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In brief

In this article, Holub et al. present a
method to obtain megabase-pair-length
deproteinated DNA for in vitro studies,
which provides DNA substrates that are
two orders of magnitude longer than
typical in single-molecule experiments.
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MOTIVATION The physical structure and dynamics of chromosomes are closely linked to their function in
cells. The spatiotemporal organization of DNA is therefore widely studied both in living cells and in vitro us-
ing single-molecule techniques. However, the DNA substrates employed in typical single-molecule exper-
iments are short compared with the genome lengths found in living systems. This study closes this gap by
presenting a method to obtain megabase-pair-length deproteinated DNA for in vitro studies.

SUMMARY

Chromosome structure and function is studied using various cell-based methods as well as with a range of
in vitro single-molecule techniques on short DNA substrates. Here, we present a method to obtain mega-
base-pair-length deproteinated DNA for in vitro studies. We isolated chromosomes from bacterial cells
and enzymatically digested the native proteins. Mass spectrometry indicated that 97%-100% of DNA-bind-
ing proteins are removed from the sample. Fluorescence microscopy analysis showed an increase in the
radius of gyration of the DNA polymers, while the DNA length remained megabase-pair sized. In proof-of-
concept experiments using these deproteinated long DNA molecules, we observed DNA compaction upon
adding the DNA-binding protein Fis or PEG crowding agents and showed that it is possible to track the
motion of a fluorescently labeled DNA locus. These results indicate the practical feasibility of a “genome-

in-a-box” approach to study chromosome organization from the bottom up.

INTRODUCTION

Over the past decade, bottom-up synthetic cell research, or
“bottom-up biology,” has gained traction as a method to study
components of living systems. The ultimate aim of such efforts
is to build a synthetic cell by assembling biological functionalities
from the bottom up. This involves the reconstitution of the
various parts of living cells from a set of well-characterized but
lifeless molecules such as DNA and proteins.” While the end
goal of building a functional synthetic cell is yet far off, the bot-
tom-up approach has already successfully been applied to
constitute and study minimal cellular systems, for example,
intracellular pattern formation,” cell division,® the cytoskeleton,”
and cellular communication.®

For studying chromosome organization in the eukaryotic nu-
cleus or in bacterial cells, numerous studies have been made
on live or fixed cells through imaging,®” chromosome conforma-
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tion capture techniques,®® etc., while in vitro protein-DNA inter-
actions are often characterized at the single-molecule level using
techniques such as atomic force microscopy,'°~'? magnetic'®'*
and optical tweezers,'>'® and DNA visualization assays.'’ '
While these complementary approaches have yielded great in-
sights, they leave a significant gap since typical single-molecule
methods address the ~kilobase pair (kbp) scale, while actual
genomes consist of 10°-10"! base-pair (bp) long DNA. It would
therefore be useful to study DNA in the megabase-pair size range
with bottom-up in vitro methods, including the emergent collec-
tive behavior associated with this length scale. We propose
that such experiments, which we coin a “genome-in-a-box”
(GenBox) approach,?” may provide valuable insights into chro-
mosome organization, somewhat analogous to the “particle-in-
a-box” experiments in physics, which proved a useful abstrac-
tion to understand basic phenomena in quantum mechanics.
However, such a GenBox method has so far been lacking.

Cell Reports Methods 2, 100366, December 19, 2022 © 2022 The Author(s). 1
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Figure 1. Methodology of extracting, purifying, and studying a bacterial chromosome
(A) In a genome-in-a-box (GenBox) approach, one isolates chromosomes from bacterial cells and removes the natively bound proteins to subsequently add DNA-

structuring elements and thus study the resulting emergent DNA structure.

(B) Typical setup where a deproteinated megabase-pair-long DNA is suspended in solution in an observation well attached to a glass coverslip. The surface of the
observation well is coated with a lipid bilayer to prevent DNA adhesion to the surface. DNA-binding elements are added, and the resulting DNA structure is

observed using fluorescence microscopy.

Expanding from the kbp to the megabase pair (Mbp) scale poses
technical challenges, both in the handling of long DNA that is
prone to shearing®®>° and in the availability of long DNA, as com-
mon in vitro experiments®®~® are done on viral DNA (such as the
48.5 kbp lambda-phage DNA), which, however, is limited in
length. Several previous studies have proposed methods to
extract chromosomes from cells, and some have even used pro-
tein-removal steps to obtain deproteinated DNA.*°~>* However,
most of these studies lacked an imaging-based characterization
ofthe resulting DNA objects regarding their size, level of deprotei-
nation, and suitability for in vitro imaging-based experiments.
Here, we present a methodology for the extraction of chromo-
somal DNA from E. coli bacteria and the subsequent removal of
native proteins, resulting in deproteinated DNA of Mbp size,
which can be used for in vitro bottom-up experiments to study
chromosome organization (Figure 1). We describe the extraction
and purification protocol, characterize the DNA objects ob-
tained, and present some first proof-of-principle experiments.

RESULTS

The workflow to obtain and characterize deproteinated
Mbp DNA consisted of several experimental steps, which are
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discussed in the following sections. First, we ensured and veri-
fied that the E. coli bacteria contained a single 4.6 Mbp chromo-
some by cell-cycle arrest. Then, chromosomes were extracted
from the cells in one of two routes: either directly in solution or
via embedding them in an agarose gel plug. Lastly, the isolated
chromosomes were deproteinated using a protease enzyme.
Mass spectrometry was used to confirm the level of deproteina-
tion, followed by microscopy imaging and quantitative analysis
of the total fluorescence intensity per object and the radius of gy-
ration (R). This was done in order to verify if the chromosomes
remained intact throughout the protocol, as well as to assess
the effect of deproteination of the size of the DNA objects.
Finally, as a proof of concept, three examples of possible exper-
iments are shown.

Extracting a single chromosome from E. coli

We prepared E. coli cells that contain only a single chromosome.
In the exponential growth phase of bacteria, chromosomes are
permanently replicating and typically exhibiting multiple replica-
tion forks on the DNA. For the purpose of controlled in vitro ex-
periments, this is undesirable for two reasons: first, halfway repli-
cated DNA and multiple replication forks make the exact amount
of DNA per cell unknown, and second, DNA near replication
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(A) The E. coli chromosome is circular and contains FROS arrays near the origin of replication (Ori) and the terminus of replication (Ter).
(B) Deconvolved image of E. coli cells with the Ori and Ter location labeled in red and cyan, respectively. Scale bar, 2 pm.
(C) Ori:Ter ratio in control and temperature-treated E. coli cells (n = 185 and 178, respectively).

