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Abstract

Bacteria are adaptive organisms that have developed various

protective mechanisms to respond to a range o environmental

stressors like nutrient deprivation. One distinct protective

mechanism in Escherichia coli that will be discussed urther

involves the overproduction o a nucleoid-associated protein

called DNA-binding protein (Dps) rom starved cells. The

high concentration o Dps protects the bacteria’s genetic

material by binding to the DNA and orming a Dps-DNA

condensate. The morphology o these Dps-DNA condensates

in an in-vitro system will change under dierent

environmental conditions. To better understand how altering

Dps-DNA interactions independent o environmental

stressors aects the resulting morphology o the Dps-DNA

condensate in an in-vitro system, fuorescence microscopy

imaging was utilized to examine the characteristics o the

condensate in response to dierent DNA eatures. Upon

varying the length o linear DNA ragments incubated with

Dps protein, the lengths o the DNA did not change the

morphology/structure o the condensate. However, incubation

with linear 5k DNA ragments resulted in a greater amount or

larger sized condensate ormation. When Dps was incubated

with DNA ragments that were either supercoiled or relaxed,

minimal dierences were observed in the size and structure o

condensates. These ndings demonstrate that Dps can bind to

and condense multiple DNA conormations, helping better

explain the unction o Dps in organisms other than E. coli.

Introduction

Dps serves multiple unctions in bacterial cells, but one o its

primary unctions is binding to and condensing DNA. This

unction protects the genetic material o the bacteria rom en-

vironmental stressors, allowing the bacteria to survive in a

wide range o harsh conditions. Under both stress and non-

stress conditions, Dps monomers are commonly assembled

into a spherical dodecamer that is 90 Ångstroms in diameter,

with a hollow core cavity that is 45 Ångstroms in diameter (1).

Each Dps monomer consists o a bundle o our alpha-helices

interacting with each other (2). The surace o the dodecamer

is negatively charged, making it unsuitable or interactions

with the negatively charged phosphate backbone o DNA

molecules (3). Studies suggest that the N-terminal tails o the

Dps dodecamer may mediate the interaction with DNA (10).

These N-terminal tails are largely disordered and extend out-

wards rom the 12-mer quaternary structure o the Dps dode-

camer. In addition, they contain three positively charged ly-

sine residues at the 5
th
, 8

th
, and 10

th
positions required or DNA

binding (4).

The interaction between the lysine residues on the N-terminal

tails o the Dps with the DNA occurs when one Dps oligomer

interacts with multiple DNA molecules simultaneously. Nu-

merous interactions are possible because the Dps oligomer has

multiple N-terminal tails projecting out o it. The size o the

tails is small compared to the overall size o the Dps dode-

camer, resulting in minimal opportunities or interactions be-

tween the residues on the tails and DNA i there is only one

strand o DNA. As a result, DNA plectonemes have been

shown to have the most stable condensate ormation between

Dps and DNA (S2 Figure 1A-B). When one DNA strand is

twisted around itsel, it allows or the distance between neigh-

boring regions o the plectoneme to be roughly the same

length as the dodecamer diameter, allowing the Dps dode-

camer to interact with both strands (5).

Since electrostatic interactions drive Dps-DNA interactions, it

is most likely that the dierent morphologies observed in Dps-

DNA condensate under various environmental conditions are

due to changes in these electrostatic interactions (6). Using an

in-vitro system and dierent buer conditions, we have dis-

covered that the Dps-DNA condensates can take on three di-

erent morphologies: globular, liquid-like, and spongiorm

(S1 Figure 1A-C). When using in-vivo systems where the

cells have been deprived o nutrients or an extended period,

others have observed additional morphologies o the conden-

sates: nanocrystalline, liquid crystalline, and olded nucleo-

some-like type (7). These dierent condensate structures vary

in their DNA packing architecture and potential DNA accessi-

bility.

