measured (rate of elongation) influences the applied force
complicating interpretation of thesults[57].

However, @l encapsulatiorhas a major advantage in that it can be used in a high
throughput fashion. Auer anmlleaguedound that optical density measures of bacteria within
gels of different stiffness were useful surrogate measoireell lengtheningFig 2.3) [60]. By
measuring optical density measurements iw8b plates loaded with different stiffness gels, Auer
and colleagueswere able to estimate the relative stiffness of the entire Keio collection of
Escherichia coli(a library ofEscherichia colistrains in which each stralmas one nomssential
gene knocked outand thereby identify genes associated with cell stiffi@8s Similarly, a
library of Pseudomonas aeruginosasrecentlyscreened tadentify genes associated with cell
stiffness[61]. However, there are limations to the gel encapsulation method. Sotlfiés method
has only been used on rstlaped bacteri&urthermaoe, if thecells areclose together within the

gel, the growth of one cell may affect the compressive force of the gel on nearby cells.
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Figure 2.3. Gel encapsulationin gel encapsulationhe bacterium experiences compressive axial

forces. The optical density of a gel wiimcapsulated cells over time is dependent upon gel

stiffness.Modified from[60] .

2.2.3 CellBending

Cantilever bending is a common approach for measuring the mechanical properties of a
material. There are two methods performing acantileverbending testvith live bacteria one
usinga microfluidic flow basedievice[62] andanother using aaptical trapprobe[38], [63]. In
the microfluidic flow approacha bacterium within a microchanneas cell divisioninhibited to
induce filamentous growthThe cell growsoutside of the microchanngito a chambewherea
transverse fluid flows presenthat bends the ce{Fig 2.4). The opti@l trap approachinvolves
binding one end of the bacteru to a substrateand the other end to polylysinecoated
microsphereAn optical trags then used to applgrce to the polylysineoated beadausingthe
free end of the cell to ben@he displacement of the tipf the cell during bendings used to
determine celflexural rigidity using beam theof$2]. The Youngdés Modul us of

is then determineffom the flexural rigidity byassuming &ell envelope thickness.
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An advantage othe bending approachesthe ability to apply a controlled force that can
be maintainedrom seconds to hour$his approach is also uniguneits ability to directly measure
flexural rigidity. Although mechanical analysis under bending is straightforward, there are a
number of limitaibns tothis approachFirst, the requirement that ceivision is inhibited(i.e. the
cells become filamentousksults in changes ioell physiology that may affect mechanical
propertiesand mechanosensory mechanig6#. Secondthe cells canotbe recoveredrom the
testing apparatus to alldwochemicabssaysFurthermore, \th regard to the optical trap method,
it is difficult to image the contact between the cell and the underlying substrate, resulting in some
errorsin the shape and location of the boundary conditiith the underlying surfacerhis
limitation with the gtical trap method may explain why the approach has not yet beesinsed
its initial presentationLastly, both & these approaches daborintensiveand therefore have

relatively low throughput.
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Figure 2.4. Cell bending. Fluid flow on free end tife filamentous bacterium causes cell

bending.Modified from[62].

2.2.4 Extrusion Loading

Extrusion loading is a mechanical stimulation appraaskemblingnicropipetteaspiration
used inmammalian cell§51]. Rather than pulling the cell intonaicro/nano pgoette the approach
involvesforcing the cellinto a small tapered channdlhe first reported impleentation of the
concept was performed withinnaicrofluidic device[65]. Bacteria flow into the wide end of the
tapered channel and get lodged in the chafiigl2.5). Thedistancethe bacterium travels down
the tapered channil related to the stiffness of the bacteria as well as the apyiidstatidluid
pressire Bacteria submitted to extrusion loading remain viable and continue to elongate and
divide whileexperiencing mechanical load

Extrusion loading generates a complex mechanical stress state within the ha8jefia
bacterium trapped within the chanrd#creases in diameteas it deformswithin the tapeed
channel The contact between the walls of the tapered channel results in a radial compressive force
applied tothe trunk of the bacteriuiat acts against hoop stresses generated by turgor pressure
(Table2.1). The contact with thehannelwall also results in amallfrictional force along the axial
direction. A bacterium submitted to extrusion loadingreases in lengtaxially andexperience
an increase in axial tensile stress

During extrusion loading, thhydrostatic fluid pressurat the inlet of the miofluidic
deviceis 25200 kPa[18], [65]. Hydrostatic pressure considered alomethe absence of the
extrusion loading microfluidic deviceauses changes to the stressestithin bacteriaExtreme

magnitudes of ydrostatic pressur&50 MPa) have been shown to cause changes in bacterial
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physiologyand cell deatlj66]. At hydrostatic pressure from 8®0 MPa, cell growt, DNA
replication and RNA synthesisnhibition have been observd®6]. Very high hydrostatic
pressures]100-600 MPa, arecommonly used in thibod industry tanactivate or kill bacteria in
order to preserve or sterilize fof@7]. However, thesextremehydrostatic pressusareat least
an order of magnitude greater than liydrostatic pressure used during extrusion loading.

An advantage oéxtrusion loadings that it can be useah hundreds of bacteret up to12
distinct load magnitudesat once Additionally, the approach does not require alterations in
bacterial cell physiology (inducing filamentation, forcing adhesion to a surface) and can
theoretically be used on bacteria with any initial shape-l{ked crescent cocci, etc.) Current
limitations to the approach include the complicated stress state of the cell envelope as compared
to other approaches. Additionally, as with any microfluidic based approach, removing bacteria
from the device for addition@liochemicakexaminatiorhas notyet been demonstrateand would

be technicallychallenging.
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Figure 2.5. Extrusion loading. Bacteria are forced into tapered channedghg microfluidic

pressure.

2.2.5 Atomic ForceMicroscopy

Atomic Force Microscopy (AFMhas also been used by a numbegraiups to query the
mechanical properties of bactedM has beemsed to measure the stiffnesstacell envelope
of isolated bacterial cell wa]b68], to measuré¢he stiffness of the cell envelope in an intact cell
[31], [68]i [70], to determine theriscoelastic properties of the ceteelope[71], [72], andto
estimateturgor pressur¢31], [33], [69], [70] AFM can also be used to created profiles of a
bacterium[73].

The AFM probe comes into contact with the bactarid displacea small regiorof the
cell surrounding therobe(Fig 2.6). Detailedanalytical and/ofinite element models are used to
assess the mechanical stresses within the cell enveloge in contact with thé&FM probe
Directly beneath the point of contadhe cell envelopeexperiencescompressionbut the
surrounding regions experience tensile stresses

Advantages oAFM includebeing able to query local regions of intengghin a bacterium
andbeing able to applyeryprecise loaanagnitudesOne limitation of using AFM is that thelts
must beimmobilized in order tgprobe them mechanicallymmobilization can be achieved in
many ways, including entrapment in pores, electrostatic interacaods?olyethyleneimineor
gelatin coated slidefr0], [71], [74]. An additional limitation is that the boundary conditions
related to cell contact with the substrate and initial turgor pressure can be difficult to control but
can greatly influence the results of mechanmadels used to interpret the results of the AFM

study. Additionally, AFM measurements are labatensive resulting inlow throughputLastly,
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the AFM approach has been shown useful for probing cell biomechanitadnibt yet been

shown useful for stlying mechanobiology (the response to mechanical stimuli)

l Ca

Figure 2.6. Atomic force microscopy.A small region of a cell is displaced by a cantilever during

AFM. A height profile of a bacterium created using ARMbdified from[73].

2.2.6 Fluid Shear

Fluid shear is m additionalmethod forapplying mechanical stimuli toalsteria Bacteria
naturallyadhere to surfacd$5]. When an adhered bacteria is submitted to additional fluid, flow
stresses are generated within the cell enve[@pg (Fig 2.7). Fuid shearexperiments have
provided insight into the response of bacteria to mechanical stim&lseudomonas aerugingsa
fluid shear enabled the identification of@weron that responds to flow rate indepetigeat shear
stresq77].

The specific mechanical stresses generated by fluid flow are compliBatddriaadhere
to surfaceusing adhesins and other exposed surface pr¢#h®epending on theoncentration
of adhesion points, them@re stress concentrationsvithin the cell envelope arourttie points of
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adhesionAdditionally, fluid flow over the cell cause$isar stress in the cell enveloparther
stress can develop if the bacterium begins to move across the surface using pili or Aagella.
advantage of thisiethods that t closely mimicgnechanical stressobserved in the environment

A limitation of this approach is théte complicated boundary conditions associated with adhesion

points make it challenging to evaluate cell biomechanics.
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Figure 2.7. Fluid shear.Fluid flow over a surfacattachedacterum.

2.3Mechanobiology inBacteria

In addition to being useful for assessing the mechanical properties of badteria, t
approaches described above haeen used tanderstand how bactersense andespond to
environmental mechanical stimuBacteriaexist in an environment full ahechanical stimuli
Bacteria experience changes mechanical stréssleslingdeformation from surface attachment,
turgor pressurductuationsfrom osmotic shockshear from fluid flow growth withina biofilm,
and these environmental mechanical stimuli have a profound effect on basteviabl and

physiology [78]i [81]. Here | will review some major findingsin bacterial mechanobiology
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regardingcell envelopeprotein function,cell wall insertionand division surface sensingnd

adhesionandbiofilm properties

2.3.1 Cell EnvelopeProteins

Some of thesarliestevidence that bacteri@spond to mechanical stimalame from the
discoveryof mechanosensitivehannelsn Escherichia col[82], [83]. Hypo-osmotic shock causes
a sudden increase in bacterial turgor presand cell envelope stresand as a resulstretch
activatedmechanosensitive channels open and release solileselease of solutes through the
mechanosensitive channels results in a decreasieeimsmotic gradient and turgor pressure
thereby helpig prevent cell lysi§84]. Cells without mechanosensitive ion channels are more
susceptible to cell lysisnder hypo-osmotic shocl{85]. Mechanosensitive channedse now
recognized in many Grampositive and Granrmegative species [86], [87]. Interestingly
mechanical stimulatioby cell canpressiorhas been shown tffectvoltage gated calciurfiux
in Escherichia coli[88]. The mechanism of this mechanically sensitive calcium flux not yet
known, but it is not mediated by any known mechanosensitive ion chanhilde
mechanosensitive channels were one of the first mechaitgercomponentsliscovered in
bacteria, here is still more to learabout them and their function.

Mechanical stresses within the bacterial cell envelope are directly experienced by trans
envelope protein complexes. One important function of tesmv&bpe protein complexes is
removal of antibiotics and other toxins. In a recent study, Gemzerts and colleaguefound
thatthe CusCBA efflux compleXused by bacteria to remove toxic copper and Siigatisrupted
in response to mechanical stresses in the cell envfl@peDisruption of the CusCB/Aefflux

complex was correlateglith deviatoric stressegithin the cell envelope, but not witlell envelope
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hydrostatic streshis finding is novel in linking one form of mechanical stress (deviatoric stress)
within the cell envelope to a biological response sigigest that mecharal stresses have the
potential to influence a broad array of toxin and antibiotic resistance mechanisms in bacteria.

Two-component systenage a commosignal transduction mechanighat allow bacteria
to sense environmental signals and respond thrgegé expressiof89], [90]. Two-components
systems are comprig®f acell envelope boundistidinekinase sensor andcytosolicresponse
regulator. Histadine kinasesre another membrane protemghly likely to be able to sense
mechanical stress in the cell envelppgkthough there is yet to be direct evidef@H. A typical
histidine kinase is a transmembrane protein located in the inner membrane witbramriuis that
extends into the cytosf2]. Histadine kinases can sense a wide ranganeironmentaktimuli
including temperature, pH, oxygen, osmolarity, and small so88sand given their location in
the inner membranet is possiblehistadine kinase aresensitive mechanical forces through
changes in memhne tensionUpon activation of the sensor domain of the histadine kinase, the
histadine kinase undergoes autophosphorylation. The transmitter domain of the histadine kinase
catalyzes transfer of a phosphate group twytosolicresponse regulatgrotein. The activated
cytosolicresponseegulatorthen controls gene regulatif®3]. In this way histadire kinases and
response regulatorsofn two-componentsystems thathelp bacteria sense environmental
conditions and respond by regulating gene expression

Several potentially mechanosensitive twoommponent systems in bacteria have been
identifiedincluding the WsA/R, CpxA/R, EnvZ/OmpR andMCP/CheYsignaling systemshe
Wsp signalingsystemin Pseudomonas aeruginosasponds to surface sensinfpanges in cell
membrane stiffnesgndunfolded omisregulategroteinsin the periplasm and inner membrane,

all of which causechangesn the mechanical strain in the bacterial cell enve[8d¢ [94], [95].
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The Cpxsignaling pathwayin Escherichiacoli was also identified as potentially serving a
mechanosensitive functiomom cell deformation duringurface adhesion. The Ggignaling
pathway is activated due to a variety of stimuli including cédiciiment to hydrophobic surfaces
and response to misfolded proteins in the cell envel@fle however,laterthe findings dispute
Cpx signaling during hydrophobic surfacattachment making itsmechawsensitivefunction
uncertain97]. The EnvZ/OmpRand the Cha/Y systemsn Escherichiacoli arebothactivated
duringosmotic shockandmolecular dynamics studies shéwP binding to thenistidine kinase
are sensitive tohangsin membrane tensidhrough lipid interactionf@1], [98]. Two-component
systems are powerfuhechanisms of signal transduction in bacteria, thedrole of mechanical

stress in controlling tercomponent signaling continues to be investigated.

2.3.2 Cell Wall Elongation and Division

Mechanical stress and strain have been shown to influence the localization of cell wall
insertion in rodshaped bacteri&lrsell and colleaguemonitoredthelocalizationof new cell wall
insertion in filamentous Escherichia coli FilamentousEscherichia colidisplay curvature
dimpling, and bulging New cell wall insertionoccurred preferentiallat areas ohegative cell
wall curvatue [99], a mechanism that eventually leads to straightening of theAtbugh the
authors argued that the localization of new cell envelope insertion was dominated by curvature,
regions of negative cell wall curvature atsmrespond tstress concentratioyand it is unclear if
curvature or mechanical stress is the dominant caisee recentlyWong and colleaguassed
the microfluidic cell bendingapproach to show that insertion of the new cell envelope material

occurred preferentiallin regions othe cell experiencintensilestrain[100].
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Cell growth within constrained spaces has also been shown to influence cell shape and
therefore cell wall insertion localizatiokléannik andcolleaguesntroduced mechanical constrtsn
to cell growthby growingEschericha coli andBacillus subtiliscells inshallow chambersith a
chambemdepth less than tHeeefloating cell diameter. As these cells grew in the chambers, they
exhibitedabnormal cell shapethat werestrikingly different than thdreefloating rodshaped
morphology.Thecell width in the unconfined direicin grew to be two times greater than the free
floating cell width, and cells werdten asymmetriavith bulges and protuberancg$01] . Si and
colleaguesalso observed increased cellidth in the unconstrained direction and bulging and
asymmetrywhen using a microfluidic device to apmlgmpression to cell402]. The mechanical
constraints of the channel walls significantly impacted localization of cell wall insertion and
consequently cell shape.

Additionally, mechanical stressd strairin the cell envelope influenseell division.The
cytoskeletorlike proteinFtsZ produces mechanical forcesrégist turgor pressur@nd conrstrict
the cellenvelopeat the site of divisionSun and colleagues found thditectly afterbacteria
experience hypensmotic shockFtsZ conentration ad septum constrictionate increasefb9].
One explanation is that hypesmotic shock causes a decrease in turgor pressurelaadwelope
hoop stressthereby decreasing the force FtsZ must produce to constrict the cell envelope.
Modifying lipid membrane stiffnessan also affect cell divisidoy influencing the force necessary
for FtsZ constriction SalinasAlmaguer and colleaguesfound that lipid nembrane stiffening
through the addition afodecylamin@andpalmiticacidcaused decreased cell divisidime authors
argue this is because the increased stiffness of the membrane inhibits FtsZ constriction.
Conversely, mmbram softening through the additiongéntanol angropofollead to filamentous

cell growth which may be caused loysruped FtsZ assemblgue to membrane instabilifg03].
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Turgor pressurend cell envelope stiffnesboth influence the magnitude oforce nededto

constrict the celat the septunhighlighting the importance of cell mechanics durded division.

2.3.3 Surface Sensin@and Adhesion

Mechanical forces have also been implicated in bactstifacesensing and surface
adhesion. Surface adhesion is essentiabtonization andiofilm formation although it is still
not clearhow bacteria sense a surface in order to itetedhesion75], [104. The mechanical
environmentat the surfacediffers from themechanical environment in a bulk liquid cell
physically deforms with contact to a surfasbear stress increasasa cell transitions from a
flowing fluid to a surface Additionally, mebanical forces associated with adhesion are often
transmitted througlextracellular appendag@hysically interactng with the surfaceThese and
othermechanical cuesould help initiate surface adhesiofiype IV pili andflagellamay have
mechanosensitive functiotisat contributdo surface sensing.

Type IV pili areextracellulamppendages that dynamically extend and retract bacteria
and are important for attachment danitching motility on surfacedn Pseudomonas aerugisa,
the attachment ofype IV pili to a solid surfacbegins a signaling cascatthat regulates hundreds
of genes[105]. The mechaital forces caused by surface attachment leachdoreélease of
virulence factorsn Pseudomonas aeruginosmly when the Type IV pili are function§l6].
Additionally, in surfaceattachedPseudomonas aerugingghuid shear leads to increasesytlic
dimeric guanosine monophosphatgdlic-di-GMP), a factor that is essential in initiating biofilm
formation only when the Type IV pili are functionfl7]. Mechanicakignalsnot only influence
surface sensing, but aleell surface motity. In Pseudomonas aerugino3a/pe IV mediated

twitching directionis influenced by mechanical signals from Typepil. Cells changewitching
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directionuponcolliding with other cellsa phenomena the authors dubbed mechandte3&.
While these studies show the importanc@wype IV pili for surface sensing and motilitgarly
studies did not suggest@echanisnof Type IV pili mechanotransductioRecently Webster and
colleaguesfound thatthe Type IV pili tip-associated protein PilXthdgoesforceinduced
conformationakhanges offeringthe first evidence o direct mechanism by which bacteria can
usemechanical forces to detect the surfasiag Type IV pili[13].

Flagella are well known fotheir role in bacterial locomotion, buflagella arealso
important forregulating surface adhesi@lv]. Bacteria may sense a surface through inhibition of
flagellar rotation As a bacteriumears a surfaceptation of theflagellumis interruptedy contact
with the surfaceresulting in stresses within the motor complExternal inhibition of fagellar
rotation mayinfluence many surface behaviors including biofilm formation, adhesion, and
swarming. Restriction of flagellar rotation iBacillus subtilis upregulatesthe DegS DegU
pathway which promotesbiofilm formation[15]. Restriction of flagellar rotatiom Caulobacter
crescentuseads to the production of polar holdfast adhesive polysaccharide traitblpurface
adhesion[107]. In Vibrio parahaemolyticusrestriction of the polar flagella promotes
differentiation to the swarmer cell phenotymmablingmotility on surfaceq108], [109] In
addition to sensitivity to inhibition, flagella assembly appears to be sensitive to magnitude of
mechanical load. Flagellar motor units assemble and disassemble in response to changes in
external load110]i [113]. External load on flagella can lseanged by adjusting media viscosity,
attaching beads of varying sizes to flagellar filaments, and tethering cells to a surface using
flagellar stubs. More detailed information on flagellar mechanosensing can be found in a review

by Belag[114].
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Once cells are adhered to a surface, the forces generated by surrounding fluid shear can
lead to changes in virulence factors and biofilm foramatin enterohemorrhagi€scherichia
coli, increased fluid shear enhances the expression of a group of virulence genes encoded in the
locus of enterocyte effacement (LEE)LS5]. In Psewlomonas aeruginosattached to a surface
fluid shear leads to increases in cyaiecGMP, a factor that is essential in initiating biofilm
formation[17]. Furthermore, a recent study indicated thaBseudomonas aerugingsanoperon

may respond tflow rate independently dfuid shear stresg7].

2.3.4 Biofilm properties

Mechanical forces due to ftli flow have been implicated in altering the mechanical
properties and matrix aaposition of bacterial biofiim®Biofilms grown at greater magnitudes of
fluid sheartend to bemore rigid than biofilms grown at lower magnitudes of fluid sh&a6]i
[118]. The changes in biofilm mechanical properties may be explained by charegésaellular
polysaccharide densitgreater magnitudesf fluid shear stres duringbiofilm productionhave
been shown tded to increasegbolysaccharidgroductionin Pseudomonas fluorescefikl9],
Staphylococcus aureli$20], andBacillus cereugl21]. Changes in biofilm propertigglatedto
growth at greater fluid shear may make biofilms meaigble in environments witlransient
increases irshear stressln Bacillus cereusbiofilms grown under greater magnitudes of shear
stress were more capablerefnaining adhered to the surface when exposed to increased shear
stresq121]. Similarly, Pseudomonas aeruginos#ofilms grown at greater magnitudes of shear
stress were more strongly adhered and more cohdsl2¢ There is some evidence thaofilm
properties in clinical infections arefluenced bythe mechanical environme@linical isolates of

Staphylococcus epidermidigerecollectedfrom areas ohigh shearsuch as catheters, aatcas
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of low shear, suchscerebralkpinal fluid shurd Cellsfrom high sheaareas were more likely to
produce biofilms mediated kpyolysaccharide intercelluladhesin123]. Although these studies
indicate that fluid shear can influence biofilm compositibnfgure, how forces are transduced
remains to be determineinvironmental forces affect biofil properties, biofilms can also exert
physiologically relevant forces on their environmer@ont and colleaguefund thatVibrio
cholerae biofilms can geneta enough force to disrupt epithelial celisonolayers[124],
highlighting anotheway in whichbiofilm mechanicsand mechanobiology are important factors

affeciing virulence
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Chapter 3. The influence of mechanical stress oantibiotic efflux complex MacAB-
TolC

This chapters under preparation for submissiann d e r  tTHarespotter éxdess anl
clustering facilitate adapteprotein shuttling for bacterial efflix
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3.1 Abstract

Multicomponent efflux complexes remove antibiotics and other toxins from -Gram
negative bacteria and thereby contribute to antibiotic resistance. We have previously shown that
mechanical stress in the cell envelope promotes disassembly of CusCBA, an RiNCefumx
complex that is responsible for removing toxic Cu+ and Ag+ fEsoherichia coli It is unclear
if mechanical stress also influences other efflux complexes. WerexamineMlacAB-TolC, an
efflux complex from the ABC family that contributes &sistance to macrolide antibiotiéd/e
first examinehe spatial and temporal behaviors of MacA and MacRund mechanical loading.

We find that MacABTolC can dynamically assengdnd disassemél andthat MacBexcess and
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clustering behaviorfacilitate efflux function.We thenexaminethe effect of mechanical streiss

the cell envelopen MacA and MacBMechanical stress was appliedEecherichia colusing a
microfluidic device that uses fluid pressure to force bactet@anarrow tapered channels where
they experience mechanical stress and deformation. The assembly of the -Mal€ABfflux
complex was examined hysing single molecule trackingf theinner membrane pump protein
MacB as well as thg@eriplasmic protein MCcA. At greater magnitudes of mechanical stress, the
proportion of disassembled MacABIC complexes increased. MacB and MacA diffusivity
decreased at greater levels of mechanical stress. We also investigated the role of cell stiffness on
mechanosensitivdacB and MacA behavior by treating celvith A22, an antibiotic that
decreases cell stiffness. We found that decrkesk stiffness during mechanical loading caused
changes in protein mobility: protein clusterimgreasedand proteindiffusivity decreseal. We
attribute changes in protein mobilitp the decrease surface areaaused by cell stiffness and
mechanical loadingOur findings show that mechanical stress and cell suafazaffect MacAB

TolC function through several mechanisms includingm@sdy and protein mobility.

3.2Introduction

Bacterial infection is a major public health issue. The development of antibiotic resistance
makes treatment increasingly challengirggpecially for Grammegative bacteria that are
insensitive to a wide range of antibiotics duethteir outer membrane (OM125], [126] For
pathogenic bacteria, virulence and antibiotic resistance are two sides of the sammatoin t
contribute taoverconing adverse conditions in the h@&27]. Multidrug efflux pumps, whiclare
a ubiquitous and highly conserved resistance mdashamot only can actively extrude a large

variety of antimicrobial agents batsoexport virulence factors.
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Multidrug efflux pumps are categorized into superfamilies based on the inner membrane
(IM) transporter in Grarmegative bacterifl28]i [130]. Transporters in the AFBinding cassette
(ABC) superfamily, the largest superfamily presamtall organisms, are energized by ATP
hydrolysis. These transporters usually form tripartite complexes with a periplasmic adaptor protein
and an OM pore protein, traversing the cell enveq extruding substrates into the extracellular
environment[130]. MacB, an essential ABSuperfamily transportein many Grarmegative
bacteria includindgzscherichia coliforms the MacABTolC complex with the periplasmic adaptor
protein MacA (which is anchored on the IM via até&dminal helix[131], [132) and the OM
channel protein TolC (a promiscuous OM protein in huge abundance in the cel)BinCA
stoichiomety (Fig. 3.1A, left)[133]i [135]. Many biophysical, biochemical, and genetic studies
have provided insights into the structure and function of the Maté&lB complex[136].
MacAB-TolC confers resistance to diverse antibiotics including macrolide drugs, bacitracin, and
colistin; moreover, it secretesndogenous substrateslated to virulence factor and heme
hemostasis (e.g., enterotoxin STII, lipopolysaccharide and prgopdn 1X) (Fig. 3.1A, right)
[132], [133], [137][139]. The MacB homodimer has a nucleotidee (open) and an AFBound
(closed) form; both forms lacktransmembrane cavity, indicating that MacB captures satbst
directly from the periplasrii33]. In the assembled complex, besides connecting MacB and TolC,
the hexameric MacA st i mu[l38]t[®68] ANPabdng © Ma#cB P a s e
dimer induces a more compact structure via conformational changes of its transmembrane and
periplasmic domains in a sm@alled mechantransmission mechanism, pumping out the substrate
[133].

