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ABSTRACT How proteins move through space and time is a fundamental question in
biology. While great strides have been made toward a mechanistic understanding of
protein movement, many questions remain. We discuss the biological implications of
motion in the context of the peptidoglycan (PG) synthesis machines. We reviewed sys-
tems in several bacteria, including Escherichia coli, Bacillus subtilis, and Streptococcus
pneumoniae, and present a comprehensive view of our current knowledge regarding
movement dynamics. Discrepancies are also addressed because “one size does not fit
all”. For bacteria to divide, new PG is synthesized and incorporated into the growing cell
wall by complex multiprotein nanomachines consisting of PG synthases (transglycosy-
lases [TG] and/or transpeptidases [TP]) as well as a variety of regulators and cytoskeletal
factors. Advances in imaging capabilities and labeling methods have revealed that these
machines are not static but rather circumferentially transit the cell via directed motion
perpendicular to the long axis of model rod-shaped bacteria such as E. coli and B. subti-
lis. The enzymatic activity of the TG:TPs drives motion in some species while motion is
mediated by FtsZ treadmilling in others. In addition, both directed and diffusive motion
of the PG synthases have been observed using single-particle tracking technology. Here,
we examined the biological role of diffusion regarding transit. Lastly, findings regarding
the monofunctional transglycosylases (RodA and FtsW) as well as the Class A PG syn-
thases are discussed. This minireview serves to showcase recent advances, broach mech-
anistic unknowns, and stimulate future areas of study.
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he intracellular environment of a bacterial cell is dynamic, with various events
occurring on timescales ranging from fractions of milliseconds (transient interac-
tions) to several minutes (chromosomal replication). While some processes, e.g., spore
formation, occur at distinct stages of the life cycle, many occur simultaneously with
minimal physical or temporal separation. Moreover, the typical bacterial cell possesses
millions of copies of diverse proteins, tens of thousands of ribosomes, and an ~5.0
Mbp chromosome, all contained within an ~3.0 um by 0.8 um cell body (1). A large
amount of biological material and relatively small size of the cell results in macromo-
lecular crowding, where 20 to 30% of the total intracellular volume is occupied (1-3). Copyright © 2022 American Society for
Confinement and compaction of these contents exert considerable outward force (4- Microbiology. All Rights Reserved.
7). The main “load-bearing” structure of the bacterial cell is peptidoglycan (PG) or cell Address correspondence to Anthony T.
wall, a mesh-like macromolecular structure that encases the cell, protecting from tur- Maurelli, amaurelli@phhp.ufledu.
gor pressure and lysis (8-11). For most bacteria, growth requires that new PG be Accepted manuscript posted online
inserted into the existing cell wall (12-16). This process is carried out by tightly regu- 20 December 2021
lated, complex multiprotein machines, mainly consisting of PG synthases (transglycosy- Published 21 March 2022
lases [TG] and/or transpeptidases [TP]) as well as regulators and cytoskeletal proteins
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(12-14). Importantly, these nanomachines are not static, but rather dynamically transit
the crowded, cellular environment during PG synthesis and cell division.

Here, we reviewed PG synthesis in the context of motion. We discuss advances in
microscopy and single-molecule tracking (SMT) that have greatly increased our ability
to capture, quantify, and understand movement (directed versus diffusive) of single
molecules as well as large treadmilling polymeric filaments. We address the biological
implications of directed motion and dissect the role of diffusion within the cell. Lastly,
we discuss pivotal findings concerning the bifunctional class A PG synthases and newly
discovered monofunctional transglycosylases, RodA and FtsW. We drew from several
model organisms (Escherichia coli, Bacillus subtilis, Streptococcus pneumoniae, and
Staphylococcus aureus) to establish a comprehensive understanding of motion regard-
ing the complex processes of PG synthesis and cell division. In addition, we address
techniques to detect and quantify molecules in motion.

UNDERSTANDING THE SYSTEM: MECHANISMS OF PG SYNTHESIS AND CELL DIVISION

Different species of bacteria display diverse morphologies ranging from simple
cocci to six-pointed stars. Diversity in cell shape is thought to aid bacteria in occupying
specific environmental niches (8, 9, 17). Cell shape is an inherited trait, imparted by PG,
with distinct morphologies being faithfully reproduced through generations (8, 9, 17).
PG is comprised of long glycan chains cross-linked by flexible peptide bonds (12, 18,
19). Alternating units of B-1-4-linked N-acetylglucosamine (GIcNAc) and N-acetylmur-
amic acid (MurNAc) form the glycan chains with slight variations (chain length and spe-
cial modifications) existing between species (12, 20). Attached to MurNAc is the stem
peptide, which is synthesized as a pentapeptide containing L- and p-amino acids and a
dibasic amino acid that facilitates cross-linking (12, 20). Common cross-linkers include
mesodiaminopimelic acid (Gram-negative bacteria) and L-lysine (Gram-positive bacte-
ria) (12). PG layers likely align anti-parallel to the cell body and range from 1 to 3 nm
(Gram-negative) to 60 nm (Gram-positive) (12, 21). These interconnected layers of gly-
can chains and peptide bonds encase the full cell body forming the sacculus, imparting
shape as well as protection from lysis due to turgor pressure (8, 9, 12, 21). The pore
size of PG is estimated to be around 2 nm (22). Because bacteria of diverse shapes
share similar PG scaffolds, the building blocks (disaccharide-pentapeptides) are unlikely
determinants of cell shape (8, 9). Rather, variations in mechanisms of PG synthesis such
as accurately determining the correct location to insert new PG along the cell body,
likely give rise to morphological diversity (8, 9).

PG synthesis is divided into three stages: (i) precursor biosynthesis, (i) export of
lipid II, and (iii) insertion via transglycosylation and transpeptidation (Fig. 1) (12, 20).
Briefly, biosynthesis (step 1) of lipid Il (substrate of the machines) occurs in the cyto-
plasm by way of an enzymatic reaction cascade (12, 20, 23). Disruption of the cascade
alters PG precursor pools within the cell and can be exploited to investigate down-
stream PG synthesis mechanisms (24). Lipid Il must be exported out of the cytoplasm
because the machine’s membrane-bound PG synthases function outside the cell
(Gram-positive) or within the periplasmic space (Gram-negative) (12, 14, 16). In step 2,
lipid Il is transported across the membrane by a “flippase,” typically MurJ. Alternative
flippases, such as Amj of B. subtilis, also exist (25-30). Export is essential as MurJ-defi-
cient cells accrue a surplus of PG precursors in the cytoplasm, fail to divide, and subse-
quently lyse (27, 29, 31, 32). Once exported, the disaccharide-pentapeptide of lipid Il is
incorporated into the existing sacculus by the PG synthesis machines (step 3) (Fig. 1)
(12). Typically, bacteria that divide by binary fission possess two distinct PG synthesis
machines which are highly conserved and distributed across bacterial species (Table 1
and Fig. 1) (6, 12-16). For continuity and simplicity, the divisome and elongasome
(elongase, rod-system, peripheral machine, or PGEM) will be referred to as the septal
and elongation machines, respectively.