(D) Agarose plug and bulk protocols to prepare deproteinated megabase-pair DNA. Starting from E. coli cells, the cell wall is digested, and the resulting
spheroplasts are either embedded and lysed inside an agarose plug or directly lysed in a solution. After lysis in the agarose plugs, the agarose matrix is digested.
At this stage, the chromosomes in both protocols are suspended in a solution and transferred to an observation well for protein removal and study of the de-

proteinated chromosomes.

forks is prone to damage and breaking.*® As our aim is to extract
DNA of a well-defined size, it is needed to obtain conditions that
yield a known number of chromosomes per cell and ideally only a
single chromosome per cell.

For this purpose, we used minimal media to avoid the occur-
rence of nested replication forks®® as well as a temperature-sen-
sitive E. coli strain where replication initiation was arrested by

culturing the cells at an elevated temperature.®”*® We grew cells
for 2 h (i.e., for a time period longer than the doubling time in min-
imal media) at 41°C and subsequently determined the number of
chromosomes per cell by fluorescence imaging. The E. coli cells
were engineered to contain fluorescent repressor activator sys-
tem (FROS) arrays near the origin (Ori) and terminus (Ter) loca-
tions (Figure 2A). At the start of the DNA replication process,

Cell Reports Methods 2, 100366, December 19, 2022 3
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Table 1. Overall protein removal efficiency as measured by mass
spectrometry

Table 2. Protein removal efficiency in bulk protocol as measured
by mass spectrometry

Bulk protocol  Agarose protocol Protein Function Percentage (%) remaining
DNA-binding proteins (%) 0 3+1.4 Non-DNA binding
Non-DNA-binding proteins (%) 1.9 +0.3 7+25 ThrS threonine-tRNA ligase 56 + 22
Overall percentage of proteins remaining after the protein removal treat-  TrxA thioredoxin 1 46 + 66

ment for bulk protocol and agarose protocols.

the Ori is duplicated, upon which the remainder of the chromo-
some follows, while the Ter is only duplicated at the end. This
means that cells with a partly replicated chromosome will
contain two Ori spots and a single Ter spot, whereas cells con-
taining a single chromosome will only show one Ori and Ter.
By counting the Ori and Ter fluorescence spots per cell, we
confirmed that 90% of cells contained a single chromosome
(Figures 2B and 2GC; Ori:Ter ratio, 1:1), while 10% of cells were
still in the process of DNA replication (Ori:Ter ratio, 2:1). If one
were to extract the DNA from these cells, one would therefore
expect a size distribution in which 90% of the objects are 4.6
Mbp, whereas the remaining 10% would contain DNA at an
amount of between 4.6 and 9.2 Mbp, depending on how far
genome replication in the cell had proceeded at the time of
DNA extraction. In a control experiment with growth at 30°C
instead of replication arrest, 55% of cells were in a state of active
DNA replication, whereas 45% contained a single chromosome
(Figure 2C).

In order to extract the chromosomes from E. coli cells, the
peptidoglycan cell wall was degraded using lysozyme enzyme,
resulting in spheroplasts, which are wall-less rounded E. coli
cells that merely are contained in their plasma membranes. To
release the cellular contents including the DNA, the spheroplasts
were submerged in a low-osmolarity buffer, which forces water
to enter the spheroplasts, thereby rupturing them. This so-called
lysis by osmotic shock was achieved on spheroplasts that were
prepared with one of two methods (Figure 2D): (1) direct lysis of
the cytosolic content of the spheroplasts into solution, based on
a protocol developed in the Woldringh lab®**° (hereafter called
the “bulk protocol”) or (2) embedding of spheroplasts inside
agarose gel plugs where they were subsequently lysed, following
a protocol from the Glass lab®? (hereafter called the “agarose
plug protocol”). Embedding of the spheroplasts inside the
agarose plug resulted in intact spheroplasts that did not get
lysed prematurely (Figure S1). Bulk isolation yielded DNA that
could be used on the same day, while the agarose-plug protocol
produced samples that could be stored for a period of up to
weeks after isolation. Depending on the application, the agarose
plug protocol may also present advantages regarding the hand-
ing of the DNA material, such as a reduced shearing in transfer-
ring between experimental steps.

Virtually all proteins can be removed from extracted
chromosomes

DNA in cells is compacted by confinement, crowding, and bind-
ing of DNA-associated proteins. After cell lysis, the boundary
conditions of confinement and crowding no longer apply, but
DNA-binding proteins can, in principle, remain attached to the
DNA. To digest such DNA-binding proteins in the sample, we
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Individual remaining proteins in the bulk protocol. Only those non-DNA-
binding proteins with more than 40% remaining are included in the table.
Errors are SD from the mean obtained from three independent experi-
ments per condition (“before” and “after”). See also Table S2.

incubated the bulk and plug protocol samples with a thermola-
bile proteinase K enzyme, which is a broad-range serine
protease that cleaves peptide bonds at the carboxylic sides at
a variety of positions (i.e., after aliphatic, aromatic, and hydro-
phobic amino acids). We observed increased DNA fragmenta-
tion after digesting and melting agarose plugs that had under-
gone proteinase treatment. Contrary to previous work,> we
therefore opted for treating the agarose sample in liquid instead
of in the gel state. While the bulk protocol sample already was
liquid, agarose plugs had to be first digested using a beta-agar-
ase enzyme that breaks down the polymers forming the agarose
gel. After the 15 min deproteination treatment and subsequent
enzyme heat inactivation (to prevent protein digestion in down-
stream experiments), we quantified the resulting degree of
protein removal by mass spectrometry (MS).

Two categories of proteins were distinguished in the MS ex-
periments, namely DNA-binding proteins and non-DNA-binding
proteins. Obviously, the removal of the DNA-binding proteins is
most critical for obtaining deproteinated DNA for GenBox exper-
iments. To aid the quantification, we compiled a list of the 38
most abundant DNA-binding proteins as well as DNA-binding
protein sub-units (Table S2) based on the protein’s description
in the UniProt database as DNA binding or DNA processing.
For the bulk protocol (Tables 1 and 2), we found that all DNA-
binding proteins were removed (100%, at the MS resolution).
For the agarose plug protocol (Tables 1 and 3), the vast majority
of the DNA-binding proteins (97%) were removed. These per-
centages refer to protein abundances relative to control samples
that underwent exactly the same treatment steps but to which no
proteinase K was added. For the agarose plug protocol (Table 3),
the major remaining DNA-binding proteins were IHF-A (14.8%
remaining) and various RNA polymerase sub-units (rpoA/B/C,
up to 4.5% remaining). The non-DNA-binding proteins were
removed to the degrees of 98.1% and 93.0% for the bulk and
agarose plug protocols, respectively. More specifically, several
ribosomal proteins were still present at large percentages
(>40%) in the agarose plug sample.