Many aspects remain unclear about the functional mechanism of M&oAB First, it is

unclear whether the cellular levels of the three proteins follow the 6:2:3 stoichiometry as in the
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assembled complex. The promiscuous OM channel protein TolC is in large abundance (~1500
copies inE. coli[141]), and thus is likely in large excess. Secaldthough a possible portal for
substrate entry was proposed based on the crystal structure of MacB dimer, such portal is likely
less accessible ithe assembledlacAB-TolC complex[135]. Third, there is nadiscernible
substratenduced conformational change in MadBacA likely forms complex with MacB with
or without substratevhich would be unproductive for ATP binding to MacB. Previous studies
have shown that a tripartite metal efflux complex can unddygamic assembly in response to
substrateqd142], [143] This dynamic assembly would in principle solve the substrate entry
problem of MacABToIC, but whether it is applicable here is unknown, and little is known
concerning the dynamics of the MacABIC complex in cell§144], [145]

Herewe useguantitative singlenolecule singlecell fluorescence microscopyimage the
spatial and temporal beliars of both MacB and MacA in liv&. coli cells. We find that the
cellular protein concentrations of MacA to MacB do not follow the complex stoichiometry of 6:2,
but instead excess MacB to drswhe formation of most MacA into the MacABolC complex.
Moreover, the MacABTolC complex can dynamically assemble/disassemble, and the excess
MacB transporters can dynamically exchange between the clustered and declustered forms. Both
the complex assembBnd MacB clustering can also be perturbed chemically or physically. All
these behaviors led to propose an adagtoittling mechanism in which the limiting Mashuttle
dynamically among the excess Mac&nd dynamic clusteringof MacB also facilitates its
sequestering substrates from periplasm to give overall efficient substate efflux. These findings
improve the current understanding of ABC transporters, especially as exporters that expel toxins
and drugs out of the cell, which can contribute to the dpwabmt of effective antimicrobial

therapies.
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Figure 3.1. Singlecell protein quantitation reveals the discrepancy between complex and
cellular protein stoichiometries of the MacABToIC efflux system. (A) Schematic of the
assembled MacABolC complex (lef) and a sliced view of the complex (right), illustrating
AeB2Cs stoichiometry, mE0s3.2 tag (green) on MacB, and PAmCherryl tag (red) on Mé&cA.
inner membraneCW: cell wall. OM: outer membran€B) Confocal fluorescence images of cells
overexpressiniylacB"E and MacA™C after photoconversiowhite dashed lines: cell boundaries
(C) Copy number of chromosomally tagged MBEBnd MacA™Cin various strains (n > 300 for
each strain) quantified bsingle molecule trackingSMT) + single-cell quantification of protein

concentration(SCQPQ (solid bars) andvhole-cell fluorescence quantitatiofhatched bars);
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experiments with and without er yCdeorABmutgntto n ( ER®

increase sensitivity. Error bars: SD.

3.3Resultsand Analysis
3.3.1 Single-cell protein quantitation identifies excess of cellular MacB

First, we checked whether the cellular proteins follow the MacA:MacB:TolC = 6:2:3
stoichiometry as in the assembled MacABIC complex at physiological conditions. To quantif
cellular MacB/A (TolC is at ~1500 copigsAl]), we tagged them with fluorescent protein fusions
at their chromosomal loci. The IM transporter MacB teaged at its cytosaxposed @erminus
with the photoconvertible mEos3.2 (i.e., MaEB[146]. The adaptor protein MacA was tagged at
its periplasmexposed @erminus with the photoactivable PAmCherryl (i.e., M#EE [147],
which does not contain cysteine residues and can mature properly in the pefidl8knil49]
Both mEo0s3.2 and PAmCherryl allow for controlled photoconversion/photoactivatibn a
subsequent singmolecule imaging, tracking, and countifi$0]. Tagging either MacB or MacA
retained the efflux function of MacABoIC against macrolides, whereas tagging both in the same
cell significantly compromised macrolide efflux and wiass not studied furtheBéction3.42.1,
Fig. 3.6). Inmunoblotting further showed that the MdtBusion is intact and MacdA"“has <30%
of cleavage even under overexpressiBection 3.£2.2; Fig. 37). The cleaved MacA'® C-
terminal fragment, which would be even less significant under physiological expression, should
be nonfluorescent as discussed below and expected from litefad§ [153]. Confocal
microscopy showed both MatBand MacA™Care localized on the cell envelope expectedly (Fig.

3.1B), supporting their being functional and mostly intact in the cell.

36



We measured the copy numbers of M8gBnd MacA™C in individual cells usig both
singlemolecule counting and whaokell fluorescence quafitation Section 3.4.3Fig. 39A and
Fig 3.10A). Both methods yielded copy numbers of MacB and MacA at @8 per cell (Fig.
3.1C; note 1 copy corresponds to ~1 nM irEarcoli cell). Even considering potential Ma8A®
cleavage, MacA copy number is still less than ~85, giving cellular MacA:MacB molar ratio of
<1.5:1, about half of their 6:2 complex stoichiometry, and indicating the large cellular excess of
the transporter MacB proteiB.ot h pr ot ei ns®é copy numbers are
protein is deleted or when the cell is stressed with the efflux substrate erythromycin (Fig. 3.1C).
The copy number quantitation is also independent of the fluorescent proteiRigad.o.
Together with the abundance of TolC, these cellular protein levels make MacA the limiting reagent
in MacAB-TolC complex formation. Considering the interaction affinities of M&décB being
~50 nM[145] and of MacATolC being ~200 nM144], MacA should therefore predominantly
exist in the assembled &dAB-TolC complex, and free disassembled MacA should be a minor
species in the cell.

Single-molecule tracking reveals dynamic MacABToIC interactions

Tagging with photoconvertible/activatable fluorescent proteins also allowed for-single
molecule photeconwersion/activation and subsequent tracking at tens of nanometer spatial
precision to quantify protein diffusion in the cell (Fig. 3.2A, ins€hle experimental distribution
of displacement lengthfrom the tracking trajectories is distorted by the cefifteement effect
and 2D imaging projection, which can be deconvoluted by ITCDD (inverse transformation of
confined displacement distribution) for both membrf?], [150], [154]and cytosolic proteins

[150], [155] (Fig. 3.24).
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Figure 3.2. Sngle molecule trackingreveals the dynamic behaviors of MacB and MacA in
cells. (A) RepresentativéT CDD-corrected distribution of displacement lengtof MacB™Ein

WT cells (total 38184 molecules in 3167 cells); lines: overall fitting (black), and two resolved
mobile Om, red) and quasstationary Ds, blue) diffusion stateqInse) Overlay of tracking
trajectories of MacBE molecules in a single WT cell. Brown dashed line: cell boundary. (B, C)
Fractional populations of the mobiléx{, red) and quasstationary As, blue)diffusion states of
MacB™E and MacA™Cin various strains. (D, E) Effectivaterconversion rate constants between
the mobile and quastationary stateskmv sand ks v m of entering and leaving the quasi

stationary state, respectively, fslacB"and MacA™. Err or bars in B E:

For MacB"™ in wild-type (WT) cells, the ITCDEorrected displacement length
distribution resolves two diffusion states: A mobile state with diffusion coeffi@enaf 0.83°
0 . 0 5F eamounts to a fraction of 27 5% (An); this state is attributable to freely moving
MacB™E dimers (Fig. 3.4A), whosPm is consistent with typical innenembrane mobile proteins
[142], [150] The other stateDs = 0.055° 0 . 0 0 2&%) ésmuasistationary considering our

tracking uncertainties and accounts for the dominant fraction df 3% (As). A significant
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component of this quasitationary fraction should be the assembled MBeA olCz complex,
whose linkage acrogke cell envelope should severely limit its mobility (Fig. 3.1A). But the
assembled Mac#B.-TolCz complex cannot fully account for this quasationary state of MacB,
as the cellular MacB copies are twice as many as MacA (Fig. 3.1C). We attributet thietess
stationary state to MaélB dimers clustered together (i.e., [Ma$ in the inner membrane either
directly or indirectly (e.g., by association with other proteins) (Fig. 3.4B), which is known to limit
membrane protein diffusivitjd 50], [156] The assembled MagB.-TolCs comgex could also be
among such [MacBn clusters(Fig. 3.4B. Upon deleting both MacA and TolC from the cell (i.e.,
DAC), MacAB-TolC complex formation is not possible; but the gisdationary state of MadB
is still dominant at ~75% fraction (Fig. 3.2B, column 4), further supporting the scenario of"MacB
clustering as a significant contributor here.

We also examined thRA single-deletion strain, in which Mac® coexists with TolC on
the innefr and outetrmembrane, respectively. Past studies showed that MacB and TolC have weak
to negligible interactions in vitrfil44], [I157] E.colbs per i pl asmi c space is
[158], [159] while the periplasmic portions of MacB and TolC add up to only ~1B.86], [160]
making their interactions even less possible. Therefore, Nfac®bility in the DA strain should
be like that in théDAC strain. Indeed, the same mobile and ciséeionary diffusion states are
observed with comparable fractional pagtidns (Fig. 3.2B, column 2 vs. 4), which are dominated
by free MacB'E dimers and their clusters, respectively. Additionally, in B singledeletion
strain, MacB'® coexists with MacA, but in excess relative to their 2:6 complex stoichiometry.
MacA is krown to form a tight complex with MacB45]. Thus, in the absea®f TolC, MacA is
expected to bind and form some complex with both mobile and stationary fractions ofylacB

but this MacB'E-MacA complex does not traverse the periplasm and magutstantiallyalter
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MacB™E mobility. Experimentally, the same two diffos states of MacBF are observed in the
DC strain with similar fractional populations as in B&C strain (Fig. 3.2B, column 3 vs. 4),
supporting that MacA binding to MacB alone has no significant effect on MaoBbility.

Moreover,single molecule trdgng directly gives displacement lengthvs. timet for
trajectoriesof individual MacB"E. In thetrajectories transitions between small and large values,
reflecting dynamic interconversions between the gstdionary and mobile statd®y analyzing
such trajectorigsve estimate the interconversion kinetics between M&B8 t wo di f f usi o
[150]. In WT cells, MacB¥6s i nterconversions are a convolu
forming the MacABToIC complex and of clustering/declustering of MacB in the inner membrane,
and the effective rate constants e =14° 8 andQo =5° 3 s!(Fig. 3.2D). However, in
the DAC and DA strains, t he i nterconversion Kin.
clustering/declustering; this interconversion is also on the order’af 1(Fig. 3.2D), reflecting
the dynamic nature of bMeconBitnmescdledidg) X4l stepit).er i ng a

In parallel, we usedingle molecule trackintp quantify the diffusion of MacA"in the
cell. In the WT strain, two states are resolved Mithalues of 0.95 0.08 and 0.062 0.003
¢ ME ! (Fig. 3.2C, column 1). Importantly, no state was resolvable Wittalues close to those
of cytosolic free “BYy[icllosi higepr peei p$ a®EM7 c e mr
[162]; therefore, the <30% cleaved tag of M&EA&is likely nonfluorescent andgion-observable
here Between the two resolved states, the gststionary state of MacACdominates (>65% of
population), consistent with that MacA is the limiting protein stoichiometrically for the MacAB
TolC complex and should exist dominantly in thesembledquaststationary complex (Fig.
3.4D). The other minor mobile population could have contribution from either the moving

unassembled MacA* (Fig. 3.4C) or MacA™Cin complex with mobile MacBlimers. The latter
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is less likely, however, because s v a | u e (&8 isSlghthelarger than that (~0.83

¢ K1) of the mobile MacBE in the same WT strajrwhile MacA binding should only slow

down MacB. Consequently, MaBR9s i nterconversion between th
should dominanyl reflect its dynamic assembly/disassembly regarding the Mab#{B

complex, whose effective rate constants are approximately @nd 4° 1 s (Fig. 3.2E).

In the DB strain where TolC is in large excess, M88Ashould dominantly exist in the
MacA-TolC complex that traverses the cell enveloponsistent with its stationary fractional
population of >70% (Fig. 3.2C). The mobile state (<30%) can only be unassembled”MfacA
here. Here MacA"™s i nterconversion bet wedymamicMacAdi f f us
TolC interactions at a rate of 48 (Fig. 3.2E; Fig. 3.4, step iv). IRC the strain, most MacA'©
should be complexed with MacB as there are excess MacB in the cell. As a significant portion of
MacB is in the clustered form, we assignkd tlominant stationary fraction of Ma’ here to
its association with [MacBn (Fig. 3.2C, column 3). The interconversion kinetics should thus
reflect the dynamic interactions between MacA and [Mac# a rate of 10s * (Fig. 3.2E; Fig.

3.4, step iv)Interestingly, in the doubldeletionDBC strain, we still observed ~60% of quasi
stationary MacA™MC(Fig. 3.2C, column 4). This stationary fraction can only be explained by direct
or indirect clustering of MacA", and this interconversion is dynamicvesl (Fig. 3.2E).

Altogether,single molecule trackingf MacB™ and MacA™C in cells support that the
MacAB-TolC complex is dynamic both in terms of their assembly of the three components and in

terms of their direct or indirect clustering.

3.3.2 MacB and Ma® show distinct spatial localizations in the cell
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The above diffusive behaviors suggest that MacB (and maybe MacA) proteins may cluster
together directly or indirectly via interactions with other cellular components, which contributes
to their respective wpsistationary fractions. We therefore examined the whelewidefield
fluorescence images (which has a diffractiomted resolution of ~300 nm), in which we
photoconverted/activated all cellular M&&Band MacA™C MacB"E shows granular fluorescence

patterns, supporting its clustering in the cell, while the spatial pattern of MaeAdiffuse (Fig.

3.3A).
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Figure 3.3. Distinct spatial organization patterns of MacBmE and MacAPmMC in the cel(A)

Transmission (top) and fluorescence (bottamiges of MacBE and MacA™Cin WT in which
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all mE/PmC are photoactivated; the granular features are circled in red. (B, C) Normalized PWDD
of first locations of MacBE (B) and MacA™¢(C) in WT. Black, all MacB'5MacA ™ molecules;

red, mobile moleculedilue, quasistationary molecules; black dashed line, from simulation of
randomly localized dimers or hexamers on cell membrahePWDD peak of quasstationary
molecules at the short distance of ~80 mnshaded, whose area reflects the extent of
oligomarization and/or clustering. (D, E) Area of the PWDD peak at ~80 nm of Mfa@d® and
MacA"™MC (E) in various strains; black dashed line: simulations of randomly located dimers (D) or

hexamers (E). Error bars: SD.

To further probe such clustering beyondfrdi€tion-limited resolution, we analyzed the
pairwise distance distributions (PWDD) from th® lcalizations ofsingle molecule tracking
trajectoried142], [150] For MacB"E in the WT strain, its PWDD shows a clear paathe short
distance of ~80 nm, supporting its clustering (Fig. 3.3B, black curve). We further separated the
MacB™E localizations into two groups: those dominated by mobile dimers (Fig. 3.3B, red), and
those dominated by quastationary molecules, which comprise the clustered form and the
assembled MacABolC complex (Fig. 3.3B, blue). The PWDD for the mobile group ha
discernible peaks at short distances, while RNVDD for the quasstationary group shows a
pronounced peak at ~80 nm. Moreover, such a peak does not appear in the PWDD of simulated
localizations of dimeric proteins that are spatially distributed lgmneously on the cell surface
(Fig. 3.3B dashed line), supporting that this PWDD peak comes more from™¥elcBter (Fig.
3.4B) than from its being a dimeric protein (Fig. 3.4A). Consistent with our earlier assignments
that the quasstationary state isaninated by protein clustering, the PWDD peak at ~80 nm is

observed across other MdtBrelated strains (i.eDA, DC, andDAC). Interestingly, across alll
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strains this PWDD peak has comparable fractional areas (Fig. 3.3D), suggesting that in the WT
strain,the fully assembled MacABolIC is also part of the clustered Ma¥gFig. 3.4B).

Such a PWDD peak at the short distance of ~80 nm is also observed in alf"acA
relevant strains (Fig. 3.3C), and in analogy to our discussion about™abi peak is pmarily
contributed by MacR™® s  estatirsaiy state. However, its fractional area varies across these
strains: the simulation of spatially homogeneous hexametric proteins shows a comparable peak to
those of WT and thBBC strain, which are significagtlhigher than those @B andDC strains
(Fig. 3.3E). In the absence of MacB or TolC, the gstationary state of MadA“mainly consists
of MacA-TolC complexes or MacA"“complexed with clustered MacB, respectively. Considering
both the PWDDs and therdiar state assignments, we attribute that inDBeandDC strains, there
is minimal MacA™C clustering and the intatistances between MaBA® molecules are diluted
by MacA6s nanomol ar [M4],dl45]vath dxéessiTdlGor MacB vathoatc t | o n
even forming hexamers. For the WT strain, the PWDD peak at ~80 nm likely comes dominantly
from MacA"™Chexamerization in the fully assembled MagBs-TolCscomplex (Fig. 3.4D). In the
DBC strain, MacA™Cis on its own at ~100 nM cellular concentration and hexamerizes, consistent
with previousin vitro studies that MacA alone could hexamemtdigh concentratiorid 31].

Altogether, our PWDD analyses here suppbe existence of MacB clusters around the
MacAB-TolC assembly, consistent with its cellular excess relative to MacA. The analyses further
support that in the WT strain, the stoichiometrically limiting compoiatA, is dominantly in
the hexameric assdaied form, ensuring its maximum usage for efflux.

3.3.3 Adaptor-protein shuttling model for MacABToIC function
Taking all earlier results together, in VE. coli cells, due to the large excessiofer

membranetransporter MacB anauter membranehannel TolC,the adaptor protein MacA
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dominantly exists in the MaaeB>-TolCs assembly, which can dynamically disassemble at sub

second timescale, while more than half cddd is not in the MacABTolC complex. Because of
MacBb6s tendency t o c lexesdreassociatewsth clustesed Mack Whecld ¢ o r
can dynamically exchange with the mobile state atsadond timescale. These stoichiometric,

spatial, and temporal properties of the protein components led us to propose anr@dgtor
shuttling model foMacAB-Tol Cés functional c¢cycle (Fig. 3.4)
captures substrates from the periplasmic side (Fig. 3.4A); (i) the substatd MacB
dynamically exchanges with the clustered MacB around the assembled Mat@Bomplex

(Fig. 3.4B); (iii and v) MacA shuttles over to form a complex with the subsirated MacB,

which activates MacBo6s ATP bindi ng-trandmissiondr i v e
mechanisni133]; (iv) complex disassembles after ATP hydrolysis; and (v) disassembled MacA

then shittles to another nearby substrataund MacB for the next round of efflux (Fig. 3.4C).

Figure 3.4. Adaptor-protein shuttling model for MacAB-TolC efflux in the presence of
transporter excess and clusteringFive steps are involved: (i) substrates (red) bind to vacant,

uncomplexed MacB (orange) from the periplasm side. (ii) the subswated MacBlynamically
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cluster around the assembled complex. (iii) MacA (purple), shuttle over to the substrate
MacB, together with the abundant OM To(Blue), to form the MacABIolC complex, which
then recruit ATP to extrude the substrate by mechamsmission. (iv) MacABIolC dissembles
with ATP hydrolysis, releasing the vacant MacB and MacA. (v) MacA shuttles amather
nearby substratbound MacB, repeating step iii, and the vacant Ma&Beady to capture

substrates from the periplasm, repeating step i.

This model is further supported by literature and addresses prior knowledge gaps about
MacAB-TolC function. Regarding step i (Fig. 3.4), unlike conventional ABC transporters that
switch between inwardand outwarefacing conformations, MacB lacks centralviies within its
transmembrane domains for substrates translocation acrogsndremembrangl135], [163],

[164]. Instead, MacB can capture substrates into the cavity within its periplasmic domains, which
would favor the effluxof substrates that are already transported into the periplasm by other
machineries (e.g., enterotoxin STII, LPS precursors, antibiotics, and protoporph¥2h)J137}

[139] or exterior substrates thamter the periplasm (e.g., antibiotid8)32]. However, previous
structural studies did not uncover easily accessible entry pathways for physiological substrates to
enter the assembled MacABIC complex. Therefore, the excess, freely moving vacant MacB
provides direct access for substrate binding (Fig. 3.4A), efficiently sequestering substrates from
the periplasm, and as shown in step ii, can also dynamically form clusters (Fig. 3.4B).

Regarding step iii, the adaptor protein MacA caps over the subbtratel MacB,
increasing its affinity to ATR33, 41) and together with theuter membranehannel protein TolC,

forming the MacABToIC assembly. The iataction between MacA and TolC, either in the

Ashdadatkhed or the -mbrpopmanvamaéenti fitkmpown t o pot
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of TolC, forming a conduit to the extracellular environment (Fig. 3JAB%], [167] The ATP
binding by MacB also leads to the closure of the MacB periplasmic domain to squeeze the substrate
out of the periplasmic cavity via mechatmansmissionl33]. Subsequently, step iv involves ATP
hydrolysis and te disassembly of MacABoIC. The role of ATP hydrolysis remained elusive in
the catalytic cycle besides the reset of Mdain the ATRbound closed form to the nucleotide
free open form. The presence of ADP was reported to weaken the-MacB. interactiorf145],
and the change of MacB periplasmic domain significarffigces MacATolC assembly145],
both leading to the possibilityhat ATP hydrolysis and product release might facilitate complex
disassembly.

For step v, the released vacant MacB frardisassembled complex is then ready for
substrate binding again, and for MacA to shuttle over another subsitatel MacB, which cdd
be facilitated by the geometric proximity from MacB clustering. This mechanism suggests that the
excess transporters, preloaded with substrates, drive the limiting adaptor proteins into the
formation of tripartite efflux complex, and also facilitate dsistering around the functional
assembly for efficient substrate translocation.
3.3.4 Chemical perturbation supports the functional role of MacB clustering

In the adapteprotein shuttling model, the clustering of excess MacB around the MacAB
TolC complex igsmportant for efficient MacA shuttling (Fig. 3.4). This clustering of MacB could
occur via direct MacBMacB; interactions or indirect interactions with other proteins close to
inner membraneln E. coli, the prokaryotic actin homolog MreB is one of thestnimportant
cytoskeleton network proteins located beneath the IM, and it is known that the small molecule
A22,i.e.,5(3,4dichlorobenzyl) isothiourea, can disrupt MreB polymerizafid8], [169] which

could potentially perturb MacB clustering. Th
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whichis known to reduceell stiffness immediately and reversilp88]) and examined the spatial
organization of MacB and MacA. FdfacB™E, the area of its PWDD peak at ~80 nm is halved
(Fig. 3.5A), indicating MacB'*€ declustering and supporting that MacB clustering has a
contribution from association with cytoskeleton proteins like MreB. In contrast, no substantial
perturbation is observed on the PWDD of M88A(Fig. 3.5A), suggesting that the M&B-TolC
complex, where the majority of MacA exists, is not affected by the declustering of MacB.

Based on our functional model (Fig 3.4), MacB declustering by A22 should hinder efficient
MacA shuttling, thus compromising MacABoIC efflux function and cdierring less resistance
to antibiotics like the macrolide erythromycimherefore, we performed a cell erythromycin
resistance assay in the presence of A22. We uBadrdB deletion strain here so that the ability
of MacAB to extrude macrolides is otershadowedby the efflux complex AcrABTolC, a RND
family efflux pump that confers brosgpectrum resistance to antibiot{d82], [143] A22 itself
haslittle effect on cell growth up to 8 g / ."Mith erythromycin alone, cell growth is halved at
2~3 €9/ mL eFkigy35B,black $trkingty,in(the presence of A22, cells become more
susceptible to erythromycin, and at [A22] = 3 g/mL, cell growth is almost completely inhibited by
1 eg/ mL of Eig. B.5Bl), suppostireg iomr ad@ptprotein shuttling modelThese
results here also suggestat antibiotics targeting different cellular processes (i.e., efflux

transporter clustering here) can have synergistic, instead of simply additive, functional effects.
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Figure 3.5. Chemical and physical perturbations on MacABTolC function. (A) Area of

PWDD peak at ~80 nm for Ma€B and MacA™Cin cells without or with 10 pg/mL A22

treatment. (B) 22 h cell culture QRvs. erythromycin concentration [ERY] in the absence or

presence of different concentrations of A22. (C) Deformed cell width of ohevicells during

extrusi on Pforxcalswitmogt (nv $363) @ad with (n =1317) 10 ug/mL A22 treatment.
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MacB™E, n = 584 and 627 cells, respectively. For MB8A n = 512 and 566 cells, respectively.

Legend applies to-FH. Error bars in AB, D-H are SD.

3.3.5 Physical perturbation can alter function of MacAB olC

In the adapteshuttling mechanism (Fig. 3.4), the assembly of the Ma@AEC complex
is essential for efflux function. Previously, we showed that physically perturbing the bacterial cell
envelope through extrusion loading can disrupt the assembly ohsetraelope metal efflux
complex inE. coli[18]; we therefore applied extrusion loading here to study MagAE. This
extrusion bading applies mechanical loads via fluid pressure to push and traipluradibacteria
inside narrow tapered channels (Fig. 3.5C, inset,Saution 3.4.2) [65]. At greater pressure
di f f er @)ntheE.aoblisells(travel further into the channelsd. 3.19, leading to smaller
width and cellsurface are@Fig. 3.5CD). Finite element modelingsection 3.48) showsthat the
cell envelope experiences complex mechanical loading as a result of extrusion loading including
increases in tensile axial stress and reductions in tensile hoop streddy Nmt@hedralshear
stress, which quantifies the distortiomRal str
(Fig. 3.5E), which was previously linked to increased disassembly of aanaetope efflux
complex[18]. At greatergqP cells also experience a reduction in cell volume, which is likely due
anincrease in turgor pressure causivaterlossfrom the cytoplasnfil8].

For both MacB*E and MacA™® in WT cells under extrusion loéng, single molecule
tracking results show that with increasirigP, the mobile fraction increases (Fig. 3.5F, solid
symbols), consistent with mechanical loadinduced disassembly. Interestingly, the diffusion
coefficients of their mobile statd3y, both decrease (Fig 3.5G, solid symbolg)e hypothesize

this decrease diffusion coefficients is du# the reduced cell surface ar€hanges in surface
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areahave the potentiadffect protein dynamics by influencingpembrane viscositynembrane
fluidity, andprotein crowding. We attribute thdecrease in diffusion coefficients the reduced
surface areawhich should lead to more crowded membranes and slowed protein mdtmns
changes in MacB and MacA™C clustering were observed, as shown by the clust@eéag area
from the PWDD analysis (Fig. 3.5H, solid symbols).

Using extrusion loading we further perturbed the cells and examined "#ht&cA™C
behaviors in the presence of A22, which alone can decrease MacB clustering in the cell (Fig. 3.5A).
A22 was ale shown to decrease cell stiffng6%], likely by depolymerizing cytoskeletal MreB
filaments that provide circumferential support to the [88]. Indeed, A22reatedE. colicells are
less stiff, travel furthemto the tapered channelBig. 3.14), deform to a narrower width, and
experience a larger reduction in surface area thasireated cells with increasirigP (Fig. 3.5G
D). Finite element modeling also shows that A&#ated cells experience a smallerabetdral
shear stress at amdP, due to the decrease in material anisotropy of the cell envelope following
A22-induced MreB depolymerization (Fig. 3.5E).