Despite obtaining a better understanding o the ormation o

Dps-DNA condensates and how the morphologies o these

condensates change under various environmental conditions,

it is still not understood how the morphologies o the conden-

sate change when the DNA itsel is altered. Upon exposure to

Escherichia coli genomic DNA, which is circular and o a

specic length by nature, Dps will condense DNA and orm a

Dps-DNA condensate. However, not all organisms share the

same eatures o DNA, and little is known about how Dps will

interact with these dierent eatures o DNA that deviate rom

that o Escherichia coli. Features o DNA that could vary in-

clude ragments o various lengths and supercoiling states, as

some are circular while others are linear by nature. This study

examines the question o how Dps interacts with dierent
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eatures o DNA, which is essential to better understand the

unction o Dps in organisms besides E. coli and how those

organisms respond to environmental stressors.

Materials and Methods

Using lambda (λ) phage DNA, two xed orward primers and

multiple reverse primers were designed to create DNA rag-

ments o dierent lengths (Table 1). The reverse primers were

designed to create ve DNA ragments o dierent lengths.

These lengths were determined based on the distance between

the orward primers and respective reverse primers. One or-

ward primer was used to develop the 500, 1000, and 2000 bp,

and the other was used to create DNA ragments o 5000 and

10,000 bp in length. λ DNA was used as a control, roughly

50,000 bp in length.

We created a master mix consisting o the orward primer,

DNA polymerase, the template DNA being λ DNA, and other

components necessary to synthesize new DNA strands beore

PCR amplication. Ater distributing the master mix into ve

PCR tubes or each o the ve dierent DNA lengths being

tested at equal amounts, the reverse primers were added to

each o their respective PCR tubes (8). Ater each DNA rag-

ment was amplied, each group o DNA ragment lengths was

puried using a PCR cleanup kit to remove the impurities and

components that were not the DNA ragments. A sample rom

each group o puried DNA ragments was analyzed via gel

electrophoresis to ensure they were synthesized at their in-

tended lengths. The resulting DNA bands were compared to a

DNA ladder, where each DNAproduct corresponded correctly

to its size (Figure 1A-B).

Creation o Circular and Linear DNA

Fragments

Three circular plasmids similar to the DNA lengths tested in

previous experiments on dierent-length DNA ragments

were identied. Three bacterial strains, each with the plasmid

o interest were selected. The three strains separately contain-

ing CD8 plasmid (4894 bp), pET17b plasmid (2070 bp), and

pShew:mtrC (10,500 bp). LB medium was inoculated with the

three bacterial strains along with their respective antibiotics:

or the strain containing the CD8 and pShew:mtrC plasmid,

the antibiotic used was Kanamycin, while or the strain con-

taining the pET17b plasmid, Chloramphenicol was used. The

strains were then shaken at 37 °C overnight to allow or the

growth o a saturated culture. Ater the incubation period, the

plasmids were isolated rom the bacteria using a plasmid

miniprep kit.

Aportion o the extracted plasmids o each o the three lengths

was then utilized to undergo restriction enzyme digest to

create relaxed DNA, (which will be henceorth reerred to as

linear DNA). Restriction enzymes were chosen based on their

ability to only cut the plasmid at one position, thereby cre-

atinga linear piece o DNA o that length. I a restriction en

zyme cut the plasmids at multiple positions, it would result in

numerous linear ragments o much smaller lengths. The CD8

and pShew:mtrC plasmid was cut using the restriction enzyme

EcoR1. In contrast, the pET17b plasmid was cut using the

restriction enzyme Xbal. In the control group, the CD8 plas-

mid was incubated with a restriction enzyme or which it has

no cut site, so it could not cut the plasmid. Ater obtaining the

relaxed DNA rom a portion o each extracted plasmid o di-

erent lengths through restriction digest, the resulting linear

DNA was puried using a PCR cleanup kit to remove all the

impurities. To ensure the plasmids were cut at the expected

length, each circular and linearized plasmid was loaded onto a

gel and analyzed via gel electrophoresis. The resulting bands

were then compared to a DNA ladder, where each DNA prod-

uct used corresponded correctly to their respective sizes and

location on the gel, with circular plasmids migrating urther

down the gel than their respective linear counterparts (Figure

1C).