For over 30 years, researchers have exploited genetics and chemical perturbations
to uncover the individual components and functions of the PG synthesis machines
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FIG 1 Peptidoglycan is inserted in the existing sacculus by distinct multiprotein machines. This process is
divided into three steps: precursor biosynthesis, export of lipid Il, and insertion into the existing sacculus via
transglycosylation (TG) and transpeptidation (TP). (i) Biosynthesis of lipid Il occurs in the cytoplasm and is
facilitated by a sequence of biochemical reactions discussed elsewhere (1, 12, 114). (ii) Export of lipid Il is
mediated by MurJ, known as a “flippase,” which translocates lipid Il across the cytoplasmic membrane. (iii)
Incorporation of lipid II's disaccharide-pentapeptide into the existing sacculus is carried out by transglycosylation
(TG) and transpeptidation (TP) reactions of the PG synthesis machines. The septal machine accomplishes cell
division, and the elongation machine mediates lateral growth. While insertion is carried out by the TG:TP
reactions of the machine’s PG synthases, incorporation does not occur in the absence of other key machine
components. The septal machine is comprised of >30 proteins while the elongation machine consists of
approximately 5 to 8 proteins, to date. Division and elongation can be temporally separated as in the “two-
competing-sites” model or occur simultaneously as in S. pneumoniae.

(12-16, 33). The septal machine, comprised of >30 proteins, mediates septation and is
largely directed by the tubulin homolog and cytoskeletal protein, FtsZ (Table 1 and
Fig. 1). Elongation or lateral growth is accomplished by the elongation machine, which
is largely coordinated by the actin homolog and cytoskeletal element MreB (Table 1).
Within the respective machines, glycan polymerization is carried out by specific PG
transglycosylases (TG) such as FtsW (septal) or RodA (elongation), while cross-linking
occurs via the transpeptidases (TP) including Ftsl-/PBP3 (septal) and PBP2 (elongation)
(24, 34-36). Components of the separate machines exhibit distinct movement trajecto-
ries that correlate with their respective PG insertion patterns (24, 37-40). In cell divi-
sion, the septal machine is restricted to midcell, while during growth the elongation
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TABLE 1 Conserved components of the peptidoglycan synthesis machines of key model organisms/

Eco® Bsu Cau Spn Sau Ct
Machine Protein Canonical function? rod,G— rod, G + crescent-rod, G — ovococcal, G+ cocci, G+ cocci,G —
Septal machine Class BPBP  Monofunctional + + + + + +
components transpeptidase (TP)
Ftsw Monofunctional + + + + + +
transglycosylase (TG)
FtsA Actin-like, Z-ring tether + + + + + —
FtsZ Z-ring, division orchestrator + + + + + -
FtsK Division regulator, DNA pump + + + + + +
EzrA Z-ring regulator - + - + + -
FtsQLB Forms FtsQ, FtsL, and FtsB + +< + + 2 +
complex and division
regulator®
FtsN Division regulator + - + - - -
DivIVA Division regulator - + - + + -
FtsX Regulates cell wall hydrolases + +¢ + + ? -
FtsE Regulates cell wall hydrolases + +¢ + + o -
ZapA Z-ring stabilizer + + + + + -
Elongation ClassBPBP  Monofunctional TP + + ? + ? +
machine RodA Monofunctional TG + + + + + +
MreB Morphogenic, elongation + + + - +
orchestrator
MreC Morphogenic protein + + + + + +
MreD Morphogenic protein + + + + + 29
Rodz Morphogenic protein, + + + + +h +
MreB-filament stabilizer
Machine Class A PBPs  Bifunctional TP and TG + + + + + ?
independent  GpsB Cell wall regulator, - + - + + -
and/or associated with Class A PBPs
unknown StkP PG synthesis associated kinase - + - + + -
PhpP Cell wall-associated phosphatase  — ? ? + + -
MurJ “Flippase” that translocates lipid Il + + + + +/ +
across the cytoplasmic
membrane

aThe most predominant function of the various homologs.

bEco, E. coli; Bsu, B. subtilis; Cau, C. crescentus; Spn, S. pneumoniae; Sau, S. aureus; Ct, C. trachomatis; G +, Gram positive; G —, Gram negative.

<Known as FtsB (DivIB), FtsL, and DivIC in B. subtilis.

9To date, FORC090_RS06470 (FtsQ), and FORC090_RS06450 (FtsL) were detected bioinformatically in S. aureus, but FtsB was not (112). Protein detected that possesses
serine/threonine kinase domain; however, the PASTA (penicillin-binding protein and serine/threonine kinase-associated) domain is not conserved (13).

eFtsEX is involved in cell elongation in B. subtilis (113).

FORC090_RS03700 encodes FtsX-like permease family protein in S. aureus; however, FtsE-like protein is not detected bioinformatically (112).

9IMreD homolog annotated in C. muridarum, while an unannotated MreD homolog is detected in C. trachomatis in Chlambase (108).

hPresent in Staphylococcus but species not specified (111).

‘Evidence suggests SAV1754 is the Mur) homolog in S. aureus (110).

IThe presence (+), absence (—), or unconfirmed presence or absence (?) of machine components were identified via literature and bioinformatics (BLAST, UniProt,
Chlambase, and Expasy) mining (106-109). For brevity, various hydrolases that are conserved in function are not listed.

machine transits the length of the cell perpendicular to the long axis of rod-shaped
bacteria (24, 39-43). Substrate (lipid Il) availability is a key determinant of machine
processivity. At present, the length of the glycan chain (derived from lipid Il subunits)
inserted during one processive run of the machine remains elusive. Estimations of E.
coli’s septal TG:TP (FtsW:Ftsl) calculate that ~6 to 14 disaccharides can be inserted per
second because one disaccharide measures ~1 nm (41, 44).