Extracted chromosomes remain of Mbp length and
expand in size after protein removal

We imaged DNA resulting from the bulk and agarose plug proto-
cols before and after protein removal by fluorescence imaging on
a spinning disc confocal microscope using the DNA-intercalat-
ing dye SYTOX orange (Figures 3C, 3D, and S2). From a first
visual inspection, we observed that, before protein removal,
the DNA objects contained a dense/bright core with a
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Table 3. Protein removal efficiency in agarose plug protocol as
measured by mass spectrometry

Percentage (%)

Protein Function remaining

DNA binding

ihfA integration host factor subunit alpha 15+ 11

rpoC RNA polymerase subunit beta’ 45+15

rpoA RNA polymerase subunit alpha 42 +3.2

rpoB RNA polymerase subunit beta 09+04

Non-DNA binding

dppB dipeptide transport system >100
permease protein

romG 50S ribosomal protein L33 >100

IhgD L-2-hydroxyglutarate >100
dehydrogenase

frsA esterase FrsA >100

romB 50S ribosomal protein L28 80 + 61

cydA cytochrome bd-I ubiquinol 60 + 15
oxidase subunit 1

uraA uracil permease 50 + 50

mlaB intermembrane phospholipid 50 + 46
transport system binding protein

rplU 50S ribosomal protein L21 50 + 27

rplJ 50S ribosomal protein L10 45+ 8

yraR putative NAD(P)-binding protein 43 + 42

cyoB cytochrome bo(3) ubiquinol 43 +15

oxidase subunit 1

Individual remaining proteins in the agarose plug protocol. All remaining
DNA-binding protein are included, while for non-DNA-binding proteins,
only those with more than 40% remaining are included in the table. The
agarose plug protocol contained a few lower-abundance proteins
(dppB, romG, IhgD, frsA) for which higher relative abundancies were esti-
mated (denoted with >100%) due to low levels of protein removal. Errors
are SD from the mean obtained from three independent experiments per
condition (“before” and “after”). See also Table S2.

lower-density “cloud” surrounding it (Figures 3C, purple, 3D, or-
ange/purple, S2A, S2C, and, S2D). After protein removal, the ob-
jects seemed to be larger and more spread out (Figures 3C, 3D,
green, S2B, and S2E). In order to make more quantitative state-
ments, we developed a semi-automated analysis script in Py-
thon (see STAR Methods for a detailed description) with which
we identified individual DNA objects in the images, segmented
them from the background, and quantified their Ry (a measure
of the spatial extent of a polymer) as well as the sum of the fluo-
rescence intensity.

In our image analysis, the positions of DNA objects were auto-
matically determined from three-dimensional z stacks followed
by a manual curation step (Figure 3A, object detection). Objects
were then segmented in cube-shaped crops centered at each
object’s center of mass. The DNA objects were further
segmented from the background within these cubes based on
a globally (within the cube) determined threshold,*® yielding a
three-dimensional foreground mask containing only the DNA ob-
ject and a minimal amount of background (Figures 3A, segmen-
tation, and S4B). Masks determined on the individual crops were
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registered within the full field-of-view volume, resulting in a
labeled image. Individual masks were additionally checked in a
curation step and manually adjusted if, upon visual inspection,
they did not contain single objects or did not mask objects in
their entirety. Sum intensity was calculated as the total sum of
all pixel intensities within a foreground mask, and the Ry, was
calculated by squaring the sum of all foreground pixels’ inten-
sity-weighted distances from the object’s center of mass
(Figure 3B).*"

In order to monitor the integrity of the extracted chromo-
somes at various steps of the protocol, we measured the total
per-object fluorescence intensity, i.e., the sum of the intensities
across all layers of the z stack. While the sum intensity of a
DNA object is expected to be set by the number of DNA bp,
the measured distributions appeared to be fairly broad. In order
to best compare the distributions before and after protein
removal, we scaled the sum intensity values of each distribu-
tion with the mean value. We assume that the points in the
“before” distributions (before protein removal) in Figures 3E
and 3G represented those of intact chromosomes. This ap-
pears to be a reasonable assumption since we observed
similarly broad distributions of the sum intensity for lambda
(A)-DNA molecules (Figure S5).

To estimate the fraction of chromosomes that got fragmented
in the process, we counted the objects in the distributions after
protein removal that had a lower sum intensity value than a
threshold of 1.5 times below the 25" percentile of the data. For
the bulk protocol, this fraction was 4 of 181 objects, while for
the agarose plug protocol, it was 24 of 222 objects. In other
words, only low percentages of fragmented objects of 2% and
11% were estimated for bulk and agarose plug protocols,
respectively. Another indication that our observed DNA objects
remain well contained in the Mbp size range comes from
comparing their sum intensities with those of A--DNA molecules
(Table S3). We found that the mean of the “after” sum intensity
distribution is a factor 50 (bulk protocol) or 64 (agarose plug pro-
tocol) larger than the mean of the sum intensity distribution of the
48.5 kbp-long A-DNA molecules. Assuming that the sum
intensity scales linearly with the number of bp, which was
demonstrated previously for the dye used here in flow cytometry
experiments,“” this indicates that the DNA objects after protein
removal have average lengths of 2.4 (bulk protocol) and 3.1
Mbp (agarose plug protocol). However, these numbers are lower
limits, and the molecules are likely larger because, following the
same calculation, even the in-plug 4.6 Mbp chromosomes,
which clearly are not fragmented, would be estimated to be
3.5 Mbp long.

The effect of deproteination of the extracted chromosomes is
also evident from an expansion in the size of the DNA objects,
which can be characterized by measuring its Rg. The mean
Ry in the bulk protocol increased from 2.55 + 0.14 to 4.24 +
0.14 um (mean + SEM) before and after protein removal, respec-
tively (Figures 3F and S3A), and from 2.38 + 0.08 to 3.18 +
0.12 um for the agarose plug protocol (Figure 3H and S3B).
These results indicate that the removal of the proteins had a
clear effect on the mean Ry, namely a 35%-65% increase of
the size for the agarose plug and bulk protocols (p = 5.8~
and 2.5e7'9), respectively. The measured radii of gyration

Cell Reports Methods 2, 100366, December 19, 2022 5
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Figure 3. Characterization of isolated chromosomes before and after protein removal
(A) Image analysis workflow for a GenBox experiment. In each image, objects are detected and segmented from the background.
(B) Within the segmentation boundary of each DNA object, the R, and the total fluorescence intensity are calculated.