Image Preparation and Imaging using

Fluorescence Microscopy

Nine samples were made to assemble the Dps-DNA com-

plexes or imaging. Each sample contained the same buer

containing 5% polyethylene glycol 8k (PEG), 4 mM MgCl2,

50 mM HEPES-KOH, and 100 mM KCl. Then, we added 1x

sytox green and 10 ng/uL o the aorementioned DNA rag-

ments (nal concentrations). Finally, 1 mM Dps was added to

begin orming condensates. We made three control groups: a

sample with all components but DNA, another with all com-

ponents but Dps, and the nal sample containing neither Dps

nor DNA. We ensured that the amount o DNAwas consistent

between samples. The use o sytox green allows or the visu-

alization o DNA. Some o the Dps we used is a variant chem-

cally labeled with Alexa fuor 647, enabling the Dps to be

visualized. Most, however, were wild-type Dps (9). All sam-

ples were incubated overnight at 37 °C and imaged ater one

day using fuorescent microscopy.

Table 1. Sequences or the orward and reverse primers used to

create the dierent lengths o DNA ragments.

(A) Forward Primer #1 was used with the 500, 1000, and 2000

reverse primer, while orward primer #2 was used with the 5000 and

10000 reverse primer. (B) All primers satisy the ollowing

requirements: at least 18 bp long, G-C content ranging rom 50% to

55%, and having a melting temperature o around 50 °C.
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Following the same procedure described above, nine samples

were made to assemble the Dps-DNA complexes or imaging.

Each sample had the same buer at the same concentration

described above. The sole dierences were the lengths o

DNA ragments, structure o DNA (circular or linear), and the

nal DNA concentration. Two samples shared the same size

and concentration o DNA ragments but diered in the DNA

topology as one consisted o supercoiled DNA, while the

other sample consisted o relaxed DNA. This setup was ap-

plied to three DNA ragment lengths (2000, 5000, and

10000-bp).

The three control samples included a mock-digested 5000-bp

plasmid incubated with EcoR1(a restriction enzyme or which

it has no cut sites), a sample with no DNA, and a sample with

neither DNA nor Dps. The samples were incubated overnight

at 37 °C. The ollowing day, the samples were imaged using

fuorescence microscopy. For each sample, images o the con-

densates were taken at ve random positions. Bright-eld and

green-fuorescent images were used or each position. This

procedure was done or three trials.

Data Analysis Using Sotware

The green images o the condensates, representing the DNA,

were analyzed using a custom Fĳi program that detects fuo-

rescence distribution throughout the surace o the Dps-DNA

condensates. Fĳi sums the intensity distributed throughout a

condensate, reerred to as integrated density (IntDen), as well

as the area and perimeter o the Dps-DNA condensate. Data

regarding area and perimeter was used to calculate the circu-

larity o each condensate ormation. The ormula or circular-

ity that was used was:

The 12.56 represents 4 times pi, which should equal 1 i the

shape is a perect circle when multiplied by this value. The

distance rom 1 o this value is commonly used to describe

circularity.

Results

Binding anity and cooperativity dierences

between Dps and circular and linear DNA re-

main statistically insignicant.

Dps, a protein commonly ound in bacteria, typically binds to

circular DNA. However, the anity o Dps or linear DNA

has yet to be tested. To test this anity, we perormed a gel

shit assay. The bands will appear at similar concentrations i

Dps binds to linear or circular DNAwith the same anity.

No binding was observed between Dps and DNA when 0.1

μM Dps was present. The well containing 0.3 μM Dps dis-

played binding, indicating that the concentration required or

Dps to bind to circular DNA is within the 0.1 to 0.3 μM range.

The mock digest and linearized plasmid indicate comparable

binding anity (Figure 2A-B).

