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Chapter 4
Action and interplay of the

Archaeal chromatin proteins

Alba1 and Alba2

This chapter is based on a publication in preparation (see page 205).
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4. Action and interplay of Alba1 and Alba2

Abstract — Throughout the domains of life all cells face a similar prob-

lem. The size of their genome is very large compared to the volume of

the cell. Although each organism employs its own set of proteins to com-

pact their genome, the method of compaction seems highly conserved.

Besides physical compaction, DNA organization is also known to be a

key regulatory mechanism involved in many important processes such

as gene regulation and DNA replication. Alba is one of the most abund-

ant proteins in Archaea and has been suggested to play an important

role in genome organization and compaction. However, little is known

about its mechanism and structural role in DNA organization. Here

we explore using single–molecule imaging and manipulation techniques

(scanning force microscopy and single- and double optical tweezers) the

multi modal architectural properties of the Alba1 and Alba2 paralogues

and their interplay. We demonstrate that the different binding proper-

ties of the two paralogues are due to differences in binding cooperativity

and that Alba2 modulates Alba1 affinity by formation of heterodimers

with reduced cooperativity. Together our data yield a structural model

that explains the multi modal behavior, as well as the interplay of the

Alba1 and Alba2 proteins.
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4.1. Introduction

4.1. Introduction

In general the genome harboring the genetic information of an organism

is relatively large compared to the volume of the cell containing it. To

facilitate compaction sufficient to fit a genome inside a cell, or a small

cellular compartment such as the nucleus, cells employ a wide variety

of mechanisms [71–73]. While DNA compaction addresses the physical

problem of storing the huge amount of information contained within the

genome in the cell, genomes are also functionally organized to control

the numerous DNA transactions occurring along the genome.

In addition to physical mechanisms such as molecular crowding and

supercoiling that promote DNA compaction [74], cells synthesize nu-

merous architectural proteins that shape the spatial structure of the

genome [73, 75, 76]. Despite the general lack of homology between ar-

chitectural proteins from organisms from the different domains of life,

functionally these proteins seem highly conserved (bridging, bending and

wrapping). In Bacteria architectural proteins, such as HU and H–NS,

shape the genome by inducing bends or promoting loop formation to

condense it into the protein–DNA structure referred to as the nucle-

oid [71,77]. In Eukarya the genome is primarily compacted by wrapping

DNA around architectural proteins, called histones, yielding the well–

known chromatin fiber [78, 79]. This fiber appears to be further organ-

ized into long range loops formed due to the action of proteins such as

cohesin and CTCF [80–82]. Also the DNA inside the mitochondria of

eukaryotic cells is compacted by specific architectural proteins [83, 84].

However, relatively little is known about chromatin structure in the third

domain of life: Archaea [85,86].

In 1977 Woese discovered that Archaea constitute a domain in the

tree of life that is separate from the Bacteria [87]. Genome sequencing

showed that Archaea share many similarities with both Bacteria and

Eukarya, but also revealed several hundreds of unique genes [88]. Ar-
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4. Action and interplay of Alba1 and Alba2

chaea share the DNA replication, transcription and translation system

with the Eukarya and are therefore often studied as model for the more

complicated eukaryotic systems. The absence of a nucleus in Archaea

might imply that their circular genome Archaea (0.5 – 5.5 Mbp) [89] has

a similar structure and organization as the nucleoid of Bacteria. One

of the main branches of Archaea, the Euryarachaea, however, contains

histone proteins similar to their eukaryotic counterparts giving rise to

nucleosomes [90]. Organisms in the other main branch, the Crenar-

chaea, with a few exceptions lack histones, but instead encode for nu-

merous architectural proteins that seem to rely on mechanisms as seen

in Bacteria [91,92].

One of the most abundant and highly conserved non–specific ds–

DNA binding proteins found throughout the domain of the Archaea

(Eury- and Crenarchaea alike) is Alba (Acetylation Lowers Binding Af-

finity), also known as Ssh10b, Sso10b and Sac10b, depending on the spe-

cies [91,93,94]. The crystal structure of the protein has been solved [95],

but a co–crystal containing DNA bound protein is lacking. Alba is an

abundant (∼ 4% of the cellular protein [96]) dimeric protein (≈ 10 kDa

per subunit), that has been shown to be able to bring two duplexes

of DNA closely together, but does not induce significant DNA com-

paction [93, 94]. DNA binding by Alba seems cooperative, resulting in

fiber–like structures, as observed with Electron microscopy [93]. Alba

has been suggested to have two different “modes” of binding, depending

on the protein:DNA stoichiometry. At low stoichiometry Alba occupies

15 bp per dimer and is able to bring two duplexes of DNA together,

while at saturating conditions an Alba dimer has an effective footprint

of 5 bp, coating the DNA and protecting it from nucleases [93, 95–98].