In considering biosynthesis and insertion, a spatiotemporal conundrum arises in
that nucleotide-PG precursors reside in the cytoplasm while the machine’s TG:TP
enzymes work in the periplasmic space (Gram negative) or extracellularly (Gram posi-
tive). How do lipid Il and machine arrive at the precise location of insertion in time and
space? If lipid Il is not present, hydrolyzed gaps within the sacculus will remain unfilled,
and the crowded cytoplasm will exert force onto the compromised sacculus, threaten-
ing structural collapse (1, 3). Furthermore, unequal osmotic gradients between the cell
body and the external environment stress the sacculus inward from the outside. The
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side walls of a rod-shaped bacterium experience twice the mechanical stress than that
of the poles (4-6). Gaps must be filled promptly to avoid structural collapse. Thus, by
what mechanism(s) might exported lipid Il and machine encounter one another? This
spatiotemporal conundrum is discussed in greater detail later. At present, we will
explore molecular motion and the machines’ movement patterns.

TRACKING AND QUANTIFYING MOLECULAR MOVEMENT PATTERNS

Here, we discuss the molecular movement patterns of directed motion, diffusive
motion, and treadmilling, as well as means to represent and quantify movement.
Motion is defined as an occurrence in which an object changes its position over time.
It can be mathematically described in terms of time, velocity, and displacement.
Movement patterns of an object can be clear and distinct (directed and treadmilling),
as well as rapid and stochastic (diffusive) (1-3, 7). For this review, directed motion is
defined as a clear linear path of an object moving from point A to point B over time.
Energy is required for directed motion and directionality can be attributed to an
object’s path (1, 2, 7). As illustrated in Fig. 2A, the green dot (representing a fluorescent
protein) moves from the middle to the bottom of the cell during a 180 s time frame.
When ascertaining the best approach to capture a novel object’s motion, (e.g., MurJ),
time is a problematic variable. On one hand, choosing an imaging time frame that is too
short results in an object appearing static because its movement occurs outside the
applied time frame. In Fig. 2A, the green dot appears static if tracked using a 10 s time
frame. On the other hand, long imaging frames are incapable of capturing proteins dis-
playing rapid, stochastic movement such as diffusive motion. Therefore, it is best to
empirically apply various imaging and video run times.

Widefield, confocal, and total internal reflection microscopy (TIRm) can detect single
molecules within a bacterial cell (Fig. 3A and B) (2, 7, 45-48). For SMT experiments, the field
of view must not be saturated with multiple copies of the molecule (1, 2). Fluorochromes,
such as GFP, emit visible light when excited by a specific wavelength of light. As a result,
all GFP molecules within a field fluoresce when excited, thereby saturating the system with
multiple copies of fluorescent molecules (49, 50). Classically, to achieve single-molecule
imaging conditions, exogenous plasmids are used to titrate expression levels of fluoro-
chrome fusion proteins (1, 2). The development of Halo-tag technology has revolutionized
SMT (51, 52). Unlike GFP, Halo-tag proteins only fluoresce if appropriately excited and cova-
lently bound by an exogenously added Halo-tag specific ligand (51, 52). Interaction
between the Halo-tag and ligand is covalent and occurs in a 1:1 ratio with ligand titration
allowing for SMT (51, 52). With either approach, plasmid expression or ligand titration, SMT
experiments require sparse conditions where 1 to 10 fluorescent molecules occupy the cell
(1, 2). Otherwise, it is difficult to accurately track movement patterns as fluorescent signals
of multiple molecules overlap, making one molecule’s path indistinguishable from another
(1, 2). Fluorescence microscopy coupled with saturating conditions, where as many mole-
cules as possible fluoresce, is a powerful tool to visualize global protein localization pat-
terns as well as large polymeric structures such as the FtsZ ring (Fig. 3C and D). Speaking
to the versatility of Halotags, both sparse and saturating labeling is achieved by modulat-
ing ligand amount before imaging (51, 52).

Once captured, pixel data contained in the movie are stacked through time to con-
struct a kymograph, allowing one to visualize and represent motion two-dimensionally
(Fig. 2). Kymographs are sound, reproducible data formats from which concrete numer-
ical values such as velocity can be extrapolated. Consider a bound flipbook that, when
flipped, displays a stick figure walking from the left to the right side of the page, tran-
siting from point A to point B. In a kymograph, the individual pages of the flipbook are
torn out and stacked linearly in chronological order, forming a 2D trajectory of the stick
figure’s movement. Mathematically, linear change in an object’s position in time results
in a slope, which can be fitted to a right angle. Thereby, the velocity of an object dis-
playing directed motion can be extrapolated using tan® of the right angle delineated
from the kymograph if the pixel size is known. Kymographs can be generated using
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FIG 2 Methods of representing and quantifying molecular movement patterns. lllustration of the cell body
(gray with black outline) and single fluorescent foci (green dots) imaged using high-resolution microscopy. (A)
Directed motion over 180 s and resulting kymograph showing focus trajectory (green) against cell body
background (black for contrast). Kymographs can be generated using ImageJ and represent motion in 2D by
stacking video pixels chronologically. For quantification, the velocity of the molecule displaying directed
motion can be delineated by using the equation shown (nm = nanometer). (B) Diffusive motion captured using
“fast” acquisition rate and resulting kymograph. Observe that kymographs are insufficient in representing
diffusion because diffusive molecules do not form linear trajectories and often leave the plane of vision. Loss of
visualization is illustrated as a blank cell in T = 60 and black gaps in kymographs. For quantification, the mean
squared displacement (MSD) can be determined and plotted from raw image files using Imagel. Analyzing
MSDs reveals diffusion coefficients (diffusive molecules) as well as velocities (directed motion). (C) Single
molecule within a treadmilling filament. Here, the molecule’s zero change in distance over time results in a
straight-line trajectory. As expected, calculating the velocity using tan® of zero, results in V = zero, thereby
adding mathematical confidence to the observed stagnation. (D) Directional movement of a treadmilling
polymeric cytoskeletal filament (green arrow). A filament’s treadmilling rate is easily extrapolated by solving for
V (velocity) or plotting the MSD.