We calculated the dissociation constant (KD) and Hill coe-

cient by creating a binding curve. The mock digest and circu-

lar DNA ragment shared similar values, with the KD being

roughly 0.25 (Figure 2C). The linear DNA ragments had a

slightly lower KD value o around 0.23; the slightly lower

KD value between Dps and linear DNA ragments indicates

that Dps has a slightly higher binding anity or linear DNA

ragments than circular DNA ragments (Figure 2D). How-

ever, the dierence is statistically insignicant, and does not

conorm to expectation, as we would expect Dps to bind to

circular DNA at a similar or higher anity. All experimental

groups displayed a Hill coecient greater than 1, indicating

that Dps exhibits positive cooperativity whether interacting

with circular or linear DNA ragments (Figure 2D).

The morphologies of the Dps-DNA condensate

remain consistent when changing the length of

the DNA fragments.

To test the impact o DNA length on the size and morphology

o Dps, DNA condensates were created in vitro and imaged

with fuorescence microscopy. By analyzing these images,

condensate morphology and size could be approximated using

Figure 1. Measurement o the size o puried DNA products o

dierent lengths and supercoiling state relative to the 1 Kb Plus

Ladder.

(A-B) Gel electrophoresis o the puried DNA products o dierent

lengths ater PCR amplication and cleanup. (C) Gel electrophoresis

o the puried DNA products o dierent supercoiling states ater

selected plasmids o specic lengths were extracted rom bacteria,

and some undergo a restriction digest. The C represents the circular

orm o the DNA, while the L represents the linear orm o the DNA.
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the summed intensity o DNA fuorescence across them. Con-

densates share the same spongiorm morphology regardless o

DNA ragment size (Figure 3A-F). This suggests that chang-

ing the DNA length does not alter the electrostatic interaction

between the Dps and DNA (11), as it was previously discussed

that this was one o the main driving orces in orming the

condensate morphology (6).

There is a marked increase in condensate size

when formed using intermediate DNA lengths.

While little appears to change morphologically in Dps-DNA

condensates when using longer or shorter DNA ragments,

there are dierences in the level o total fuorescence (repre-

senting DNA) inside these condensates. This indicates that

altering the DNA's size aected condensate ormation but was

unrelated to its morphology. The average summed intensity o

DNA fuorescence in each condensate was used to represent

the average condensate size. Through this analysis, Dps-DNA

condensates were observed to be, on average, larger when Dps

was incubated with 5000-bp DNA ragments compared to

other DNA lengths (Figure 4A-F). This suggests that changing

the size o the DNAmay not alter the electrostatic interactions

between DNA and Dps (7) but could still change the level o

accessibility between the DNA ragments and Dps. This, in

turn, changes how requently Dps will nd and bind to DNA

(5).

Figure 2. Dissociation and Binding Cooperativity between Dps and DNA ragments o dierent supercoiling states. Data provided by

AzraWalker

(A-B) Gel shit displaying the concentration o Dps needed to bind to DNA. The category o the wells can be read as the (concentration o

Dps - whether it is circular (C), linear (L), or control group (CC)). (C) The resulting binding curve was obtained using data rom the gel shit

(D). The dissociation constant and Hill coecient values were used or the interaction between Dps with the control group, circular DNA

ragment, and linear DNA ragment o 5000 in length.

Figure 3. Dps-DNAcondensates adopt spongiormmorphologies

regardless o dierences in DNA ragment lengths

(A-F) The Dps-DNA condensates ormed when Dps is incubated

with DNA ragments o dierent lengths.
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Figure 4. Fluorescent images o the DNA in condensates ormed

using dierent lengths o DNA

(A-F) Distribution o fuorescence o the Dps-DNA condensate

ormed rom incubating Dps with dierent lengths o DNA

ragments. The level o fuorescence indicates the DNA present in

each o the condensates.

Optimal DNA fragment lengths for Dps-DNA

condensate of the largest size and area.

In all three trials, ater taking the average integrated density o

all the condensates visible in each image, there was a promi-

nent peak in the average integrated density o the Dps-DNA

condensate ormed rom 5000-bp DNA ragments (Figure

5B). This peak suggests that when incubated with 5000-bp

DNA ragments, it alters the DNA in a manner that changes

the number o binding opportunities Dps can have when in

contact with DNA ragments o this length. In addition, all

three trials showed the integrated density value o the conden-

sate ormed when Dps is incubated with DNA ragments that

are shorter and longer than 5000-bp being drastically smaller

than the values o that when the condensate is ormed with

5000-bp DNA ragments. These lower values indicate a sig-

nicantly smaller condensate (Figure 5B).