Dimers of Alba can interact with one another via a conserved dimer–

dimer interface [97]. This interface appears responsible for the cooper-

ative binding of Alba, and has a direct impact on the ability to form the

filament structure [98, 99]. In 2005 a paralogue of Alba in S. solfatari-
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4.2. Materials and methods

cus was described, and the two proteins were hence denoted Alba1 and

Alba2 [97]. Alba2 homodimers have a lower binding affinity for DNA

than Alba1 homodimers and Alba2 is expressed at only 5 to 10% com-

pared to Alba1. It lacks the dimer–dimer interaction surface identified

in Alba1 that has been suggested to promote side by side binding along

DNA. When the two are mixed, heterodimers form and yield protein–

DNA complexes largely different from those formed by Alba1 alone.

Heteromerization and changes in the fraction of heteromers in vivo has

therefore been proposed as a possible regulatory mechanism for DNA

condensation [97,98,100]. A molecular model that explains the interac-

tion modes of Alba with DNA, its regulation and its organizational role

in the Archaeal chromatin is still unavailable [98,101].

DNA organization has been studied in vitro for many years using

conventional biochemical assays as well as with single–molecule tech-

niques [102, 103]. These tools allow the visualization and manipulation

of single DNA molecules interacting with single proteins, and reveal the

kinetics and dynamics of these interactions [25, 71, 77, 84, 104]. Here

we use a set of complementary single–molecule techniques to study the

action and interplay of Alba1 and Alba2. With these techniques we ex-

plore and define the changes in physical properties of DNA upon Alba

binding. Based on our measurements we propose a molecular model

that explains the concentration dependent behavior of Alba1 and its

regulation by Alba2.

4.2. Materials and methods

4.2.1. DNA and proteins

The pRD24 plasmid (derived from pUC19, containing a recognition site

for the nicking enzyme Bpu10l) used for the AFM experiments was over-

produced in E.coli strain XL10 and purified (Qiagen plasmid midi kit).
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4. Action and interplay of Alba1 and Alba2

pRD24 was nicked by digestion with Bpu10l (Fermentas). The nicked

product was diluted in HPLC water to a final concentration of 90 ng/µl.

The DNA used in the optical trapping experiments was made by

labeling the 12–nucleotide long 5’ overhang of bacteriophage λ DNA

(Roche) with dTTP, dGTP, biotin–14–dATP, biotin–14–dCTP using

Klenow DNA polymerase exo− (Fermentas). The DNA was captured

in the optical trap between two streptavidin coated beads (1.87µm in

diameter, Kisker) in buffer containing 10 mM Tris–HCl (pH 7.5), 200 mM

NaCl, 1 mM EDTA, 3.5 mM DTT.

Purification of the Alba1 and Alba2 proteins was carried out as de-

scribed earlier in [95,97]. The non–cooperative binding mutant of Alba1,

Alba1 F60A, was purified as described in [98].

4.2.2. Atomic force microscopy

Complexes between Alba proteins and pRD24 were formed by incubat-

ing 90 ng of DNA with varying amounts of Alba proteins in 10µl AFM

buffer containing 40 mM Hepes (pH 7.5) and 25 mM NaCl for 30 min

at room temperature. After incubation, this mixture was diluted 10

fold in 1 mM MgCl2 and deposited onto freshly cleaved mica. After

40 s, the mica was rinsed with HPLC water and dried with nitrogen

gas. The AFM images were collected on a NanoScopeIII AFM (Di-

gital Instruments, Santa Barbara, CA) using micro cantilevers (Olym-

pus MCL–AC240TS–W2, resonance frequency 70 kHz, spring constant

2 N/m). Images were obtained using tapping mode in air at 2 Hz and

flattened using Nanoscope software (Veeco Instruments) [105].

The protein–DNA complexes were classified by visual inspection of

the AFM images. Molecules with single DNA crossings or no crossings

(e.g. figure 4.1, no protein) were considered to be open. Molecules with

bridged patches, where the length is longer than a single crossover of

two DNA strands, were considered to be bridged (e.g. figure 4.1, Alba
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4.2. Materials and methods

F60A, 1:60 dimer per bp). Molecules containing patches of more than

two strands bridged (e.g. figure 4.1, Alba1, 1:15 dimer per bp) or highly

compacted regions (e.g. figure 4.1, Alba1:2, 1:7.5 dimer per bp) were

classified as condensed.