Strikingly, in the presence of A22, the mobile fractions of M#c&8nd MacA™C do not
increase with in r e a j eney thapgh more MacABoIC disassembly is expected. Instead,
the mobile fraction of MacEF stays almost constant while that of M&&&decreases significantly
wi t h i n @ (Fg.a35F, opgn sgmbols). AAP-induced complex disassembly wiasked
with increased octahedral shear stress in the cell envelope, the smaller magnitude of octahedral
shear stress in A2Reated cells (Fig. 3.5E) might explain the insignificant change of MatB
mobile fraction with increasinP but cannot explairthe significant decrease of Matko s
mobile fraction. Since A22 alone affects protein clustering in thle wel suspected that there

might be significant changes in protein clustering for the-k@ated cells under extrusion loading.
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Indeed, in the PWDIf MacB™ and MacA™C, the peakareaat the short distance increases
signi ficant | yP foribdthhproteinsc(Fige 24j apen sygpbols), reflectimgre

protein clusteringMore clusteringshould increase the stationary state fraction, thusdsitrg

mobile state fractionSeveral potential lines of thought could explain the changes in protein
dynamics after A22 treatmenWe attribute the increase in clustering in Ate@ated cells to the
decreased cell stiffness, further travel intotdqgered channels, and a smaller surface area during
extrusion loading (Fig. 3.5D). The reduction in surface area would then increase protein density
and thereby promote cl| ust @indreasgsandsinface dwreaifugherf ur t |
decrease The significantly reduced diffusion coefficients of the mobile fractions of both MacA
and MacB are also consistent with the idea that the membranes are more crowded and protein
motion is slowed (Fig. 3.5GAlternatively, it is possible thahe changen protein dynamics is

not due to the decreaseell stiffness due to A22 treatment but ratterioss ofMreB motiondue

to A22 treatmentMreB moves through the membrane during cell wall synthdsi8], and this

motion could promote protein diffusioAoweverwe find this explanation unlikely since previous

work has shown that A22 does not affect membrane protein mdhifity, andMacA and MacB

are unlikely tabedirectly associated with MreBince MacA and MacB are found in the caps and
trunk sections of the cell envelap&nother potential explanation is that changes in periplasmic
space during mechanical loadiaffect protein diffusion dynamic&lsing finite element models

of cells experiencing extrusion loadiffgection 3.48), we foundthat periplasmic space increases
slightly with increasingyP for untreated cells and A22 treated cdiswever, since the urgated

and treated cells experience a similar increase in periplasmic space and the overall change is only

around 1 nm, we find it unlikely that periplasmic space explains the changes in protein dynamics.
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Altogether, physical perturbation using extrusioadingaffects MacABTolC, which we
attribute totwo competing factors in altering trapavelope efflux complex function: octahedral
shear stress and cell surface area. Octahedral shear stress impairs the complex assembly while cell
surface area affectmembrane protein mobility and clustering. Cell stiffness, alterable by A22,
plays a significant role in both factors by determining the degree to which octahedral shear stress
and cell surface area change, thereby determining the consequence of the agakchani
manipulation. Both factors perturbed by extrusion loading are crucial for the efflux function and
have compensating effects on the MaeA&®C function but do suggest possibilities to be

synergistidn other systems

3.4 Supplementary Information
3.4.1 Materials and methods
3.4.1.1Bacterial strain construction

Plasmids, primers, and strains used in this study are summaritadle3.1, Table 3.2, and
Table 3.3 All constructed strains were derived from Bszherichia colBW25113 strain (CGSC#
7739 Keio Collection, Yale; genotype:-(péraD-araB) 5 6 TacZ478F(::rrnB3 ) ;, rpked,
o ( r haB)568, hsdR514). The lambdad homologous recombination techniqueswaed to
construct the tagging of MacB and MacA at their respective chromosomal loci (i.e.™MacB
MacBP™C and MacA™9), as well as deletions in the chromosomal genes.
3.4.1.1.1 Tagging the Gterminal of macB and macA gene with fluorescent protein for

single mokcule trackingand copy number quantification
To performsingle molecule trackingwe chose to tag the-rminus of MacB with the

monomeric, irreversibly photoconvertible fluorescent protein mEos3.2. The transporter MacB is a
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transmembrane protein whose&minal region is exposed in the cytopladi®5], and thus the
mEo0s3.2 fusion tag can fold and mature properly. MacA is an -meenbrane anchored
periplasmic protein whose-terminal region is predicted to be exposed in the perip]a8d], an
oxidizing environment which might hinder the proper folding and maturation of fluorescence
protein with cygeine residues by forming interchadisulfide bridges. Thus, we chose to tag the
C-terminus of MacA with the monomeric, irreversibly photoactivable fluorescent protein
PAmCherryl which does not have any cysteine residues. The cellular copy number aciidacB
MacA can be quantified by imaging the fluorescent protein tag. To alleviate diffeiancgsy
number quantification due tthe tag, tle quantification for MacB was further checked and
confirmed by swapping its mEo0s3.2 tag with PAmCherryl, the saroeeficent protein tag of the
macAgene.

For the linear DNA insert to tag chromosomal macB gene, primer pdilatB-mEOS32FP
and H2MacB-CAM-RP (Table 3.2 were used to obtain MacBHhEO0s3.2FLAG:caiMacBH2
via PCR from the pUCmEOS3.2FLAG:cat plasmid téatea The homology regions H1 and H2
are the last 40 bp of the macB gene before and after the stop codon, respectively. The linear DNA
insert was subject to Dpnl digestion to ensure the removal of the plasmid template, and then gel
extraction using a PCRI€nup System (Promega) for further purification.

The linear DNA MacBHAME0s3.2FLAG:caMacBH2 was transformed int6. colicells via
electroporation. We prepared the electrocompetent cell&. afoli BW25113 harboring the
temperaturesensitive plasmid pSLTSTéble 3.) by first culturing the overnight culture in LB
(SigmaAldrich, cat. #: L30226X1KG) with ampicillin (100 pghL, USBiological) in 30 °C.
Form the overnight culture, a 1:1000 dilution with the SOB media [2% w/v Bacto Tryptone

(SigmaAldrich, cat. #: T9410), 0.5 % w/v Bacto Yeast Extract (Sightdrich, cat. #: Y1625),
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10 mM NaCl (Macron, 75812), 2.5 mM KCI (Fiser Scientific, P21-600), 10 mM MgCl
(Mallinckrodt, 595804), and 10 mM MgS@(Fisher Scientific, M63500) all in nanopure sterile

water] was made with ampicillin and 20 mMatabinose (SigmaAldrich, cat. #: A3256) to induce

the expression of the bet,ga  a n dRedexzaymes-encoded in pSLTS. This SOB dilution was
shaking at 30 °C until its OD600 reaches ~ 0.6. The cells were centrifuged down and washed with
cold 10% glycerol (Macron, 50922 in nanopure sterile water) for three times, diluting toal fi
volume of 25 pL in 10% glycerol. The linear DNA insert was then electroporated (2.5 kV, using
MicroPulser Electroporator: cat. #: 1652100, 4iad) into the prepared BW25113
electrocompetent cells. After electroporation, cells were recovered in SQ@M{&DB medium

+ 20 mM glucose (sigmaAldrich, cat. #: G7528)] for 4 hours in 30 °C, and then plated onto LB
agar containing both ampicillin (100 Og/mL) a
another 18 hours in 30 °C. Colonies were selected, the successful transformation was
confirmed via colony PCR screening and gene sequence analysis. The temperature sensitive
pSLTS was then removed by incubating the cells at 42 °C for 18 h, which is confirmed by colony
PCR screening. The desired engindesteain that has mEos3.2 and FLAG epitope integrated right
after the macB gene is namedACBME (Table 3.3.

The tagging procedures for PAmCherryl fusions on MacB and MacA were executed in the
same manner that from tigCPAmMCherrylFLAG:caplasmid templa, the primer pair H1
MacB-PAMC1FP and H2MlacB-CAM2-RP and the primer pair HlacA-PAMCLFP and H2
MacA-CAM-RP were used to obtain MacBHPAMCherryFLAG:catMacBH2 and MacAH1
PAmMCherryFLAG:.catMacAH2, respectively.
3.4.1.1.2 Cloning macB"E and macA’™C into pBAD24 for Western blot detection of fusion

protein intactness under overexpression
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To check the intactness of the MacB tagging, the maé®s3.2FLAG gene were inserted
into the L-arabinosgéinducible pBAD24 plasmidTable 3.). The pBAD24 plasmid was digested
with EcoRIHF (NEB) and SallHF (NEB) restriction enzymes, and primers MacBmE_wb_fp and
MacBmE_wb_rp were used to obtain a PCR product containing 1més3.2FLAG. The linear
DNA was inserted into the digested pBAD24 plasmid via Gibson assembly. The vdiiwe o
fragments, nanopure sterile water, and the Gibson Assembly Master Mix (NEB, cat no. E2611S)
was determined from a Gibson assembly calculator

(https://barricklab.org/tvii/bin/view/Lab/ProtocolsGibsonCloning

Bens_Gibson_Assembly.xlsx). The resulting plasnuiflacBmE was electroporated into
MACBME electrocompetent cells to obtain the strain MACBWIE his same procedure was used
to insert the macAAmCherrytFLAG gene intgpBAD24, using primers MacARC wb_fp and
MacAPMC _wb_rp. The resulting plasmpMacAPmCwas electroporated into the MACAPMC
electrocompetent cells to obtain the stidiacAPmMGp (Table 3.3.
3.4.1.1.3 Deletions in the MACBME and MACAPMC base strain for functionality growth
assay and control imaging

Since the macrolide efflux ability of MacABoIC is overshadowed by another AcrAB
TolC efflux pump in the RND family, to check the functionality of the tagged protein, a set of
gacrABmutants of MACBME and MACAPMC straingas constructed. The primer pgcrAB-
kanf p aaorABkaprp was used to copy out thkangene from the PT2SK plasmid template.
The linear DNA insert 40H1AcrA.anAcrB40H2 was electroporated into the BW25113 and the
MACBME electrocompetent cells harboring the pSLTS plasmid to knock@B, giving DR
andDRMACBME respectively(Table 3.3. Ontop of theDR base strain, we further knocked out

themacBgene wusi ng tnacBkapfr p mamcBhiagrp to coastrucDRDB. Same
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procedures were to prepare the DRMACAPMC and DRDA strain for the RM&danctionality
assay The pSLTS plasmid fohomologous recombination was removed before imaging and
functionality assay for these strains.

To study the diffusive behavior of MacB and MacA in the context of MatAE
tripartite system, we construct single deletions and double deletions asHi3t&lole 3.3 First,
the cat gene drug marker between FRT sites in MACBME and MACAPMC was removed by
adding the temperatusensitive plasmid pELP. After thecatgene was successfully cut out, this
pE-FLP plasmid was removed at 42 °C and pSLTS was transfib back for later gene editing.
The primer pairgmacBkanf p / rmacAkamgip/rp, and qiolC-camfp/rp was used to make
macB macA andtolC gene deletions in the chromosome.
3.4.1.1.4 Construction of MacB-mCherry-MacA-PAGFP for potential two-color imaging.

Imaging both MacB and MacA in the same cell, either to study their interaction via single
moleculefluorescence resonance energy trangféo monitor their cellular expression level, can
provide invaluable informatio.herefore, we planned to fuse theég€tminus of MacB with a red
fluorescent protein mCherry, and theae€@minus of MacA with a darko-green photoactivatable
fluorescent protein PAGFP.

First, to make the plasmid templatld@mCFLAG:cat for MacB° tagging the primer pair
pUCMEO0s32FLAG_gbs_fwd and pUCmE0s32FLAG gbs rev was first used to get the PCR
productpUCFLAG:catfrom thepUCmEO0s3.2FLAG:cat plasmicbntaining the FLAG epitope,
the chloramphenicol resistance gemmat and the pUC19 vector. Another pem pair
mCherry_gbs_fwd and mCherry_gbs_rev was used to amplify the mCherry gene and then inserted
into pUCFLAG:catvia Gibson assembly. With the primer pair-NhcB-PAMCLFP and H2

MacB-CAM2-RP to obtain HImCherryFLAG:catH2 from pUCmCFLAG:cat we obtaied
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MACBMC, its qacrAB version DRMACBMC. Thecat gene of DRMACBMC was removed by
pE-FLP plasmid, and an addition@acAgene knock out was done DRDAMACBMC. Then, we
made thggMacAPA-GFPplasmid by inserting thmacAandPAGFPgene into the EcoRHF and
SallHF double digested pBAD24 plasmid via Gibson assembly.piMacAPA-GFPplasmid was
transformed into DRDAMACBMC, giving theDRDAMACBMCMACAGFP-p strain of
chromosomally tagged MacB and plasmid inducible tagged MacA.

Unfortunately, this double tagged strairoved to be not functional as shownHig 3.6
and thus we chose not to pursue the chromosomally tagging of both MacB and MacA in the same
cell for two-color imaging.

Table 3.1. Plasmids used or constructedor Chapter 3.

Plasmid name Relevant Characteristic or genotypel Source
beta, gam, excecombination
enzymes,-Scel enzymebla Kim et al. (Addgene
1.pSLTS (ampicillin resistance) plasmid 59386)
beta, gam, excecombination Keio collection
2. pKD46 enzymespla (Datsenko et al.)
I-Scel recognition sit&ar®® Kim et al. (Addgene
3.pT2SK (kanamycin resistance) plasmid 59383)
bla (ampicillin resistance), 1
4. pBad24 arabinose inducible Guzman et al.
St-Pierre et al.
(Addgeneplasmid
5. pE-FLP Flippase under promoteE 45978)

MEo0s3.2FLAG, cat(chloramphenicol
6. pUCmEO0s3.2FLAG:cat resistance)hla, pUC19 backbone Santiago et al.
PAmCherry1FLAG, cat, bla pUC19

7. pUCPAmMCherrylFLAG:cat | backbone Bing et al.
) mCherryFLAG, kan, blapUC19
8. pUCMCFLAG: cat backbone This study
Patterson et al.
9. pPRSETAPAGFP (Addgene plasmid

PAGFP, blapREST A backbone 11911)
pBAD24 backbonemacAPA-GFP

10pMacAPAGFP

insert This study
pBAD24 backbonemacBmE©0s3.2
11.pMacBmE FLAG insert This study
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12.pMacAPmMC

pBAD24 backbonemacA
PAmMCherry1FLAG insert This study

Table 3.2. Primers used inChapter 3.

Primer name

Sequen@®) (560

1. H1-MacB-mEOS32FP

TGCGGCACGACTGGATCCAGTAGATGCTCTGGCACGA
GAG
ATGAGTGCGATTAAGCCAGA

2. H2 MacB-CAM-RP

CAAAATGCCAGCCCGATCGGCTGGCATTTTTATCTCA
AAAACGACGGCCAGTGAATTCGA

3. HI-MacB-PAMCI1-FP

TGCGGCACGACTGGATCCAGTAGATGCTCTGGCACGA
GAG
GTGAGCAAGGGCGAGGAGGA

4. H2 MacB-CAM2-RP

CAAAATGCCAGCCCGATCGGCTGGCATTTTTATCTCA
AAAACATATGAATATCCTCCTTA

5. HI-MacA-PAMCIFP

TGAAGTGGTGATTGGTGAGGCCAAACCAGGAGCTGCA
CAAGTGAGCAAGGGCGAGGAG

6. H2 MacA-CAM-RP

AGGATAGCTGCGACGAATATCCTTTAATTCGAGCAAA
GGCGTCATTGTGCAGCTCCTGGTTTGGCCATATGAATA
TCCTCCTTAGTTCCT

7. MacBmE_wb_fp

TTTTTTGGGCTAGCAGGAGGATGACGCCTTTGCTCGA
ATTAAAG

8. MacBmE_wb_rp

CAAGCTTGCATGCCTGCAGGCATATGAATATCCTCCTT
AGTTCCTATTC

9. MacAPmMC_wb_fp

TTTTTTGGGCTAGCAGGAGGATGAAAAAGCGGAAAAC
CG

10. MacAPmMC_wb_rp

CAAGCTTGCATGCCTGCAGGCATATGAATATCCTCCTT
AGTTCC

11.

gp-éanrip A B

ACCATTGACCAATTTGAAATCGGACACTCGAGGTTTA
CAT
ATCTCAAGAGTGGCAGC

12.

goaacrmp A B

AAAAAGGCCGCTTACGCGGCCTTAGTGATTACACGTT
GTA
TTACGCCCCGCCCTGC

13.

pkamfc B

TCGTCGCAGCTATCCTGCCGGTGATGAGCAGGTTGAG
GTG
ATCTCAAGAGTGGCAGC

14.

pkarp B

GTGCGGGTAACCAGCCAAATAAAATCCCGGTGACCGT
CGA
TTACGCCCCGCCCTGC

15.

pkaafe A

TTAATGACCCGGATTGGCATATGGAGTATTCAGAAAA
TTTATCTCAAGAGTGGCAGC
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ACAATTTGACTTTATAACGATTATCGCCAACCGGATC

pUCMEO0s32FLAG_gbs f
wd

16. ckaarp A GCCTTACGCCCCGCCCTGC

L7 i C TCTTATCGGCCTGAGCCTTTCTGGGTTCAGTTCGTTGA
: GCGTGTAGGCTGGAGCTGCTTC

PR AGGGTTATGACCGTTACTGGTGGTAGTGCGTGCGGAT
: GTTCATATGAATATCCTCCTTAG

10.

CGTCCTGATTATAAAGATGATGATG

20.
pUCMEO0s32FLAG_gbs_r
ev

GAATTCGCCAGAACCAGC

21. mCherry_gbs_fwd

CTGCTGGTTCTGGCGAATTCGTGAGCAAGGGCGAGGA
G

22. mCherry_gbs_rev

TCATCTTTATAATCAGGACGCTTGTACAGCTCGTCCAT
GC

23. macA_gbs_fwd

GCATGGACGAGCTGTACAAGATGAAAAAGCGGAAAA
CC

24. macA_gbs_rev

CAAGCTTGCATGCCTGCAGGTCATTGTGCAGCTCCTG
G

TTTTTTGGGCTAGCAGGAGGATGGTGAGCAAGGGCGA

25. PAGFP_gbs_fwd G

26. PAGFP_gbs_rev ACGGTTTTCCGCTTTTTCATCTTAACAGCTCGTCCAT
27. pBad_gbs_fwd TTTTTTGGGCTAGCAGGA

28. pBad_gbs_rev CAAGCTTGCATGCCTGCA

Table 3.3. Strains used or constructed irChapter 3.

Strain Relevant characteristics or Reference

genotype
Base strain, F, DE(araD-araB)567,
lacz4787(del)::rrnB3, LAM, rph-1,

1.BW25113 DE(rhaD-rhaB)568, hsdR514 Keio collection

2.JW08631 pmac B Keio collection

3.DR pacr AB, kan this study

4. MACBME macBlinker-mE0s3.2FLAG, cat this study

5.DAMACBME mmacA, MACBRME, Kthisstudy

6. DCMACBME pt ol C, MAT&GME , k this study

7. DACMACBME pmac A, pt o | C R ca¥l A this study

8. DRMACBME macr AB, MATA@IME, |thisstudy

9.DRDB macr AB, dmatc B, K this study
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macBlinker-mEo0s3.2FLAG,

10. MACBME-p pPMACBME this study
macBlinker-mEo0s3.2FLAG,

11. MACBME-pBAD pBAD24 this study

12. MACBMC macBlinker-mCherryFLAG, cat this study

13.DRMACBMC macr AB, MAT@&MC, |thisstudy
pacr AB,, MAOBNC, A

14. DRDAMACBMCMACAGFP- | pPBAD24PAGFR-MacA, kaR, cat,

p amp this study

macr AB, ommacAR N

15.DRDAMACBMC cat this study
macBlinker-PAMCherry1FLAG,

16.MACBPMC cat this study
macAlinker-PAMCherryiFLAG,

17.MACAPMC cat this study

18. DBMACBME pma cMACAPMC, kal, cat this study

19.DCMACBME @t ol C, MACKARMC, |[this study
pemacB, omtol C, R M/

20.DBCMACAPMC cat this study

21.DRMACAPMC pacr AB, MACGa& MC,|this study

22.DRDA macr AB, dmatc A, Kthis study
macAlinker-PAMCherry1FLAG,

23.MACBME-p pMACAPMC this study
macAlinker-PAMCherry1FLAG,

24. MACAPMC-pBAD pBAD24 this study

3.4.1.2iImmunoblotting for checking fusion protein intactness

MACBME-p and MACAPMGp, as well as their corresponding negative controls
MACBME-pBAD and MACAPMGpBAD were grown overnight in LB with appropriates
antibioticsat 37 °C with 250 rpm shaking. The overnight cultures were diluted in a 1:100 in the
M9 minimal media with 8% v/v 50C MEM amino acids (GIBCO) and 4% 100X vitamins (GIBCO)
added, whth is referred as supplemented M9 later. These dilutions were continuously shaking in
37 °C for ~4 h until Olho~0.4, followed by adding 20 mM of&rabinose to induce the expression
of the proteins from the pBAD24 vector. After keeping shaking for an8themnin. 1 mL of cells
were centrifuged down. The sample pellets were resuspended in fresh supplemented M9 and then

incubated in room temperature for 20 min for protein maturation. Cells were centrifuged down
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again and resuspendedli SampleBtffers BIORAD) lyssbBfer. (251 L ae
uL of betamercaptoethanol (Sigraldrich) and 2.5 pL of protein inhibition cocktail (Promega)

were added to the resuspension. After mixing, all suspension samples were sonicated for 15 min,
vortexed and brieflgentrifuged to mix.

We used a commercial SEFAGE gel (Invitrogef”, Novex™ WedgeWellM 4 to 20%,
Tris-glycine gel, 1.0mm, mini protein gels) to load 12 pL of the suspension samples, as well as 4
pL of the protein ladder (ECL Plex Fluorescent RainbowKdgr The gel was run in 1x MES
buffer for 130 min at 120 V/400 mA. After electrophoresis, electrotransfer from gel to a blotting
membrane (GE healthcare, Amersham Hybond LFP 0.2 PVDF western blot membrane) for 70 min
at 100V/400 mA in transfer buffer. Treembrane was then blocked with 4% w/v milk solution
(GE healthcareAmersham ECL Prime Blocking Reagent, ixPBST wash buffer (Sigma
Aldrich, 0.1% TWEEN®20)) at room temperature with 100 rpm shaking for 1 h. The membrane
was washed for 5 min twice witlx PBST, followed by incubation in the 1xPBB buffer
containing the primary antibody (Rockland, antibody for the detection of FMA®njugated
proteins, 1:10,000 dilution) for 1.5 h at room temperature with 100 rpm shaking. The membrane
was then waslie4 times with 1x PBS and 3 times with 1x PBS, and then incubated in a 1x
PBST solution containing the secondary antibody (Rockland, Rabbit IgG (H&L) secondary
antibody peroxidase conjugate, 1:20,000 dilution). After shaking for 1 h at room tempeittiure
100 rpm, the membrane was washed 4 times with 1xPB& rinsed 3 times with 1x PBS, and
coated with 5 mL of SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Scientific).
The membrane was visualized using a-Bad ChemiDoc MP Imaging Stem.

3.4.1.3Imaging sample preparation
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Cells were grown overnight in LB with appropriate antibiotics in 37°C with 250 rpm
shaking. The overnight culture was diluted in a 1:100 in the supplemented M9, and continuously
grown for 4 hours at 37 °C until @~0.4 to reach exponential growth phase. For imaging in the
microfluidic device, the M9 cell dilution was centrifuged down and resuspended in fresh
supplemented M9. Detail procedures of cell loadmghe microfluidic deviceare discussed in

Section 3.38.3.

3.4.1.3.1 For singlemolecule imaging/tracking/counting and whole cell fluorescence

guantification

To prepare a foucompartment petri dish (CELLview, glass bottom) for imaging, a 1:10
dilution of 100 nm gold nanopatrticlgs position markers; Cytodiagnosjiéa 0.03% polyL-
lysine (SigmaAldrich, in nanopure water) was added and incubated at room temperature for 4
hours to functionalize the bottom coverslip. The excess-lpdysine solution was washed out
with nanopure sterile water before use. The M9 celutidh was centrifuged down and
resuspended in 200 €L supplemented M9. 50 ¢L
compartment, and after cells were incubated on the petri dish for 45 min at room temperature, the
dish was washed with nanopure watertncev e f | oating cell s before ac
M9 into each compartment for imaging. For the imaging condition with substrate stress, the

erythromycin concentration was determined from the functionality dS&ayion3.4.2.1).

3.4.1.3.2 For confocal microsopy

To the M9 cell dilution, 10 mM {arabinose was added and continuously incubated for 2
h in 3737°Cwith 250 rpm shakingThe M9 cell dilution was spun down and resuspended in 30
eL suppl e m@ellsaweeedmmigllized for imaging by being sandwichetween a 3%
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(w/v) agarose gel and a coverslip. Agarose (Sigiaaich) was dissolved in the supplemented

M9 by heating in a microwave, and 50 uL of the molten agarose was dropped onto a glass slide,
followed by adding another glass slide which was tieemoved after the agarose gel solidified at

room temperature. About 2 uL of the concentrated cell resuspension was pipette onto the agarose
gel surface and topped with a coverslip. The chamber was then sealed with epoxy to prevent liquid

evaporation.

3.4.1.4Imaging protocol

3.4.1.4.1 Singlemolecule imaging, tracking, and counting

To study the protein diffusive behaviors and estimate its cellular protein copy number, our
singlemolecule imaging experiments d has two parts: singdecule tracking (SMT) ansingle
cdl quantification of protein concentration (SCQP@&$,described in detan our previous work
[18]. For SMT, we used an invertéidiorescence microscope (Olympus IX 71) to illuminate the
cells in widefiled epirgeometry with 405 nm lase€(ystalLaser LC RendL405-100 of 10
W/ cn? for 20 ms so that in the cell, one or none mEos3.2 molecule was converted from its green
form to its red form (or PAmCherryl molecule was activated from dark to red). Cells were then
excited with 30 pulses of 561 nm las@oferent, Sapphire 56200 CW CDRH of 4 ms pulse
duration and time lapse of 60 ms, with average power densityMf@&W in strobscopic imaging
mode [ref] This imaging scheme was repeated for 500 times, and we used a bandpass filter
(Semrock, FFOb17/73 for red fluorescence detection. An illustration of the microscope setup is
shown in our previous word 8]. After SMT, two cycles of SCQPC were performed on the cells
to photoconvert/photoactivate the remaining fluorescent proteins. We used 405 nm laser to

illuminate all cells for 1 min and then 561 nm laser for 2000 frames with the same power density
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and exposre time as in the SMTThis imaging setup of SMT+SCQPC was applied to both petri

dish and microfluidic device.

3.4.1.4.2 Whole cell fluorescence quantification

We used the whole cell fluorescence quantification to confirm the copy number calculated
from the singlemolecule imaging/counting and also to check the spatial distribution pattern of the
proteins of interest at the diffractidimited resolution. The microscope setup is the same as the
one used for singlenolecule counting with two cycles of SCQPC, which lddoe sufficient for

both MacB and MacA as their cellular copy number was estimated to be in the magnitutie of 10

3.4.1.4.3 Confocal microscopy

The cells were imaged using a Zeiss LSM880 confocal microscope equipped with a Plan
Apochromat 63x/1.4 Oil DIC M27 objege. For both mEos3.2 tagged and-R¥Cherryl tagged
strains, we illuminated the cell sample with 405 nm to photoconvert/photoactivate the fluorescent
protein tag, followed by exciting the red form of mEos3.2fR&herryl by 561 nm and collecting

fluorescene emission between 571 and 695 nm (pinhole = 0.53 AU; pixel time = 1.54 ps). We

also examined the green form of mEos3.2 with 488 nm excitation and emission between 499 and

597 nm (pinhole = 0.62 AU; pixel time = 1.54 us). The confocal images obtainesgsactianed
fluorescence images, and image acquisition was performed using line sequential mode.
3.4.2 Functionality and intactness of the mEos3.2 tagged MacB and the PAmCherryl tagged
MacA
3.4.2.1Macrolide resistance assay shows that M&&Band MacA ™ are functional
The functionality assay of MaéBand MacA™was conduct e dacrABto t h e

increase the sensitivity of cells to macrolides, i.e., erythromycin. Cell overnight culture was grown

65

b :



in LB with appropriate antibiotics for 18 h at 37°C with 250 rpm gsh@kA series of 1:1000 LB
dilutions with varying concentrations of erythromycin were grown for 22 h at 37°C with 250 rpm
shaking before measuring their optical density at 600 nnmsdgpD

The mEo0s3.2 tagged MacB and the PAmCherryl tagged MacA are both ttouoed
functional as illustrated irFig. 3.6A. All strains haveacrAB gene knocked out to increase
sensitivity to erythromycin. The MacB chromosomally tagged strgia cr AB,™ mac B
(DRMACBME, Table 3.3 was compared with (Tdole 3.3 andthegged ¢
corresponding knock out strajpa ¢ r A B, (DRDB arab®3.3) (Fig. 3.6A). The MacB tagged
strain has higher tolerance to erythromycin thargtleec r A B , andghedVad®BTolC system
maintained most of its ability to efflux, especially <10 pug/mL of erythromycin. Similarly, the
MacA chromosomally tagged stragpa ¢ r A B "™ (BRMABAPMC, Table 3.3 conferred
significantl y hacr\BgracADRBA, Talled33 o the rangecohd pgimL
of erythromycin and maintain most of its functidag. 3.8). We also tested the functionality of
the double tagged strain which MacB was tagged with mCherry, amé&cAgene was deleted
while replenished with pMacAPAGFP plasmidiaple 3.} (DRMACBMCMACAPAGFP-p,
Table 3.3. Its growth performance under erythromycin stress was compared with the MacB tagged
pa c r A B "Cstraia adBthe corresponding deletiopa ¢ r A B, o Mastratnijn winch ¢ B
MacA was not restoreRDAMACBMC, Table 3.3. The double tagged strain is shown to be
not function as it cannot be differentiated from the knockout, and thus not used for later

experimens (Fig. 3.6C).
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Figure 3.6 Macrolide resistance functionality assayof (A) mEos3.2tagged MacB,

DRMACBME ( pacHAB PAMCharBlt agged MacA, DRMACAPMC
macA’™9, and (C) the double tagged strain of mCherry tagged MacB, PAGFP tagged MacA,

DRMACBMCMACAGFP-p.

