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Abstract

The Escherichia coli chromosome is a dynamic polymer in confinement. How does its structure

facilitate its dynamics during the cell cycle? To infer the size and details of its structural units, we

investigated the scaling properties of bacterial chromosomes in slab-like confinement. In particular,

we fabricated staircase shaped microfluidic channels, each step about 40 µm long and 25 µm wide,

at depth increments of 100 nm. We isolated bacterial chromosomes in the channels and studied

their response to confinement and electrophoretic drive. We measured the projected area and

diffusion coefficient of individual E. coli chromosomes. To make quantitative predictions for future

larger data sets, we modeled the chromosome as a chain of blobs, and we performed Monte Carlo

simulations of self-avoiding lattice walks in slab-like confinement.
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Introduction

Escherichia coli has a circular chromosome with 4.6×106 base pairs crowded within a

subvolume of the cell. During the cell cycle, dynamic chromosomal structures accommodate

transcription, replication, and segregation of the genetic materials. At the hundreds of

bases scale, diverse chromosome-associated proteins that bend or bridge the DNA [1] or

introduce long range interactions [2] have been characterized. At the millions of bases scale,

the motions and features of whole chromosomes have been measured in vivo [3, 4] and in

vitro [5, 6]. Between these regimes, at the tens of kilobases scale, we do not yet have a clear

understanding of bacterial chromosome structure. Do chromosomes have structural units?

If so, what are their properties, and how do they depend on the physiology of the cell?

Several studies evidence structures at the tens of kilobases scale. Activation of restriction

enzymes in vivo perturbs expression of nearby supercoiling sensitive genes, but the relax-

ation of supercoiling per double-strand break remains localized to ∼10 kilobase domains; in

the same study, electron micrographs of isolated chromosomes depicted looped plectonemic

structures [7]. Fluorescence correlation spectroscopy measurements of isolated chromosomes

estimate structural units of approximately 50 kilobases and 70 ± 20 nm in native, negatively

supercoiled chromosomes, and approximately 3.4 kilobases in chromosomes fully relaxed by

intercalation of chloroquine [8]. Equilibrium length and force compression measurements

of isolated chromosomes in channel-like confinement estimate structural units of approxi-

mately 130 nm to 440 nm [6]. These studies postulate structural units as supercoiled loops,

cross-linked and stabilized by chromosome-associated proteins.

To probe these structural units, we set out to measure the properties of whole bacterial

chromosomes in slab-like confinement at depths comparable to the structural unit size. We

were inspired by a study of bacteriophage lambda DNA in microfluidic staircases: phage

DNA molecules were electrophoretically driven into regions of high slab-like confinement.

Then, in the absence of an external field, the DNA molecules exhibited “entropophoretic”

ratcheted diffusion into regions of lower confinement [9]. In order to study the equilibrium

properties, such as the radius of gyration and diffusion coefficient, of whole E. coli chro-

mosomes away from step edges, as well as dynamic ratcheting events near step edges, we

extended the length of each step from 4 µm to 40 µm (Fig. 1a, b). To make multiple mea-

surements of individual chromosomes at many depths, we too used electrophoresis to drive

chromosomes from one region to another.
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Materials and methods

We used an excimer laser (Resonetics RapidX250-L and GSI Lumonics PulseMaster PM-

848) to fabricate microfluidic devices with horizontal features from 25 µm to 2 cm and

vertical features from ∼100 nm to 30 µm. We passed energetic ultraviolet (248 nm) pulses

(240 mJ per pulse, at up to 200 Hz) through square or rectangular apertures, then focused

the pulses onto borosilicate glass coverslips. The pulses locally ablate ∼100 nm of material

per pulse. To estimate the depth per pulse, we counted the number of pulses required to mill

about a quarter of the way through the 130 to 150 µm thick cover slips. Readsorption of

ablated material left rough surfaces that caused the initial batch of channels to leak. Thus,

we protected the surfaces of devices used for experiments with a spin coated, ∼10 µm layer

of water-soluble hairspray (TRES Two Extra Hold Non-aerosol Hair Spray, TRESemmé).

To remove the hairspray after milling the channels, we sonicated the devices in deionized

water. To complete the microfluidic devices, we cored inlet and outlet holes in PDMS slabs

and oxygen plasma bonded the flat PDMS slabs to the grooved cover slips (100 W, 15 sec,

10 sccm O2).

Immediately after plasma bonding, to minimize nonspecific adsorption of biomolecules

within the channels, we passivated the microfluidic surfaces with 0.1 mg/mL poly-L-lysine

covalently grafted to polyethylene glycol (PLL-g-PEG) in 10 mM HEPES at pH 7.4. In

solution, the positively charged PLL-g-PEG electrostatically interacts with the negatively

charged moieties left by the plasma.