(C) Images of typical DNA objects before (violet) and after (green) protein removal.

(D) Images of typical DNA objects in each condition of the agarose protocol: in plug (orange) and before (violet) and after (green) protein removal.
(E) Total fluorescence intensity per DNA object before and after protein removal for the bulk protocol.

(F) Ry distribution before and after protein removal for the bulk protocol (p = 2.5

(G) Total fluorescence intensity per DNA object before (in the plug and after plug melting) and after protein removal for the agarose plug protocol.

(H) Ry distribution in the plug (orange), before protein removal but plug melting (purple), and after protein removal (green) for the agarose plug protocol (p = 2.6e7°

p = 5.8e 8 with independent two-sample t test).

Boxplots show the median and 25"-75" percentiles, and thick star denotes mean. Scale bars are 5 um. Intensity values in each distribution in (E) and (G) are
scaled to the mean of the respective sum intensity distribution. Sample sizes in (E) and (F) are n = 125 and 181 for before and after, respectively. Sample sizes in

(G) and (H) are n = 90, 223, and 222 for plug, before, and after, respectively.

exhibited a rather broad distribution (Figures 3F and 3H).
Notably, the measured R, values are extracted from momen-

tarily measured snapshot images of the DNA objects,

6 Cell Reports Methods 2, 100366, December 19, 2022

which yielded a broader distribution than the single value
for the theoretical Ry, of a polymer, which is a steady-state
property.*®
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(A) Example of a fluorescent spot located near the Ori (cyan). Location on the isolated chromosome (red) is tracked, yielding the MSD versus time (right).**
(B) Fis protein is added at increasing concentrations from 0 nM to 550 nM, and the resulting compaction is observed in the shifting and narrowing distribution of Ry

(right).

(C) PEG crowding agent is added at increasing concentrations of 2% and 5%, and the resulting compaction is observed from the shifting and narrowing dis-

tribution of Ry.

Boxplots show the median and 25™-75™ percentiles, and star denotes mean. Sample sizes are n = 141, 201, and 242 in (B) and 48, 25, and 74 in (C). All scale bars

are 5 um.

First proof-of-principle GenBox experiments

In order to demonstrate the potential of the GenBox approach,
some first-example experiments were performed. First, purified
protein Lacl was added to chromosomes that were deprotei-
nated with the agarose plug protocol. These fluorescently
labeled proteins bind sequence specifically to FROS arrays
that were inserted near the Ori position of the chromosomes.
This yielded a well-visible fluorescent spot on the isolated chro-
mosome (Figure 4Aii). Using a custom tracking script, the spot’s
locations were tracked, and the mean-square displacement

(MSD) was computed (Figure 4Aiii). In line with the literature of
local motion of chromosomal loci,*>*“® the data for this example
indicate that the DNA locus moved in a sub-diffusive manner, as
the MSD curve tended to plateau toward longer lag times.

For a second example, the DNA-binding protein Fis was
added to deproteinated chromosomes. Figure 4Bii shows an
example of a typical DNA object before and after addition of
550 nM Fis. A significant compaction of the DNA upon Fis addi-
tion is clear. The distributions of R, can be used to quantify the
level of DNA compaction at increasing levels of added Fis

Cell Reports Methods 2, 100366, December 19, 2022 7
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(Figure 4Biii). As the Fis levels increased from 0 to 550 nM, the
average Ry decreased gradually from 2.89 + 0.08 to 1.47 =
0.08 um (mean + SEM), while the SD of the distribution also
decreased significantly from 1 to 0.45 um. From recent single-
molecule atomic force microscopy (AFM) experiments,*’ it was
observed that Fis induces a strong global compaction of
~30% and also reduces the persistence length by ~20% (at a
1:40 protein:bp ratio). This compacting action was achieved by
stabilization of loops and DNA crossovers. Our observation of
a strong global DNA compaction of Mbp DNA at a comparable
protein:bp ratio (1:10) is consistent with these AFM experiments.

For a final example, the crowding agent PEG was added at
increasing concentrations to deproteinated chromosomes. A
pronounced compaction was observed when adding 5% PEG
(Figure 4Cii), consistent with previous reports.*®“° The increase
of PEG from 0% to 2% resulted in the mean R, decreasing
slightly from 2.87 + 0.14 to 2.5 + 0.2 um, while the SD remained
steady at around 0.95 pym. However, at 5% PEG, the mean and
SD of the Ry distribution dropped to 0.95 + 0.05 and 0.39 pm,
respectively (Figure 4Ciii).

DISCUSSION

In this article, we present a methodology to prepare Mbp depro-
teinated DNA, characterize the resulting DNA objects, and pro-
vide first proof-of principle experiments to illustrate the utility of
the method. The work expands on previous in vitro studies of
large DNA molecules.?®®%**°0%2 For example, Wegner
et al.>**? and Cunha et a studied bacterial chromosomes
directly after isolation from cells in an aqueous solution, while
Pelletier et al.*® used microfluidic devices to perform cell lysis
on a chip in cell-sized channels for studying the compaction of
DNA with crowding agents. A limitation of these interesting first
studies was that the Mbp DNA substrates still contained an un-
known number of natively bound proteins. Our GenBox protocol
builds upon these previous experiments by explicitly removing
the proteins and characterizing the remaining protein content
with MS and quantitative fluorescence imaging.

We presented two variants to prepare the deproteinated DNA
sample, namely the bulk protocol and the agarose plug protocol.
From a practical point of view, the agarose plug protocol has
some advantages compared with the bulk protocol. First, sam-
ples can be made in advance and stored until needed for further
processing. Secondly, unlike the bulk protocol sample, the
agarose plugs are compatible with protocols that necessitate
washing steps. One the other hand, the main advantage of the
bulk protocol is the lower number of experimental steps. Our
MS data (Table 1) showed that the deproteinated chromosomes
of the bulk protocol contained fewer remaining DNA-binding
proteins than those resulting from the agarose plug sample
(0% versus 3%). Additionally, the bulk protocol results in a lower
amount of fragmentation compared with the agarose plug proto-
col (98% versus 89% of DNA objects classified as intact after
protein removal). Since long DNA is easily sheared, it is important
to limit the number of pipetting steps of DNA in solution. For both
the bulk and agarose plug protocols, there is one major pipetting
step involving the long DNA, namely the transfer to the observa-
tion well before the protein removal treatment. Conducting the
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chromosome extraction and protein removal inside a microflui-
dic chip could possibly eliminate this single pipetting step to
further increase the number of intact DNA objects.