0 1:60 1:30 1:15 1:7.5 

Alba1

F60A

A1:A2

Alba2

Figure 4.1. Representative Atomic Force Microscopy (AFM) images

of Alba–DNA complexes. Nicked pRD24 plasmids are incubated at different

stoichiometries (indicated as Alba dimer per bp) and imaged using tapping

mode in air on mica. Alba1 forms stiff bridges at 1:60, 1:30, condensates at

1:15, and stiff open plasmids at 1:7.5. Alba1 F60A is able to bridge DNA at all

concentrations, however, compared to Alba1 the protein patches are shorter and

the protein–plasmid complex more flexible. Alba2 shows less bridging at 1:60,

1:30 and 1:15 compared to Alba1 and Alba F60A, and no DNA condensates are

observed. At 1:7.5 no bridging is observed but DNA stays flexible. A1:A2, the

mix of Alba1 and Alba2 shows similar bridging behavior as Alba F60A at 1:60,

1:30 and 1:15. However, at 1:7.5 dimer per basepairs no opening and stiffening

of the DNA is observed. Instead the heterodimers are observed to effectively

condense DNA into a globular form.
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4. Action and interplay of Alba1 and Alba2

4.2.3. Optical tweezers

In order to perform the DNA optical tweezers (OT) experiments, a setup

was designed and built, capable of manipulating four optical traps in 3

dimensions (figure 4.2a). Instead of time sharing three traps using an

AOM [25, 71], we chose to use continuous traps (20 W, λ = 1070 nm

YLR–20–LP IPG lasers GmbH) and rely on accurate piezo scanning mir-

rors rather than on motorized lenses [106]. The four optical traps enable

manipulation and measurements on both a single DNA molecule (dual

optical tweezers) and two DNA molecules (quadruple optical tweezers).

The forces on the DNA molecules are recorded by back focal plane in-

terferometery on the trapping laser and a second detection laser (only

necessary for quadruple OT, 140 mW, λ = 980 nm Power Technology

Inc.).

The measurements were carried out using a multi–channel laminar

flow cell that allows for the rapid capture, testing and measurement of

single DNA molecules (figure 4.2a). After two single molecules have

been caught, they are placed in the desired configuration and moved to

a channel containing Alba in 10 mM Tris–HCl (pH 7.9), 1 mM EDTA,

3.5 mM DTT, 60 mM KCl, 10 mM MgCl2. The molecules are incubated

for ≈ 2 min to allow binding of Alba. Force distance (FD) curves are

recorded in about 30 seconds in the absence of flow. The procedure of

DNA catching and wrapping, switching buffers, incubation and force ex-

tension measurement are all automated using a custom–written Labview

software suite (National Instruments).

To quantify the measured DNA molecules and protein–DNA com-

plexes, the force distances curves are fitted to either the extensible or

twistable worm–like chain model (eWLC or tWLC) [70,107]. The para-

meters of these fits give a quantitative description of DNA in terms of

their total length along the DNA contour “contour length” (LC), the

flexibility “Persistence length” (LP), spring constant “Stretching mod-
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F
lo

w

Catch & Probe

A B

C

Figure 4.2. Dual trap experiments. a. Schematic of the optical trapping

setup used for both single and dual DNA experiments. Four optical traps are

generated using a single laser, each trap steerable by a piezo driven mirror. By

moving one of the lenses in a 1 to 1 telescope, two traps can be adjusted in z.

DNA molecules are caught, tested and measured in a multi–channel flow cell. b.

Force–distance curves without protein, in 10 nM, and 2µM Alba1 (black, green,

red resp.). At 10 nM Alba1, the force extension curve shows several peaks in the

force before the molecule is fully extended, indicating DNA bridging (cartoon

inset). At 2µM, almost no bridges are observed; instead the molecule stiffens

(red trace). c. The fractional coverage of Alba1, Alba1 F60A and Alba1:2

hetero–dimers are plotted as a function of the concentration (black, green, red

resp.). The Alba1 curve is well fitted by the cooperative binding McGhee von

Hippel model (K = 380 ± 100 nM−1, ω = 260 ± 80, solid line). The model is

plotted with ω = 1 (dotted line).
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4. Action and interplay of Alba1 and Alba2

ulus” (K) and how much the DNA unwinds as a function of the tension

(twist–stretch coupling parameters: g0, g1, Fc). In order to still be able

to measure the changes in the DNA induced by Alba when bridging

occurs, we extended the molecule until all bridges are removed, and re-

corded the FD curve by decreasing the extension of the DNA molecule.

If the molecule still shows signs of bridging it is discarded.