We isolated chromosomes from stationary phase Escherichia coli strain SS6282

(hupA::mCherry FRTkan del(attB)::sulAp-gfp, from strain JC13509). The strain expresses

a fluorescent version of the abundant, histone-like chromosome-associated protein HU. The

HU-mCherry E. coli were prepared and lysed in the channels as reported elsewhere [6].

We illuminated the chromosomes with a 532 nm laser and imaged with a 60x oil immer-

sion objective. We acquired images with a cooled CMOS camera (ORCA-flash4.0, Hama-

matsu) at a native resolution of 4 megapixels, corresponding to a calibrated pixel size of 0.11

nanometers per pixel. Integration times were 100 ms to obtain higher temporal resolution or

300 ms to obtain higher photon counts per image. Within the region used for image analy-

sis, the laser power was set to either 20 kW/cm2 or 80 kW/cm2. Noticeable photobleaching

occurred over tens of seconds, and for a single field of lysed chromosomes, was measured at

approximately 0.5% change in relative fluorescence per second (data not shown).
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FIG. 1: (a) Global device geometry. Our most recent devices had four ports to the outside world.

To infuse new buffers and purge old buffers, we infused from one or two of the inlets. After lysis,

we attached Ag/AgCl electrodes to opposite ports, in order to drive chromosomes up the staircase

channels we varied the voltage from 20 to 200 V; we have not yet calculated the field strengths in

the channels. (b) We overlapped rectangular pulses with an offset to generate staircase channels,

each step about 25 µm wide and 40 µm long, from several hundred nanometers to about 3 µm

deep, in steps of approximately 100 nm. (c-e) The images are shown to the same scale. (c) The

first generation of devices had a lot of detritus around the important features: when the excimer

ablates material, some of the hot residue lands back on the glass and sticks. These rough surfaces

hampered smooth bonding of the PDMS. (d) We attempted to polish the troublesome surfaces

with 3 µm diamond paste followed by a 0.05 µm alumina suspension with little to no success;

then, we learned that hairspray forms a protective yet water-soluble layer. Our most recent batch

of devices had smooth edges and tight seals, verified by filling with black food coloring. (e) Our

loading rates were too high, resulting in a backlog of cells near the constrictions. We hypothesize

the mass of squeezed cells distorted the elastic PDMS, responsible for the bands of cells. Under

close inspection, it seemed cells clustered near the edges of the steps, step edges at a spacing of 40

µm long, aligned with those in (d).
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FIG. 2: Over several experiments, elapsed times after lysis, and confinements we observed diverse

chromosome morphologies in the channels. We do not yet understand the priority of potential

sources of variability. In the future, we will track individual chromosomes to monitor the time

evolution of their conformations at various depths, salt concentrations, cell physiologies, etc. Movies

1 and 2 show the dynamics of these cotton ball and spaghetti chromosomes.

Lysis

Upon addition of hypotonic lysis buffer, we observed E. coli spheroplasts bursting in the

confined regions of the channels (N = 3 devices, 25 channels per device). At the moment

of lysis, the total fluorescence decreased due to loss of unbound, cytoplasmic HU-mCherry,

but a significant fraction of the HU remained on the chromosomes after an hour post lysis,

with 100 mM NaCl in the lysis buffer. Liberated from the cells, the chromosomes expanded

to volumes approximately 3 µm in diameter (Fig. 2, Table I).

We observed diverse chromosome morphologies and dynamics. In deep regions, inde-

pendent, freely diffusing chromosomes exhibited somewhat homogeneous morphologies with

moderate fluctuations (Movie 1). We could drive these chromosomes along the channel elec-

trophoretically (Movie 4). At intermediate depths, less than 1 µm, chromosomes fluctuated

but did not freely diffuse, and they displayed distinct internal structure, with fluctuating

globules and dynamic strands visible at the periphery. In shallow regions, due to the high lo-
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cal concentration of spheroplasts before lysis (Fig. 1e), we have not yet obtained any reliable

measurements.

Due to our currently limited sample size, we do not yet know why we observed such

diverse morphologies. Various factors, including the depth of the slab-like confinement, the

amount or type of proteins that have dissociated from the chromosomes after lysis, other con-

formational rearrangements that may not involve protein dissociation, and cell physiology,

may contribute to the observed variations. We will next monitor individual chromosomes

at a range of depths, salt concentrations, and cell physiologies to better understand what

factors influence chromosome morphologies.