Modeling would be welcome to describe the observed R, of
the deproteinated chromosomes. Polymer models connect the
DNA contour length to a R of the polymer blob that it forms in
solution, but a broad spectrum of model variants that have
been reported in literature yielded widely ranging values for Rg.
Indeed, how the theoretical R, scales with polymer length de-
pends on multiple external parameters.”® These include, but
are not limited to, experimental parameters such as the fluores-
cent dyes,>* buffer salts,*>°° and divalent cations,”’~°° which set
the solvent conditions and the resulting self-avoidance/attrac-
tion of the polymer, as well branches in the form of supercoils,
the DNA topology of linear versus circular polymers, etc. Varia-
tion of these factors can yield very different predicted values
for Ry ranging from 1 to 6 um for 4.6 Mbp DNA, as illustrated in
Table S1. The values of R, that we observed in our experiments
fall within this range. Notably, bacterial chromosomes may be
natively supercoiled.®’ While the removal of supercoil-stabilizing
proteins as well as potential local nicks in the DNA will likely
reduce the level of supercoiling significantly, some degree of
supercoiling may remain in the DNA objects that result from
the protocol.

We hope that the results presented in this article open a way to
start GenBox experiments that may subsequently provide a
valuable bottom-up approach to the field of chromosome orga-
nization. Promising avenues may include encapsulation of Mbp
DNA inside droplets or liposomes to study the effects of spatial
confinement, addition of loop-extruding proteins such as cohe-
sin or condensin to elucidate the effect of loop formation on
the structure of large DNA substrates, and experiments with
phase-separating DNA-binding proteins to observe the effects
of polymer-mediated phase separation at long length scales.

Limitations of the study

While we established and characterized two related strategies to
isolate Mbp deproteinated DNA, the approach inevitably also
has limitations. First, while we reduced the number of pipetting
steps in the protocols to a single one, this final slow pipetting
step may still lead to unwanted DNA damage due to mechanical
shearing. Indeed, the isolated Mbp DNA blobs may contain sin-
gle- and double-stranded DNA breaks, which also may result in
an unknown residual level of supercoiling. Second, due to liquid
motion, it proved challenging to track the objects through time in
the three-dimensionally time-resolved imaging of isolated DNA
objects in bulk volume. We were therefore unable to link the initial
state to a state at some later time during the experiment on an
object-per-object basis. This disadvantage may be solved by us-
ing microfabricated chambers.

Regarding the presence of residual ribosomal sub-units after
deproteination (Table 3), we can make the following comment.
Although previous studies with chromosomes isolated by os-
motic shock (in the absence of protein removal) did not observe
any difference in chromosome conformations in the presence or
absence of RNase,*° we opted to perform the RNAse treatment,
for which we doubled the supplier’s treatment time and used
a 100-fold higher amount than the lowest recommended
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concentration. We suspect that any remaining ribosomal pro-
teins may aggregate and become non-specifically trapped in
the agarose matrix, later eluting with fragments of digested
agarose.

One might consider the addition of DNase in the protocol for
MS sample preparation in order to ensure that tightly bound pro-
teins would also reach the mass spectrometer. We did not adopt
this approach for multiple reasons. Firstly, every enzymatic step
reduces the sensitivity of the MS quantification by the introduc-
tion of additional protein species. Secondly, DNase | treatment
has been reported to introduce bias in protein-abundance pat-
terns and is therefore advised against.®” Finally, under the
used conditions (buffers, incubation time, dilution of crowding),
it is unlikely that a protein species would remain bound to DNA
so strongly that virtually none of the molecules would dissociate
into solution.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

Lysozyme Sigma-Aldrich L6876

Low melting point agarose Promega V2831
Beta-agarase New England Biolabs M0392
Thermolabile Proteinase K New England Biolabs P8111S
Trypsin Promega V5111

Fis Japaridze et al.*’

Critical commercial assays

Oasis HLB 96-well uElution plate Waters, Milford, USA N/A
Experimental models: Organisms/strains
E.coli (HupA-mYPet frt, Ori1::lacOx240 frt, Wu et al.®®

ter3::tetOx240 gmR, AgalK::tetR-mCerulean
rt, AleuB::lacl-mCherry frt, DnaC::mdoB::kanR frt)

Software and algorithms

PyGBox This study https://doi.org/10.5281/zenodo.6677094
PEAKS Studio X+ Bioinformatics Solutions Inc., N/A
Ma et al.,®*
Other
Proteome database from E.coli UniProt K12, Tax ID: 83,333

RESOURCE AVAILABILITY

Lead contact
Further information and requests should be directed to the lead contact, Dr. Cees Dekker (c.dekker@tudelft.nl).

Materials availability
This study did not generate any new materials.

Data and code availability
o Data reported in this paper will be shared by the lead contact upon reasonable request.
® The Python code used throughout the analysis has been deposited on Zenodo (https://doi.org/10.5281/zenodo.6677094).
@ Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHODS DETAILS

Preparation of spheroplasts and imaging of cells and ori/ter ratio

E. coli bacterial cells (HupA-mYPet frt, Ori1:lacOx240 frt, ter3:tetOx240 gmR, AgalK:tetR-mCerulean frt, AleuB:lacl-mCherry frt,
DnaC:mdoB:kanR frt)®® were incubated from glycerol stock in M9 minimal media (1x M9 minimal salts, 0.01% v/v protein hydrolysate
amicase, 0.8% glycerol, 0.1 mM CaCl,, 2 mM MgSO,) supplemented with 50 pg/mL Kanamycin antibiotic (K1876, Sigma-Aldrich) ina
shaking incubator at 30 °C and 300 rpm and allowed to reach ODggg of 0.1-0.15. The cells were then grown for 2 to 2.5 h at 41 °C
shaking at 900 rpm in order to arrest replication initiation.

In order to determine the Ori/Ter ratio, 1.25 uL cells were deposited on a coverslip (15,707,592, Thermo Fischer) and covered with
an agarose pad. The cells were imaged with a Nikon Ti2-E microscope with a 100x CFI Plan Apo Lambda Oil objective with an NA of
1.45 and SpectraX LED (Lumencor) illumination system using phase contrast, cyan (CFP filter cube Aex/Aps/hem = 426-446/455/460—
500 nm), yellow (triple bandpass filter Ao, = 465/25-545/30-630/60 nm) and red (the same triple bandpass filter). Spots correspond-
ing to Ori and Ter were identified on the red and cyan channels and counted either manually or with an automated routine, producing
the same results.
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Next, appropriate volume of cell culture was spun down at 10,000 g for 2.5 min, in order to obtain a pellet at ODeq = 1 (approx. 8 x
108 cells). The pellet was resuspended in 475 pL cold (4 °C) sucrose buffer (0.58 M sucrose, 10 mM Sodium Phosphate pH 7.2, 10 mM
NaCl, 100 mM NaCl). 25 pL lysozyme (L6876 Sigma-Aldrich, 1 mg/mL in ultrapure water) was immediately added and gently mixed
into the cell/sucrose buffer suspension, followed by either i) 15 min incubation at room temperature (bulk protocol) or i) a 10 min in-
cubation at room temperature and a 5 min incubation at 42 °C in a heat block (agarose plug protocol). The lysozyme digests the cell
wall, resulting in spheroplasts.