3.4.2.2Western blot shows that Ma¢B and MacA’™C are mostly intact in cell

The FLAGtagged MacBE and MacA™C are overexpressed from a pBAD24 plasmid
with L-arabhose induction. Western blot shows that the FE#aGged MacBE fusion protein is
at its expected size of 96.7 kDa, with no cleavedfhEleavage whose expected size is 27 kDa
(column 3 inFig. 3.7). The FLAGtagged MacA™ fusion protein is also at its p&cted size of
67.4 kDa, and there is observable amount of thefFin€leavage at 26.8 kDa. The percentage of
this PmGFL (~27.5%) cleavage is quantified by measuring the relative band area intensity in
ImageJ (v. 1.53eU. S. National Institutes of HealthBethesda, Maryland, USA The
overexpressed fused protein, as well as the protein extraction process, would have significantly
more cleavage than its physiological expression. Therefore, < 30% is the upper limit of the
potential PmGFL cleavage for thetiains we used for imaging, which is taken into account of the
copy number quantification, and the cleaved fluorescent protein hardly would mature and fold

correctly[152]. Additionally, MacA’™C SMT resolved no diffusion state with diffusion constants
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similar to those of cytosolic and periplasmic free diffusing protgi6g], [162] which further

confirms the noffunctionality of the Pm&F-L cleavage fraction.

4— Ma cPAC

Figure 3.7. Intactness assay of FLAGagged MacBmE and FLAGtagged MacAPmGC both

of which were only detectable undarerexpression. (A) Western blot of overexpressed FLAG
tagged MacBE (MACBME-p, 30 min L-arabinose induction, Table 3.3) indicates no discernable
cleavage of mEL (column 2): MacB*E expected band ~ 96.7 kDa and cleavedfhE- 27 kDa.

No bands were detest for uninduced MACBMEp (column 1) and the negative controls of
empty pBAD24 plasmid with and without induction (column 3 and 4) (B) Western blot of
overexpressed FLAGgged MacA™®(MACAPMC-p, 30 min l-arabinose induction, Table 3.3)
reveals maximally 30% cleavage under physiological expression (column 4): M¥wXxpected

band ~ 67.4 kDa and cleaved P+RC ~ 26.8 kDa. No bands were detected for other controls.

3.4.2.3Confocal microscopy images of overexpressed M&eBand MacA™C show their

membrane localiation
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The imaging sample preparation and imaging protocol were descrilSetiiors 3.3.1.3
for overexpressed MaéB (MACBME-p, Table 3.3 and MacA™¢ (MACAPMC-p, Table 3.3 in
live E. colicells. From confocal fluorescence microscopy, there are variations of cell fluorescence
due to the inhomogeneity oférabinose induction, while both the green foFig(3.8A) and the
red form Fig. 3.8) of the mE tag on MacB show membrane localizafrem their hollow
patterns. Membrane localization is also observed for PmC tag on the inner membrane anchored

MacA (Fig. 3.8C).

Fl uorescence Transmission Composite
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Figure 3.8. Overexpressed MacBmE and MacAPmMC confocal microscopy images reveals
their membrane localization (from left to righ: fluorescence image, transmission image,
composite image that fluorescence image is overlaid on the transmission image). -Tdeatkll
fluorescence variation is due to the inhomogeneity -afdbinose induction. The large clusters
pattern observed iftuorescence images protein aggregation after overexpression. (A) Green form
of mEo0s3.2 in MacBEF (B) Red form of mEos3.2 in MaéB after 405 nm photoconversion (C)

Red form of PAmCherryin MacA™™C after 405 nm photoactivation.

3.4.3 Cellular copy number quantication reveals the 1:1 stoichiometry of MacB to MacA
Cellular MacB to MacA ratio was shown to be 1:1 from both singbdecule counting and

whole cell fluorescence quantification, agigtenthe complex stoichiometry of MagB2-TolCs,

there areexcess MacB in the systerihe analysis of the singl®olecule counting data was

performed using a custemritten MATLAB software IQPALM

(https://doi.org/10.6084/m9.figshare.12642617,vds described in our previous studids],

[142], [150] The intensity of a single mEos3.2/PAmCherryl charactdrirom SMT was used

in the whole cell fluorescence quantification that the corrected total fluorescence of each cell after

background subtraction was divided by the single fluorescent protein intensity to quantify the copy

number. The copy number calctitam in each cell also takes into account of the photoconversion

efficiency of mE0s3.2 (42%) and the photoactivation efficiency of PAmCherry1 (50%). Additional

MacB and MacA data under various conditions (i.e., mutation, erythromycin, A22, and pressure)

was summarized ifrig. 3.9 and Fig. 3.10espectively. Notably, swap of the fluorescent tag on

MacB from mEos3.2Kig. 3.9A) to PAmCherryl1Kig. 3.95 gives similar MacB copy number.
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Figure 3.9. Normalized distribution of cellular MacBmE copy numberin (A) macB"E, (B)

gmacA, macBE (C) qiolC, macBt, (D) gmacA tol, macB'E, (E) macB™ (F)
macB"™ 1 0 e g/ mL ogacrAB AcE"E, (HEgacrAB, macB5&+ 5 g/ mL ofl) A2 2,
macB"i n mi cr o f | Rigrodpi 18, (MJ -R) macE+ ¢ 0 € g / mLin noidrofluii2 2

d e v i Regeoupdh3. Solid bars: copy number calculated from singl@ecule counting (SM);
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transparent bars: copy number calculated from whole cell quantification (WC). The copy number

distribution average, standard deviation, and sampéease reported.
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Figure 3.10. Normalized distribution of cellular MacAPmMC copy numberin (A) macA™, (B)
gmacB, macA"C (C) qiolC, macA™C (D) ggnacA totP, macA™C, (EymacA™+ 1 0 g/ mL
A22, (F) gacrAB, macA™ (G) qacrAB, macA™ +5¢ g/ mL o f -K)A@aeA™ in( H,

72



mi cr of | uiRigroop 18, &W-Q)reacAH“+ 10 g/ mL of A22 i ® micro
group 3. Solid bars: copy number calculated from singl@lecule counting (SM); transparent
bars: copy number calculated frammole cell quantification (WC). The copy number distribution

average, standard deviation, and sample size are reported.

3.4.4 Analysis of diffusion states and interconversion kinetics between diffusion states of
MacB to MacA proteins
3.4.4.1Determination of the minimadiffusion states
The first displacement length r of each singielecule tracking trajectories was analyzed,
while the histogram of (Fig. 3.11A for MacB™ andFig. 3.1E for MacA’™9) is skewed due to
the cell confinement effect that th®undaryless motion of the membrane protein on the cell
surface was distorted by the limited cell volume aftd #naging projection. To address this
confinement effect, we applied an inverse transformation of confined displacement distribution
(ITCDD) as described in our previous reseaftB]. Based on the experimental cell geometry,
displacements on the cell surface were simdlated then D projected. A 2D matrix can be
generated to convert the® projected displacements back to the original undistorted simulated
displacements. By applying this2matrix to the experimental skewed histogram &ig(3.11A
for MacB™ andFig. 3.1E for MacA’™S), we can obtain the actual ITCD&rrected distribution
(Fig. 3.1B for MacB"€ andFig. 3.1F for MacA™ for more robust diffusion states analysis.
Compared to cells in petri dish, cells in microfluidic device undergo more deform@getlength
and width are highly rel ated RappligdhCell gdomstry anc e
varies more in microfluidic devicéig. 3.12). Therefore, after cells in microfluidic device are
sortedgromu@scg c &lgloupare furthee sorted intopthree population based on

their cell lengthFor each length group, ITCDD is performed with its correspondiBgn2atrix,
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and the three ITCD®orrected distributions were added up aslTi&DD-corrected distribution

of thispP group.
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Figure 3.11Distribution of the first displacement lengths of MacBmE and MacAPmMC (A)
Experimental data of the first displacement lengths of MacBmE in live E. coli, (B) IFCDD
corrected distribution of MacBmE, -cdreeged | i ne:
distribution fitted with one diffusioistate model (D) fitted with two flusion-state model, (E)
Experimental data of the first displacement lengths of MacAPmC, (F) ITEGwi2cted

di stribution of MacAPMC, dash Jcarrecteddistibution f f at
fitted with one diffusiorstate model (H) fitted wiht two diffusionstate model. Red: faster

diffusion state (mobile); blue: slower diffusion state (qistgtionary).
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Figure 3.12Cells in microfluidic device have more variations in cell geometry compared to
cells in petri dish.Normalized width (A) anddngth (B) distribution of cells with mE0s3.2
tagged MacB; normalized width (C) and length (D) distribution of cells with PAmCherryl
tagged MacAMicrofluidic device is designated MD and petri dish is designated PD.
3.4.5 Extrusion Loading Microfluidic Device
3.4.5.1Microfluidic device manufacturing

Microfluidic devices were manufactured using a process similar to our previously
published workq18], [65]. Microfluidic devices were manufaged in the Cornell NanoScale
Science and Technology Facility (Ithaca, NY, USA). Microfluidic device patterns were etched into
100 mm diameter 500 pm thick fused silica wafers (WF3937X02031190, Mark Optics, Santa Ana,
CA, USA) using Deep UV photolithographFirst, the fused silica wafers were coated with ~55
nm of chrome using AJA Sputter Deposition Tool (AJA International, Scituate MA, USA). Then
the wafers were coated with ~60 nm amefiective coating (ARC, DUV 42P, Brewer Science,
Rolla, MO, USA) andb10 nm of photoresist (UV210, MicroChem, Westborough, MA, USA)
using a Gamma Automatic CeBevelop Tool (Suss MicroTec Gamma Cluster Tool, Garching
Germany). The photoresist on the wafers was patterned with the microfluidic design by exposure
to deep UV potolithography with a ASML Deep UV stepper (Veldhoven Netherlands). Six

microfluidic devices were patterned on each wafer. The photoresist was then developed in the
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Gamma Automatic Coddevelop Tool. The pattern was transferred to the ARC layer through
plasma etching with the Oxford 82 tool (Oxford, Abingdon, UK), to the chrome layer using plasma
etching in the Plasm@herm 770 ICP tool (PlasmBherm St. Petersburg FL, USA), and to the
fused silica using plasma etching in the Oxford 100 tool (Oxford, AlnngUK).

The depth of the etched channels was characterized with a profilomeéteK{A Inc,

Milpitas CA, USA) and AFM for high aspect ratio channels (Veeco Icon Bruker, Billerica MA,
USA). The average channel depth was 1.08 £ 0.04 um. The chanrrelhdepthosen to be greater

than the average cell diameter plus one standard deviation (1.02 um) so the cells could flow
through the feeder channels in the device unobstructed. A scanning electron microscope (Zeiss
Ultra 55 SEM microscope, Oberkocken Gergjamas used to measure the width of the inlet and
outlet of the tapered channels. The average inlet size was 1.48 + 0.10 um, which is larger than the
cells (diameter 0.94 + 0.08 um) so that cells could easily enter the tapered channels, and the outlet
sizeof 0.44 £ 0.07 um prevented the cells from slipping all the way through.

Patterned wafers were MOS cleaned and contact bonded to 100 mm diameter and 170 um
thick fused silica cover wafers (WF3937X0073119B Mark Optics, Santa Ana CA, USA). The
fused silicacover wafers are the same thickness as a standard cover slip. The bonded wafers were
annealed for 5 hours at 1100 C in a nitrogen environment then let sit at room temperature for at
least one week before use.
3.4.5.2Microfluidic device design

Extrusion loadingnvolves forcing cells into tapered channels under fluid preg&8te
[65] (3.13A). The cell is deformed by the channel walls and experiences mechanisal asice
strain in the cell envelope. Cells submitted to extrusion loading remain alive and continue to grow

and divide.
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An extrusion loading device consists of 12 sets of tapered channels (either 5 or 8 channels
per set) in parallel connected by a largepdss channglFig. 3.138, Fig. 3.1X). Each set of
tapered channels is called a pressure level, cells in different pressure levels experience different
loading magnitudes. Bacteria in liquid media are flowed into the bypass channel entrance. Bacteria
may then either traverse the bypass dehor enter one of the tapered channels. Bacteria that
enter the tapered channel become trapped by surrounding fluid pressure and the channel walls. The
fluid pressure of media flowing through the bypass channel decreases the further it is from the
bypassentrance, which results in a difference in pressure from one side of the tapered channel to
the other. The magnitude of the pressure difference across a tapered db@nisegreater in
channels closer to the bypass entrance/€igt 3.13C), so greatepressure levels have a greater
pressure difference. Greater pressure levels are located closer the bypass entrance/exit. In one
experiment, a single fluid inlet feeds ten bypass channels in pafiel3(13). This system
makes it possible to trap dobserve hundreds of individual bacteria and multiple load magnitudes

during a single experiment.
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Figure 3.13 Extrusion loading using a microfluidic device(A) Extrusion loading involves

forcing individual bacteria into tapered channels using fluidgaree. The fluid pressure at the
entrance to the channel is greater than at the exit (arrows). (B) A bypass channel with a neighboring
set of tapered channels is shown. Fluid flow through the bypass channel generates the pressure
differential used to tramdividual bacteria within the tapered channels. (C) In implementation
each bypass channel has 12 sets of tapered channels resulting in 12 different magnitudes of

differential pressure on trapped cells (determined by the distance along the bypassfatrannel
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the entrance to the exit of the tapered channel). (D) A single fluid inlet is connected to eight

different bypass channels and a fluid exit.

3.4.5.3Loading cells in the microfluidic device

A PneuWave Pump (CorSolutions, Ithaca NY, USA) was used to floveraanto the
microfluidic device. PEEK tubing (Idex 360 um OD x 150 um ID, Lake Forest IL, USA) was
attached to the pump and rinsed for 5 min with ethanol to clean and sterilize. The tubing was then
rinsed for 5 min with M9 minimal media to flush out #tbanol. The PEEK tubing and pump was
attached to the microfluidic device using a magnetic connecter (Fluidic Indexing Probe,
CorSolutions, Ithaca NY, USA) and ferrule-@23-03 IDEX, Lake Forest IL, USA) to form a
compression seal. The microfluidic devm@s prewet with M9 and checked to make sure no
bubbles were blocking channels in the device. The tubing was detached from the microfluidic
device and flushed with bacteria culture for 5 min at 60 kPa applied pressure. The bacteria culture
was then exchaed with M9 minimal media to prevent too many cells from entering and clogging
the microfluidic device. The tubing was reattached to the microfluidic device and an applied inlet
pressure of 60 kPa was maintained for the duration of the experiment.

After ataching the cell culture to the microfluidic device, cells start to flow into the tapered
channels. Cells occupy the pressure levels with the greatest pressure difference first. Over the
course of the experiment, cells gradually occupy tapered chanraelpetssure levels. Once a
cell occupies a channel, that channel remains occupied for the remainder of the experiment.
Imaging began once pressure levels 11 and 12 were at least 80% occufiéd(Blutes after
starting the flow of cells). Cells withitapered channels were imaged in order from highest
pressure level to lowest pressure level.

3.4.5.4Hydraulic pressure calculations
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The pressure in the microfluidic device was determined using a hydraulic circuit model with the
Hagen Poiseuille lawm(Equation3.1), whereg® is the change in pressure between upstream end
and downstream end of a channel, Q is the flow rate, and R is the hydraulic resistance of the

channel.

P 0z'Y Eq. 3.1
The hydraulic resistanc®) is dependent upon channel geometry. If the ratio of the width
of the channel to the height of the channel cross section of the channel was less than 20, then the
hydraulic resistance equation for Poiseuille flow was used (Equ&idaad3.3), whereAis fluid
viscosity (assumed viscosity of water = 8®da-s),r is the hydraulic radiud, is the channel
length,A is the cross sectional area of the channel,Rarsdthe cross sectional perimeter of the

channel.

Y ; Eq 3.2

J— Eq3.3

If the ratio of width of the channel to height of the channel was greater than 20, then the
hydraulic resistance equation for Plane Poiseuille flow was used (Eq@ad)pmhereH is the

height of the channel.

N Eq 3.4
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The cutoff ratd of 20 between Poiseuille flow and Plane Poiseuille Flow was chosen from
Davies & White(1928) and Fromm (1923)

The resistance of the linear channels within the device were combined to estimate total
resistance of the entire device. Segments in series are combined using ERjGatitbereR, is
the hydrauliaesistance of channelandRrotal is the equivalent combined hydraulic resistance of
channel 1 ton.

Y Y Y8 Y Eq 3.5

Segments in parallel are combined using Equaién

— — —8— Eq 3.6

The pressure iseasured before entry into the microfluidic device using a pressure sensor
integrated with the fluid pump (PneuWave Pump, CorSolutions, Ithaca NY, USA). The pressure
at the exit of the device is assumed to be equal to atmospheric pressure. The hydeaitlic ci
calculations are done using custom software written for use with MATLAB (v. 2019a, Mathworks,
Natick, MA, USA).
3.4.5.4.1 Effects of Cell Occupation on Hydraulic Circuit Calculations

When a cell occupies one of the tapered channels, the cell obstructs fluid flow, and as a
result increases the hydraulic resistance of that channel. The change in hydraulic resistance caused
by the presence of the cell influences the hydraulic pressupéher tapered channels in the
microfluidic device. The number of tapered channels occupied with cells increases over time as

more cells flow in.
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The hydraulic resistance of an unoccupied tapered channel was calculated using Equations
3.2and3.3 When a ell becomes lodged in a tapered channel, there is some fluid flow around the
cell. As flow around the cell is irregular, Equatidh® and3.3 are not valid descriptions of the
hydraulic resistance of a channel occupied by a cell. Multiphysics simulatfonhannels
occupied by cells were performed using COMSOL (v 4.3, Stockholm, Sweden). The COMSOL
model used experimental averages for cell geometry and position within the tapered channels: cell
length of 3 um, cell diameter of 0.94 um, and a cell pasis@ um from the inlet of the tapered
channel. The hydraulic resistance of a channel occupied by a cell determined using the COMSOL
model was an order of magnitude greater than the hydraulic resistance of a channel without a cell.

The number of tapered a&hnels occupied by cells increases over time during an
experiment. Cells rapidly occupy the greatest pressure levels first, and cells occupy lower pressure
levels at later times. Once a tapered channel is occupied, it remains occupied throughout the
experment. We analyzed our experimental data to determine patterns of channel cell occupancy
by looking at the change in number of occupied pressure levels over time and percentage of cell
occupancy at each pressure level. We found that the number of ocagsgarp levels at the time
an image is taken includes the pressure level of interest, all greater pressure levels, and one pressure
level lower. We analyzed over 500 images to determine how many channels were occupied by a
cell at each pressure levdlable 3.9. Greater pressure had a higher percentage of cell occupancy
than lower pressure levels. These patterns of cell occupancy were then modelled using hydraulic
circuit calculations using the hydraulic resistance of an occupied channel (determinetheising

COMSOL model) to determine the pressure difference across the tapered channels.
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Table 3.4 The average number of cells at each pressure level for the 5 and 8 channel

microfluidic designs.

Pressure level 1/2|3/4/5|6|7|8[9|10(11|12

Average Number ofells per pressure level (5

channeldesign)

Average Number of cells per pressure level

channel design)

3.4.6 Cell distance traveled
The distance a cell travels within a tapered channel is dependentmagkere difference
and the cell stiffness. At greater pressure differences, cells travel further into the tapered channel
(Fig. 3.19 and deform to a smaller widtki. 3.5Q. At a given pressure difference, a less stiff
cell will travel further into theapered channel than a stiffer cell. Cells treated with A22 are less

stiff and travel further into the tapered channel.
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Figure 3.14Cell distance traveled in the tapered channels with and without A22 treatment.
Cells deform more and travel further intee channel at greater pressure differences. Cells treated
with 10 pg/mL A22 are less stiff and therefore travel further into the tapered channels than cells

not treated with A22.

3.4.7 Pressure difference distribution

For each experimental group, hundreds déagere submitted to extrusion loading over a
range ofDP (Fig. 3.15. Cells were separated into three groups with sinidRrfor the single
molecule analysidg. 3.5 F,G, and H Cells were grouped so that the summed standard deviation

in DP for all three groups was minimized.
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Figure 3.15 Distribution of pressure difference experienced bacBmE and MacAPmC
tagged cells. (A) MacB™E tagged cells. (B) MacA" tagged cells. (C) Mack tagged cells
treated with 10 pg/mL A22. (D) MadA“tagged cells treated with 10 pg/mL A22.
3.4.8 Finite element model of bacteria during extrusion loading

The mechanical stresses within a cell submitted to extrusion loading in the microfluidic
device were dermined using finite element models as described in prior W@k and are
summarized here. Prior to experiencing extrusion lagdurgor pressure results in mechanical
stresses within the cell envelope that can be determined using mathematical equations describing
a thinwalled pressure vesd@9]. The additimal mechanical stress and strain caused by extrusion

loading is determined below.
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Our prior work[18] found that extrusion loadingauses a reduction in hoop stress in the
cell envelope, as the walls of the microfluidic device resist some of the forces caused by turgor
pressure. The axial stress in the cell envelope increases, as the cell is stretched and increases in
length. The redction in cell diameter is greater in magnitude than the increase in cell length,
resulting in an overall reduction in cell volume during extrusion loading. The volume loss has been
attributed primarily to loss of water from the cytoplagh®]. Analytical models of the cell
envelope derived from a balance of forces show that internal cell pressure must increase during
extrusion loadingwhich is consistent with the idea that the reduction of cell volume is caused
primarily by loss of water from the cytoplasm and a corresponding increase in turgor pressure.

In this study we used finite element analysis (ABAQUS 2019, Dassault Systereg; Vé
Villacoublay, France) of cells undergoing extrusion loading to study the effect of A22 on the
bacterial cell envelope. Specifically, we determined the changes in thedthmersional stress
state within the cell envelope as well as the changes @medtal shear stress (mechanical stress
associated with volumetric distortion).

The bacterial cell envelope was modeled as an axisymmetric pressure vessel using solid
elements. The finite element analysis was performed using three steps. In the fitbtestei
envelope was placed within the rigid tapered walls in the absence of turgor pregsusel@).

In the second step, turgor pressuPg (vas applied inside of the cell envelope using a pin at the
middle of the trunk section to prevent excesgigid body motionKig. 3.1@). Lastly, external
pressures corresponding to upstre&m &nd downstreant) fluid pressure generated within the
extrusion loading device was applied, along with an increase in turgor pressure to thixalgie
(Fig. 3.16C). The magnitudes of applied fluid pressure are specific to fluid pressure within the

device, determined using hydraulic circuit calculationSection 3.4.5.4.
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Figure 3.16. Steps in the generation of the finite element model of the bacteria ungeing
extrusion loading is shown (A) An unstressed cell envelope is originally within a rigid tapered
channel(B) The cell envelope is inflated with internal pressure (turgor presHsQre{C) The cell
envelope is pushed into the tapered channel with external presﬁrur#i)(with an increased

internal pressure (turgor pressure during loadjg, L9 )

For E. coli in standard liquid media the trunk of the cell envelope was modeled as
transversely isotropic in which the Youngds m
that in the axial direction, as shown experimentally by otf#dr [68]. Peptidoglycan within the
poles of each cell do not display the transversely isotropic pattern s#endall trunk and are
instead randomly oriented. We therefore modeled the cell envelope within the poles as isotropic,
using the average Youngds modul us between t he
stiffness of the bacterial cell envelopetire hoop direction is caused by the preferential hoop
alignment of the peptidoglycan as well as the presence of the MreB protein. The small molecule

A22 depolymerizes the MreB proteifis/4], causing a decrease in the
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Therefore, the cell envelope of E. coli treated with A22wasimadel as i sot opic (Yol

in the hoop direction being identical to that in the longitudinal direction). Numerical values for
cell geometry and mechanical properties used in the finite element model are descFiele in
3.5

Table 3.5 Values of peameters for finite element model of E.cate shown.

Input parameter Value/range
Uninflated cell radiusi() ™' a
Uninflated cell lengthd) ¢8t a
Youngbés modul us val( p®0 0 &
(©)
Poissonds ratio ( T
Turgor pressurel)) o@Q0 &
Turgor pressure during the loading () o@ pTmdQO O

The dimensions of the unstressed cell envelope were derived from thin walled pressure
vessel calculation$l75], and the dimensions dE.coli in the same liquid media used in
experimets[142] and immediately following loss of turgor press{8] as follows:

The mechanical stress and mechanical strain relationship fewétied pressure vessel

inflated with aninternal pressura)() is written as

T :TI I
T [ - i

T ] 1 "

u - U

J— J— _I’I
”

Eq. 3.7

Tt

where] denotes mechanical strain,denotes mechanical stress, subsaiipienotes the
axial direction, subscrigf2denotes the hoop direction, subscrigtenotes the radial directioh,
i's Poi s SO0 0 omuatyidwsis imerrdlplesswse, is initial undeformed rdds of
the pressure vessélis thickness of the pressure vessel.

From EquatiorB8.7 mechanical strain in the hoop directipn) can be written as
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| hte e hele 4 R Eq. 3.8
B R <« R h

The change inicumference of the pressure vessel) (from uninflated state to a turgid

cell is:
-l F1L 2 Eq 3.9
The change in radius () is then:

# n > Eq 3.10

wherel is final deformed radius of the pressure vessel.
The circumference after addition of turgor pressure is then:

2  Z» # 2> #]. Eq 3.11
From Equatior8.11] can be written as:
T —. Eq 3.12
Substituting Equation3.9and3.10into Equation3.12leads to:
4> »h Eq3.13
wherex is diameter of pressure vessel after the inflation (or width offfoe¢ing cell in this

case).