Chromosome tracking

We analyzed movies of confined cotton ball chromosomes to measure their projected

area and diffusion coefficient (Fig. 3). We applied a 3x3 median filter to each frame of

the movie, then thresholded to create a binary mask. We used a watershed algorithm to

further segment the mask (ImageJ, default settings). Seed points corresponding to individual

chromosomes were manually added to the first frame. Tracking and merging of segmented

regions through subsequent frames was performed iteratively using an automated procedure;

the algorithm identified unlabeled regions with counterparts in the previous frame with

the highest overlap score. Known chromosomes with no representation in a frame were

allowed to propagate forward unchanged, to correct for occasional incorrect merging by the

watershed algorithm. To estimate diffusion coefficients, we used a sliding window to compute

mean square displacements. Due to the effect of drift on some chromosomes, the resulting

curves were fit to a parabola of the form
〈
(∆x)2〉 = 4Dt + (vt)2 and a line with v = 0

(Fig. 3, Table I) [10]. Although we must collect a lot more data and minimize drifts in the

channels, our calculations estimate the self-diffusion coefficient of isolated chromosomes in

slab-like confinement Dslab ∼ 0.01 µm2/s, marginally less than that without confinement

Dfree = 0.12 - 0.43 µm2/s [11], but greater than that in channel-like confinement Dchannel ≈

0.0001 µm2/s [6].
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FIG. 3: We monitored the diffusion of cotton ball chromosomes in regions of mild confinement.

The open circles show the mean square displacement with respect to time, and the solid trajectories

show the best fit to
〈

(∆x)2
〉

= 4Dt+(vt)2. Movie 3 illustrates the chromosome tracking algorithm,

and the curve colors match those of corresponding chromosome boundaries.

TABLE I: Summary of diffusion and projected area measurements of chromosomes in Fig. 3.

chromosome ID Ddiffusion only

(
µm2/s

)
Ddrift diffusion

(
µm2/s

)
v (µm/s) A

(
µm2

)
σA
(
µm2

)
1 0.078 0.056 0.101 6.133 1.177

2 0.021 0.004 0.088 7.968 3.166

3 0.005 0.003 0.032 14.254 1.541

4 0.503 0.072 0.446 7.852 2.344

5 0.018 -0.002 0.097 11.532 1.276

6 0.035 0.020 0.084 8.433 1.327

Scaling theory

We considered the scaling properties of self-avoiding polymers in slab-like confinement.

Consider a polymer with N monomers, each with length a, confined in a slab of depth w.

Let R represent the size of the chain in the plane of the slab, and let νd represent the Flory

exponent in d spatial dimensions. The Flory free energy is
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βF =
R2

Na2
+
adN2

Rd
,

where the first term represents entropic contributions to the free energy due to chain connec-

tivity, and the second term represents excluded volume interactions and treats the polymer

as a gas of particles. Minimization of the Flory free energy gives the expected size

∂

∂R
(βF) = 0→ R0 ∼ N νd , where νd =

3

2 + d
.

A polymer in channel-like confinement can be modeled as a linear chain of blobs. Each

blob has size w equal to the channel width and includes g monomers, so the total number of

blobs is N/g. Within each blob, the confinement does not influence the Flory approximation

of excluded volume, so w ∼ gν3 . In one dimension, rescaling from individual monomers to

blobs (size a 7→ w, number N 7→ N/g) gives extensive expected size R0 ∼ Nw−2/3 and

confinement free energy βF0 ∼ Nw−5/3 [12, 13].

As a näıve extension of this model, we modeled a polymer in slab-like confinement as a

self-avoiding walk of blobs in two dimensions. As above, we map the effective unit size from

a 7→ w and number from N 7→ N/g, so g ∼ (w/a)1/ν3 and the expected size

R0 ∼ w

(
N

g

)ν2
∼ N ν2aν2/ν3w1−ν2/ν3 .

This model predicts an equilibrium size R0 ∼ w−1/4 in slab-like confinement, weaker than

the w−2/3 scaling of channel-like confinement. Minimization of the rescaled Flory energy

βF =
R2

(N/g)w2
+
w2(N/g)2

R2

gives the same R0 ∼ w−1/4 trend. In contrast to the linear chain of blobs in channel-like

confinement, the confinement free energy is no longer extensive, but rather scales as (N/g)1/2.

The bacterial chromosome is a ring polymer. In channel-like confinement, N 7→ N/2 and

w 7→ w/
√

2 map linear scaling relations to those for a ring polymer [14]. In the spirit of

these calculations, we too may map our above scaling results by halving both the number

of monomers N 7→ N/2 and the cross-sectional area w 7→ w/2, though the w−1/4 exponent

does not change.
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Simulations

To guide future experiments, and in anticipation of future measurements, we simulated

self-avoiding chains in slab-like confinement. Monte Carlo simulations were performed to

estimate the dependence of end-to-end distance and projected area on chain length and

degree of confinement. Ensembles of self-avoiding walks were generated on a cubic lattice.