Preparation of isolated chromosomes (bulk protocol)

Spheroplasts were prepared as described above. Cell lysis and nucleoid release was achieved by pipetting 10 uL of spheroplasts into
1 mL of lysis buffer (20 mM Tris-HCI pH 8) with a cut pipette tip, after which the tube was once gently inverted for mixing. Immediately
thereafter, buffer composition was adjusted to match the one of agarose plug protocol (50 mM Tris-HCI pH 8, 50 mM NaCl, 1 mM
EDTA pH 8.0 and 5% glycerol). After this stage, we continued to the preparation of the observation well.

Preparation of isolated chromosomes (agarose plug protocol)

500 pL warmed (42 °C) spheroplast/sucrose buffer suspension was added to 500 uL warm (42 °C) agarose solution (low melting point
agarose, V2831 Promega, 2% w/v in sucrose buffer) using a cut pipette tip. In the following steps, the Eppendorf tubes were kept at
42 °C to prevent gelation of the agarose solution. The spheroplast/agarose mixture was gently mixed using a cut pipette tip, and
casted in volumes of 100 uL into a plug mold (Bio-Rad laboratories, Veenendaal, The Netherlands). In order to produce a larger num-
ber of agarose plugs, it proved most optimal to perform the protocol with multiple Eppendorf tubes in parallel, rather than increasing
the number of cells and volumes of sucrose buffer and agarose solution used per Eppendorf tube. To solidify the agarose plugs, the
plug mold was stored at 4 °C for 1 h.

The solidified agarose plugs containing spheroplasts were removed from the plug mold and added to 25 mL per plug lysis buffer
(10 mM Sodium Phosphate pH 7.2, 10 mM EDTA pH 8.0, 100 ung/mL RNase-A), thereby lysing the cells and thus merely trapping the
nucleoids from the spheroplasts in the agarose gel matrix. The plugs were incubated tumbling in the lysis buffer for 1 h. Subsequently,
the plugs were removed from the lysis buffer and each plug was stored in 2 mL TE wash buffer (20 mM Tris-HCI pH 8, 50 mM EDTA pH
8.0) at 4 °C until further use.

In order to transfer agarose plugs from one container to another, a sheet of aluminum foil was put over the top of a glass beaker.
Using a 200 pL pipette tip holes were punched into the aluminum foil and the foil was gently pressed down into a concave shape
to prevent liquid spilling over the edge. The container containing the plugs was emptied through the strainer into the beaker, leaving
the agarose plugs behind on the strainer. Using flat-headed tweezers the agarose plugs were transferred to the new container. To pre-
vent cross-contamination, the tweezers were washed after each handing step with 70% ethanol and dried using a pressurized air gun.

For releasing the purified chromosomes from the agarose plugs for experiments, agarose plugs were incubated for 1 h in buffer A
(50 mM Tris-HC pH 8, 50 mM NaCl, 1 mM EDTA pH 8.0, 5% glycerol) and then transferred to 150 uL of buffer A preheated to 71 °C.
The plug was then melted at 71 °C for 15 min before equilibrating at 42 °C. The agarose was digested by 1 h incubation at 42 °C with 2
units of beta-agarase (M0392, New England Biolabs). After this stage, we continued to the preparation of the observation well.

Imaging of spheroplasts and chromosomes inside the agarose plug

A plug containing spheroplasts was deposited on a KOH-cleaned coverslip. Spheroplasts were imaged with a Nikon Ti2-E micro-
scope with a 100x CFI Plan Apo Lambda Oil objective with an NA of 1.45 and SpectraX LED (Lumencor) illumination system using
the channels phase contrast, cyan (CFP filter cube Aex/Abs/Aem = 426-446/455/460-500 nm), yellow (triple bandpass filter Aem =
465/25-545/30-630/60 nm) and red (the same triple bandpass filter). The imaging protocol was composed of a single time-point,
using a 2 um z stack with 200 nm z-slices.

Forimaging chromosomes after lysing the spheroplasts, a nucleoid-containing plug was incubated in 2 mL buffer A (50 mM Tris-HC
pH 8,50 mM NaCl, 1 mM EDTA pH 8.0, 5% glycerol) at 4 °C for 1 h. The plug was transferred to 2 mL imaging buffer (50 mM Tris-HC pH
8,50 mM NaCl, 1 mM EDTA pH 8.0, 5% glycerol, 3.5 mM MgCl,, 1 mM DTT, 500 nM Sytox Orange) and incubated for 15 min. Then the
plug was deposited on a KOH-cleaned coverslip and 30 uL imaging buffer was added onto the plug to prevent drying. The plug was
imaged using an Andor Spinning Disk Confocal microscope with a 100X oil immersion objective, 20% 561 laser, filters, 250x gain, and
10 ms exposure. The imaging protocol resulted in 30 pm z-stacks with 250 nm z-slices and was repeated at 15 distinct XY positions.

Treatment with proteinase K for protein removal

Thermolabile Proteinase K (P8111S, New England Biolabs) was added to isolated chromosomes (0.01 unit per 1 pL of nucleoid sus-
pension) in buffer containing 2.5 mM MgCI2 and 50 mM NaCl. The samples were then incubated for 15 min at 37 °C for treatment and
for 10 min at 56 °C for Proteinase K inactivation. The samples were equilibrated to RT for at least 30 min before imaging or and further
experiments.