Rearranging EquatioB.13 with respect tol and substituting values ob ™ @

a3t  &[142],7 81 W @ 181 ¢ (change in cell length measured in cells immediately after

plasmolysis)34] we get,
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By propagation of uncertainty (wher€Qdenotes standard deviation) uncertainty in the

value ofi can be calculated as follows,
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Therefore, uninflated cell radiug Y is @ w ™31 T & It was rounded to 1 significant
figure and set ag& ‘ dain the finite element models for simplicitydble 3.5.
Mechanical strain in the axial directign { is:

. Eq3.14

whereais length of the pressure vessel after the inflation (length offiwagng cell in

this case) and is length of the pressure vessel before the inflation (length of uninflated cell).
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By writing Equatior8.14 for & and substituting values af ¢® 1 ™ 0 &[142],T

8t w @ T8t ¢ Whange in cell length measured in cells immediately after plasmdlg4is)

o & BTA b e
T p mwep COUS

By propagation of uncertainty (wher€Qdenotes standard deviation) uncertainty in the

value ofdis determined as follows:

o Ta. Ta,., P . a ..
YO —— YO — YO — YO — YO
T ! T p T p
P ™® ¢ 6 ¢® ft d T8t ™ ¢ U 0
T8t WP P ¢ d T8t WP P ¢ w ¢ .

Therefore, uninflated cell length) is p& v T ¢ & It was rounded to 1 significant
figure and set as8t' ain the finite elerent models fosimplicity (Table 3.5.
The values of Youngds ®pduPos sspanbtargor akxi al
pressurel{ ) were set to values within ranges reported in the liter§aie[32], [57], [176](Table
3.5.
Turgor pressure during loading ( ) is not known, but has been shown to be greater
than turgor pressure before extrusion loadib@]. We therefore considered values Poading
pressure values ranging from the initial turgor pressuded a larger value. The maximumadang
value in the simulation was assumed to be related to the change in cell volume before and after
extrusion loading since osmotic pressurengersely proportional to cell volume (assuming that

cell content stays the same and water loss is only cause of cell volume cAafde)3(§. The
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ranges of turgor pressure during loading were calculated by multiplying the turgor pressure (36.0

kPa) byfactors that are equivalent to change in cell volurig. 3.17.

Table 3.6 Ranges of turgor pressure during loading ﬂ-. - +m) ang shown for four pressure

difference levels.

Pressure Factor of change in pressure| Turgor pressure during loading
Difference, DP (kPa)
(kPa)
1.4 p pPH a@ v
3.2 PGB o@r x®
7.1 Py CB® T8 U@
12.8 pP®H & U g p 18p

Cell Volume Ratio

2.5F

v,
Vioadin q

1.5F *

0.5 = . .
0 5 10 15

AP (kPa)
Figure 3.17 Ratio (mean and standard deviation) of cell volume before extrusion loading to
after extrusion loading shown for eacbP level.6 denotes cell volume before extrusion
loading andb denotes cell volume after extrusion loading.
For each pressure level, we ran five finite element analysis simulations using five linearly

spaced values faurgor pressure during loading ( ) spanning the range shownTiable 3.6
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We retrieved mechanical stress information in the cell envelope and determined the octahedral

shear stress as the average of that determined by five simulationk DPdawel (Fig. 3.5B.
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Chapter 4. Mechanical stimuli activate gene expressionia cell envelope stress sensing
pathway

This chapter is under preparation for submission
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41  Abstract

In tissues with mechanical function, the regulation of remodeling and repair processes is
often controlled by mechanosensitive mechanisms; damage to the tissue structure is detected by
changes in mechanical stress and strain, stimulating matrix synthesis and repair. While this

mechanoregulatory feedback process is well recognized in animals argl fil@not known
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whether such a process occurs in bacteria. In Vibrio cholerae, antibddiced damage to the
load-bearing cell wall promotes increased signaling by thedaraponent system VxrAB, which
stimulates cell wall synthesis. Here we showt ttfeanges in mechanical stress and strain within
the cell envelope are sufficient to stimulate VxrAB signaling in the absence of antibiotics. We
applied mechanical forces to individual bacteria using three distinct loading modalities: extrusion
loading wihin a microfluidic device, compression, and hydrostatic pressure. In all three cases,
VxrAB signaling, as indicated by a fluorescent protein reporter, was increased in cells submitted
to greater magnitudes of mechanical loading, hence diverse forms cdmdistimuli activate
VxrAB signaling. Mechanosensitivity of VxrAB signaling was lost following removal of the
VxrAB stimulating endopeptidase ShyA, suggesting that VxrAB may not be directly sensing
mechanical forces, but instead relies on other fadhatading lytic enzymes in the periplasmic
space. Our findings suggest that mechanical signals play an important role in regulating cell wall

homeostasis in bacteria.

4.2  Introduction

Mechanical forces have long been recognized as key contributors to the growth and
function of organisms. I®On Growthand Form D& Arcy Thompson highl i gt
between mechanical forcemd the morphology and physiology of living organisiig. In
mammalian systems, mechanical forces regulate a wide variety of processes including cell
differentiation during development], [177], disease initiation and progressidi8], and tissue
homeostasifl79]. In tissues and organs with lehdaring functions, mechanical forces often act
as the primary signal that initiates tissue remodeling and repair, thereby enabling the tissue to adapt

to the mechanoal challenges of the environment and quickly return to load bearing. Tissue
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remodeling thereby maintains homeostasis of mechanical function by balémeirgmoval of
damagedissue with tissue synthesis. Lebdaring structures including bofis30], blood vessels
[181], and the plant cytoskeletdd82], [183] use mechanosensitive mechanisimamaintain
mechanical function

Most studies of mechanobiology focus on eukaryotic systems, although recent evidence
has highlighted the importanag mechanical forces in prokaryotes. In bacteria, extracellular
appendages including flagella and type 1V pili extend from the cell body to sense and respond to
mechanical cues in the environment. Flagellar motor unit assembly and disassembly respond to
increases and decreases in external mechanicall@ayl [113]. Physical inhibition of flagellar
rotation by contact with a surface generates reaction forces within the molecular motor, which
stimulate surface adhesion and biofilm formafib#], [15]. Type IV pili are motorized fibers that
extend andetract to interact with the environment. In addition, mechanosensing by Type IV pili
promotes biofilm formatiofl7] and the release of virulence fact¢t§], and it guides motility
after collisions in the environmefi84].

The cell envelope is the primary lahdaring component of bacteria and is also sensitive
to mechanical forces. Stretalttivated ion channels within the cell membrane rapieipond to
changes in osmolarity by opening due to membrane stretching, leading to increased survival
following hypoosmotic shocK185]. Mechanical stress and strain within the eglelope also
affect the assembly of tramemvelope efflux complexes; for example, assembly and function of
the transenvelope multicomponent efflux pump CusCBA is impaired by increases in octahedral
shear stress within the cell enveldf®8]. Mechanical stress within the cell envelope also affects
the locations of insertion of new cell wall in bacteria submittecetullng, with greater amounts

of cell wall inserted at regions of greater tensile strfiB6], [187] Although these
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mechanosensitive mechanisms within ttell envelope are well recognized, none of the
mechanisms identified to date have been shown to regulate gene expression related to the
remodeling of cell wall, an essential component of the cell envelope. If mechanosensitive
mechanisms are involved in redeling and homeostasis of the cell envelope, mechanical stress
and strain would be expected to regulate the synthesis of components of the cell envelope.

Vibrio cholerae the causative agent of cholera disease, survives rapid changes in
osmolarity during the transition between fresh and brackish water, marine environments, and the
intestines of a host. Osmolarity changes result in fluctuations in turgor that alter matck@ass
in the cell envelope. The primary structures counteracting turgor are the peptidoglycan (PG) cell
wall and the outer membrane (Of4)B8]. To maintain adequate mechanical properties, bacteria
must therefore maintain mechaniaakegrity of both PG and OM strength, and this indeed seems
to be the case for the OM88], [189] If and how PG strength is homeostatically controlled is
poorly understood.

In Vibrio cholerag the VxrABtwo-component system is the major cell wall stress response
system[19], [190], [191] VxrAB is induced by exposure to cell watting antibiotics and
overexpression of cell wall lytic enzymes like endopeptidase $h9]A [192]. Upon induction,

VxrAB upregulates its own expression, as well as cell wall synthesis functions, including the PG
translocase MurJ, the major PG synthases (peniitiding proteins, PBPs), and PG precursor
synthesis genes (@i4.1A) [19]. Consequently, VxrAB activation results in increased cell wall
content and enhanced resistance to osmotic Ja8¢KkThese mechanisms are consistent with the

idea that VxrAB contributes to cell wall homeostasis, similar to WalKR in the psitive

bacterium Bacillus subtilig193]. Consistat wi t h t hi s i dea, a e&evxr AB

cell width during normal growtfil9], a finding expected if cell wall stiffness were impaired b
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turgor pressure remained the same. Importantly, VxrAB is also essential for survival after exposure
to cell wallacting antibiotics such as bdtctams[19], [192] Betalactan exposure induces
largescale alterations of cell envelope mechanical properties, including a change from a rigid rod
shaped cell contained by a cell wall, to a membranous spherd@®dkt[195] Recovery from the
spheroplast state relies primarily on VxrAB92], presumably since rod shape regeneration
requires increased cell wall synthesis. Thus, the VxrAB system modulates the mechanical
properties of the cell in response to imbalances in PG turnover. The signal resulting in VxrAB
induction, however, is still unknown.

Here we study VxrAB controlled gene expression during mechanical stimulation of the cell
envelope oVibrio cholerae We alied mechanical stress and strain to the bacterial cell envelope
using three distinct loading modalities: extrusion loading within a microfluidic device, whole cell
compression, and hydrostatic pressure. In each of these situations we find that bacteria
experiencing greater magnitudes of mechanical loading exhibit greater VxrAB activation. Our
findings support the idea that mechanical stress and strain play a role in regulating cell envelope
synthesis and homeostasis and demonstrate the existence oégaaéory systems that can be

induced by mechanical stress in the cell envelope.

4.3 Results and Analysis
4.3.1 VxrAB signalingis activated by extrusion loading
To investigate the role of mechanical stress on VxrAB signaling, we used a custom
microfluidic deviceto apply controlled, reproducible mechanical loagsa processwve call
Aextrusion | oading. o0 Extrusion | oading uses

channels with suimicron dimensiongFig. 4.1B) [18], [65]. Cells become lodged in the tapered
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channels and experience mechanical forces as they are deformed by the channel walls. The
pressur e H©iadrobsehe taperce chgneel regulétesmagnitude of mechanical stress
experienced by a trapped cell. Cells submitted to greater pressure difference inside the tapered
channels travel further into the tapered channels and experience greater deformation by the channel
walls and greater magndes of mechanical stress. Analytical and finite element models indicate
that extrusion loading results in increases in axial tensile stress, reductions in hoop tensile stress

and increases in octahedral shear (stedqaaging) stress in the cell enveldp8].
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greater mechanical loading at a greater pressure diffel@ottem Example transmission image
with a fl uor ewvkPaunmsiGERcals expernencig éxtrugion loading. CYibrio
choleraeare crescerthaped. DYibrio choleraewith crvAdeletion are roghaped. E) Single cell
fluorescence of RrimsfGFPc el | s vs pressure differemwhe. F)
PmurimsfGFPcells (pink) andyxrvA quxrB box PmursmsfGFPcells (blue) vs pressure difference.

Solid lines are linear regressions. SlopewfvA PmurimsfGFPcell (pink) is greater than the slope

of the qrrvA quxrB box PmursmsfGFPcells (blue) (P = 2€12). G) Single cell fluorescere of

grrvA Puras:msfGFPcells vs pressure differencgolid line is a linear regression.

We used a transcription8hurimsfGFPfusion as awvell-establishedeporterfor VxrAB
signaling(Fig. 4.1A) MurJ encodes for lipid Il flippase f@eptidoglycan precurspand flipping
the peptidoglycan precursor into the periplasmic sigacetical for cell wall assembljd96]. The
response regulatarxrB has a high affinity for direct binding of theurJ promotef192], and
murJ expression isonsequentlystrongly controlled by VxrAH19], rendering this construct a
robust readout of VxrAB activatioWe applied extrusion loading Bxn.rzmsfGFPcells for two
hours, then measured the fluorescence of individual cells to quantifysf@é-P expression under
Murd promoter control. The fluorescence BfursmsfGFP cells increased with increasing
magnitude of extrusion loading (Figt.1E), supporting the idea that VxrAB signaling is
mechanosensitive.

Vibrio choleraecells naturally exhibit a crescent shape (BigC). The straightening of a
crescenshaped cell inside the microfluidic device during extrusion loading results in additional
mechanical stresses including greater tensile stresses on the concave sidecell &and

compressive stresses on the convex side. To determine whether the mechanosensitive fluorescent
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response was solely due to the stresses caused by cell straightening, we crestiagadd.
choleraeby deletingcrvA (Fig. 41D) and s u bawvA PuendfGF&cells to extrusion

|l oadi ng. T h e cfvARnermeEGFPoells als® inordasedpwith increasing pressure
difference (Fig. 4.1F, magenta), suggesting that cell curvature is not necessary for the
mechanosensitive fluorescent respow$ePmurimsfGFP cells during extrusion loading. The
difference in slope of the fluorescence vs pressure difference between the curved and the rod
shaped cells may be explained by the additional stresses that curved cells experience from
straightening. Allsubsequent experiments were performed withsrdda p erdA, cellspThe

aut of |l uor es c ecrvh sonG-P gmduding celis was not increased at greater
magnitudes of extrusion loadingig. 4.9.

To confirm that the mechanosensitive response wasodug&rB-activated expression of
PmurzmsfGFP we used a mutant with a partial deletion of the VxrB binding site on the MurJ
promoter( qovA Pmurf* B msfGFP; we previously established that this mutant indeed lacks
VxrAB -responsiveneq492]. Under extrusion loading, the fluorescence of such mutant cells did
not vary with pressure differen€gig. 4.1F, blue), demonstrating that VxrB activation is required
for the mechanosensitive increasePnrzmsfGFPexpression.In addition toits role in MurJ
induction VxrAB signaling is also autoregulatedrig. 4.1A) [197] To confirm that the
mechanosensitive response of VxrAB was not limited to the MurJ promotea/seeused a
PurasmsfGFPreporter strain as an alternative readout of VxrAB activa@@ell fluorescence of
PuxraeMSfGFP cells increased at greatgmressure differencdFig. 4.1G), confirming that
mechanical stress in the cell envelapgulatesvxrAB signaling. We conclude that the VxrAB

activation is sensitive to mechanical stress from extrusion loading.
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4.3.2 VxrAB signaling is activated other forms ahechanical loading: compression

and hydrostatic pressure

To confirm that the mechanosensitive response of VxrAB signaling was not limited to the
environment within the microfluidic device environment or mechanical stresses generated by
extrusion loadingwe investigated the response of VxrAB signaling to two other methods of
mechanical loading: compression and hydrostatic pressure.

To apply compression, cells were sandwiched bet@eagarose gel and a weighted glass
slide (Fig 4.2A). At greatermagnitudes of applied force, cells experienced greater mechanical
loading and deformed to a greater cell width in the ptdisempressionas confirmed by imaging
and measurements of cell widkig. 4.7). Compression causes increases in tensile strabg in
axial and hoop directions and overall increase in octahedral shear -($tzaqueng) stress.
PmursmsfGFPcells were submitted to compression loading for two hours (the same duration that
cells experienced under extrusion loadirggllssandwiched omagarose pads supplemented with
M9 media continug¢o grow and divideat comparable rate cells suspended in M9 medikDd8],
demonstrating that cell have an adequate nutrient supply using this metiediiLidrescence of
individual cells was then measured to quantify expressionmafifAsfGFP Cell fluorescence
increase®0%with increasing magnitude of appliedmpression forc@-ig. 4.2B, left), indicating
that VxrAB signaling is sensitive to compression loadingontrast, upon deletine vxrB box
i n the pxrBboxy tekfluordgsapnce did not vary significantly with applied compression
force (Fig. 4.2B, middle, demonstrating that the mechanosensitive increase in cell fluorescence
for PmursmsfGFP cells under compression also required VxrB activatidfe again used
PuxraemMsSfGFP cells as a secondary reporter for VxrAB signaling. Cell fluorescence of

Puxras:msfGFPcells increased with increasing applied compression {6ige4.2B, right), further
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supporting that the mechanosensitive response to compression is mediated by WerABte
that msfGFP fluorescence shows larger variance among individual cells during compression
loading than during extrusion loading, which is likely because compression does not apply as

rigorously controlled cell contact and load distribution.
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Figure 4.2. VxrAB signaling responds to mechanical stress from compression and
hydrostatic pressureA) During compression, cells are sandwiched between agarose gel and a

weighted gl ass sl i de. crAPwInsfiGigPt el £t e | dfivhdvkrEr d r e ecC ¢

box RnursmsfGFPc e | | s ( bchvA Rxas:mst&FPdellsdgreen) vs applied compression

104



force. Solid | ines ar e crvAPRensiGFPcallsgy(pink)dssgieaten s . Th
than t he scivdgnaB boxf Rawimsf&FPcels (blue) (P < 2616). C) Hydrostatic
pressure applies force equally to allcvBurf ace
PnurimsfGFPc e | | s cfvAquxrBbpx RougmnsfGFPc e | | s ( kwivAPgs:msfGFR d o
cells (green) vs hydrostati pr essur e. Solid Iines armA |inea
PouwimsfGFPc el | s (pi nk) i s gr eaAqgwxBboxBRagmsfGHPeellss | op e

(blue) (P < 2€16).

Next, we assessed the role oydmnostatic pressurén VxrAB induction. Hydrostatic
pressure exerts force perpendicular to all surfaces of the celd . Extreme hydrostatic
pressure (>50 MPa) causes changes to RNA synthesis and DNA replication and can cause cell
death[66]; here we apply mild hydrostatic pressure frorh0D kPa (for reference, a bacterium 10
meters underwater experience approximately 100 kPa hydrostatic pressure). Hydrostatic pressure
causes reductions in tensile stress in the axial and hoop directions emradl owreases in
octahedral shear (shapbanging) stresddurJ was again used as a reporter for VxrAB signaling.
PmurzsmsfGFPcells submitted to two hours of hydrostatic press@ell fluorescence increased
28%with increasing magnitude of applied coragsion forc€Fig. 4.2D, left), demonstratinghat
VxrAB signaling is also sensitive to hydrostatic pressitpon deletingthe vxrB box in the
promoter, cell fluorescence did not vary with applied hydrostatic pre¢Bigie4.2D, middlg,
confirmingthatthe mechanosensitive increase in cell fluorescencedermsfGFPcells required
VxrB activation.As in the experiments above, tRgras:msfGFPreporter strain recapitulated the
observations withPmurimsfGFP (Fig. 4.2D, right). We conclude thawxrAB signaling is

responsive to diverse methods of mechanical load application to the cell envelope.
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4.3.3 Cell wall turnover affects mechanosensitivity of VxrAB signaling

Our above results show that VxrAB signaling responds to mechanical stimuli, but it is
unknown ifthe kinase/xrA is itself a mechanosensor or if VXrA activation is an indirect response
to other changes caused by mechanical stress in the cell envelope. VxrAB is known to respond to
cell wall damage caused by cell wall targeting antibiotics aedexpression of the endopeptidase
ShyA (Fig. 4.1A)[19]. Cell wall damage could trigger VxrAB mechanically by reducing cell
envelope stiffness antidreby increasing deformation of the cell envelopgesed by turgoror
VxrAB could respond to a chemical byproduct of cell wall degradation. Endopeptidases cleave
peptide strands in the peptidoglycan, allowing for the insertion of new cell wall matetiath
elongation but also contribute to cell wall degradation after antibiotic expd498j, [200] The
endopeptidase ShyA plays a key role in celllvimmeostasis and cell elongation through
controlled cell wall degradation i¥. cholerae[201]. ShyA overexpression,ybincreasing
degradation of the cell wall, may cause reductions in cell envelope mechanical properties, resulting
in greater mechanical deformation of the cell envelope under turgor pressure and a resulting
increase in VxrAB signaling. Alternatively, Shyfiediateddegradation of the cell wall could
cause the release of cell wall fragments or byproducts leading to the activation of VxrA. To explore
the possibility that VxrAB mechanosensitive signaling is related to cell wall damage or
degradation, we exposeatltants with ShyA deletion or ShyA overexpression to extrusion loading
and measured the resulting changes in VxrAB signaling.

Under extrusion |l oadi ng, t he fl ushypescenc
PmurimsfGFB ceased to be correlated with pressdiféerence (Fig 4.3A). When ShyA was
reintroducedn trans the mechanosensitive response was rescadidluorescence increases with

increasing pressure diff eshgABbyA++ BuimsfGFP(Fig X t r u s i
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4.3B). However, we noticethat upon deleting ShyA, cells did not travel as far into the tapered
channels during extrusion loading as cells with normal ShyA expressiard (&), potentially
suggesting that cellgefective in major endopeptidase activixperienced insufficient cell
deformation compared with cells with normal ShyA expression. However, cells with ShyA deleted
outside of the microfluidic devicegerewider than cells with normal ShyA expression (E&D,

top vs. bottorh Due to this widh increase shyAPmursmsfGFPcells might experience greater
mechanical strain/deformation than theuPmsfGFP cells despite not traveling as far in the
tapered channel. Indeed, when comparing cell width inside and outside the tapered channels,
gshyAPmurzmsfGFPcells experienada greater percentage decre@sesrage of 40% decrease in

cell width) in cell width as compared tomi?imsfGFPcells (average of 25% decrease in cell
width, Theref ore, the | ack of shyhst@ihisalikelysa dusiot i ve |
insufficient deformation of the cell envelope. Furthermore, the cells in tapered channels for both
groups experience the same pressure dshfAf er enc
PmurzsmsfGFPcells is not due to differeees in applied mechanical force. Since VxrB&seline

levels were elevated in tlggshyAmutants (indicating functional VxrA) the inability of VxrAB

to respond to mechanical loading indicates that it is unlikely that VxrAB directly senses
mechanical stes and strain and that mechanosensation of VxrAB is either secondary to ShyA
activity or indirectly due to the deletion of ShyA (perhaps relateditgequenthanges associated

with increased expression of other endopeptidases or perturbations ceibaladinical properties

or homeostasis in the absence of ShyA). Indepd, h Pn&damsfGFPcells exhibit noticeably
perturbed physiology with blebs, curves, and abnormal shape, suggesting the possibility of
impaired cell envelope mechanical properties thaghinreduce cell stiffness (Fig¢.3E). We

speculate that VxrAB signaling in response to mechanical stress is related to cell wall fragments
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released during mechanical loading. Mechanical stress might enhance ShyA activity through
substrate availability hus resulting irthe production of more PG fragments that are sensed by
VxrA. Indeed, PG lytic enzymes have been previously hypothesized to respond to PG stretching
state[202]. Another possibility is that the absence of ShyA results in changes in PG structure in a
way that makes it nenonducive to VxrABmediated mechanosensifgthough the mechanism

of VxrAB mechanosensation remains unclear, our findings suggest that cetipveodeling

and homeostasere at leash partmechanically regulated.
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Figure 4.3. ShyA and VxrAB mechanosensitivityShyA and VxrAB mechanosensitivityh)
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loading( b | a crnkAPmursmgGFRlinear fit trendline shown in pink from Fig.1F Solid black
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gshyA qrvA PouimsfGFPc e | | s (b kréAcPhuymsf@FPaellsgipink) vs pressure
difference. D)Top gshyA grrvA PmurimsfGFP cell width in a petri dishBottom grvA
PmursmsfGFPcell width in a petridish.E)Ex a mp | e ishyAgqre/A PaufimstBFPcell

morphology grown in M9nediumin a petri dish.

We overexpressed ShyA through the introduction of a ShyA plasmid and IPTG induction.
Under extrusi on cnAPa-amsiGiEP, celllfibrgséence incgeases at greater
pressure differense(Fig. 4.3B). The trend in cell fluorescence vs pressure difference is not
significantl y crdAPdufnesrfeGFP bceetl w eservia Rga-mSAF)R éelst+ oc
so overexpression of ShyA doed imcrease VxrAB mechanosensitive response. Cells with the
ShyA plasmid without IPTG induction also have increasing cell fluorescence with increasing
pressure differencecvlhbBnizims § GERL r BrdMPARIMSIGEFA di n g .
Shy AcxwABurms f GF P shy&Snhdy AgervA PeprrmsfGFP do not appear to differ in
terms of mechanosensitivity (rectrAtPihvemsfSEPi p bet
fluorescence) (Figd.3B). Overexpression of ShyA did not cause significant changesréB

mechanosensitive signaling.

4.4 Conclusions
We have demonstrated that the tammponent signaling system VxrAB is activated by
mechanical stress in the cell envelope caused by three distinct mechanical loading modalities:
extrusion loading, compressiorgand hydrostatic pressureThese findings indicate that
mechanosensitive mechanismithin the cell envelopeanregulategene expressiomvolved in

cell wall remodelingWhile VxrAB responds to mechanical stregsis unlikely that physical
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forces diretdy regulate VxrAB function suggesting that the primary effect of physical forces
occurs on another process that remains to be identified.

Although our findings suggest that VxrA does not respond directly to mechanical stress
and strain, our findings suppicthe idea that mechanical stress and strain may play a role in
controlling cell wall homeostasis. The ability of mechanical stress and strain to contribute to the
remodeling of a loadbearing component such as the cell wall is a powerful means of maigtai
the function of the cell envelope. While we are unaware of other studies directly investigating the
effects of mechanical stress on cell wall maintenance in diheteria there are other two
component systems that regulate cell wall remodeling. ttMoecomponent system WalKR in
Bacillus subtilisresponds tathe degradation of cell wall constituents to regulate cell wall
remodeling[193]. Additionally, recent findings indicathat the outer membrane is also capable
of carrying mechanical load$88], opering the possibility that the synthesis and transport of outer
membrane components may be sensitive to mechanical stress.

The mechanosensitive nature of VBAsuggests potential applications in the field of
synthetic biology. Gene regulatory mechanisms that respond to the external environment are key
tools in the field of synthetic biology. Systems that respond to target chemicals, light, temperature,
and pH fave been used to control synthetic gene cir¢g@@8]. Our work demonstrates that two
component systems can respondntechanical stress in the cell envelope, providing an additional

mechanical mechanism for stimulating gene circuits for synthetic biology applications

4.5 Supporting Information
4.5.1 Materials and methods

4.5.1.1Microfluidic device manufacturing
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The methods for micftuidic device manufacturing used here are similar to what is
described in our previously published wofk8], [65] ; the main difference here is that thelet
depth was reduced to accommodéiterio choleraecell dimensions. Fused silica wafers (100 mm
diameter and 500 pum thick, WF3937X02031190, Mark Optics, Santa Ana, CA, USA) were
patterned using Deep UV photolithography in the cleanroom facility at CofaetiScale Facility
Science and Technology Facility (Ithaca, NY, USA). Clean fused silica wafers were first coated
with ~55 nm of chrome using the AJA Sputter Deposition Tool (AJA International, Scituate MA,
USA). The Gamma Automatic CeBtevelop Tool (Sus MicroTec Gamma Cluster Tool,
Garching Germany) was then used to apply a ~60 nm coat ekélattive coating (ARC, DUV
42P, Brewer Science, Rolla, MO, USA) and ~510 nm coat of photoresist (UV210, MicroChem,
Westborough, MA, USA). The photoresist wapesed to our custom microfluidic device pattern
using the ASML Deep UV stepper (Veldhoven Netherlands), then the photoresist was immediately
developed using the Gamma Automatic CGDatelop Tool. The pattern was transferred from the
photoresist to the antéeflective coating using plasma etching in the Oxford 82 Tool (Oxford,
Abingdon, UK), then transferred to the chrome layer with plasma etching using the -Flasmma
770 ICP tool (Plasm@herm St. Petersburg FL, USA). Any remaining agflective coatingvas
removed with a plasma oxygen clean in the Oxford 82 Tool. Finally, the pattern was transferred
to the fused silica with plasma etching using the in the Oxford 100 Tool (Oxford, Abingdon, UK).
Remaining chrome was removed using a wet chemical batbugihholes were lasestched at
the microfluidic device inlets and outlets using a Versalaser (VLS3.50, Universal Laser Systems,
Scottsdale, AZ, USA).