4.3. Results

4.3.1. Visualizing Alba–DNA interactions

In order to visualize the architectural properties of Alba proteins, Alba–

DNA complexes were imaged by Atomic Force Microscopy (AFM) at

different stoichiometries. Representative images for each stoichiometry

are shown in figure 4.1. The complexes were classified by visual inspec-

tion of the AFM images and counted (figure 4.3).

At low protein–DNA ratios (1:60 and 1:30 dimer/bp), Alba1 binding

yielded intra molecular bridges (figure 4.1). Most Alba1–DNA com-

plexes contained a single protein patch extending over part of the DNA

molecule, however, in some cases the DNA molecule was found to be

completely bridged (‘zipped’, ≈ 14% at 1:30 dimer/bps, figure 4.3). Both

features indicate a cooperative binding process. At higher protein–

DNA ratios (1:15 dimer/bps) multiple sites of bridging within the same

molecule were observed, causing the DNA molecule to condense. At

even higher protein–DNA ratios (1:7.5 dimer/bp) the DNA molecules

stiffened and attained an open appearance. The increase in the meas-

ured height of the substrate suggests that Alba1 under these conditions

fully coats the DNA.

Next, we investigated the role of the dimer–dimer interface using the

non–cooperative Alba1 F60A mutant [98]. The Phenylalanine at posi-

tion 60 has been implicated in dimer–dimer interactions and is replaced
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Alba1
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Alba1:Alba2

R
e
la

ti
ve

 a
b
u
n
d
a
n
ce

1

0.5

0

1

0.5

0

Protein/bps

1/60 1/30 1/15 1/7.5 1/60 1/30 1/15 1/7.5

CondensedOpen Bridged

Figure 4.3. Classification AFM results. AFM images are analyzed and

divided into 3 classes, open, bridged, and condensed (see section 4.2.2 for clas-

sification method). Shown are the distributions for different concentrations of

Alba1 (top left N = 548 molecules), Alba1 F60A (top right N = 337 molecules),

Alba2 (bottom left, N = 198 molecules), and the heterodimers (bottom right

N = 134 molecules).
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4. Action and interplay of Alba1 and Alba2

in this mutant. Binding of this protein at low protein–DNA ratios (1:60

and 1:30 dimer/bp) yielded intra molecular bridges as seen with wild–

type Alba1 (figure 4.1). However, it did not exhibit the same cooper-

ative behavior as the wild type protein, as none of the molecules was

completely bridged. DNA condensation was observed at higher protein–

DNA ratios (1:15 and 1:7.5 dimer/bp), yet stiff and open molecules as

with the wild type protein were never observed.

The proposed dimer–dimer interface of Alba1 is not conserved in its

paralogue (Alba2). At low protein–DNA ratios bridging was observed,

but only extending over small patches. The Alba2–DNA complexes

throughout the measured concentration range were generally less con-

densed compared to Alba1–DNA complexes, which is suggestive of less

stable bridge formation. At the highest protein–DNA ratio (1:7.5 bp) no

bridges were observed and the molecules opened up (figure 4.1).

In vivo Alba2 is expressed at only a fraction of Alba1, and when mixed

Alba1:Alba2 heterodimers are obtained [97]. To study the effect of the

heterodimers only, we mixed Alba1 and Alba2 in a 1:1 ratio. Binding of

these heterodimers yielded intra molecular DNA bridging at low protein–

DNA ratios (1:60 and 1:30 dimer/bp), comparable to the Alba1 F60A.

At higher protein–DNA ratios (1:15 and 1:7.5 dimer/bp) no stiffening or

opening of the DNA was observed, but instead the heterodimers strongly

condensed the DNA (figure 4.1).

The AFM experiments provide us with snap shots of Alba induced–

DNA interactions and compaction. But to get a more quantitative and

controlled overview of the DNA–binding and bridging properties of Alba,

we need to measure the real–time dynamics from freely diffusing proteins

interacting with DNA. To this end we performed a set of different optical

trapping experiments that provides access to this kind of data.
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4.3.2. Physical properties of Alba1 coated DNA

We first established the physical and structural changes of DNA coated

with Alba1. In these experiments the DNA is stretched between two

beads held in optical tweezers while the force on the molecule is recor-

ded, resulting in force distance (FD) curves. Subsequently, the same

molecule is incubated with Alba1 and a new stretching curve is recor-

ded to measure the physical changes of the DNA induced by the bound

Alba1 proteins (figure 4.2b). At high proteins concentrations the DNA

molecule is expected to be fully covered by Alba1 and the resulting

FD curves are very reproducible. It takes less force to stretch the fully

Alba1–coated DNA towards its contour length than uncoated DNA (red

vs. black line), which is an indication that less entropic energy is present

in the nucleoprotein filament i.e. DNA is stiffened by the binding of

Alba1 [70].