ImageJ plugins (53). Another way to represent directed motion is by constructing a
montage where individually captured images (still frames) are positioned in chronolog-
ical order next to one another (Fig. 2). Montages do not require ImageJ and can be
constructed in pixel-preserving applications such as Photoshop or lllustrator.
Kymographs and montages are powerful approaches to illustrate directed motion two-
dimensionally (24, 35, 39, 40, 42). However, kymographs are insufficient in representing
diffusion as its motion is rapid and stochastic as observed in live-cell imaging (1, 2, 7).
The environment of the bacterial cell serves as a medium for diffusion. By harness-
ing the thermal energy of the environment (random collisions with other molecules)
proteins can transit from one end of the cell to the other (~1 um) without the use of
molecular motors or ATP consumption (1, 7). Protein encounters, which determine the
kinetics of machine formation and subsequent applications, rely on diffusion (1, 7).
Because molecule size, environmental viscosity, and macromolecular crowding directly
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FIG 3 Achieving single-molecule imaging. Representative illustrations of bacterial cells that were
imaged using confocal, widefield, total internal reflection microscopy (TIRFm), and fluorescence
microscopy. Cell symbolized as in Fig. 2 with green dots representing monomeric units of FtsZ-Halo-
tag protein. (A) lllustration showing imaging power of pairing confocal or widefield fluorescence
microscopy with sparse labeling conditions. Theoretically, sparse labeling aims to label one molecule
per cell to achieve single-molecule imaging. In practice, less than 10 molecules per cell are required
to accurately track the movement dynamics of single molecules. This is achieved by modulating the
amount of dye/ligand added to the system (halo-tag fusions) or titrating expression levels (GFP
fusions) via plasmids with inducible promoters. (B) lllustration of TIRFm paired with sparse labeling
conditions. With TIRFm, only molecules within the evanescent field (200 nm at the cell’s surface) are
excited and therefore fluoresce (symbolized as a green dot within the evanescent field [blue box] and
white nonfluorescent dot outside the field) (115). (C) lllustration of Z-ring captured using fluorescence
microscopy and saturated labeling conditions. Contrary to sparse conditions, saturating aims to label
all molecules. Here, the Z-ring appears as a distinct band at midcell as all molecules within the cell
are excited and fluoresce. (C and D) While it is theoretically improbable that “all” fluorochrome-
fusions are labeled with an exogenous dye (halo-tag ligand) and fluoresce, saturating conditions aim
to flood the system and label as many molecules as possible. If fluorescent fluorochrome-fusions
(GFP) are used, then expression levels are not lessened, again aiming to visualize as many fluorescent
molecules as possible. Saturating conditions allow for the detection of polymeric structures (Z-ring)
and/or visualization of a protein’s global localization pattern(s). (D) Coupling saturating conditions
with confocal or widefield fluorescence microscopy increases the signal to background ratio, thereby
greatly increasing an image’s contrast. As a result, the Z-ring appears as a distinct ring when imaged
with confocal or widefield under saturating conditions.

influence diffusion, the rate of diffusion can be the limiting step of certain reactions
(1, 3, 7). Osmotic upshifts, which drastically increase the crowding of cellular compo-
nents, decrease the rate of diffusion (1, 3). Protein concentrations in the cytoplasm of
E. coli are typically ~200 to 300 g/liter, whereas osmotic upshifts resulting in water loss
can lead to concentrations upwards of ~400 g/liter (54). Within the cytoplasm, the dif-
fusion coefficient of free GFP molecules is ~7.7 um?/s, whereas in vitro GFP diffuses at
87 um?/s. Thus, GFP transits 11-fold slower in vivo than in vitro due to macromolecular
crowding (55). Nonetheless, the rate of diffusive motion is well above that of energy-
dependent, enzymatic-driven processes. During PG synthesis, the enzymatically active
septal TG FtsW transits the septum via directed motion 15 to 20-fold slower than inac-
tive, diffusive FtsW molecules transiting outside the PG synthesis zone in S. pneumo-
niae cells (24, 43). Thus, diffusion is a rapid, net zero-cost mechanism of protein move-
ment through the intracellular environment (1, 7).

Because the cell body geometrically confines a molecule’s diffusion to the cell’s vol-
ume, molecules exhibit confined diffusion when tracked via live-cell imaging (1). Due
to the intrinsic properties of diffusion, it is best captured using fast image acquisition
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FIG 4 Treadmilling as a means of motion. The illustration shows the net movement of filament to
the right. To keep track, single monomeric units are represented as either lilac or tan. Treadmilling is
active motion and requires an energy source such as GTP hydrolysis. In treadmilling, individual
cytoskeletal monomers within the filament are stationary. However, net filament movement occurs
due to reoccurring polymerization and depolymerization events at the respective positive (+) and
negative (—) ends of the filament. Filament growth requires unequal rates of polymerization and
depolymerization and is dependent on the cytoplasmic concentrations of cytoskeletal monomer
and substrate, such as GTP. It is unknown what triggers the initial polymerization event of monomer
to filament within the cell.

rates, such as ~20 frames per second (FPS) (43). For comparison, an image acquisition
rate of 1 FPS is sufficient to capture the directed motion of the PG synthases (24).
Diffusion can be visualized using video compilations and image montages. Because dif-
fusive motion does not take a linear path, measuring the total distance traveled is not
accurate, rather its net displacement should be calculated (1, 7). Displacement is a vec-
tor quantity and is typically extrapolated by calculating the mean squared displace-
ment (MSD), where the trajectory of the object is analyzed in terms of net displace-
ment between lag times (56). MSDs can be used to delineate diffusion coefficients as
well as velocities of directed motion (1, 56). Plotting the MSD versus time reveals
whether molecules exhibit Brownian or non-Brownian directed motion (1, 7, 57).
Minimal coding coupled with ImageJ can be used to delineate the MSD from raw
imaging files (53). For plotted MSDs and montages generated from biological samples
(43, 58, 59).

In addition to the directed and diffusive movement of single molecules, treadmil-
ling of large polymeric filaments, such as FtsZ filaments, is another means of intracellu-
lar transit. Here, individual molecules within a filament are static, yet the net move-
ment of a filament occurs about the cell due to polymerization (positive-end) and
depolymerization (negative-end) events at the respective ends of the filament (Fig. 4)
(14, 60-62). For instance, in SMT, individual FtsZ molecules are static and, thus, gener-
ate kymographs that display a straight line as no change in distance over time
occurred (24). Conversely, zooming out and imaging the polymeric filament reveals
distinct, directional motion from which the filament’s velocity can be extrapolated (24,
40-42). In sum, treadmilling is active movement, utilized by polymeric filaments to
transit the cell.

DRIVING CONSTRICTION EVENTS

Although components of the PG synthesis machines are well-established, we are
just beginning to understand mechanisms of transit and timing. During division >30
proteins localize to the midcell, site of the future septum (12-14). Diffusion is thought
to facilitate this stepwise migration (Table 1). At some point in time, FtsZ monomers in
the cytoplasm form polymeric filaments at midcell where interactions with various
membrane anchors and regulators modulate Z-ring formation and stability (14, 37, 63—
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65). The Z-ring is a discontinuous subcellular structure comprised of FtsZ filaments that
trace the circumference of the cell (37, 63, 64, 66, 67). Within the Z-ring, FtsZ filaments
align with one another forming filament bundles (66). Z-ring formation is well docu-
mented in rods (E. coli and B. subtilis), crescent-rods (C. crescentus), ovococci (S. pneu-
moniae), and cocci (S. aureus) (14, 24, 65, 68-70). Intriguingly, the obligate intracellular
pathogen Chlamydia trachomatis (coccus) accomplishes FtsZ-independent division
with MreB likely serving as an FtsZ surrogate (71-73). Nonetheless, the formation of
the Z-ring marks the onset of division and orchestrates constriction in most bacteria
(14, 61, 62).