Mass spectrometry

Bulk and agarose plug samples were treated with Proteinase K as described above. Each sample contained nucleoids from an
amount of cells corresponding to OD 5.0 (ca. 5x107 cells in 100 pL). With two different DNA isolation approaches (bulk and agarose
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plug) and two conditions (control and Proteinase K) four triplicate samples were analyzed (twelve samples in total) by mass spectrom-
etry. Control sample underwent exactly the same steps as the treated sample, but equal volume of 50% glycerol (corresponding to
Proteinase K storage buffer concentration) was used instead of Proteinase K enzyme. 200 mM ammonium bicarbonate buffer (ABC)
was prepared by dissolving ammonium bicarbonate powder (A6141, Sigma-Aldrich) in LC-MS grade quality water. 10 mM DTT
(43,815, Sigma-Aldrich) and iodoacetamide (IAA) (11149, Sigma-Aldrich) solutions were made fresh by dissolving stock powders
in 200 mM ABC. Next, 25 puL of 200 mM ABC buffer was added to each sample to adjust pH, immediately followed by addition of
30 pL of 10 mM DTT and 1 h incubation at 37 °C and 300 rpm. Next, 30 pL of 20 mM IAA was added and samples were incubated
in dark at room temperature for 30 min. Finally, 10 uL of 0.1 mg/mL trypsin (V5111, Promega) was added and samples were incubated
overnight at 37 °C and 300 rpm.

On the following day, samples were purified by solid phase extraction (SPE). SPE cartridges (Oasis HLB 96-well pElution plate,
Waters, Milford, USA) were washed with 700 uL of 100% methanol and equilibrated with 2x500 pL LC-MS grade H,O. Next,
200 pL of each sample was loaded to separate SPE cartridge wells and wells were washed sequentially with 700 uL 0.1% formic
acid, 500 pL of 200 mM ABC buffer and 700 pL of 5% methanol. Samples were then eluted with 200 uL 2% formic acid in 80%
methanol and 200 pL 80% 10 mM ABC in methanol. Finally, each sample was collected to separate low-binding 1.5 uL tubes and
speedvac dried for 1-2 h at 55 °C. Samples were stored frozen at —20 °C until further analysis. Desalted peptides were reconstituted
in 15 pL of 3% acetonitrile/0.01% trifluoroacetic acid prior to MS-analysis.

Per sample, 3 uL of protein digest was analyzed using a one-dimensional shotgun proteomics approach.®°:¢° Briefly, samples were
analyzed using a nano-liquid-chromatography system consisting of an EASY nano LC 1200, equipped with an Acclaim PepMap
RSLC RP C18 separation column (50 pm x 150 mm, 2 um, Cat. No. 164568), and a QE plus Orbitrap mass spectrometer (Thermo
Fisher Scientific, Germany). The flow rate was maintained at 350 nL min~" over a linear gradient from 5% to 25% solvent B over
90 min, then from 25% to 55% over 60 min, followed by back equilibration to starting conditions. Data were acquired from 5 to
175 min. Solvent A was H,O containing 0.1% FA, and solvent B consisted of 80% ACN in H,O and 0.1% FA. The Orbitrap was oper-
ated in data-dependent acquisition (DDA) mode acquiring peptide signals from 385 to 1250 m/z at 70,000 resolution in full MS mode
with a maximum ion injection time (IT) of 75 ms and an automatic gain control (AGC) target of 3E6. The top 10 precursors were
selected for MS/MS analysis and subjected to fragmentation using higher-energy collisional dissociation (HCD). MS/MS scans
were acquired at 17,500 resolution with AGC target of 2E5 and IT of 100 ms, 1.0 m/z isolation width and normalized collision energy
(NCE) of 28.

Preparation of observation wells

Cover slips (15,707,592, Thermo Fischer) were loaded onto a teflon slide holder. The coverslips were sonicated in a bath sonicator in
a beaker containing ultrapure water for 5 min, followed by sonication in acetone for 20 min, a rinse with ultrapure water, sonication in
KOH (1 M) for 15 min, a rinse with ultrapure water, and finally sonication in methanol for 15 min. Cleaned cover slips were stored in
methanol at 4 °C.

To assemble the observation well, a PDMS block with a 4 mm punched (504,651 World Precision Instruments) through hole was
bonded on a cleaned coverslip. PDMS block was obtained from PDMS slab of +5 mm thickness which was casted from mixture of
10:1 = PDMS:curing agent (Sylgard 184 Dow Corning GmbH) and allowed to cure for 4 h at 80 °C. The bonding was done immediately
after exposing both surfaces, glass and PDMS, to oxygen plasma (2 min at 20 W) and the bond was allowed to cure for 10 min at
80 °C.

Immediately after the bonding, the inner surface of the observation well was treated to create a lipid bilayer to prevent sticking of
DNA and proteins. To do so, DOPC liposomes were used. DOPC and PE-CF lipids from chloroform stocks (both Avanti Polar Lipids,
Inc.) were combined in 999:1 mol-ratio DOPC:PE-CF in a glass vial for final lipid concentration of 4 mg/mL. Chloroform was evap-
orated by slowly turning the vial in a gentle nitrogen steam for 15 min or until dry. The vial was then placed in a desiccator for 1 h
to further dry its contents. The lipids were then resuspended in SUV buffer (25 mM Tris-HCI pH 7.5, 150 mM KCI, 5 mM MgCl,)
and vortexed until solution appears opaque and homogeneous to the eye. Any large lipid aggregates were broken up by 7-10
freeze-thaw cycles of repeated immersion into liquid nitrogen and water at 70-90 °C. The lipid suspension was loaded in a glass sy-
ringe (250 pL, Hamilton) and extruded through 30 nm polycarbonate membrane (610,002, Avanti Polar Lipids, Inc.) fixed in mini-
extruder (610,020, Avanti Polar Lipids, Inc.) at 40 °C. Lipids were stored at —20 °C for up to several months. SUV suspension
(99.9 mol % DOPC, 0.1 mol % PE:CF - both Avanti Polar Lipids, Inc.) was sonicated for 10 min at RT and pipetted into the well to
cover the area to be treated. After 1 min of incubation, the solution was diluted by adding 3x fold excess off SUV buffer (25 mM
Tris-HCI pH 7.5, 150 mM KCI, 5 mM MgCl,). Subsequently, the solution in the well was exchange at least 5-times, without de-wetting
the surface of the glass, for imaging buffer (50 mM Tris-HC pH 8, 50 mM NaCl, 1 mM EDTA pH 8.0, 5% glycerol, 3.75 mM MgCi2,
1.5 mM DTT, 750 nM Sytox Orange). As final step, a sample with nucleoids from either the bulk or plug protocol was added to the
imaging buffer in ratio 1:2 (nucleoids to imaging buffer), after which the well was ready for imaging.

Experiments with spot labeling, Fis, and PEG

For the experiments of Figure 4, the protocol for imaging digested plugs was followed, but with some modifications for the imaging.
Plugs with ProtK protein removal treatment were used. The imaging protocol was as follows: j) a 30 um z stack was taken with 250 nm
z-slices, and this was repeated at 5 XY positions; ij) a 30 um z stack was taken with 1 um z-slices at 5 XY positions, repeated 10
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times; iii) the protein of interest was added to the observation well at a final concentration of 1.25 nM (Lacl), 380 or 550 nM (Fis), 2 or
5% (PEG-8000, Sigma Aldrich); iv) a 30 um z stack was taken with 1 um z-slices at 5 XY positions, repeated 50 times. Once the
compaction process reached a steady state, the imaging step i) was repeated.