When comparing the average area o the Dps-DNA conden-

sate across all the dierent DNA ragment lengths used, it can

be visibly seen that the average area value or condensates

ormed when Dps is incubated with 5000- bp DNA ragment

was larger than that o other groups (Figure 5A). This indi-

cates that these condensates have larger suraces, supporting

our hypothesis that they are the largest. However, it is essen-

tial to note that the error bar does overlap, signiying that there

is no signicant dierence in the area among condensates

ormed when Dps is incubated with 2000, 5000, and 10000-bp

DNA ragments. When comparing the average circularity,

there is no signicant dierence in the circularity o the con-

densates ormed when incubating Dps with dierent DNA

ragment lengths (Figure 5C).

No signicant change in size or structure of

Dps-DNA condensate when under dierent su-

percoiled states

Samples o DNA molecules o the same size but dierent

topologies were prepared to determine whether DNA super-

coiling would aect the morphology and characteristics o

resulting Dps-DNA condensates. The fuorescent images o

these samples were then analyzed in the same manner as pre-

vious images.

Figure 5. Agraph displaying the average area, summed intensity,

and circularity o Dps-DNAcondensates present in samples using

specic DNA lengths

(A) Average area o the Dps-DNA condensates ormed rom each o

the dierent DNA ragment lengths used (B) Average IntDen o the

Dps-DNA condensates ormed rom using dierent lengths o DNA

ragment (C) Average Circularity o the Dps-DNA condensates

ormed rom using dierent DNA ragment lengths
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DNA o dierent lengths and whether DNA is supercoiled or not

(A-G) Condensate ormation when Dps is incubated with DNA

molecules that share the same length but dierent DNA topology (H)

Average area or the Dps-DNA condensates ormed under dierent

DNA length and supercoiling states (I) Average IntDen o the Dps-

DNA condensates ormed under dierent DNA length and

supercoiling states (J) Average Circularity o the Dps-DNA

condensates ormed under dierent DNA length and supercoiling

states.

Similar to how varying lengths o DNA did not aect the

overall morphology o Dps-DNA condensates, the state o

DNA molecules (supercoiled or relaxed) had no observable

eect on the structure o the condensates, as all condensates

took on a spongiorm morphology (Figure 6A-6G). When

comparing the total average summed integrated density value,

there was no signicant dierence in the size o condensates

ormed with supercoiled DNA compared to condensates

ormed with relaxed DNA. Condensates ormed when Dps

were incubated with 2000-bp circular DNA plasmids were

roughly the same size when ormed with 2000-bp linear DNA

plasmids. The same is true o 5000 and10000-bp plasmids,

regardless o whether it was supercoiled or relaxed. (Figure

6I).

There was no signicant dierence in the total area and circu-

larity among the condensates ormed rom the circular and

linear DNA ragments o varying ragment lengths (Figure 6H

and J). This urther maniests the lack o notable dierence

between condensates ormed with dierent supercoiling

states. Condensates ormed rom both the mock-digested

5000-bp plasmid and 5000-bp circular DNA ragments ap-

peared to be relatively similar (Figure 6G). Overall, no sig-

nicant dierences were noted across all experiments com-

paring condensate ormation using same-size DNA mole-

cules, but they diered in supercoiling states (Figure 6A-G).

Discussion

The ndings show that changing the DNA length at our con-

centration aects the size and number o condensates, without

changing the overall structure. This suggests that there is

likely some dierence in the ability to orm complex struc-

tures between smaller and larger DNA ragments, which a-

ects the capacity o Dps to bind to these DNA. Samples with

larger DNA ragments may be more accessible or Dps to at-

tach to and condense, creating smaller structures. Samples

with smaller DNA ragments could condense more eectively

up to a point. With more ree DNA ends, less DNA needs to

wrap around the Dps or condensation to occur (11). The

lesser need or DNA bending would mean that it is aster and

more ecient or small DNA ragments to wrap themselves

around the Dps completely.