The Z-ring itself is dynamic in that its FtsZ filaments bi-directionally transit the sep-
tum perpendicular to the long axis of the cell via treadmilling (24, 40, 43, 60, 74).
Moreover, cytoskeletal filaments exist in a constant state of flux, stochastically assem-
bling and disassembling. High-resolution microscopy has captured treadmilling FtsZ
filaments/bundling in E. coli, B. subtilis, and S. pneumoniae (24, 40, 42). Treadmilling of
FtsZ filaments is facilitated by the intrinsic guanosine triphosphatase (GTPase) activity
of FtsZ. Here, FtsZ-GTP monomers are added to the (+) end of the filament while
hydrolyzed FtsZ-GDP monomers disassociate at the (—) end (61, 62, 75). In vitro, FtsZ
treadmilling ranges from 10 to 100 nm/s, whereas, in vivo in Gram-positive bacteria (B.
subtilis and S. pneumoniae), treadmilling FtsZ filaments exhibit an average velocity of
~32 nm/s with motion following a Gaussian distribution (24, 37, 67). Disruption of the
GTPase activity of FtsZ via mutagenesis or chemical perturbation halts motion (24, 40,
42). Thus, multiple bacterial species display a large structurally discontinuous, bidirec-
tionally fluid ring comprised of FtsZ filaments that consumes energy. What purpose
does this intrinsically transient and dynamic ring serve?

Work in B. subtilis demonstrates that treadmilling FtsZ filaments drive septal PG syn-
thesis and thereby constriction (40). The use of high-resolution microscopy with se-
quential FDAA (fluorescent p-amino acids) pulse-labeling demonstrated that the sep-
tum gradually decreases in size inward from the cell surface as new PG is synthesized
(40). Exploiting different pulse times showed that PG synthesis occurs at discrete sites
at the midcell and that these sites increase in area over time. Tracking experiments
show that FtsZ, FtsA, and the PG synthase PBP2B transit the cell at similar velocities,
~32 nm/s (40). In B. subtilis, FtsZ and the membrane-associated actin homolog FtsA,
form filaments on the cytoplasmic face of the inner membrane. FtsA is highly con-
served (Table 1), possesses ATPase activity, and influences Z-ring formation (14, 37, 63,
68, 69, 76). Overexpression of GTPase-deficient FtsZ halts directed motion of PBP2b
(PG synthase), implicating FtsZ treadmilling as the source of motion (40). Meanwhile,
FtsZ treadmilling is unaltered by depletion of PBP2b as well as exposure to the PG syn-
thase-inhibiting antibiotic, penicillin G (40). Thus, in B. subtilis FtsZ treadmilling directs
the progressive insertion of PG at the septum by building increasingly smaller rings
that ultimately divide the cell.

While it seems that B. subtilis provides an elegant model that can be superimposed
onto binary-fission, FtsZ-dependent bacteria, “one-size-does-not-fit-all” and distinct
processes power constriction across bacterial species. In S. pneumoniae constriction is
independent of FtsZ treadmilling and is driven by the TG:TP reactions of the septal
machine (24). The directed motion of the septal monofunctional PG synthases (FtsW
and PBP2x) occur at velocities of ~19 to 21 nm/s where treadmilling FtsZ filaments
transit at 32 nm/s at S. pneumoniae’s midcell (24). Decreasing PG precursor pools
reduces FtsW and PBP2x velocity to 14 nm/s whereas treadmilling FtsZ filaments
remained constant (24). As in B. subtilis, PG synthesis occurs at distinct “nodal” sites
with ring closure resulting from the outward to inward addition of PG (40, 77). Yet, con-
striction is powered by different means in B. subtilis and S. pneumoniae, despite each
possessing a thick PG sacculus. Of note, the role of FtsZ in Gram-negative E. coli will be
discussed later. Gram-positive S. aureus demonstrates that energetic drivers of constric-
tion are not mutually exclusive. Chemical perturbation and microscopy revealed that S.
aureus exhibits bi-phasic division in which early constriction rings are FtsZ-
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treadmilling-dependent and subsequently switch to FtsZ-independent constriction
that is then driven by PG synthesis (TG:TP) reactions. Moreover, it seems that this ener-
getic switch is triggered by the arrival of MurJ at midcell (74). Thus, the FtsZ ring drives
constriction in B. subtilis and seems to partially power closure in S. aureus. Irrespective
of generating a constrictive force, Z-rings are required to secure homogenous, sym-
metric constriction events across an array of bacterial species (61, 62).

In S. pneumoniae (TG:TP-dependent), FtsZ treadmilling is theorized to serve as a
subcellular scaffold, ensuring assembly of the septal machine at the appropriate loca-
tion in space and time. Observe that the scaffolding function of FtsZ is not restricted to
S. pneumoniae, but is likely widely distributed (61, 62). In S. pneumoniae, Z-ring scaf-
folds serve to support PG synthesis at the septa as well as mark the future division site
of daughter cells (24). It remains to be determined whether support is physical (load-
bearing structure) or instead regulatory (a cascade of hierarchical interactions).
Because the Z-ring is discontinuous and dynamic, it seems probable that the Z-ring
serves to mark the future septa, rather than acting as a physical subcellular, stable-ar-
chitectural structure (61). This is supported in that rings of FtsZ, FtsA, and ErzA are the
first to migrate from the mature septal ring to the site of nascent PG synthesis in
daughter S. pneumoniae cells, thereby marking the future division site (24, 78). The
active PG synthases (PBP2x and FtsW) remain at the constricting septum and are
among the last to leave (24, 62, 79). While it is fascinating to envision these nanoma-
chines (regulatory proteins, cytoskeletal filaments, and PG synthases) transiting the cir-
cumference of the cell, it leads to the question: how do other components stay clear of
these massive machines?