The walk was allowed to step with equal probability in all 5 forward directions. Initially,

steps leading to self-collision or intersecting infinite confining barriers led to rejection of

the Monte Carlo walk. Later, a rewinding mechanism was implemented to salvage walks,

where for each walk the rewinding distance began at a small fixed value and increased

logarithmically with self-collisions. A dynamically expanded lookup table centered at the

origin was used to alleviate the O (N2) cost of checking for collisions, leading to 100-fold

reduced computation time for long walks (for an ensemble of walks including 8× 107 steps,

6 hours on one core of an Intel i3-2350M CPU 2.3 GHz processor).

Ensembles of walks were generated spanning a range of confinements and chain lengths,

with all lengths and areas scaled to the monomer length (Fig. 4). The radius of gyration

was calculated as the root mean square distance of all monomers to the average monomer

position, and the projected area was estimated by superimposing subsets of each ensemble

after translating the centroid of the walk to the origin. To analyze confinement regimes

we plotted both the root mean square end-to-end distance and radius of gyration, both

normalized by Nν3 as an estimate of the chain size in the absence of confinement, against

the depth of confinement. The error bars represent the standard error of the mean; we

computed N = 300 conformations per chain length and thus normalized the variances by

N3/5
√

300. Based on our curves, we hypothesize the existence of multiple scaling regimes as

the confinement depth becomes more severe.
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FIG. 4: Self-avoiding walks on a lattice. (a) Sample walk with number of links N = 800, con-

finement depth w = 1 (walk confined to only two dimensions). (b) N = 160, w = 2. (c)

N = 10000, w = 12. (d) N = 10000, w = 12 with 10 conformations superimposed, the proba-

bility represented as a heat map, and a particular conformation in magenta. (e) Root mean square

end-to-end distance, normalized by Nν3 , as a function of confinement depth for a range of chain

lengths. Statistics are based on ensembles of N = 300 conformations, and error bars represent

the standard error of the mean. (f) Root mean square radius of gyration, normalized by Nν3 ,

drawn from same ensembles as (e). The w−1/4 trace represents our scaling prediction, and only

for the sake of comparison, the w−1/2 trace represents what would be the case if the volume of the

chromosome were conserved.

Next steps

To optimize the system, we must next (1) measure the channel geometries and surface

roughnesses at high resolution using contact profilometry, then calibrate these against depth

measurements of intact devices via white light interferometry or beads of specified size; (2)

replace PDMS with fused silica [9] or borosilicate to remedy observed distortion of PDMS

at smallest confinements (Fig. 1e); (3) improve lysis efficiency in slab-like confinement,
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FIG. 5: We applied an electrophoretic field to drive chromosomes along the channels. After several

hours, the passivation deteriorated, and this chromosome stuck to the glass, though the body of

the chromosome remained mobile. We ramped up then ramped down the field. Movie 5 shows the

full image sequence.

using shorter channels in order to decrease diffusion time scales; (4) characterize profile and

strength of electric field-induced flow via particle image velocimetry or another approach

combined with modeling.

The ability to manipulate lysed chromosomes in slab-like confinement suggests several

next experiments, including (1) measurement of size, fluctuations, and diffusion constants

of individual chromosomes at many depths, as well as variation between chromosomes; (2)

investigation of stationary and exponential phase E. coli, perhaps with chloramphenicol or ri-

fampicin to halt re-initiation, increasing the number of fully replicated, integer chromosomes

per cell [15]; (3) variation of salt concentration and molecular crowding by polyethylene gly-

col (PEG), to help understand our observed diverse morphologies and the heterogeneous

structures that relax to homogeneous structures over tens of minutes in channels [6].
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After completing the theory and Monte Carlo sections of this paper, we discovered recent

publications that give an in-depth account of DNA behavior in slab-like confinement [16, 17].

These studies provide a more rigorous theoretical framework as well as extensive simula-

tions that, importantly for high confinement regimes, are not limited to a rectilinear lattice.

Rather than generate each walk de novo, the authors used a Metropolis Monte Carlo tech-

nique with crankshaft and reptation moves, to rapidly sample the probability distribution

over configurations. We anticipate that the results in this publication will provide useful

resources for designing and interpreting future experiments.

Slab-like confinement may provide information beyond that inferred from equilibrium

configurations. For example, device geometries used to facilitate electrophoretic separation

by a cascade of structured barriers (rather than by a gel) [18] could enable direct measure-

ment of structural unit properties: if the barrier depth approaches the structural unit size,

we might observe a sharp transition in the transit time across barriers, as the costs of transit

include not only entropic reorganization of the structural units, but also some deformation

of the structural units themselves. Perhaps such experiments could be calibrated against

purely in vitro DNA systems with chemically tuneable cross-link densities. Since E. coli

chromosomes have a large number of degrees of freedom, we hope these studies may help us

to understand entropic forces relevant at the force, length, and time scales within the cell.
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