DNA ragments smaller than 5000 bp in length have more ree

DNA ends, helping them condense more easily by the Dps,

and DNA ragments larger than 5000 bp in length are more

accessible or Dps to attach and condense. DNA ragments

that are 5000-bp in length are at a point between where these

two eects occur. Our data suggests that DNA ragments o

5000-bp in length are either the most dicult to condense,

condense less eectively when done, or both. DNA ragments

o 5000-bp may condense less eectively and are harder to

condense due to their limited length. Small DNA ragments

can result in more eective condensing. Small DNA is short

enough that its ree DNA end can wrap around the Dps dode-

camer without bending. This makes it easier or an array o

small DNA ragments to line up, which in turn promotes inter-
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actions between the Dps dodecamer and multiple DNA rag-

ments simultaneously. It is thus more likely or all the N-

terminus tails in the Dps dodecamer to interact with the

DNA. More interaction leads to a higher level o condensing.

Medium-length DNA ragments, like the 5000-bp ragment

have ends that aren’t long enough to bend completely, unlike

longer-length DNA ragments where the ree DNA ends are

long enough to bend completely to reach the Dps that are al-

ready interacting with multiple DNA strands. As a result, the

inability to bend completely back will cause the DNA rag-

ment to bend instead, making it harder or the DNA region to

be accessible to some sites o the Dps dodecamer. This re-

duces the number o interactions between Dps and DNA,

resulting in less wrapping and less condensing.

Small dierences were observed in the overall size o the

Dps-DNA condensate between the condensates ormed when

Dps was incubated with circular plasmids, and the conden-

sates ormed when Dps was incubated with linear plasmids.

However, the data does not display a signicant dierence

between the sizes o the condensates, indicating that Dps can

condense both linear and circular plasmids in roughly the

same manner and orm. Similar to how the Dps interacts with

DNA ragments o dierent lengths, the overall morphology

o the Dps-DNA condensate remains consistently spongi-

orm.

Whether the DNA is in a supercoiled state did not impact the

resulting condensate's overall size or structure greatly. This is

most likely because supercoiled DNAcontains multiple DNA

regions interwound that were initially distal to each other

(12). Similar to how medium-sized linear DNA ragments

may bend in a manner that makes it harder to be accessible to

some sites o the Dps dodecamer, distal DNA regions that are

interwound multiple times, potentially limit the accessibility

o DNA to Dps. As a result, Dps can only interact with DNA

in certain regions. With most o the DNA already intertwined

with each other, very ew DNA will wrap around the Dps,

resulting in bigger or similar size condensates as those

ormed with medium-sized DNA ragments.

Recent research has provided a more in-depth understanding

o the structure o Dps itsel, how it interacts with DNA to

protect it, the dierent structures the Dps-DNA condensate

can take on, and how changing environmental conditions

could alter these structures. Although studies have ocused on

how changes to the environment have aected the interaction

between Dps and DNA, there has been minimal research on

whether altering one o the key components o the conden-

sate DNA, would change its overall morphology. However,

our results have indicated that altering the DNA lengths and

supercoiling states does not aect the overall morphology o

Dps-DNA condensates. Still, it alters the interaction between

the DNA and Dps in a manner that changes some condensate

characteristics. These results could have certain implications

or non-bacterial organisms. Not all organisms share the

same structure and length o DNA as E. coli, which posses

circular and signicantly longer DNA than other bacteria.

Observing how Dps binds to and interacts with these dierent

DNA modications y helps provide a better understanding o

the possible unction o Dps in other organisms and environ-

mental conditions.A complete understanding o the role o Dps

in other organisms would require extensive testing o addi-

tional DNAmodications, such as methylated DNA, and their

eect on Dps-DNA interactions.

Please nd supplementary materials online at jur.rochester.edu.
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