CLASSIFICATION AND FUNCTIONS OF THE PG SYNTHASES

High molecular weight PG synthases are either bifunctional TP and TG, classically
termed Class A penicillin-binding proteins (PBPs), or monofunctional TP, termed Class
B PBPs (12, 20). For many years the bifunctional PG synthases were classified as
machine components (12-14, 80). However, present data warrant reclassification of
the Class A PG synthases role(s). The discovery of the monofunctional TGs, FtsW, and
RodA, eliminates the Class A PBPs as the sole source of the machine’s TG reactions (34-
36, 41). FtsW and RodA belong to the highly distributed SEDS (shape, elongation, divi-
sion, and sporulation) family of proteins (34, 35). Biochemical and in vivo work show
that FtsW and its septal monofunctional TP (E. coli PBP3/Ftsl or S. pneumoniae PB2x)
form a cognate, codependent pair capable of fulfilling the required TG-TP of the septal
machine (24, 36, 41). For elongation, RodA pairs with the homologous monofunctional
TP, e.g., E. coli PBP2 (81, 82). Thus, both machines no longer require a transglycosylat-
ing Class A PBP. Moreover, mutational analysis reveals that the Class A and B PBPs
do not phenocopy one another. Typically, single deletion of a Class B PBP is lethal
whereas the Class A PBPs are synthetically lethal, requiring double deletions (83-90).
Additionally, single perturbation of Class A PBPs mildly alters cell shape, e.g., smaller di-
ameter, while perturbing other elongation machine components results in overt mor-
phological defects, e.g., enlarged spheres (83, 84, 90). Double perturbation of the Class
A’s (specifically PBP1ab) leads to abrupt lysis, not spheres (87, 91). These discrepancies
may be due to the genetic redundancy of class A PBPs or hint at similar yet distinct
roles regarding cell wall integrity and shape.

In support of the latter, SMT revealed that the Class A PBPs display two distant
movement patterns: diffusive and static. These patterns contrast with those of Class B
whose movement patterns correlate with the insertion patterns of the respective
machines (39, 40, 77). The directed circumferential motion of a Class A PBP has not
been observed in B. subtilis or E. coli (35, 84, 92). Tracking PBP1 in B. subtilis showed
that PBP1 exhibits static,c nonmotile behavior and diffusive motion with a diffusion
coefficient of ~0.004 to 0.007 um?/s (35). To date, the only processive circumferential
motion has been correlated with PG synthesis, be it mediated by treadmilling or TG:TP
reactions. However, evidence suggests that these nondirectional Class A PBPs are
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functional. In the context of the elongation machinery, mutational analyses (TP) and
chemical perturbations (TG) showed that inactivation of the Class A PG synthase
(PBP1b:E. coli) reduces cell wall synthesis levels by 20% whereas evidence suggests
that the Class A PBPs insert 50% of the new PG at the septum (35, 41). Because diffu-
sive motion is passive, it is highly unlikely that diffusive Class A PBP molecules are
enzymatically active and synthesizing PG. It is possible that static Class A PBPs, e.g., B.
subtilis:PBP1, represent enzymatic activity. One can envisage a “one and done” scenario
in which PBP1 freely diffuses, docks, accomplishes one cross-linking or polymerization
event, and then remains stalled and inactive at the insertion site until conditions favor
its subsequent diffusion, such as exported lipid Il or detected gaps/weakness in the
sacculus. In this scenario, the independently functioning septal or elongation machines
may accomplish longer runs of TG/TP activity, hence the machine’s measurable trajec-
tory of synthesis. Without question, evidence is needed to address these speculations
and the enzymatic activity of these static Class A PBPs.

Functionality studies strongly indicate that the Class A PG synthases function auton-
omously to modify existing PG laid by the respective machines (35, 84, 93). In S. pneu-
moniae, the use of enzyme-specific antibiotics and mutant backgrounds revealed that
PG synthesized by the septal machine is further modified by Class A PG synthases (93).
Class A-mediated modification of nascent PG is inhibited by oxacillin and moenomycin,
strongly suggesting that both TG:TP activities of the Class A synthases are required for
PG remodeling (93). Here, PG remodeling likely involves the Class A PG synthases fur-
ther processing the PG meshwork synthesized by the machines, be it increasing the
structural integrity of the sacculus by removing imperfections and/or increasing cell
wall density (93). This is supported by recent discoveries in E. coli where the Class A
PBPs were found essential to maintain the mechanical plasticity and integrity of the
cell wall, yet fully dispensable regarding overall cell shape (84).

Unequivocally, the Class A PG synthases serve an essential function across bacterial
species. Mounting evidence strongly indicates that Class A’s function is connected to,
but regulated separately from, the PG synthesis machines (35, 86, 93). Considering
motion, logically Class A’s function likely lies outside the machine. Otherwise, their
movement patterns would match the circumferential motion of other machine compo-
nents. It appears that the Class B PBPs work within the confines of the PG synthesis
machines to form and maintain cell shape while the Class A PBPs work autonomously
to sustain the structural integrity (repair) and mechanical plasticity of the sacculus.
Theoretically, the machine’s Class B PBPs may lay the structural foundation of the sep-
tum while the Class A PBPs subsequently strengthen the structural integrity of the sep-
tum - owing to related, yet distinct roles (35, 84, 86, 93). Alternatively, the Class A PBPs
may partner with their respective outer membrane lipoprotein (LpoA/B) partner and
solely function as repair enzymes, again separate from the machines (35, 84, 94-97).
Pinpointing the specific roles of the various PG synthases is important as antibiotic re-
sistance often arises in genes encoding these genetically redundant yet functionally
disparate enzymes (98).

NAVIGATING THE TOPOLOGICAL LANDSCAPE: MOVEMENT STRATEGIES OF ACTIVE
VERSUS INACTIVE PG SYNTHASES

While a multitude of proteins arrive at midcell during division, not all molecules in a
population incorporate into the assembling machines. Septal Class B PG synthases of S.
pneumoniae and B. subtilis display diffusive movement outside the septa (24, 40).
Comparing the movement dynamics of PG synthases to FDAA labeling patterns, a sur-
rogate of TP activity indicates that these diffusive PG synthases are likely inactive. To
reiterate, the Class B PG synthases (FtsW and PBP2x) of S. pneumoniae display two dis-
tinct movement patterns and velocities (24, 43, 77). One active population is slow,
showing directed motion at the septa with a velocity of ~19 to 21 nm/s and the other
is fast, displaying diffusive motion outside the septa with a diffusion coefficient of
0.028 = 0.0004 wm?/s (24, 43). This results in active PG synthases transiting the septa
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15- to 20-fold slower than inactive PG synthases diffusing freely about the membrane.
Mechanisms that partition the population into directed (active, slow) versus diffusive
(inactive, fast) remain to be determined. Quantitative work in S. pneumoniae indicates
that low expression of the elongation TP (PBP2b) is sufficient for normal growth and
morphology, suggesting that key proteins involved in PG synthesis likely exist in excess
(77). Maintaining a reservoir of essential cell wall enzymes is likely beneficial because
the loss of cell wall integrity results in death. Given the relatively small size of a bacte-
rial cell and the high rate of diffusion, an inactive PG synthase has the potential to
arrive at the septa within seconds via diffusion (1).