The wafer feature dimensions were characterized using a profilometer, an atomic force

microscope, and acanning electron microscope. The target etch depth for the channels was at
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least two standard deviations greater than the cell width (>0.80 um) so the cells could flow freely
through all of the feeder channels and would only get stuck in the narrow ciomis i the tapered
channels. The feeder channel etch depth was characterized using a profilorfet€t APInc,
Milpitas CA, USA). The profilometer tip was too wide to measure the tapered channels, so an
atomic force microscopy high aspect ratio tip waed to measure the etch depth of tapered
channels (Veeco Icon Bruker, Billerica MA, USA). Channel etch depth was 0.88 £ 0.03 um. A
scanning electron microscope (Zeiss Ultra 55 SEM microscope, Oberkocken Germany) was used
to measure the tapered channéttiwidth (1.48 £ 0.07 um) and outlet width (0.35%+ 0.02 um).
The tapered channel inlet is wide enough the cells can enter, and the outlet is narrow enough to
prevent cells from flowing out.

The patterned wafers were bonded to 100 mm diameter and 170gkrfuted silica cover
wafers (WF3937X0073119B Mark Optics, Santa Ana CA, USA). Cover wafer thickness was
chosen to be the same thickness as standard cover slips. Both the patterned wafers and the cover
wafers were MOS/RCA cleaned before bonding. Wafers gwently hand bonded, then underwent
nitrogen annealing for 5 hours at 1100°C. Wafers were allowed to sit at least one week before use
to let the bond mature.

4.5.1.2Microfluidic device design

The microfluidic device design has been described previously in blisiped workg18],
[65]. Fluid pressure pushes bacterial cells into narrow tapered channels, a process we refer to as
extrusion loadingKig. 4.4A). The cellexperiences deformation and mechanical stress and strain
in the cell envelope as it is constricted by the channel walls. The fluidic pressure is higher at the
wide inlet of the channel and lower at the narrow outlet of the channel, pushing the celils towar

the outlet. We refer to the difference in pressure between the wide inlet and the narrow outlet of
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the tapered channel as the pressure differen
differential experience a greater magnitude of mecharoedlinhg, travel further into the tapered

channel, and deform more than cells in tapers with a lesser pressure differential. The distance the
cell travels into the tapered channel is dependent on the magnitude of the pressure differential,
initial cell width, and cell stiffness.

Hundreds of cells under multiple loading magnitudes are observed during each
experiment. Twelve sets of five tapered channels are put in parallel and connected by a bypass
channel Fig. 4.4B, Fig. 4.4Q. Pressure is highest at thmbett of the bypass channel and lowest at
the outlet of the bypass channel due to pressure loss from hydraulic resistance; therefore, the
tapered channels near the bypass inlet and ou
(Fig. 4.4Q. Ten lypass channels are put in parallel and connected by feeder channels to a single
entry port for the microfluidic device={g. 4.4D. While trapped in the tapered channels cells

remain alive for hours and are observed elongating and dividing.
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Figure 4.4 Extrusion loading microfluidic device to apply controlled mechanical loading to
individual cells. A) A cell forced into a tapered channel. B) Multiple tapered channels in parallel
connected by a bypass channel. C) A full bypass channel where pressuoeachfie greatest near

the inlet and outlet of the bypass channel. D) The entire microfluidic device design has multiple

bypass channels connected to a single microfluidic device entry port.

4.5.1.3Loading cells into the microfluidic device
Fluid pressure was used to load the cells into the microfluidic device. Pressure was

generated using a PneuWave Pump (CorSolutions, Ithaca NY, USA). PEEK tubing (Idex 360 um
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OD x 150 um ID, Lake Forest IL, USA) was attached to the PneuWave pump. Isopr@pahol

was flushed through the PEEK tubing for 5 minutes for sterilization, then M9 minimal media was
flushed through the tubing for 5 minutes to clear the isopropanol alcohol and prepare the tubing
for cells. A magnetic connector lever arm (Fluidicdmohg Probe, CorSolutions, Ithaca NY, USA)

and gasket (NL2303 IDEX, Lake Forest IL, USA) were used to form a compression seal
connecting the PEEK tubing to the microfluidic device. M9 minimal media was run through the
microfluidic device to pravet all d the channels and push out any bubbles.

The tubing and connector were disconnected from the microfluidic device, and cell culture
was flushing through the tubing at 60 kPa applied pressure for 5 min. The tubing was then
reattached to the microfluidic dee, and cells were flowed into the device. Applied pressure was
maintained at 60 kPa for the remainder of the experiment. Imaging began two hours after all
pressure levels in the microfluidic device were loaded with cells. The two hour time point was
detemined from preliminary experiments; fluorescent signal increased from the start of the
experiment until 2 hours, then remained constant from 2 to 6 hours.

4.5.1.4Microfluidic device hydraulic circuit pressure calculations

The fluidic pressure at the tapered amels within the microfluidic device could not be
directly measured, so it was calculated using the pressure at the entry of the device (measured with
the PneuWave Pump) and a hydraulic circuit model with the HRgeseuille law (EquatioA.1).

o Hs the dfference in pressure between upstream end and downstream end of a cantied,
flow rate, andR, is the hydraulic resistance of the channel.
qfP 02z Eq. 4.1
The hydraulic resistance of each linear channel in the microfluidic device was

determind individually using either Poiseuille flow (EquatioA and4.3) or Plane Poiseuille
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flow (Equation4.4) wherep is fluid viscosity (assumed to be the viscosity of water =-8.9%a-s),

L is the length of the channé,is the area of the channel cross sectiois the hydraulic radius,
P is the perimeter of the channel cross section Hasdthe height of the channel. Poiseuille flow
(Equations4.2 and4.3) was used for channels whehe ratio of the channel crosscsion width

to channel cross section height was less than 20, and Plane Poiseuille flow (E4datiams

used for channels where the ratio was greater than 20.

Y ; Eq. 4.2
i —; Eq. 4.3
A Eq. 4.4

The hydraulic resistaecof the entire microfluidic device was determined by combining
the hydraulic resistance of all of the individual linear channels. Channels in parallel were combined

using Equatio.5whereRrotal is the combined hydraulic resistance of channelsnl to

— - —8— Eq. 4.5

Segments in series were combined using Equatiénwhere Rrotal is the combined

hydraulic resistance of channels Into

Y Y Y8 Y Eq. 4.6

Due the complex geometry of the devices, thegiraulic circuit calculations have been

done using austom script iIMATLAB (v. 2019a, Mathworks, Natick, MA, USA).
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45.1.4.1 Hydraulic resistance of tapered channels with cells

When a cell occupies a tapered channel, the cell partially blocks fluid flow and thereby
causes an increase in the hydraulic resistance of that channel. Since fluid flow profile around the
cell is irregular (the tapered channel has a trapezoidal crogsnsaat a cell has a circular cross
section), Equationd.2 and4.3 were not appropriate. To determine the hydraulic resistance of a
tapered channel occupied by a cell, we created a model G&MySOL Multiphysics (v 4.3,
Stockholm, Sweden)he hydrauliaesistance of a tapered channel occupied by a cell is an order
of magnitude greater than a tapered channel without a cell. In accordance with experimental
observations, it was assumed all tapered channels were occupied by a cell.

4.5.1.5Measuring cell boundary ad fluorescence in microfluidic device

The cell dimensions and cell fluorescence were determined using a custom script in
MATLAB (v. 2019a, Mathworks, Natick, MA, USA). The cell dimensions of each cell in the
microfluidic devices were determined from thatioal transmission imagghe optical properties
of the channel walls limited the utility of automatic cell detection software necessitating-a semi
automated approach. Regions with cells were manually identified 4.5A), horizontal and
vertical line profiles wereyenerated The midpoint between the peaks and troughs on the line
profiles were used to determine the cell boundakeas @.58. The distance the cell traveled into
the tapered channel was measured as the distataveen the cell centroid and the inlet of the
tapered channel.

The cell boundary identified from the optical transmission image was mapped to the same
location on the fluorescent image. The pixel intensity of all pixels in the cell boundary were

summedo calculate the cell fluorescence. All measurements were corrected for the background
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fluorescence by subtracting the median fluorescent intensity of the entire fluorescent image

multiplied by the number of pixels in the cell boundary.
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Figure 4.5Cell boundary determination in the extrusion loading microfluidic device Adapted
from [18]. A) Transmission image of cell in the tapgrehannels of the microfluidic device. B)
Zoomed in region of interest with a cell. Horizontal and vertical line profiles were used to define

the cell boundary.

4.5.1.6Measuring cell boundary and fluorescence for hydrostatic pressure and
compression experiments
The cell boundary was identified using a custeoniten MATLAB software called iQPALM
[198], (https://doi.org/10.6084/m9.figshare.1264261Y.ahd in the corresponding fluorescent
i mage, the cell total fluorescence was quant.i
maskas illustrated irig. 4.6. The average fluorescent backgrouves calculated as the average

of 20 random pixels outside the cells.

119



Figure 4.6 lllustration of total fluorescence calculation on petri dishA) Transmission image
with cell masks overlaid of cell after hydrostatic pressure was applied. B) Fluoresoageavith

cell masks overlaid. C) Example of average fluorescence image background.

The average fluorescence of the background was then subtracted from each pixel in the
image to produce a corrected image. The total fluorescence of each cell was tiddnyfadding
the fluorescence of each pixel in the cell mask of the corrected image. ThisvzsUerther
linearly scaleased on thentegration time, EM gain, and power dengifable 4.).
4.5.1.7Cell sanple preparation
Cells were grown overnight (18 hours) in LB (Sigildrich) with appropriate antibiotics
in 37°C with 250 rpm shaking. The overnight culture was diluted in a 1:100 in M9 minimal media
supplemented with 8% v/v 50X MEM amino aci@IBCO) and 4% 100Xitamins (GIBCO),
which is referred to as the supplemented M9 in later methods. The cells were grown for 4 hours at
37 °C until ODoo~0.4 to reach exponential phase then spun down and resuspended in fresh
supplemented M9 minimal media.
4.5.1.8IPTG Induction
For experiments witksopropyl RD-1-thiogalactopyranosiddéRTG) induction, 100uM of

IPTG (SigmaAldrich) was added to the cell culture after the 4 hr dilution and incubated @ 37
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for another hour before loading cells into the micraficidevice and maintained throughout the
entire duration of the experiment.
4.5.1.9 Hydrostatic pressure experimental protocol
Hydrostatic pressure was applied to a bulk fluid cell culture using a PneuWave Pump
(CorSolutions, Ithaca NY, USA). A custemade plug was used to prevent any flow. Two

supplemented9 cell dilutions were prepared and incubated aC3for 4 hours as desbed in

Sl Sectiom.5.1.7 Meanwhile,, 0.03% polyL-lysine (SigmaAldrich) was added to the petri dish

and incubated at room temperature for 4reda functionalize the coverslip. The excess goly

lysine solution was washed out with nanopure sterile water after 4 hours. Onswgfplemented

M9 dilutions was then held under hydrostatic pressure for two hours, while the other one was kept
under amospheric pressure. After releasing pressure, 2 mL of cells were immediately centrifuged
down, resuspended in 200 uL supplemented M9, and placed 50 uL into one of the compartments
of a petri dish (CELLview, glass bottom, four compartments). The samedpreceas used for a
control cell dilution in which no pressure was applied. After the cell sample was incubated on the
petri dish for 35 min, the dish was washed with supplemented M9 by pipetting for at least 3 times

to remove unattached floating cellddre adding 200 uL supplemented M9 in each compartment.

4.5.1.10 Compressiorexperimental protocol
For the compression experiments, the cell overnight culture and dilution were prepared as
described inSI Section4.5.1.7 Two millimeters of the 4 h dilution was centrifuged down and
resuspended in 30 uL of the supplemented M9. The cells were immobilized for weight application
and imagingafterbeing sandwiched between a 3% (w/v) agarose gel and a coverslip. To make the

agarose gel for the compremsiimaging sample80 mg ofagarose (Sigmaldrich) and added to
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1 mL ofthe supplemented M&@hdheatedn a microwaveuntil agarose was completely dissolved.
Then50 uL of ths molten agarose wagsipettedonto the center ofa glass slideand before it
solidified, another glass slide wasit on top of the agarose flatten the gelThe top glass slide

was then removedwo microlitersof the concentrated cell sample wetacedonto the agarose

gel surface and topped with a coverslip. The supplementedadadded on the side to prevent

the system from drying, arsflainless stealeights were applied on top of the coverslip for 2 hours
before imagingWe observed that cells at greater applied force experienced greater deformation,

as evidence by greategltwidth (Fig. 4.7).
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Figure 4.7. Cell width during compression loading.Cell width (um) vs applied force (N).

45.1.11 Imaging protocol

To monitor the change of cellular GFP expression level under diverse mechanical stimuli,
we used an inverted fluorescence microscope (Olympus IX 71) to illuminate the cells with 488 nm
laser Coherent INC, Sapphire 4880 CW CDRH in wide-field epi mode. A bandpass filter

(Semrock, FF0:b625/50) was used for the detection of green fluorescencerrsi@FP. Due to
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the difference of intrinsic gene expression level, the illumination pulse dufiatioBM gain, and
laser local power density varied for the Galgs on VxrA promoter and MurJ promoter to not
saturate the EMCDD camera (Andor Technology -837ECSO#BV) as listed inTable 4.1 A

pi shaper flat top beam shaper (Edmund optics;64) was used to expand the laser beam size

in the compression expeatents for higher throughput.

Table 4.1Imaging conditiond/xrAB reporters under extrusion loading, hydrostatic pressure and

compression

qrrvA Puxras- | qEIVA Pmurr
msfGFP msfGFP GrrvA
Extrusion Loading 4 20 20
Tt (MS) Hydrostatic Pressure 4 20 20
Compression 20 20 -
Extrusion Loading 100 200 200
EM gain Hydrostatic Pressure 100 150 150
Compression 150 150 -
Extrusion Loading 3.6 3.6 3.6
488 power Hydrostatic Pressure 3.6 3.6 3.6
density (kw/crd)
Compression 0.5 0.5 -

4.5.1.12 Strain construction
Bacterial strains and oligonucleotides used in this study are summarizabl@®#.2 and
4.3. All V. choleraestrainsused in this study wergerivatives ofV. choleraeWT El Tor strain
LuriaBertani medium with  appropriate

N16961 which were grown on (LB)

antibiotics:streptomycin (RPIcat# S62000) 2 0 0' ! ampiciltiml (RPI, cat¥# A40040) 100

e g ' hechrbenicillin (RPIcat# C4600Q) 5 0 lgKgnamycin (RPIcat# K22000) 2 0 't g
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For native or IPTG promoter inductiohQ0 g mI? of Benzylpenicillin potassium salt (PenG
Fisher BioReagents, cat# BP914@0) orl 0 0 ~ 5 OoOisopraypytb-D-1-thiogalactopyranoside
(IPTG-GOLDBIO, cat# 1281C50) are supplemented, respectivélpless indicated otherwise,

LB liquid media were inoculated from an overnight culture and incubated at 37°C with shaking at
200 rpm until reaching midxponential phase (Q&~0.4).

E.coliDH5&p i r SMdhadp ivareused forall cloning proceduresy Isothermal
assembly {Gibson Assemb[204]} or conjugal transfer of genes intbbrio strains.Knockout
strainswere generated by homologous recombination using the suicide vector pC\{Rd8R
and amplified PCR products from primer combinations and gene block inZakf@r promoter
andmsfGFP fusion strains, amplified promoter DNAsfirJor vectPDGCcloned into pJL101, a
suicide vector for chromosomal integratioto thelacZ locus. ForShyA overexpression stran
ShyA was cloned into pHL100mob using primer pairssioyA(TD-JHS548/549) anthe final
construct wastroduced in a variety ofibrio strains as an episomal copasmidwith kanamycin

resistance gerfer plasmid maintenance.

Table 4.2 Bacterial $rains used irfChapter 4

Strain L Reference
Iplasmid Relevant description Isource
V. choleraestrains
Wild-type O1 Inaba,; Str Lab stock
Dorr et al, 2016
TDW933 | qwxrAB (PNAS)[19]
JHS302 | qurvA This study
JHS615 | gqervA PmurrmsfGFP This study
N16961 | JHS623 | qrrvA quxrAB PmurrmsfGFP This study
JHS619 | gervA PyctroceMsfGFP This study
JHS626 | qervA qvxrABPyctrocemsfGFP This study
JHS513 | qErvA Pmurrqd/xrB Box+msfGFP This study
JHS514 | qzrvA qwXrAB Pmurrgd/xrB Box+msfGFP This study
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JHS587 | qzrvA PmurrmsfGFP+pHL100mob This study
JHS595 | qzrvA PmurrmsfGFP+pHL100mob ShyA This study
JHS591 | qzrvA qwXrAB PmurrmsfGFP+pHL100mob | This study
JHS603 g]r:]r)\//ﬁ gVXrAB  PmurrmsfGFP+pHL100mol This study
JHS641 | qervA gshyAPmurrmsfGFP This study
JHS742 | qervA gshyAPmurrmsfGFP+pHL100mob This study
JHS763 gzrvA gshyAPmurrmsfGFP+pHL100mob W This study
ShyA
E. coli strains
p( alreau) 7697 @l ac X714
araD139 ahpC galE galK rpsL (DE3) F[la Lab stock
laclg pro] gor522::Tn10 trxB pLysSRAR
(CamR, StrR, TetR)
TJESO01 | pCVD442axrvA This study
Dorr et al, 2016
CVD442a/xrAB '
SM10 b (PNAS)[19]
api r | TJES002 pCVD442ashyA This study
TJESO003| pJL1 RaurrmsfGFP This study
TJES003| pJL1PyctrocecmsfGFP This study
TJESO05 | pJL1 PmuraqxrB BoxmsfGFP This study
pHL100mob Lab stock
Murphy et al.,, 2021
pHL100mob ShyA (MBio) [206]
Table 4.30ligonucleotides and gene blocks use€hapter 4.
Pri mer sequence| Description
Strain
construction
TD-JHS 548 GAGTTTGACCCGGGTAACAAGAAGT | ShyA Xmal F
T
TD-JHS 549 GTTCACTATTGAGCATGCAGAAACG | ShyA Sphl R
G
TD-JHS 550 GAGTTTGACATGATTAACAAGAAGT | ShyA Veri New F 2323
TCCT
TD-JHS 551 ACGAGTTCACTATTGAGCTGACAGA | ShyA Veri New R 2323
AACG
TD-JHS 260 CATGATTGGCATGGTGGAGC pJL1 newF
TD-JHS 261 GTATTGCACAGGACGCGATG pJL1 newR
TD-JHS 452 iéTGCTGCTTCATGTGATCCGGGTA msfGEP m Rev
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TD-JHS 028

CACCATCAGGCAGTTGGCGATCAAG
G

VXrA Ver 253TTG

TD-JHS 033

GCGAACTTGCTGCCTTACATGCACA
TCC

VxrA Ver F1

TD-JHS 034

GCAGTCTGACAGTAAACCACTCGCG

VXrA Ver F2

TD-JHS428

CTGAAATGAGCTGTTGACAATTAAT
C

pHL100 For

TD-JHS429

GCTACTGCCGCCAGGCAAATTCTG

pHL100 Rev

TD-JHS 533

GTAAATCACTGCATAATTCGTGTCG
CTCAAG

pHL100 F

TD-JHS 571

CTGTTTGTCTGCGGTGATGTAAACG

msfGFP Ver Rev 500

Geneblock

GAGTTTGACCCGGGTAACAAGAAGT
TCCTTAAAACAAAAGATGAAGTGG
AAGTCACTTTTGAATGCGATGCCCC
GCAAGCGGCCTCTGAAGTAGCGATT
GTGGCCGATTTTTTAGGTTGGCAGC
CTGAGCCAATGAAAAAAGTGGCCA
AATCAAGCACGTTCAAATTTAAAAC
TCGTTTGCCGAAAGATCGTGAATTT
CAGTTCCGTTATTTGCTCGATAAAC
AAGAGTGGGTCAATGATCCCCATGC
CGATCAGTATATTGCTAACGGTTTT
GGTGAAGAAAACTGTTTGTTAACCA
CCTATCAGTGATTTGGGTAGCATTT
TTTGACGAAAGCTCAAAAAATCACA
AACAACTAAGTTGCTGCCAGCACAC
AAAATCCTCTATTTTTGAAAGGCAC
AAATGTGCCTTTTTTGCTTTAAATTG
ACGAAAGCGTAGGTGACAAACCGC
GCTGAAACCCTTACTCTTGGCCGAG
TTTTGACTTTTTTCCACAGGTAAACT
GTCTCACATCAACTGTTTTTAGTGGT
ACCGATTTCTTGAGTATTGCCTTATT
TTTGATTGAGGCAAGCGTTGAGAAT
ATGGGCTTTTACCGTTTAGGCTACA
TTCGTTTCTTTTCTCCAGCGTTCAAT
CATCACACTCGGTAAATCAGGTCGA
CTGAAGTAATACCCTTGAATTTGCT
CACAGCCCATTTGATAGAGTTTATC
CAGTGCTTGTTGGTTCTCTACCCCCT,
CAGCGACGAGATCGAGTTTAAGCTG
GTTAGCAAGCTGAATAATCAACCAC
ACGATACTCTCAGAGGTTTGGTTGG
TAAGTAGGTTACGCACAAATGCAGC
ATCAATCTTGATGCAATCAATCGGA

TAACTGTGAATGTAGTTAAGGCTCG

shyAdeletion
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AATAACCTGTCCCAAAATCATCCAA
GGCAATTTTAAAACCCAATTCACGC
AATATGGTGAGAATACTGCATACTT
CTGCGGCCTTAGAGAGTAAAACCGT
TTCTGCATGCTCAATAGTGAAC

GGGTCTAACTCCCAAAAACTTAGTT
CGGTGACATTTTAAGGGCGGGAAAT
ATCCCCGATTTGCTCTTTAATGTCAA
ATGATTTGTGCAAAAACCCAACTGG
ACCAAACAAACTTGGTATCGAAGA
GCCTTCGCGGTTAAGATGGCGGGGA
CTTATCTGATCTCACTATGACATTCT
TATCCTTTCGAATCAGATAATGTGG
TTTTGACTCTTTGTTCGAGGTTACCG
TGAGTAAACGCTTATTAAGGAGGAA
AGTCACATTCATGATCATGGGAATT
CATAAAGGTGAAGAACTGTTCACCG
GTGTTGTTCCGATCCTGGTTGAACT
GGATGGTGATGTTAACGGCCACAAA
TTCTCTGTTCGTGGTGAAGGTGAAG
GTGATGCAACCAACGGTAAACTGAC
CCTGAAATTCATCTGCACTACCGGT
AAACTGCCGGTTCCATGGCCGACTC
TGGTGACTACCCTGACCTATGGTGT
TCAGTGTTTTTCTCGTTACCCG@ATC
ACATGAAGCAGCATGATTTCTTCAA
ATCTGCAATGCCGGAAGGTTATGTA
CAGGAGCGCACCATTTCTTTCAAAG
ACGATGGCACCTACAAAACCCGTGC
AGAGGTTAAATTTGAAGGTGATACT
CTGGTGAACCGTATTGAACTGAAAG
GCATTGATTTCAAAGAGGACGGCAA
CATCCTGGGCCACAAACTGGAATAT

Prmurs DVXrB BoxmsfG-P
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AACTTCAACTCCCATAACGTTTACA
TCACCGCAGACAAACAGAAGAACG
GTATCAAAGCTAACTTCAAAATTCG
CCATAACGTTGAAGACGGTAGCGTA
CAGCTGGCGGACCACTACCAGCAG
AACACTCCGATCGGTGATGGTCCGG
TTCTGCTGCCGGATAACCACTACCT
GTCCACCCAGTCTAAACTGTCCAAA
GACCCGAACGAAAAGCGCGACCAC
ATGGTGCTGCTGGAGTTCGTTACTG
CAGCAGGTATCACGCACGGCATGG
ATGAACTCTACAAATAA

GGGTCTAACTCCCAAAAACTTAGTT
CGGTGACATTTTAAGGGCGGGAAAT
ATCCCCGATTTGCTCTTTAATGTCAA
ATGATTTGTGCAAAAACCCAACTGG
ACCAAACAAACTTGGTATCGAAGA
GCCTTCGCGGTTAAGATGGCGGGGA
TTCTATCAGCATTTTTTTACCAATGC
TAATACTTATCTGATCTCACTATGA
CATTCTTATCCTTTCGAATCAGATA
ATGTGGTTTTGACTCTTTGTTCGAGG
TTACCGTGAGTAAACGCTTATTAAG
GAGGAAAGTCACATTCATGATCATG
GGAATTCATAAAGGTGAAGAACTGT
TCACCGGTGTTGTTCCGATCCTGGTT
GAACTGGATGGTGATGTTAACGGCC
ACAAATTCTCTGTTCGTGGTGAAGG
TGAAGGTGATGCAACCAACGGTAA
ACTGACCCTGAAATTCATCTGCACT
ACCGGTAAACTGCCGGTTCCATGGC
CGACTCTGGTGACTACCCTGACCTA
TGGTGTTCAGIGTTTTTCTCGTTACC
CGGATCACATGAAGCAGCATGATTT
CTTCAAATCTGCAATGCCGGAAGGT
TATGTACAGGAGCGCACCATTTCTT
TCAAAGACGATGGCACCTACAAAA
CCCGTGCAGAGGTTAAATTTGAAGG
TGATACTCTGGTGAACCGTATTGAA
CTGAAAGGCATTGATTTCAAAGAGG
ACGGCAACATCCTGGGCCACAAACT
GGAATATAACTTCAACTCCCATAAC
GTTTACATCACCGCAGACAAACAGA
AGAACGGTATCAAAGCTAACTTCAA
AATTCGCCATAACGTTGAAGACGGT
AGCGTACAGCTGGCGGACCACTACC

PmurJ'meG FP
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AGCAGAACACTCCGATCGGTGATGG
TCCGGTTCTGCTGCCGGATAACCAC
TACCTGTCCACCCAGTCTAAACTGT
CCAAAGACCCGAACGAAAAGCGCG
ACCACATGGTGCTGCTGGAGTTCGT
TACTGCAGCAGGTATCACGCACGGC
ATGGATGAACTCTACAAATAA

4.5.1.13 Statistical Analysis
Ordinary least squares linear regression models were used to determine trends in the data.
When comparing the trends between separate groups, multivariate linear regression was used with
the Tukey method for correctingrfonultiple comparisons. Statisticahalysesvere performed

with a significance | evel of U=(0.05). Data w

4.5.2 Additional results and figures
4.5.2.1Analysis of extrusion loading on noiFP producing cells
To ensure oumicrofluidic device and imaging arrangement did not inherently introduce a
pressure differenedependent bias in cell fluorescensess u b mi ¢rvA rod-GF# producing
cells to the same 2 hour extrusion loading protocol as detailed dkigvd.g§. Cell fluorescence

had no pressure difference dependent trend.
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Figure48Cel | fl uorescence \wrsAnpnGERspsoducirg calld siibmigtede n c e
to extrusion loading.
4.5.2.2Analysis of extrusion loading on Rur:msfGFP cells within 830 min of
loading
We <col |l ect ed crvAaugresiGFRedlls withineG30aenin of loading in the
microfluidic device as a control to see if there would be a pressure dependent fluorescent trend

due to the initial loading procedur@ell fluorescence had nogssure difference dependent trend

(Fig. 4.9.
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30 minutes of being loaded into the microfluidic device.