To quantify the physical properties of Alba1 coated DNA, FD curves

were recorded at different protein concentrations and fitted with eWLC

and tWLC models (table 4.1). The contour length, stretching modulus,

and the twistable worm–like chain parameters [107] were found to be

constant over the measured protein concentration range. But the para-

meter that describes the flexibility of the DNA, Lp, increased five–fold

as a function of the Alba1 concentration. So it seems that Alba1 exclus-

ively alters the DNA persistence length without any effect on the other

physical properties of DNA.

4.3.3. Binding dynamics of Alba1

Next we set out to extract the binding kinetics of Alba1 on DNA. In order

to do so, we used the increase in DNA stiffness as a function of Alba1

concentration as a parameter to calculate the amount of Alba1 bound

to the molecule [84]. This is done as follows: the persistence length of

the Alba1 coated DNA molecules reached its maximum at ≈ 100 nM,
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4. Action and interplay of Alba1 and Alba2

Protein Lp (nm) Lc(µm) K0 (pN)

Alba1 - 49 ± 2 15.8 ± 0.4 1600 ± 300

+ 260 ± 30 16.2 ± 0.2 2400 ± 600

Alba2 - 44 ± 2 15.8 ± 0.3 1800 ± 100

+ 44 ± 3 16.4 ± 0.3 1900 ± 100

Alba1 F60A - 44 ± 4 16.3 ± 0.3 1900 ± 100

+ 140 ± 20 16.0 ± 0.1 2200 ± 200

Heterodimers - 39 ± 2 16.3 ± 0.3 1900 ± 100

+ 90 ± 20 16.4 ± 0.1 1800 ± 200

Table 4.1. Extensible worm–like chain parameters for bare DNA (-)

and saturating conditions of Alba1 (2 µM), Alba2 (2 µM), Alba1 MT

(5 µM), and the Alba1–2 1:1 mixture (1 µM). The twistable worm–like

chain model was only fitted to the saturating condition of Alba1, but shows

no deviation within the error from the values for bare DNA (g0 = -560 ±
100 pN nm, g1 = 19± 6 nm, Fc = 31± 7 pN, N = 10) [107].
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4.3. Results

and stayed the same up to 2µM, indicating that the molecule was fully

saturated. Thus at lower concentrations only a fraction (ν) of the DNA

is covered by the protein. The FD curve in this case will be a linear

combination of the naked and fully saturated FD curve (equation 4.1).

FDmeasured = ν · FDsaturated + (1− ν) · FDnaked (4.1)

By inserting a WLC model and noting that all parameters are equal

for the measured, saturated and naked FD curve except the persist-

ence length, an expression for the fractional DNA coverage is obtained

(equation 4.2).

ν =

√
L−1
p,measured −

√
L−1
p,naked√

L−1
p,saturated −

√
L−1
p,naked

(4.2)

Using equation 4.2, the DNA coverage is calculated as a function of

the Alba1 concentration (figure 4.2c, black data points). The shape of

this curve can now be fitted to the cooperative McGhee and Von Hippel

theory in order to obtain the kinetics of protein–DNA interactions [108].

In this theory, protein binding to DNA is characterized with an bind-

ing constant (K), a cooperative binding constant (ω), that describes

the attractive or repulsive interactions between proteins binding to the

DNA, and the effective binding size per protein in base pairs (n). The

size of the Alba protein suggests that a single Alba dimer can occupy a

maximum of around 15 bp. Yet, at saturating conditions a three times

higher stoichiometry is found, reducing the footprint to n = 5 bp per

Alba dimer [95]. The McGhee von Hippel model describes the DNA

saturation curve by Alba1 well (figure 4.2c, black line) yielding a K =

(4± 1) · 102 nM−1 and an ω = (3± 1) · 102. This found value of ω � 1

confirms the cooperative binding mode of Alba1 on DNA [91,95].
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4. Action and interplay of Alba1 and Alba2

4.3.4. Bridging DNA by Alba1

The AFM experiments showed that Alba1 formed DNA bridges within

a certain range of concentrations. Above this concentration, the Alba1–

DNA complex stiffened and bridging was no longer observed. To test if

this effect was not due to the special conditions that are needed for AFM

imaging, we investigated the appearance of bridges in optical tweezers

experiments. In these experiments we incubate a DNA molecule held

between beads in Alba1 while keeping the bead–bead distance at ≈ 50%

of the contour length of the DNA in order to permit inter–segmental

DNA interactions. At protein concentrations between 1 nM and 100 nM

we often observe an apparent decrease of the contour length of the DNA

when we probe the DNA length after the incubation. When enough

force is applied parts of the DNA are released and the original con-

tour length of the DNA is gradually restored (figure 4.2b, green trace).