SMT revealed that three distinct populations of transiting PG synthases exist in E.
coli, one population of diffusive PG synthases and two populations of directionally
transiting PG synthases at the septum, a slow (~8 nm/s) active population, and a fast
(~30 nm/s) inactive population (41, 43). A combination of theoretical modeling and
SMT determined that FtsZ treadmilling (20 to 40 nm/s in vivo) in E. coli drives the direc-
tional movement of inactive monofunctional PG synthases (Ftsl) via a Brownian rachet
mechanism, ultimately aiding in the spatiotemporal distribution of the PG synthases
about the septum (41, 43). A Brownian rachet mechanism occurs when mechanical
force and/or motion is produced in an anisotropic closed environment by nonequili-
brium fluctuations of an isothermal medium (99-101). The fluctuating crowded heter-
ogenous environment of the cell is primed for such exchanges of energy (1, 3).

FtsZ treadmilling events in the cytoplasm introduce a disequilibrium that biases the
system toward the random diffusion of PG synthases in the membrane plane, upon
which Ftsl persistently trails the shrinking end of a treadmilling FtsZ filament. This
results in the directional movement of Ftsl with the PG synthase ratcheting “forward”
~5 nm per event (43). However, the stochastic nature of Brownian Ratcheting makes
the directional movement of inactive Ftsl molecules probabilistic, rather than deter-
ministic because Ftsl may uncouple from the treadmilling filament at any moment
(43). Importantly, the slow-moving (8 nm/s), enzymatically active population remains
independent of FtsZ treadmilling but dependent on PG precursor pools and the TG:TP
reactions of the septal machine (42). In opposition, fast (inactive) PG synthase motion
is independent of these resources but strictly reliant on the intrinsic binding potential
of Ftsl-FtsZ, random diffusion of Ftsl, and FtsZ treadmilling speed (43).

Regarding diffusion, the rate of Ftsl diffusion is critical to its ability to end track. For
instance, if Ftsl diffuses too rapidly it will not couple to the (-) end of the filament,
showing very little end-tracking behavior. Conversely, diffusing too slowly hinders
Ftsl's ability to keep up with a treadmilling FtsZ filament. Therefore, the processivity of
the Brownian rachet hinges on the balance between FtsZ treadmilling speed and ran-
dom diffusion of Ftsl. Under normal conditions, the diffusion coefficient of E. coli Ftsl
measures ~0.041 = 0.0051 um?/s. By comparison, B. subtilis PBP2b (septal TP) meas-
ures 0.038 = 0.0019 um?/s with FtsW (septal TG) of S. pneumoniae measuring 0.028 *+
0.0004 wm?/s (43). Experimentally, FtsZ end-tracking by inactive PG synthases has only
been recorded in E. coli, however, theoretical modeling predicts that B. subtilis PG syn-
thases have the propensity to display end-tracking behavior as well (40, 43). Moreover,
the diffusion coefficients of these various PG synthases are similar, heralding diffusion
as a primordial means of transit across species. A molecule’s diffusion rate is at the
mercy of macromolecular crowding conditions of the cell. In sum, mechanisms that
control the spatiotemporal distribution of active versus inactive PG synthases are
emerging and appear to share overlapping but distinct trends between species.

LIPID Il AND THE MACHINES: A SPATIOTEMPORAL CONUNDRUM

Reflecting on our current knowledge of cellular architecture, motion, and move-
ment patterns the mechanism by which lipid Il and PG machines find one another is
quite perplexing, (Fig. 5). An alluring theory is that lipid Il and PG machine encounters
are driven by diffusion, relying on chance. One can envision that a large amount of
lipid Il is synthesized and exported at the forming septum and its disaccharide-
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FIG 5 lllustrating the machine’s motion and spatiotemporal organization. (A) The trajectory of
elongation machine components. Directional movement, signifying active PG synthesis, is indicated
by magenta arrows. Gray circles and dotted lines symbolize diffusive, nonactive machine components
as well as other components occupying the cell. (B) The trajectory of septal machine components.
The septal ring is illustrated as a light blue ring. (C) lllustration of forming septum, rotate cell body
90 degrees. The outer light blue ring symbolizes the edge of the sacculus at the constriction site.
Gaps in sacculus are shown as blank squares accompanied by cell wall hydrolases (gray Pac-Man).
Dark blue trapezoids represent new PG inserted in distinct patches/nodes. The tan ring represents
the constriction zone that is occupied by a multitude of proteins contained in the septal machine,
including septal PG synthases, cytoskeletal filaments, and various regulatory proteins (Table 1). Of
note, the septal machine contains cytoplasmic, membrane-associated, and integral membrane
proteins. For protein topology see Fig. 1. (A to C) Arrows signify bidirectional, circumferential
movement patterns of the respective machine components observed using microscopy and tracking
techniques. The septal PG synthases, MurJ, lipid Il, and various PG precursors drawn in areas in Fig. 1
FtsA (the membrane anchor and cytoskeletal protein) are shown as an orange circle. Treadmilling
FtsZ filaments and diffusive filament monomers are drawn as beveled squares and colored tan or
lilac. See Fig. 4 for more details. Other various PG precursors are indicated in the Key. The inner
membrane is illustrated as a gray ring. For simplicity, the outer membrane/periplasmic space is not
drawn. Likewise, the individual amino acids that comprise the pentapeptide are not drawn, but also
reside in the cytoplasm. Architectural organization and PG deposition pattern based on B. subtilis
(rod-shaped) and S. pneumoniae (football-shaped) (40, 77).

pentapeptide subsequently inserted by the septal machine. Indeed, the septal
machine’s trajectory and FDAA labeling show that a large mass of new PG is deposited
at the septum. Yet, given the stochastic nature of diffusion how is exported lipid Il cor-
ralled to midcell? Moreover, diffusion-mediated encounters seem unlikely in consider-
ing elongation. PG synthases are restricted to the membrane plane; however, a PG
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synthase can traverse the cell’'s circumference, sidewalls, and poles as the membrane
surrounds the full cell body. Thus, the likelihood of independently diffusing mem-
brane-linked lipid Il and PG synthase randomly colliding at the exact position of inser-
tion in time and space seems slim. To increase the odds of collision perhaps lipid Il lev-
els exist in saturation. However, maintaining such membrane saturation seems costly
and unproductive. In addition, lipid Il levels can be increased artificially, thereby refut-
ing that lipid Il levels exist in saturation (41). Furthermore, data show that the machines
circumferentially transit the cell in processive linear paths, inserting PG in distinct pat-
terns (24, 39, 40, 42, 74). These observations do not suggest diffusion-mediated
encounters (stochastic or random patterns), but rather point to unknown mechanisms
of spatiotemporal coordination that tether precursor biosynthesis, lipid Il export, and
insertion together.