4523Anal ysis of extrusi onmrind@rPicelly on v xr A
To further investigate if the MurJ expression and GFP production was mediated by VxrAB

signaling or another factor (Figt.1H) , we s whABiatrntAdPasmgiGFP cells to
extrusion loadingl nt e r e wXrABaxgvA BmyrimsfisFPcell fluorescence did increase with
pressure differenceF{g. 4.10A . H o wexrAB exrvA RpuimsfGFP cells exhibited a
surprising pressure differenceke penden't increase in celcivA vol um
PmurimsfGFPcells was constant with pressutifference fig. 4.10BandFig. 4.10D. When cell
fluorescence was adjusted for cell volunfag( 4.10G , crvAePmuimsfGFP cells had a
significantly vgrABeanALHimsiGEPpels (p<h0d)wemagnstrating that

VxrAB is required for the mechanosensitive increase in cell fluorescenBrgomsfGFPcells.
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Figure 4.1Q Vv x rcrMB PmeeJ-msfGFP cells under extrusion loading.A) Cell
fluorescence vs pwABaEwA RuindsiGFRcells. 8)nCelevoldme vs
pressur e divirABemrvA BnciensfGFB(grey)gp a ondA PraaimsfGFP(pink) C)
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PmurimsfGFR D) Example transmissiommia g e s vxrd\B aergd PmurimsfGFPa n dcrvise

PmurimsfGFPat 0.7 kPa pressure difference and 4.7 kPa pressure difference.
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4.5.2.4Compressiorrepresented with boxplots and scatter
The effect of applied pressure durervAg comp
PmurimsfGFR  cred PmurraarxrB box :msfGFR  a envdh Pyaee:msfGFPstrains is represented
with a violin plot in the main text in Figl.2B. The same data is represented here but using a

boxplot plot and scatter.
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Figure 4.11Cell fluorescenceduring compression loading Cell fluorescence vs applied force
(N) f o crvA@murimsfGFP( | e f t , crvA PmiirkaxrB boxe msfGFP (middle, blue), and

arvA Puxas:msfGFP(right, green)

4.5.2.5Hydrostatic pressureepresented with boxplots and scatter
The effect of hydrostatic @vA&sESGER o cel |
PmurraarxrBbox:msfGFR  a ervé\ Py,ags:msfGFPstrains is represented with a violin plot in the

main text in Fig42D. The same data is represented here but using a boxplot plot and scatter.
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Figure 4.12Cell fluorescence under hydrostatic pressureCell fluorescence vs appligaessure
(kPa)f o crvA®murimsfGFP( | e f t , crvA RmirserkrB boxeemsfGFP (middle, blue), and

arvA Puxas:msfGFP(right, green)
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Chapter 5. Conclusions and Future Directions
5.1 Summary and Conclusions

The cell envelope is the primary leadaring structure of a bacterial c€llomponents of
the cell envelope experience changes in mechanical stress and strain in the cell envelope due to
environmental mechanical stimuli and are therefore ideally positioned to be mechanosensitive and
mechanorgponsive.The objective of this thesis was to investigate the influence of mechanical
stress on two systems with components in the cell envelope: multicomponent efflux complex
MacAB-TolC and twecomponent signaling system VxrAB. We found thiaygical fore in the
cell envelope affestcell physiology- both by affecting functional structures in the cell envelope
(MacAB-TolC 1 Chapter 3 and changes in gene expression (VxiABhapter 4. In this section
| will summarize the findings, discuss thignificance, and propose future work.

5.1.1 Chapter 3Summaryand Significance

In Chapter 3 we sought tetermine the effects of mechanical stress and cell envelope
stiffness on multicomponent efflux complex MdR-TolC in Escherichia coli MacAB-TolC
complexdisassembly increased with incredsnechanical loading, whiclve attribute tayreater
octahedral shear stress in the cell enveldpes is in agreement with our previous work that found
increased disassembly of multicomponent efflux complex CusCBA wehtgr mechanical
loading and octahedral shear stress in the cell envdliffle These findings highlight the
importance of mechacal stress othe function otransenvelope protein comples. In Maé&B-
TolC and CusCBA, ricreasedefflux complex disassembly in cells experiencing mechanical
loading resulted ininhibited efflux complex functionality, suggesting decreased antibastit
toxin resistance capacityBased on these findings, future work could explore the relationship

between mechanical stress in the cell envelope and antibiotic efficacy, and even the possibility of
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altering the mechanical environmenteestrategy for enhaneg antibiotic efficacy. Additionally,
these finding suggest thanechanical stress in the cell envelope may more broadly influence cell
physiology by affecting the function of other types of trangelope complexes such as systems
that translocate outenembrane proteins and type lll secretion systems.

To investigate the role of cell envelope stiffnessMaB-TolC mechanosensitivitywe
applied mechanical loading tells with decreased cell stiffnedgough exposure to antibiotic
A22. In cellswith decreased cell envelope stiffnea® found that extrusion loading caused
decrease in the mobifeaction of MacA™M with greater mechanical loading and no change in the
mobilefractionof MacB™Ewith mechanical loadingVe identifiedtwo competingactorsthatwe
attribute toaltered efflux complex behavior: octahedral shear strescahdurface areawe
attribute changes in protein mobility and clusteringhanges ircell surface area. Cells with
decreased stiffness experienced a greater tiedua cell surface area during extrusion loading.
The reduction in surface area increased protein geasd corresponded wiihcreased protein
clustering and reduced diffusion coefficients for MacA and MacB.

This study was not designed to charactetimeeffects of cell surface area on membrane
protein diffusion since extrusion loading causes changes to both octahedral shear stress and cell
surface area and we observed proteins with both mobile and stationary fractiotmer F
investigation using a are controlled system such as a supported lipid bilayer would be necessary
to directly define the relationship between cell envelope stress, cell surface area, and membrane
protein diffusion characteristic€hanges in membrane protein diffusion hawedespread impact
on cell physiology including chemotax&07], cell elongatiorf208], cell division[209], and spore
formation[210], so investigating the role of mechanical stress on protein diffusion could uncover

the influence of mednmical stress on many aspects cell physiology. Additionally, this study
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highlighted the importance of cell envelope stiffness. During extrusion lqagihgtiffness plays
a significant role in both octahedral shear stress and cell surface area, ttetezhyining the
results of mechanical loadingtill little is known about thsignificance of cell stiffness regulation
for cell survival anccell growth.

5.1.2 Chapter 4 Summary and Significance

In Chapter 4 we sought ttetermine the effect of mechanical stress/anAB signaling
and subsequemxrAB mediated cellwall synthesis iVibrio cholerae We applied three different
forms of mechanical loading to the cell envelogega customfused silica microfluidic device,
hydrostatic pressure, and compressamd we used multiple reporters of VxrAB signalilmgeach
instance, cells experiencing greater magnitudes of mechanical loading exhibit greater VxrAB
signaling We conclude that VxrAB signaling is activated by deeeforms of mechanical load
application to the cell envelopAdditionally, wefoundthat thedeletion ofendopeptidase ShyA
disruptedmechanically sensitive VxrAB signaling.

Here we demonstrated thatchanical stress in the cell envelope causes changese
expressionAlthough previous work has shown pili and flageti@diated mechanosensation can
regulate gene expression, to our knowledbss is the first observationof a mechanosensitive
mechanism within the cell envelopentrolling gene expregs. Mechanical stimuli function as a
primary signal for tissue remodeling of other biological ladring structures, but iwas
previously unknown if mechanical stress influedcbacterial cell envelope homeostasige
identified VxrAB asa mechanosentgve mechanism that contsotell wall synthesisand our
findings suggest that cell wall homeostasis may be, in part, regulated by mechanical stress and

strain in the cell envelope. Future work can expand upon these sidirexploring the role of
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mechaical stress on cell wall homeostasis through characterization of cell wall structure, cell wall
thickness, cell wall hydrolysis, and cell wall stiffness.
5.2 Future work

Taken together, Chapters 3 and 4 show the importance of mechanicdbsitesgponents
of the bacterial cell envelope. My work has helped establish the field of bacterial mechanics and
mechanobiology through the identificatioh novel mechanosensitive mechanisms in bacteria.
While there g many directions of research that could be pursugdopose future work in two
areas: exploring the relationship between mechanical sinedsantibiotic resistance and advancing
technologies for assessing bacterial mechanics.

Antibiotic resistance is an emerging global health crisis. The cell envelope is a common
antibiotic targef211], as well as being the primary lechdaring component of the cell. My work
has shown that two mechanisms of antibiotic resistance with components in the cell envelope,
MacAB-TolC and VxrAB, are sensitive to mechanical stress in the cetlepe. In addition,
VxrAB also contributes to cell envelope biomechanics by controllingwall synthesis after
mechanical loading and after antibiotic exposure. There are likely other components of the cell
envelope that are important for both antiliotesistance and either mechanosensitive and/or
contribute to cell biomechanicEherefore, | propose future research focusing on the relationship
between mechanical stress in the cell envelope and antibiotic resistamagng this work will
yield valuable fundamental knowledge on the relationship between mechanical stress and antibiotic
resistance that will hopefully contribute to the fight against antibiotic resistance.

Research on antibiotic resistance and mechanical stress can be achieved bygsoraeni
different mechanisms of antibiotic resistance for mechanosensitivity. A mechanical loading technique
can be combined with antibiotic exposure, and then cell survival or growth can be measured using
live/dead staining and/or growth assays. A mechansitive mechanism would have a change in cell
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survival or growth that is greater than the change expected for antibiotic exposure or mechanical
loading alone. Initial tests for mechanosensitivity can be done using a less costly approach, such as
compres®n loading, then verified using the more sensitive but costly method of extrusion loading.
Similar screens can be conducted of the major components that contribute to cell envelope stiffness
since the mechanical properties of the cell envelope couldilebpaffect the efficacy of antibiotics.
A cell with a stiffer or stronger cell wall may need greater exposure to cell envelope targeting
antibiotics to sustain sufficient damage to the cell envelope integrity to cause cell lysis. Through these
mechanosnsitivity and antibiotic sensitivity screertbjs avenue of research has the potential to
benefit society by informing new antibiotic treatment strategies in the future.
Advancements in technology for assessing cell stiffness would geeatyerateasearch
in the field of bacterial mechanidgSurrent methods for evaluating cell stiffness are either not high
throughput, do not apply rigorously controlled mechanical loading, or do not allow for the retrieval
of the cells after evaluating Itstiffness (Chapter 2)The main tool | used in this dissertation,
extrusion loadingis highthroughput and applies controlled mechanical loadwgcells cannot
be retrieved after extrusion loading. Cell retriewaluld allow for valuabldurther andysis. A
stiffness sorting platform with cell retrieval capabilities would enable exciting new avenues of
research, for example, entire knockout collections could be mechanically evaluated to identify key
contributors to cell envelope stiffness; cells cbbk propagated to form new populations with
differential stiffnesg which may have applications for creating durable strains for embedding in
engineered living materigland cell survival in antibiotic conditions could be tested as a function
of stiffnessto further understanding of the relationship between antibiotics and cell mechanics
The creation of the proposed cell stiffness sorting platform can be achieved through the
creative application of curremtoncepts andechnologies.Design fora highthroughput cell

stiffness sorter for bacterean be inspired by cell stiffness sorting devices created for mammalian
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cells however, it must be taken into consideration that bactarestiffer than mammalian cells,
bacteriahave diverserofilesincluding spherical, cresceshaped, and reshapedandbacteria
are an order of magnitude smaller and mammalian. &dsauseof these differencesnethods
such as cell deformation using fluidic fld@12] or optics[213] would be difficult to translate to
bacteria.A promising potential method to achiesal stiffness sortings to passa cell population
through a series of filters that have sequentially decreasing porelsiesoncept of constrained
transitcanalso be translated into a microfluidic device witinstrictions or barriers that fordeet
cells to transit througpassages of decreasing sigenilar to the microfluidic devicereated for
mammalian celktiffness sortindpy Wang and colleagu¢®14]. However,it would be necessary
to account for cell widthasthe passage is dependent on both cell stiffness and cell ;vaelth
width sorting could be achieved by hgdynamic particle sorting prior to filter or constriction
passage. While there are challenges in creating a new stiffness sorting platfeamcirzg
techniquedor evaluating bacterial mechaniesll be valuable andvill greatly facilitate future

work inthe field.
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Appendix i 1: SOP Microfluidic Device Manufacturing

Cornell University
Hernandez Research Group

Standard Operating Procedure

Microfluidic Device Manufacturing
SOP Version 05

3/22/2022

Author: Melanie Roberts, Updated by Christine Harper

Principal Investigator: Christopher J. Hernandez
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Summary: Process steps for transferring the device pattern into fused &ilicaved by putting
throughholes in the silica and bonding a blank silica wafer to form a seal. This process flow

describes one batch. Batch sizes may be changed as desired.
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Materials:

1 Fused silica wafers; will be patterned
o Quantity: 4
o Diameter: 40 (100mm)
0 Thickness: 500um
o0 Manufacturer: Mark Optics; can be purchased at CNF
o Part No:WF3937X02@31190
1 Fused silica wafers; will remain blank (cover wafers)

o Quantity: 4
o Diameter: 40 (100mm)
o For the Testers (will need to use Peng

A Thickness: 170um
A Manufacturer: Mark Optics
A Part No: WF3937X0073119B
o For the Profilers
A Thickness: 500um; can be purchased at CNF
A Manufacturer: Mark Optics
A Part No:WF3937X02031190
1 Silicon wafers; will be dummies
o Quantity: 3
o Diameter: 40 (100mm)
0 Thickness: 500pm
o Manufacturer: Various; can be purchased at CNF
o Part No:Various
9 Diamond Drill Bits

o Quantity: 4

o Diameter: 1Imm

o Shank: 0.6mm

o Lengt h: 10

o Manufacturer: Lasco Diamond Products

o Part No: WD _1; Small Diamond Drills; 10/PK 1mm DIAMOND DRILL
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1.1 MOS CLEAN; Initial Wafer Clean
Purpose:To clean any residues that may haeenbuilt on the wafer surface in storage.

Location: MOS ClearHood in the CNF Cleanroom furnace area. Training required.
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Time DependencePreferably right before chrome coating. Although the MOS clean hood can

be reserved, it is almost always open. Pouring up a new bath and cleaning a batch of wafers will
take abouf. and a half hours.

Methods

10min in base bath (6:1:18:NH4OH:H.O; ) at appx 70°C

Base bath rinser until 16Mqgqcm

10min in acid bath (6:1:1 #:HCI:H.0,) at appx 70°C

Acid bath rinser unti/l 16 Mgcm
SpinRinseDryer (SRD) at 700rpm for ~30s, 1400rpm for 84230s ramp down, 60s at
600rpm

arwnE

Notes

Follow all protocols established by CNF. Do not use unless trained.

Onlyuse A18239 M Tefl on wafer boats | abeled on th
Always use the green gloves when handling the MOS boats.

The SRD recipe shoulge irrelevant.

67-71°C is fine for the base and acid baths. Lower may be possible as well.

| f either rinser does not gradually increa
around, or if the rinser takes longer than 10mins and is not closedairfigyi then hit the

green Reset button and start it over. If the problem is not resolved, used the other rinser

(base rinser if the acid rinser is not working or vice versa)

OUAWNE

1.2 CHROME COATING
Purpose:To lay down a 5860nm Cr coating for use as an etemchmask. It also helps ASML

focusing.

Location: AJA Sputter Deposition 2 tool in the CNF Cleanroom. Training required.

Time DependencePreferably same day as 01 MOS CLEAN. No more than one day delay.
Check if the chrome target is installed; you rhaye to request a target change from the tool
manager.

Reserve:2hrs to 2.5hrs

Methods

1. OClean, 60s; 16mTorr, 40sccm Ar, 30W, No Rotation
2. GUN# (Cr), 450s; 3mTorr, 30sccm Ar, 150W, 20s Sputter Delay, Rotation
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Notes

1.

2.

Be sure the chrome target is in thel before starting. Request the chrome target ahead

of time if 1tobés not scheduled to be in t
or the AJA deposition 1.

Witness piece from 2/12/15 determined an
may vary with time.

2.2 GAMMA COATING
Purpose:To spin an even layer of ARC (~60nm) and DUV photoresist (~510nm) onto chrome

covered wafers.

Location: Gamma tool in the CNF Cleanroom photolithography room. Training required.

Reserve:lhr

Methods
1. Check thatvafer bottoms are clean. If not, use IPA on an alpha swab and/or a SRD to
clear off any residue
2. Process 1030 on one silicon dummy wafer (two if staff have adjusted protocols)
3. Process 1002 on one silicon dummy wafers (~60nm ARC DUV 42P)
4. Process 1009 on osdicon dummy wafers (~510nm UV210 photoresist)
5. Review the dummy wafer for defects or uneven coatings. If defects are significant,
discontinue and inform staff.
6. Process 1002 on silica wafers (~60nm ARC DUV 42P)
7. Process 1009 on silica wafers (~510nm UVphotoresist)
8. Visually inspect silica wafers for any signs of an uneven coating or defects. If defects are
significant enough, do not use the wafer in further steps.
9. Check that the silica wafer bottoms are clean. If not, use IPA on an alpha ssiedr to
off any residue in the photolithography hood.
a. Do NOT clean too close to the wafer edge, it may wick onto the front of the wafer
and affect the resist coating.
b. Do not press too hard with the alpha swab or it will leave residue.
Notes
1. Always check thathe resist and ARC tubes are dispensing properly while the dummy

wafers are going through. If not, call staff. If staff is unavailable, leave a problem report
on Coral and log off the tool. Do not try to coat silica wafers when either ARC or resist is
notdispensing properly.
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2. Remember that wafers with defective coatings can always be stripped and cleaned. Do
not attempt to salvage a bad coating. Small defects are fine fordgpasure matrix
wafers.

2.3.1 ASML EXPOSURE; FocusExposure Matrix
Purpose: To expose the resist coating in the pattern to different fegpesure settings. From

the focus exposummatrix, you can choose the combination with finished tapers with

exits about 250 nm wide.
Location: ASML tool in the CNF Cleanroom stepper room. Tragniequired.
Time DependencePreferably right after 2.2 GAMMA COATING. No more than a four hour
delay with minimal exposure to light (this time frame is an estimate, could be more or less). A 1
2hr wait should be fine.
Reserve:lhr (also have Gamma resetiva start 30min after start of this reservation)
Methods

ONLY do this part of the process on ONE silica wafer.

Double check that the wafer back is clean before loading into the ASML wafer boat
Whichever mask you load (XS0001 for Testers and XS004 foiléts)fwill be the taper
pattern exposed by the ASML

Job Name for XS004 reticle: scratch/OOUSERS/hernandez/flowcelltst

Layer ID: 1; Layer Number: 1; Control Mode: W; Batch Size: 1

Batch Type: M; XAxis: Energy, Y¥Axis: Focus

Search ID/Reticle ID: XS*

Energy: 28.00mJ/cm2 for XS004. 26.00mJ/cmz2 for XS009 and XS011. Change if the
tool/resist/etc has changed.

9. Step: 1.00mJ/cm2. Change as necessary.

10. Focus Offset:0.20um. Change if the tool/resist/etc has changed.

11.Step: 0.20um. Change as necessary.

12.Focus Tit Rx: O; Focus Tilt Ry: O;

13. lllumination Mode: Conventional

14.Numerical Aperture: 0.63; Sigma Outer: 0.750 (0.8 used at times)

W

© N OA

Notes
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1. The matrix will put the specified energy and focus offset values at the center of the wafer.
Adjacent matrix cells will courup or down from those values as appropriate based off of
the step size specified.

2. The focus exposure must be done every single time you make a new batch of wafers
because the ASML varies day to day.

2.3.2 GAMMA DEVELOP; Focus-Exposure Matrix
Purpose: To develop the freshly exposed foessposure matrix.

Location: Gamma tool in the CNF Cleanroom photolithography room. Training required.

Time Dependenceimmediately. Every minute between exposure and develop matters.

Reserve:lhr (start this reservatioO3mi ns after the ASML reservatic
Methods

1. Process 2010
Notes

1. There is no need to use dummies or a nozzle clean when developing.
2. The resist degraded by the ASML is fully dissolved and washed away by the developer,
leaving exposed ARC in thmattern of the device.

2.3.3 MICROSCOPE REVIEW; FocusExposure Matrix
Purpose:To review the developed focesposure matrix and determine which focus and

exposure setting to develop the production wafers.
Location: Olympus MX50 or other available microspe in the CNF Cleanroom.
Time Dependencel mmedi ately. Youbre still on the cloc
Methods

1. Set wafer on top of two microscope slides. Do not use a beta wipe underneath the wafer
on the microscopebs platfor m. Foll ow CNF p
Focus on the edge of the wafer at a low magnification.
Move to one of the features and focus.
Increase magnification to 150X.
Review the taper exits at different foegigposure settings.
If using the Olympus MX50, put a scale bar on the live feed (NHEMents F) and
compare to the taper exit.
a. Make sure that the correct 150X scale is being used

R
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b. Right click on the scale bar for properties and adjust to 0.5um.

c. Ensure that the taper finishes and is a reasonable size. Ideally the taper exit will be
about half 6the 0.5um scale bar.

d. Check that there is no resist clogging the taper exit. See Notes for more detail.

7. Review at least half of the tapers in one feeMposure setting before confirming your
decision. It is possible to have tapers that look clear aat alesome parts of one focus
exposure cell but be unfinished at the same setting in other parts.

8. Double check which cell of the matrix you are on. Reviewing the matrix is not useful if
you use an incorrect foctexposure setting from it.

Notes

1. Notethat there should NOT be resist clogging the end of the channel. If that is the case,
look at a higher exposure level. This can be seen by a sudden restriction at the end of a
taper.

2. ltis possible to do a quick 10s oxygen plasma clean in the Oxford@gford 82 to
clear out a resist clog at the end of the taper. Be sure to remember to do this step before
doing the ARC etch if you choose to do so.

2.3.4 ASML EXPOSURE; Testers or Profilers
Purpose:To expose the resi st cforproductign wafers. OnlyourTe st e

of the five wafers will be used here (the matrix wafer should now be set aside for resist
and chrome stripping, it will not be used in future steps).
Location: ASML tool in the CNF Cleanroom stepper room. Training required
Time Dependenceimmediately. Still on the clock.
Reserve:Reservation still active from step 2.3.1.
Methods
1. Do this part of the process on the four remaining silica wafers.
2. Double check that the wafer back is clean before loading into the ASML water boa
3. Whichever mask you load (XS004 for the original design or XS007 for the new design)
will be the taper pattern exposed by the ASML
4. Job Name for XS004 reticle: scratch/OOUSERS/hernandez/flowcell
Job Name for XS009 and XS011 reticle:
scratch/OOUSERS/hernaexdflowcell XS005
5. Layer ID: 1; Layer Number: 1; Control Mode: W; Batch Size: # of wafers in batch

(normally 24)
6. Batch Type: P
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7. Search ID/Reticle ID: XS*
8. Energy: Use setting from FocEposure Matrix
9. Focus Offset: Use setting from Foeligposure Matrix
10.Focuws Tilt Rx: 0; Focus Tilt Ry: O;
11.lllumination Mode: Conventional
12.Numerical Aperture: 0.63; Sigma Outer: 0.750
Notes
1. Make sure to clean wafer backsides with IPA and an alpha swab before putting into the
ASML.

2. Use the four wafers not already exposed in this step. The matrix should no longer be
involved in processing.

2.3.5 GAMMA DEVELOP; Testers or Profilers
Purpose:To develop the freshly exposed wafers.

Location: Gamma tool in the CNF Cleanroom photolithography room. Training required.
Time Dependenceimmediately. Every minute between exposure and develop matters.
Reserve:Reservation still active from step 2.2.

Methods

1. Process 2010
Notes

1. There is no need to use dummies or a nozzle clean when developing.

2.4 ARC ETCH
Purpose:To etch the ARC layer in the pattern exposed/developed.

Location: Oxford 81 or Oxford 82 tool in the CNF Cleanroom. Training required.

Time DependencePreferably same day as step ASML exposure and Gamma develop. No more
than one day wait.

Reserve:1lhr. Should take 50mins.

Methods
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1. 10min OXYGEN recipe on silicon dummy (50sccm O2, 60mTorr, 150W). Chamber
plasma should appear yellegveen. Bue is a very dirty chamber, do not continue if the
chamber appears blue.

2. 10min AR3 ARC ETCH on silicon dummy (42.5sccm Ar, 7.5sccm O2, 15mTorr, 40W).
Chamber plasma should appear purple.

3. 1:20min AR3 ARC ETCH on two silica wafers.

4. 1:20min AR3 ARC ETCH oo silica wafers.

Notes

1. The 10min oxygen plasma is to clean the chamber. The 10min ARC etch is to season the
chamber. If only three silica wafers are being done, they can be done in the same etch.

2.5 CHROME ETCH
Purpose:To etch the chrome hard mask layethe pattern exposed/developed.

Location: PT770 tool in the CNF Cleanroom. Training required.
Time DependenceNo more than a four day wait since the ARC etch. This is a guess, could go
up or down. Sooner is better since resist is still playing a role
Reserve:1.5 hours.
Methods
1. Remove the resist from the edges of the wafers with acetone. Be careful not to spray any
acetone near the device pattern.
2. 10min chrome etch on sapphire wafer
3. 3:50 min chrome etch ort'kilica wafer
4. 3:50 min chrome etch of%silica wafer
5. 3:50 min chrome etch ori%&ilica wafer
Notes
1. The PT770 is a new process, so note the etch times. They may need to be adjusted.

2. Inthe past the Trion was used for the Cr etch, but the machine is no longer available for
this process.

3.1 OXYGEN CLEAN
Purpose:Al | resist should be removed from the waf

100.
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Location: Oxford 81 or Oxford 82 in CNF Cleanroom. Training required
Time DependenceNone.

Reserve:1hr. Should take 40mins.

Methods

1. 10min OXYGEN on silicon dummy (50sccm O2, 60mTorr, 150W)
2. 3min OXYGEN on 3 silica wafers

Notes

1. If only three silica wafers being used, they can be done all together.
2. The 3min etch can be shortened as desired.

3.2 SILICAETCH
Purpose: To etch the silican the exposed/developed pattern, transferable by the etched hard

mask.
Location: Oxford 100 in the CNF Cleanroom. Training required.
Time DependenceNone.

Reserve:3hrs.