This effect is a typical signature of DNA bridging [71, 85] because the

bridging causes pieces of the DNA to be looped resulting in a decrease

in the ‘effective’ contour length. When the bridges are disrupted under

the application of force the original contour length is restored. These ex-

periments demonstrate that DNA bridging is indeed a genuine property

of Alba1.

At saturating Alba1 concentrations (> 100 nM) bridging was not ob-

served. It is possible that due to the stiffening of the DNA molecule

inter–segmental interaction is strongly reduced thus repressing the op-

portunity for the Alba coated DNA to come close enough to form bridges.

To test this hypothesis, we carried out experiments in which we probe

directly interactions between two DNA molecules each held between

two beads kept in optical traps, an experiment that is possible using a

quadruple optical tweezers instrument [71]. Both DNA molecules are in-

cubated in 1µM Alba1 to fully saturate the DNA. After incubation the

two DNA molecules are brought into close contact to allow bridge form-
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4.3. Results

ation. No bridging events were observed during these measurements.

These experiments thus show that Alba1 filament is not able to form

protein–protein bridges with other filaments, which in turn means that

a DNA bound Alba1 dimer requires at least an ’Alba–free’ site on the

opposite DNA duplex to form a bridge.

4.3.5. Physical properties of Alba2

To investigate the functional differences between the two homologous

Alba proteins, Alba1 and Alba2, we characterized the physical proper-

ties of Alba2 coated DNA. Interestingly, we found that Alba2 binding

to DNA doesn’t change the physical parameters of the DNA (table 4.1),

even at concentrations in which the AFM experiment showed fully coated

DNA (figure 4.1). Although this prevents us from quantifying the amount

of bound protein (as was done for Alba1 in the previous section), the

bridging events we observe confirm that Alba2 does binds to the DNA

(as expected from the AFM experiments). The non–cooperative Alba1

F60A mutant can be used to cross–check our Alba2 results since the

mutant should have the same binding characteristics if absence of co-

operativity is the only functional difference of Alba2 compared to Alba1.

Surprisingly, the analysis of the FD curves showed that Alba1 F60A does

affect the physical parameters of DNA in the same way as Alba1 (in-

crease in persistence length, little change of the other WLC parameters,

table 4.1). However, the DNA stiffening at identical concentrations is

much lower with Alba1 F60A compared to the wild type Alba1 because

coating of the DNA is less efficient without cooperativity. Notably the

ability to bridge DNA is unaffected by the non–cooperative behaviour

of Alba2 and the Alba1 F60A. In fact, bridging seems to happen over

a wider range of concentrations matching the previous observation that

“Alba–free” sites are needed to form a bridge. However, the low rup-

ture force of Alba2 induced bridges (< 15 pN), suggest that only a small
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number of Alba2 molecules are bound per bridge. Moreover, from the

comparison of Alba2 and the mutant we can conclude that cooperat-

ive binding and subsequent filament formation is not responsible for the

stiffening of DNA. Thus Alba2 behaves not just as a non–cooperative

version of Alba1, but has a very different impact on DNA when bound

possibility due to different binding kinetics.

4.3.6. Interplay between Alba1 and Alba2

The literature shows that when mixed heterodimers are formed [97]. We

find that these heterodimers are able to increase the persistence length

of DNA as was observed for Alba1. Therefore the DNA interaction of

the heterodimer seems to be dominated by the Alba1 monomer. From

this data the fractional coverage was determined as a function of the

concentration (mixing the proteins 1:1). Alba2 does not contain the

cooperative binding domain and thus one heterodimers can at most pair

of with one other heterodimer at the Alba 1 interface. Indeed, the

McGhee von Hippel curve is less steep compared to the cooperative

Alba1 curve (see figure 4.2c). Using the K as determined for Alba1 and

setting ω = 1 (non–cooperativity) we obtain a well matching McGhee

von Hippel binding isotherm (figure 4.2c, dotted line). As expected,

the slope of the binding isotherm for the F60A mutant was identical as

the one from Alba1–2 heterodimers, confirming that these heterodimers

induce non–cooperative behavior.

4.3.7. Dynamics and structure of Alba induced DNA bridging

To investigate the dynamics and structure of Alba induced bridges two

DNA molecules were brought in close proximity and were subsequently

incubated with Alba using our quadruple optical tweezers instrument.