Fis protein was a kind gift of William Nasser, and was purified as described previously."” 8xHis-tagged Lacl-SNAP fusions in pBAD
plasmids were ordered from GenScript. BL21(DES3)-competent E.coli cells (New England Biolabs) were transformed with the plas-
mids and plated with Ampicillin (Amp). Overnight colonies were inoculated in LB with Amp and incubated overnight at 37 °C and
150 rpm. Cells were diluted 1:100 into fresh media with Amp and grown at 37 °C at 150 rpm until ODggo of 0.5-0.6 after which 2
g/L arabinose was added to induce expression for 3-4 h. Next, cells were harvested by centrifugation and resuspended in buffer
A (50 mM Tris-HCI pH 7.5, 200 mM NaCl, 5% w/v glycerol). Lysis was performed with French Press and supernatant was recovered
after centrifugation. His-tagged proteins were bound to beads in talon resin and column was then in turns washed with 50 mL of buffer
A1 (buffer A + 10 mM imidazole), buffer A2 (buffer A + 0.01% Tween 20), and buffer A3 (buffer A + 0.5 M NaCl). Next, the sample was
eluted with 15 mL buffer B (buffer A + 3C protease +1 mM B-Mercaptoethanol) and diluted 10x in buffer C (50 mM Tris-HCI pH 8.0).
Anion exchange chromatography was done with Mono Q-ion exchange column (Cytiva) equilibrated with buffer C and sample was
eluted to buffer D (50 mM Tris-HCI pH 8.0 with 1 M NaCl). Next, size exclusion chromatography was done on Superdex S200 (Cytiva)
column equilibrated with buffer A, collected and fractions were run on gel to check for purity. Finally, purified proteins were labeled
with SNAP-Surface Alexa Fluor 647 tag (New England Biolabs) following manufacturer’s instructions.

QUANTIFICATION AND STATISTICAL ANALYSIS

Image processing and analysis

We developed a custom analysis pipeline for quantifying DNA objects in fluorescent images obtained from GenBox experiments,
written entirely in Python. The analysis proceeds in three main steps: i) identification of individual DNA objects, i) segmentation of
these objects from background, iii) quantification of relevant observables (e.g., a calculation of the radius of gyration).

Positions of individual objects were determined automatically from threedimensional stacks using skimage function peak_local_
max.®” Maxima were required to be at least twice as bright as globally determined threshold*® (see next paragraph for description).
If objects’ maxima were closer than 30 pixels from each other, or from any image boundary, the objects were discarded from further
analysis. Next, all locations were visually inspected with napari’s viewer®® using Image and Points layers. Typically, none or few
changes had to be made (e.g., if one object was identified as two or vice-versa).

Objects were segmented from the background in crops corresponding to 25 x 25 x 25 um?® centered at each object’s center of
mass. First, the raw data in any crop was binarized based on a globally determined threshold.® Pixels’ intensity values were sorted
increasingly, and two lines were fitted to such curve a) a line fitted to the first half of the pixels in the image (estimate of background),
and b) a line fitted to all pixels brighter than half of the maximum intensity (estimate of foreground). The intensity threshold value was
then determined from the point on the sorted intensity curve which was closest to intersection of the two lines (Figure SI4A). Images
before and after background subtraction were inspected and confirmed that the approach was able to discriminate background and
foreground well (Fig. SI4B). The crops were then traversed plane-by-plane in z-direction, discarding small regions, dilating remaining
region(s) and filling holes. The mask contours were smoothed in each plane with a Savitzky-Golay filter with a window size of quarter
the contour length of the mask. Finally, only the most central 3D contiguous binary object was retained as foreground mask for each
object.

Masks determined on individual crops were subsequently registered within full FOV volume (typically about 100 x 100 x 100 um?)
producing a labeled image. If shared pixels resulted at masks overlap, these pixels were assigned to the mask which center of mass
was the closest. Subsequently, the masks were inspected with napari’s viewer using Image and Label layers and manually adjusted if
upon visual inspection they did not contain single objects or did not mask those in their entirety.

The quantification of the objects’ properties was done within the volume of the foreground mask applied onto the raw data after
subtracting globally determined threshold (as described earlier) from each crop. Sum intensity was calculated as the total sum of all
pixel intensities within a foreground mask and the radius of gyration was calculated by squaring the sum of all foreground pixels’ in-
tensity-weighted distances from the object’s center of mass. The resulting measurements were saved as structured JSON files, one
per each FOV, and aggregated based on condition to produce Rq and intensity plots. The MSD in spot-labeling experiment was
calculated using the xy-coordinates of fluorescent spots obtained with the ImageJ TrackMate plugin.®®"°

Mass spectrometry analysis

Mass spectrometry data were analyzed against the proteome database from E. coli (UniProt, strain K12, Tax ID: 83,333, November
2021, https://www.uniprot.org/), including Proteinase K from Parengyodontium album (UniProt ID: P06873) and Beta-agarase | from
Pseudoalteromonas atlantica (UniProt ID: Q59078),”" using PEAKS Studio X+ (Bioinformatics Solutions Inc., Waterloo, Canada),®*
allowing for 20 ppm parent ion and 0.02 m/z fragment ion mass error, 3 missed cleavages, carbamidomethylation as fixed and methi-
onine oxidation and N/Q deamidation as variable modifications. Peptide spectrum matches were filtered for 1% false discovery rates
(FDR) and identifications with > 1 unique peptide matches. For the case that a protein in the sample was identified by only a single
peptide in only one out of three runs, the protein identification was only considered if the same peptide sequence was also identified
in unpurified control (within a retention time window of £2 min). For determination of relative amounts of protein remaining after
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Proteinase K treatment, protein abundances were expressed as ‘spectral counts’ normalized by their molecular weight (i.e.,
spectral counts

molecular weight
and ‘after’), the mean was calculated for each protein individually and for the aggregated DNA-binding and non-DNA-binding cate-
gories. Uncertainties were expressed as standard deviations from the means due to inter-sample variation. Relative amounts (for
individual proteins and the aggregated categories) were defined as the ratio of the ‘after’ over the ‘before’ means, with uncertainties
calculated by propagating the errors through this ratio.

x 1000). Using the normalized spectral counts per protein in the three replicate experiments per condition (‘before’
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