Methods
1. 10min AOxygen plasma cleand on silicon dum
ICP, 50 C)

2.5 min ACH2F2/ high He oxide etcho on silico
3.5:45min ACH2F2/ hi dg'hilicHwferoxi de et cho on 1

4. 7: 00min AOxygen plasma cleano on silicon d
5. 5: 00min/ AhCHBFRe oxide etcho on silicon dum
6. 5: 45min ACH2F2/ hi dYsilickdeafero xi de etcho on 2

7. 7: 00min AOxygen plasma cleano on silicon d
8 5: 00min ACH2F2/ high He oxide etcho on sild:i
9.5: 00min ACH2F2/ hi {¢Bilicdkvaferoxi de etcho on 3
10.10:00mini Oxygen plasma cleand on silicon dummy
Notes

1. Note that the 5:45min etch time may drift over time. Characterization every few months

or so is necessary. 5:45min etch time should yield ~0.88 um etch depth ( which is
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appropriate foWibrio cholerae 7:00 minetch time should yield ~1.05 pum (which is
appropriate foEscherichia col.
2. CHF3/Ar Fused Silica 5 used in the past, but currently the Oxford 100 is restricted to 10C
recipes
3. Do NOT put wafers with leftover resist in the Oxford 100 at 50 C, the redidiake on.
Colder etches can have resist leftover at features, but there must be at least 1cm of resist
cleared around the edges for the Oxford 10
4. Do NOT click on any wafer control buttons while an etch is running. The tool may get
confused andot unload your wafer.
5.1f a wafer doesn6t wunload, submit a Cor al
problem slip on the tool, another on the <c
the computerds screen.
Venting between each wafer exchangeetatbout 5 min.
The 3min season, 4:35min etch, and 7:35min clean pattern was determined by the Oxford
100 cleaning protocol established on 9/1/15 by CNF staff:
a. New cleaning protocol foDxford 100
1. 10 min. O2 clean at the start.
2. Equivalent time 0D2 clean to etch time between etches.
3. Equivalent time of O2 clean as the etch time of the final wafer.
The equipment log will be checked for compliance.
Violators will have their tool access removed.
b. Note from Vince Genova on 9/1/1Seasoning shouldetdone prior to a process
run for only a couple of minutes, after the O2 clean.

N o

3.3 OXYGEN CLEAN
Purpose: To remove any residual resist or ARC.

Location: Oxford 81 or Oxford 82 in CNF Cleanroom. Training required.
Time DependenceNone.
Reserve:lhr. Shold take 40mins.
Methods
1. 10min OXYGEN on silicon dummy (50sccm O2, 60mTorr, 150W)
2. 3min OXYGEN on two silica wafers
3. 3min OXYGEN on two silica wafers

Notes

1. If only three silica wafers being used, they can be done all together.
2. The 3min etch can be shorteneddesired.

3.4 WET CHROME ETCH
Purpose:To remove all remaining chrome and leave bare silica wafer.

152



Location: General Chemistry Acid Hood in the CNF Cleanroom.
Time dependenceNone
Methods

1. Place wafers in separate dishes with approximately 100 r@l Btch.
2. Leave the wafers in the chrome etch for at least an hour (preferably overnight) or until all
chrome is gone.
3. SRD
Notes

1. The chrome near the edges may take longer to etch, but be sure everything is gone before
continuing processing. If necessary thafers can remain in the chrome etch overnight.

4.1.1 VERSALASER
Purpose:To create the througholes at the entry and exit of each device.

Location: Duffield 224. CNF training required.
Time dependenceNone
Methods

1. Load the correct file for youwafer. The file name for the XS004 design is

2020 _10_20 1 mm drill bits. The file name for the XS007 design is 2019 01 251

mm drill bits. The file name for the XS009 and XS011 designs is

2021 10 29XS009011. All are in the folder ceh272.

Put the wafer intte holder with the patterned side facing down.

Align the laser with your wafer. Set the large circle to vector mode and use the circle

to trace the edge of your wafer. Keep the lid open so the laser remains at zero power.

For the XS009 and XS011 designs®4 mm, y=36 mm) should align the circle.

4. Once aligned, set the circle to be skipped and run the program with the lid down and
the parameters set to 6% power, 1.4% speed, 333 ppi, and 4.5mm z axis.

5. Use tweezer to tap lightly on any glass circles thatadten f al | en t hr ough.
push too hard, as the wafer can shatter.
run the laser program again.

wn

Notes

1. Safety glasses are required in Duffield 224.

4.1.2 DRILL BITS
Purpose: To remove the bumps caused by the versalaser at the tHnolegh The wafer must be

flat so it can bond to the cover wafer.

Location: Grumman 283
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Time DependenceNone
Methods

1. Place the wafer in a single wafer holder with the patterned side facing up.

2. Using your hand, spin the drill bit in the throughbles. Each through hole will need 200
rotations. Be careful not to scratch other parts on the wafer.

3. SRD as soon as you bring the wafer back to the clean room in order to remove any
remaining silica flakes.

1. Drilling is tedious and your hand will get tired. Do not expect to do more than two wafers
in one sitting.

2. Try not to touch or breathe on the surface of the wafer. Wearing a mask is recommended.
Turn off the fan in Grumman 283 to reduce dust.

4.1.3BOE DIP
Purpose:Buffered oxide etch (BOE) etches silica. A quick BOE dip helps further smooth out

the bumps near the througioles
Location: General Chemistry Acid Hood in the CNF Cleanroom.
Time DependenceNone
Methods
1. Pour 100 mL of BOE 6:1
2. Submerge avafer for 30 seconds, then immediately wash off the wafer with the
water hose.
3. Repeat for remaining wafers. The same BOE can be used for all wafers.
4. SRD
Notes

1. Be careful not to leave the wafers in for too long. The BOE etchesrsilitgpecifically,
so the features are also being etched and enlarged.

4.2 PROFILOMETER
Purpose: To ensure the wafers are smooth enough at the thyioolgls for bonding.

Location: P10 Profilometer in the CNF cleanroom.

Time DependenceNone
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Methods

1. Measurehe depth of the feeder channels and bypass channel.

5.1 ATOMIC FORCE MICROSCOPY
Purpose: To measure the depth of the tapered channels.

Location: AFM Veeco Icon in the CNF cleanroom.
Time DependenceNone
Reservel.5 hours. You may need an extra houroifiyoreak an AFM tip.
Methods
1. Begin by focusing at the edge of one of the threbgles. Focusing can be difficult on
silica, so be patient. Be careful not to zoom in too much because the AFM tip will break.
2. Choose one channel on each wafer and measudefle in three places along the
length.

Notes

1. The channels will most likely be more deep at the inlet.

5.2 SEM
Purpose: To measure the entry and exits of the tapered channels.

Location: Zeiss Ultra SEM or Zeiss Supra SEM in the CNF cleanroom.
Time DependenceNone
Reserve:2 hours
Methods
1. Add 2 or 3 small pieces of copper tape around the edge of the wafer so that the tape
covers the edge of the wafer and the wafer holder. Load the wafer into the chamber.
2. Apply the following parameters:
4 0 whidhees WD=3, tilt =5
Exciting voltage (EHT): 0.5 kV
Detector: SE2

Brightness: 50%
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Contrast: 30%
Aperture 30 mm standard

Z distance = 46 mm

. Focus at a throughole. On the XS009/XS011 device a through hole can be found at

(x=66.9 y=67.1). On the XS0G#evice a through hole can be found at (x=69.2
y=69.7). When focusing the WD should be-3.8.

. Once focused, move to image the tapered channels. In the XS009/XS011 devices

tapered channels can be found at (x=66.7, y=85.4). In the XS004 devices tapered
chamels can be found at (x= 68.3, y= 88.4).

. Measure the tapered channels at the entry and exits. Take images with and without

annotation. Zoom out and take an image of the entire tapered channel.

. Record the measurements in your notebook and save images iatyder file. The

labxfer file gets cleared every week, so be sure to transfer images to a flashdrive
before then.

6.1.1 OXYGEN CLEAN
Purpose: To remove any residue from storage.

Location: Oxford 81 or Oxford 82 in CNF Cleanroom. Trainireguired.

Time DependenceNone.

Reserve:1hr. Should take 40mins.

Methods
1
2
3.
4

Notes

. 10min OXYGEN on silicon dummy (50sccm O2, 60mTorr, 150W)
. 10 sec OXYGEN on three silica wafers

10 sec OXYGEN on one silica wafer and two cover wafers

. 10 sec OXYGEN on two cover water

1. Do this immediately before the MOS clean.

6.1.2 MOS CLEAN
Purpose MOS cleaning is required before using the furnaces.
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Location: MOS Clean Hood in the CNF Cleanroom furnace area.

Time DependenceDirectly before the hand bond. Should take al#ohburs if you pour up a
new bath.

Methods

10min in base bath (6:1:18:NH4OH:H.O; ) at appx 70°C

Base bath rinser until 16Mqgqcm

10min in acid bath (6:1:1 #:HCI:H.0,) at appx 70°C

Acid bath rinser unti/l 16 Mgcm

10min in base bath (6:1:18:NH4OH:H>O ) at appx 70°C

Base bath rinser until 16Mgqcm

SpinRinseDryer (SRD) at 700rpm for ~30s, 1400rpm for ~120s, 30s rampdown, 60s at
600rpm

NookrwnhE

Notes

Follow all protocols established by CNF. Do not use unless trained.

Only use A18239M Teflon waferboats abel | ed on their side wit
Always use the green gloves when handling the MOS boats.

The SRD recipe should be irrelevant.

The thin cover wafers can go in the SRD without being damaged. Do not attempt to dry

with a nitrogen gun, the wafers are likébycrack.

67-71°C is fine for the base and acid baths. Lower may be possible as well.

I f either rinser does not gradually increa
around, or if the rinser takes longer than 10mins and is not close to finigiengit the

green Reset button and start it over. If the problem is not resolved, used the other rinser
(base rinser if the acid rinser is not working or vice versa)

arwnE

~N o

6.2 HAND BOND
Purpose:To close the device by bonding the cover wafer and patteratst.w

Location: MOS clean bench
Time DependenceDirectly before furnace anneal
Methods
1. Begin opening the furnace tube before you start the hand bond. See section 6.3
Anneal.
2. Lay an alpha wipe down on the MOS clean bench.
3. Grab a thin wafer cover usirige MOS clean tweezers. Do not use the vacuum wand

because it will break the thin wafers. Place the thin cover wafer with the clean side up
and the flat bottom facing towards you.
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4. Grab the back of the patterned wafer with the vacuum wand. Align the wainatt so
the vacuum is not over any of the patterned sections because the vacuum will cause
slight deflection in the wafer.
5. Align the patterned wafer and the wafer cover and slowly press them together. Try to
press them together flat so the first point afte@t is not at the edge.
6. Allow for the bond to spread. You may need to tap large unbonded areas to begin the
bond.
Notes
1. The thin wafer covers break easily. Handle with care.
2. If the patterned sections of the wafer have bubbles, you can use the edgearfdror
tweezers to try to push the bubbles away. The bubbles will not disappear during
annealing. Be very gentle, as the wafer can crack easily.

6.3 ANNEAL

Purpose: To increase the bond strength of the cover wafer and patterned wafer.
Location: MOS Clean Anneal- Furnace tube B1 in the CNF Cleanroom furnace area.
Time DependenceDirectly after the hand bond

Reserve:8 hours. The entire process from open to close should take about 7.5 hours.
Methods

1. Input the following parameters in MOS Clean Annelalirnace tube B1.:
N2 ANNEAL recipe:

01-STANDBY 800 P

04-UNLOAD

86-PROG HOLD

08 UNLOAD HOLD

05LOAD

15RAMP 1100 P (set at 10 Min, will take longer)
11-PURGE/ANNEAL 300 Min

15-RAMP 800 P (set at 20 Min, will take longer)

04-UNLOAD
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88-PROG RESET
00-IDLE
2. Load wafers into the furnace boats using MOS gloves and tweezers.

3. Run the N2 ANNEAL recipe.
4. Remove the wafers after the process runs and set the tube at standby.

Notes

1. Hit step then run to start loading. If you only hit step, the only next step willnadinat
the entire process.

2. You may leave the cleanroom once the furnace begins the ramp stage.

3. Let the wafers cool for 10 minutes after the tube opens before removing them.
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Appendix T 2: SOP Microfluidic Device Pressure Calculations

Cornell University
Hernandez Research Group

Standard Operating Procedure

Microfluidic Device Pressure Calculations

SOP Version 01

Date: 1/11/2022

Author: Christine Harper

Principal Investigator: Christopher J. Hernandez

00000000000000006000000000000000000000D0

Summary: This SOP describes how to use the MATLAB programs to determine
pressure differential (dP) across the tapered channels in microfluidic d¥§i§64, XS007,
XS009, and XS011. The MATLAB program uses the dimarsaf each wafer as measured
during wafer manufacturing, and this SOP also includes instructions on wafer dimension

labelling and formatting.

Key Words: Bacterial Mechanics, pressure, pressure differential, dP

0000000000000000000000000000000000080008029
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Materials: MATLAB 2018 or MATLAB 2019 (may work in other versions of
MATLAB, but unverified)

Pressure_Calculations_XS004_ 2022 01 11.m

Pressure_Calculations_XS007_2022 01 11.m

Pressure_Calculations_XS009 2022 01 11.m

Pressure_Calculations_XS011 2022 01 11.m

pardlel.m

recResistance.m

taperResistance.m

poiseuilleResistance.m

Wafer dimensions file formatted correctly (see Wafer Dimensions sections below)
00000000000000000000000000000000060000060
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For XS004 Pressure Calculations
1. Put Pressure_Calculations_XS004 2022 01 _11.m, parallel.m, recResistance.m,
recResistance.m, taperResistance.m, poiseuilleResistarmcalthe formatted excel file
with wafer dimension in the same file folder.
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a. Note: See section Wafer Dimensions sections on correct excel file formatting.
2. OpenPressure_Calculations_XS004_2022_01_11.m in MATLAB.
3. Edit line 28 to match the excel file namfetloe wafer dimensions excel file.
dim = xlsread(‘dimensionsXS004.xIsx’);

4. Edit line 205 to the desired input pressure in Pascals.
P=60*10"3;
Click Run.
Extract and record desired variables.
a. pressureis a 12x1 matrix with the pressure differential (dRpas the tapered
channels in Pa for each pressure level. Pressure level 1 is (1,1); pressure level 2 is
(2,1) and so on.
b. pinAv is a 12x1 matrix with the pressure at the inlet of the tapered channels in Pa
for each pressure level.
C. poutAv is a 12xImatrix with the pressure at the outlet of the tapered channels in
Pa for each pressure level.

oo

Additional Notes:

Average Cell Occupancy at Each Pressure Level

The MATLAB script currently has each pressure level occupied with 4 or 5 cells (Table
1). Cell ccupancy is based on previous experimental results. This script assumes that every
single group within a pressure level fills to the same occupancy. If the cell occupancy needs to be
changed, edit the lines &. When Blocked2(18,:)=1, the tapered chaahis modelled as
occupied by a cell. When Blocked2(k3)=0, the tapered channel is modelled as unoccupied.

In order to model every single tapered channel as occupied for the entire experiment,
uncomment line 91: Blocked2(:,:)=1;Blocked1=(:,:)=1; Note Biockedl represents sections 1
and 4 of the device where there are 6 pressure level and a wider bypass channel, and Blocked 2
represents section 2 and 3 of the device where there are 12 pressure levels and a narrower bypass
channel. See Figure 1 in thependix.

*In the script occupied and blocked mean the same thing.

Time Dependence for Occupied Pressure Levels

Cell occupancy increases over the course of the experiment. This MATLAB script runs
12 iterations to simulate 12 different time points. Eacle fpaint corresponds with the time at
which a pressure level is imaged. In the first iteration, only pressure levels 11 and 12 are
occupied by cells; this simulates the cell occupancy when pressure level 12 is imaged. In the next
iteration, pressure leveld), 11, and 12 are occupied by cells; this simulates the cell occupancy
when pressure level 11 is imaged, and so on. The pressure at each pressure level is recorded in
the variablegressurevhen the current pressure level, one pressure level below, gdsslre
levels above are occupied with cells. This method of estimating cell occupancy was determined
empirically by from the CusCBA and MacABToIC projects.
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Table 1. Cell occupancy at each pressure level for XS004 and XS007 designs.

Pressure level 1{2|3(4|5(6|7(8|9|10|11]|12

Number of tapered channels occupie

by cells XS004 (out of 5 channels) 41414/414141415/5|5 15 15

Number of tapered channels occupie
by cells XS007 (out of 8 channels)

For XS007 PressureCalculations

. Put Pressure_Calculations_XS007_2022_01_11.m, parallel.m, recResistance.m,
recResistance.m, taperResistance.m, poiseuilleResistarcelthe formatted text file
with wafer dimension in the same file folder.

d. Note: See Wafer Dimensions sections on correct text file formatting
. OpenPressure_Calculations_XS007_2022 01 _11.m in MATLAB.
. Edit line 28 to match the excel file name of tha&fer dimensions text file.
dim = dimread('dimensionsXS007.txt'," ,1,1);

. Edit line 143 to the desired input pressure in Pascals.
P=60*10"3;

. Click Run.
. Extract and record desired variables.

a. pressureis a 12x1 matrix with the pressure differential (dRpas the tapered

channels in Pa for each pressure level. Pressure level 1 is (1,1); pressure level 2 is

(2,1) and so on.

b. pinAv is a 12x1 matrix with the pressure at the inlet of the tapered channels in Pa

for each pressure level.

C. poutAv is a 12x1 matrix vth the pressure at the outlet of the tapered channels in

Pa for each pressure level.

Additional Notes:
Average Cell Occupancy at Each Pressure Level

The MATLAB script as is assumes that each pressure level is occupied with 5,6, or 7

cells (Table 1). Celbccupancy is based on previous experimental results. If the cell occupancy

needs to be changed, edit the lines8@87When Blocked(1&,:)=1, the tapered channel is
modelled as occupied by a cell. When BlockeeK1B-0, the tapered channel is modelled as
unoccupied.

In order to model every single tapered channel as occupied for the entire experiment,
uncomment line 83: Blocked=(:,:)=1,

Time Dependence for Occupied Pressure Levels
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Same as method used with XS004 design.

For XS009 PressureCalculations

N

Put Pressure_Calculations_XS009 2022 _01_11.m, parallel.m, recResistance.m,
recResistance.m, taperResistance.m, poiseuilleResistance.m, and the formatted text file
with wafer dimension in the same file folder.
a. Note: See Wafer Dimensions secis on correct text file formatting
OpenPressure_Calculations_XS009 2022 _01_11.m in MATLAB.
Edit line 27 to match the excel file name of the wafer dimensions text file.
dim = dimread('dimensionsXS009.txt'," ,1,1);

Edit line 202 to the desired input pressin Pascals.

P=60*10"3,;
Edits lines 8683 to model desired amount of cell filling. Each pressure levé) ¢an be
assigned a different filling pattern. Potential cell filling patterns can be taken from lines
86-100. See additional notes
Click run.
Extract and record desired variables

a. pressureis a 4x1 matrix with the pressure differential (dP) across the tapered
channels in Pa for each pressure level. Pressure level 1 is (1,1); pressure level 2 is
(2,1) and so on.

b. pressureSTDis a 4x1 matrix with thetandard deviation for the pressure
differential (dP) across the tapered channels in Pa for each pressure level. The
standard deviation comes from multiple simulations with unique cell occupancy
patterns (see notes below).

C. pinAv is a 4x1 matrix with thengssure at the inlet of the tapered channels in Pa
for each pressure level.

d. pinSTD is 4x1 matrix with the standard deviation for the pressure at the inlet of
the tapered channels in Pa for each pressure level.

e. poutAv is a 4x1 matrix with the pressure ag thutlet of the tapered channels in
Pa for each pressure level.

f. poutSTD is4x1 matrix with the standard deviation for the pressure at the outlet
of the tapered channels in Pa for each pressure level.

Additional Notes:
Average Cell Occupancy at Each Psase Level
The MATLAB script for the XS009 and XS011 designs models the inherent randomness

of how cells fill into the tapered channels (this was not practical for the XS004 and XS007
designs because the time dependent filling caused more significant pressurdlénmrgh all
groups within a given pressure level will fill to a similar level of cell occupancy, not every single
group within a pressure level will fill the same way. For example, all groups in pressure level 1
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might have 4 to 5 cells, but which grougre occupied by 4 cells and which groups are occupied

by 5 cells cannot be predicted. For the groups that are only occupied by 4 cells, it also cannot be
predicted which of the location of the unoccupied taper. This script models the randomness of
the cellfilling in a given pressure level. Each pressure level had a matrix of potential filling
patterns (variables possilbeBlockn), and a filling pattern was chosen randomly from the matrix
for each group within each pressure level for every simulation. Tip sans 10 simulations

and reports an average and standard deviation for the pressure at each pressure level.

Time Dependence for Occupied Pressure Levels

Unlike the XS004 and XS007 designs, the pressure calculations for the XS009 and
XS011 designs assws the there is no time dependence on cell occupancy. This is because the
XS009 and XS011 designs only have 4 pressure levels (compared to the 12 pressure levels in the
XS004 and XS007 designs) and should fill with cells quickly before imaging starts, tfain
over the course of the experiment. If it is necessary to model time dependent cell filling, run the
script multiple time and adjust the possibleBlockn variables to fill with more cells for each
subsequent run.

For XS011 Pressure Calculations

1. PutPressure_Calculations_XS011 2022 01_07.m, parallel.m, recResistance.m,
recResistance.m, taperResistance.m, poiseuilleResistance.m, and the formatted text file
with wafer dimension in the same file folder.

a. Note: See Wafer Dimensions sections on corretffilexformatting
2. OpenPressure_Calculations_XS0011 2022 _01_07.m in MATLAB.
3. Edit line 24 to match the excel file name of the wafer dimensions excel file.
dim = dlmread('dimensionsXS011.txt'," ,1,1);

4. Edit line 198 to the desired input pressure in Pascals.
P=60*10"3,;
5. Edits lines 781 to model desired amount of cell filling. Potential cell filling patterns can
be taken from lines 897.
Click Run.
Extract and record desired variables

a. pressureis a 4x1 matrix with the pressure differential (dP) acrossajheréd
channels in Pa for each pressure level. Pressure level 1 is (1,1); pressure level 2 is
(2,1) and so on.

b. pressureSTDis a 4x1 matrix with the standard deviation for the pressure
differential (dP) across the tapered channels in Pa for each presslré he
standard deviation comes from multiple simulations

C. pinAv is a 4x1 matrix with the pressure at the inlet of the tapered channels in Pa
for each pressure level.

~N o
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d. pinSTD is 4x1 matrix with the standard deviation for the pressure at the inlet of
the tgpered channels in Pa for each pressure level.

e. poutAv is a 4x1 matrix with the pressure at the outlet of the tapered channels in
Pa for each pressure level.

f. poutSTD is4x1 matrix with the standard deviation for the pressure at the outlet
of the tapered chaels in Pa for each pressure level.

Additional Notes:
Average Cell Occupancy at Each Pressure Level
See notes for XS009 design.

Time Dependence for Occupied Pressure Levels
See notes for XS009 design.

Wafer Dimensions

Purpose: Pressucea | cul ati ons are done individually
dimensions. Including the wafer dimensions for each wafer makes the pressure differential (dP)
calculations more accurate and helps explain wafer to wafer variations in experinmsiital re
Wafer dimensions must be recorded in the correct format in order to be read by the MATLAB
script. Wafer dimensions come from the profilometer, AFM, and SEM measurements taken
during wafer manufacturing. Every linear segment of the microfluidic déhas a label. Each
microfluidic design has its own labeling scheme.

XS004 Wafer Dimensions
1. Open XS004 dimensions template excel file dimensionsXS004.xIsx
2. Edit width and height measurements based on profilometer, AFM, and SEM
measurements taken during eamanufacturing. Length measurements do not change.
Segment labelling in the excel file corresponds to Figures 1 and 2 in the device design
and labelling schematics section.

a. RO is the tubing connecting the pressure sensor and the microfluidic device. The
format for the excel file is: length, radius, radius.

b. All G segments are tapered, so there are two measurements of width. In the excel
file the format is length, width 1 (wider), width 2 (narrower), and height.

c. AllL segments is a tapered as well as hadrntppezoidal cross section. For all L
channels, the format is: length, width at the top of the inlet, width at the bottom of
the inlet, width at the top of the outlet, width at the bottom of the outlet, height.

3. Save the file as dimensionsWaferName.xIsx

XS007 Wafer Dimensions
1. Open XS007 dimensions template text file dimensionsXS007.txt
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2.

3.

Edit width and height measurements based on profilometer, AFM, and SEM
measurements taken during wafer manufacturing. Length measurements do not change.
Segment labelling ithe text file corresponds to Figures 3 and 4 in the device design and
labelling schematics section.

a. RO is the tubing connecting the pressure sensor and the microfluidic device. The
format for the text file is: length, radius, radius.

b. Segment G is tapered, so there are two measurements of width. In the excel file
the format is length, width 1 (wider), wid2 (narrower), and height.

c. Segment L is a tapered as well as having a trapezoidal cross section. For all L
channels, the format is: length, width at the top of the inlet, width at the bottom of
the inlet, width at the top of the outlet, width at the drotof the outlet, height.

Save the file as dimensionsWaferName.txt

XS009 Wafer Dimensions

1.
2.

3.

Open XS009 dimensions template text file dimensionsXS009.txt

Edit width and height measurements based on profilometer, AFM, and SEM
measurements taken during wafeamafacturing. Length measurements do not change.
Segment labelling in the text file corresponds to Figures 5 and 6 in the device design and
labelling schematics section.

a. RO is the tubing connecting the pressure sensor and the microfluidic device. The
format for the text file is: length, radius, radius.

b. Segment E, G, and | are tapered, so there are two measurements of width. In the
ext file the format is length, width 1 (wider), width 2 (narrower), and height.

c. Segment O is a tapered as well as having azoagal cross section. For all O
channels, the format is: length, width at the top of the inlet, width at the bottom of
the inlet, width at the top of the outlet, width at the bottom of the outlet, height.

Save the file as dimensionsWaferName.txt

XS011 Wafe Dimensions

1.
2.

Open XS011 dimensions template text file dimensionsXS011.txt
Edit width and height measurements based on profilometer, AFM, and SEM
measurements taken during wafer manufacturing. Length measurements do not change.
Segment labelling in the tekle corresponds to Figures 7 and 8 in the device design and
labelling schematics section.
a. RO is the tubing connecting the pressure sensor and the microfluidic device. The
format for the text file is: length, radius, radius.
b. Segment E, G, and | are tapér so there are two measurements of width. In the
excel file the format is length, width 1 (wider), width 2 (narrower), and height.
c. Segment Jis a continuation of segment |. This segment is split in two because the
width to height ratio changes from widtleight >20 to width/height <20,
meaning hydraulic resistance calculations must be switched from plane Poiseuille
to Poiseuille flow.
d. Segment O is a tapered as well as having a trapezoidal cross section. For all O
channels, the format is: lengthidth at the top of the inlet, width at the bottom of
the inlet, width at the top of the outlet, width at the bottom of the outlet, height.
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3. Save the file as dimensionsWaferName.txt
Device Design and Labelling Schematics

XS004
Section 1 Section 2 Section 3 Section 4

Sl

ﬁ |
— -

Fh:

F}
| { ]

Gz

Figure 1. Segment labelling schefethe XS004 design. Sections 1 and 4 have 6 pressure
levels and a wider bypass channel. Sections 2 and 3 have 12 pressure levels and a narrower

bypass channel.
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Figure 2. Segment labelling scheme for the XS004 design. This is an enlarged view shét da

boxed section in Fig 1 from section 2.
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XS007

Figure 3. Segment labelling scheme for the XS007 design.
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XS007
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Figure 4. Segment labelling scheme for the XS007 design. This is an enlarged view of the dashed

boxed section in Fig 3. Segment H includes the es@rand horizontal segments of the corner.
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XS009
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Figure 5. Segment labelling scheme for the XS009 design. The right side is an enlarged view of

the solid boxed section.
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XS009

Fig 6. Segment labelling scheme for the XS009 design. This is an enlarged tewdathed

boxed section in Fig 5. Segment K includes the vertical and horizontal segments of the corner.
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Figure 7. Segment labelling scheme for the XS011 design. The right side is an enlarged view of

the solid boxed section.
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