After incubation, the bead on the end of one of the DNA molecules is

pulled (see cartoon figure 4.4a), exerting a uniform shearing force applied
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along all protein mediated bridges. We measure the force with the bead

on the other DNA molecule and observe that this force rises confirming

the existence of protein mediated bridges (figure 4.4a). Furthermore,

several sharp drops in the force were registered as the bridges rupture,

and in this particular trace eventually all bridges were removed. We

noticed that on most occasions, however, the DNA bridges were able

to build up shear forces of at least 400 pN (the maximum force we can

apply while manipulating two DNA molecules) without separating any

of the bridges. With these shearing experiments, we show the enormous

stability of Alba1 bridging compared to for example the bacterial DNA

bridging protein H–NS which was only able to withstand ≈ 25 pN in

shearing mode with similar loading rate [71].

To more precisely quantify the properties of Alba1 mediated DNA

bridges, we performed unzipping experiments. In these experiments we

pull perpendicular to the Alba1 induced DNA bridges (see cartoon in

figure 4.4b). In such pulling configuration the generated force is exclus-

ively on the first protein–induced bridge and can reach force up to 50 pN.

When a protein mediated patch ruptures the total DNA length between

the two beads (L) increases leading to a decrease in the measured force.

This data reveals a clear stepwise lengthening of L, confirming rupture

events of protein mediated DNA bridges (figure 4.4b). To extract the

amount of DNA that is released with each rupture event, the histo-

gram of each time trace is plotted and fitted with multiple Gaussians

(figure 4.4b). These histograms contain clear peaks and the distance

between two peaks corresponds to the amount of DNA that is released

as the DNA–protein bridge broke. Note that our sampling frequency

of the force (50 kHz) is far above the length of the detected steps (∼
seconds), it is thus unlikely that the measured signal consist out of mul-

tiple unresolved steps. The amount of DNA that is released with the

rupture of each protein mediated bridge corresponds to the distance from

the ruptured bridge along the DNA to the next bridge. Since bridging
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Figure 4.4. Dual DNA tweezer experiments. Two DNA molecules are

crossed and bridged by incubating in 100 M Alba1 F60A to increase the num-

ber of bridging events. a. Shearing experiment. One of the two DNA strands

is stretched (red with speed v), creating a shearing force over all the formed

bridges (F , inset). The force first rises on the opposite molecule (black) and

relaxes as protein–DNA complexes are ruptured. When the red molecule is

stretched to ≈ 14.5µm, the force also rises on the stretched molecule, pos-

sibly caused by bridges within the same molecule. b. Unzipping experiment.

Starting from the same configuration, a force of 50 pN is built up over the

last bridge between the two DNA molecules. As protein–DNA complexes are

ruptured over time the amount of DNA between the two beads (L) becomes

larger in discrete steps (left panel, star indicates an occasional back step as

the protein bridge reforms). The levels of the steps are found by fitting the

histogram of the time trace with multiple Gaussians (right panel).
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the two DNA strands requires the faces of the helices to be aligned (as

Alba binds in the major groove), the release in DNA is likely to cor-

respond to multiple helical repeats. Note that Alba1 has a footprint

of 15 bps, and thus the minimal step size (rupture of a single dimer) is

expected to correspond to twice the helical repeat. A histogram of the

recorded step sizes in DNA release is plotted, and indeed a peak around

20 bp is observed (figures 4.5).

Figure 4.5. Histogram of the amount of DNA released during the

breakage of a protein–mediated bridge (Alba1 F60A mutant). The

distribution shows a peak at ≈ 20 bp (N = 19 events, bin size 8 bp), corres-

ponding to the expect release when breaking a single protein mediated bridge

(one Alba1 dimer), namely: twice the helical repeat of the DNA.

4.4. Discussion and conclusion

The architectural role and interplay of the Archaeal chromatin proteins

Alba1 and 2 have been studied extensively [91, 93, 94, 97, 98]. The liter-

ature agrees that the structural effects of Alba1 depend on the binding

density: bridging DNA duplexes at low densities while at high bind-

ing densities Alba does not bridge DNA but instead forms stiff fibers.

However, a molecular model to explain and connect the two different
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functions is lacking.

What is the role of the dimer–dimer interface during filament form-

ation? At high concentrations the binding density of Alba is 5 bp per

dimer [93]. It has been proposed that Alba achieves this by stacking in

a helical fashion around the DNA [93, 95, 98, 101] (see figure 4.6). The

dimer–dimer interface is important for Alba1 binding to DNA and has

been suggested to be involved in higher order DNA organization, like

the stiff filaments [98].