One can theorize that each machine (septal and elongation) possesses its flippase,
allowing for streamlined export and subsequent insertion when areas rich in mem-
brane-linked lipid Il located below the membrane are happened upon. Here, the MurJ-
containing-machine transits its cytoskeletal track as it simultaneously exports and
inserts lipid IlI's disaccharide-pentapeptide, thereby physically connecting the cyto-
plasm to the periplasm/cell exterior. Accordingly, machine and lipid Il do not collide by
chance but instead are joined together by the machine’s flippase, MurJ, an integral
membrane protein. The necessity of the cytoplasmic, cytoskeletal proteins (FtsZ:septa-
tion and MreB:elongation) for motion supports such a theory. Consider that MurJ spe-
cifically localizes to the midcell (septation) and side walls (elongation) (102). Moreover,
the septal PG synthases FtsW:Ftsl is required for localization of MurJ to midcell, sug-
gesting that lipid Il export is contingent on available and active machines (102).
Temporal studies show that MurJ as well as the PG synthases are among the last to
assemble into the building machine (14, 68, 69, 102). Lastly, cytoplasmic biosynthesis
of lipid Il is also required for MurJ localization at midcell (102). Thus, a coupling of bio-
synthesis, export, and insertion is evident and appears to be orchestrated through the
machine’s flippase, — a key component, connected to elements below and above the cyto-
plasmic membrane. Pivotal to validating such a hypothesis is understanding the move-
ment dynamics of MurJ.

Be it by simple diffusion or coordinated spatiotemporal regulation, it remains to be
empirically determined how essential lipid Il (substrate) and the PG machines (inserter)
appear at the same location (gap in sacculus) within the respective periplasmic or
extracellular space in time. This inquiry of substrate-machine timing and localization
extends to the cell wall hydrolases. They prime the sacculus for growth by hydrolyzing
gaps so that new material may be inserted as well as serving to separate daughter cells
by cleaving new PG at the septum (94, 103-105). Resolving this spatiotemporal conun-
drum represents one of the last frontiers of cellular division.

CONCLUSIONS AND UNKNOWNS

The pairing of high-resolution microscopy with SMT has revealed that many compo-
nents of the PG synthesis machines exhibit distinct and discernible movement patterns
to transit the cell. Moreover, the circumferential motion of the machines is a by-product
of PG synthesis, be it driven by TG:TP reactions (S. pneumoniae), FtsZ treadmilling (B. sub-
tilis), or both (S. aureus and E. coli). Our current knowledge suggests that machine com-
ponents utilize three main movement patterns to transit the cell: directed motion, diffu-
sive motion, and treadmilling. Directed motion and treadmilling require energy while
diffusion is passive and harnesses the thermal energy potential of the environment.
Treadmilling involves polymeric filaments while single molecules have the propensity to
display both directed and diffusive movement. If all the patterns are sufficient for transit,
then why do proteins employ multiple movement patterns?

At first glance, directed motion appears superior to diffusive as the shortest path
between two objects is a straight line. However, directed (linear) motion is not proces-
sive in the context of a bacterial cell exhibiting macromolecular crowding, be it in the

April 2022 Volume 204 Issue 4

Journal of Bacteriology

10.1128/jb.00598-21

14


https://journals.asm.org/journal/jb
https://doi.org/10.1128/jb.00598-21

Minireview

A Directed motion B Directed moton C Confined diffusion
without crowding with crowding with crowding

O @
’ 1, S
/II 'I/‘ S\
/ _—I, ,I
=~ ’

O Os |05 .
el ] |
tay I
T 4 4
o— ., 0 o—O O lle/ O [
Y | O ¥l YO w

Point A > B Point A > B Point A > B

FIG 6 Guaranteeing success: directed versus diffusive motion. Illustration of an object (green dot)
transiting from point A to point B to interact with cup complex (concave green tower) within three
different environmental conditions. Object trajectory is outlined by arrows. (A) In vitro as well as the
minimally crowded cytoplasmic environment, i.e, <10% of the area occupied. The absence of
environmental barriers leads to rapid and reproducible interaction with the cup complex. Highlights
that the shortest path between two points is a straight line. (B) Molecular crowding of ~30% halts
the object’s ability to transit if alternative movement patterns/paths do not exist outside directed
motion. Topological rearrangement may clear the path; however, time is lost. (C) Confined diffusion
of the object leads to changes in the object’s direction via random collisions. While the distance
traveled in panel C is greater than in panel A, diffusive motion overcomes and utilizes
macromolecular crowding to increase its rate of transit, thereby connecting interactors more
efficiently than in panel B. Yet, processivity is lost in that interaction relies on chance. Because the
molecular environment is transient, it appears advantageous to possess both directed and diffusive
movement patterns, like that of the PG synthases.

cytoplasm or membrane plane. As illustrated in Fig. 6, transit events are stymied if an
object travels a set linear path where only ~30% of the area is occupied by obstacles,
such as metabolites, proteins, and the chromosome. While topological rearrangements
may clear paths, time is lost during the blockage. Conversely, an object exhibiting dif-
fusive motion is capable of maneuvering through obstacles via a random walk.
Granted, an object displaying diffusive motion travels greater distances than that
required of linear transit. However, because biological systems impose oscillating envi-
ronmental and spatial constraints on particle movement and velocity, it appears ad-
vantageous to possess both directed and diffusive motion. This is reflected in the abil-
ity of Class B PG synthases to transit both directionally and diffusively.

Without a doubt, developments in labeling techniques and tracking programs have
led to major gains in understanding the elegant mechanisms of cell division. Among
these discoveries, many questions remain, including what determines the ratio of
active-directed to inactive-diffusive PG synthases within a given population of mole-
cules? Are static Class A PG synthases enzymatically active? By extension, are the Class
A PG synthases contained in and governed by the machines? Does MurJ transit with
the machine, thereby coupling precursor biosynthesis to insertion? Future research will
provide answers to these and other questions about molecular movement patterns of
proteins within the bacterial cell.
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