A B

Figure 4.6. Crystal structure of Alba modeled to DNA. Multiple Alba

dimers (outside) binding along the DNA helix (center). Each dimer is rotated

by 120 degrees, allowing them to bind to the major groove and achieve the

observed footprint of 5 bps/dimer. Figure adopted from [95].

In our ligand binding curves (figure 4.2c) we show that Alba1 binds

in a cooperative fashion (300–fold enhancement) to the DNA, stiffening

the DNA up to a factor of 5. With a mutation in the dimer–dimer inter-

face (Alba1 F60A [97]), the binding curve follows the non–cooperative
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McGhee von Hippel model, indicating that all cooperativity is lost. We

therefore conclude that Alba1 achieves the densely packed stiff filaments

by cooperative binding via its dimer–dimer interface. This mechanism

seems unrelated to Alba’s bridging capabilities, as Alba2 and Alba1

F60A (lacking the dimer–dimer interface) are both able to bridge and

condense the DNA in our experiments as well.

To relate the cooperative binding of Alba1 to its bridging behavior we

have to combine the results of the different techniques employed in this

chapter. The AFM and optical tweezers experiments show that the stiff

fibers cannot form bridges. It is therefore unlikely that Alba1 bridges

the DNA by forming tetramers (as suggested in [101]) or by engaging in

dimer–dimer interactions within filaments as shown in figure 4.7a.

It thus appears that Alba1, once bound to the DNA, requires a free site

on the opposite duplex in order to bridge the two together (figure 4.7b).

However, in the optical tweezers experiments DNA bridging is frequently

observed at concentrations below saturation but disappears when redu-

cing the concentration below 1 nM. If a single Alba1 dimer would be

able to bridge DNA by binding to both duplexes, one would expect

DNA bridging to occur at all concentrations below saturation. Neither

the crystal structure nor the amino acid sequence of Alba is suggestive

of a second potential DNA binding domain on the opposite face of the

protein (pointing away from the DNA duplex) [95]. Furthermore, the

DNA in the AFM experiments at low protein concentration is bridged

mostly by a single patch of protein, strengthening the idea that a single

dimer is not sufficient to bridge, but that instead multiple dimers are

needed to stabilize and/or bring the two duplexes together.

Based on all observations in this chapter, we propose that Alba em-

ploys its dimer–dimer interface to form the cooperative stiff filaments

and bridges can form by interacting filament–ends in a cis–trans con-

figuration. DNA mediated bridging by Alba1 starts out by growing

cooperative stiff filaments using its dimer–dimer interface (figure 4.7c,
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Figure 4.7. Cartoon of dsDNA (blue) bridging models for Alba. a.

single Alba1 dimer (top) interacting with a filament of Alba1 (represented by

a green bar between two dimers, bottom). These interactions are not observed

in our experiment. b. Alba1 directly bridging two double stranded DNA

molecules. Neither single dimers nor high density filaments are observed to be

bridging two dsDNA molecules directly together. c. Alba1 forming a bridge

by binding to dimers in trans (on the opposite DNA molecule). Once the DNA

is bridged together, further extension of the bridge is straightforward as both

binding in cis (to the same molecule) and in trans are possible. d. (i) DNA

bridging by Alba2 bound in trans. (ii) Alba2 is known to form heterodimers

when mixed with Alba1. Due to the loss in the cooperativity in Alba2, the

heterodimer will stop any patch from extending, allowing multiple patches to

grow on the same DNA molecule and thereby increasing the chance on an in

trans bridge event (iii).
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i). On encountering a second DNA duplex that also contains an Alba1

patch, a bridge can initiate by the association of the outer most di-

mers of the filaments (figure 4.7c, ii). Once such a bridge is formed,

the next binding event of an Alba1 dimer can occur on both strands,

rapidly bridging the two molecules together (figure 4.7c, iii). Moreover,

the stiffness of the DNA ensures that when a binding event does oc-

cur on the same molecule, the two DNA strands stay close together to

promote more DNA bridging, a mechanism that is also responsible for

cooperative bridge formation by H–NS [71].

The AFM and optical tweezers results show that the non–cooperative

binding of Alba1 F60A and heterodimers actually increases the amount

of DNA bridging. Based on this observation, we believe that repres-

sion of cooperatively is the regulatory mechanism employed by Alba2.

Although Alba2 can achieve DNA compaction by itself (figure 4.7d, i),

in vivo Alba2 forms heterodimers in the presence of any Alba1 [97].

Since these heterodimers bind DNA non–cooperatively (figure 4.2c),

they block the filament growth of Alba1 (figure 4.7d, ii). As a result

the average patch size decreases but the number of patches increases,

leading to more possible interaction sites that can form bridges (fig-

ure 4.7d, iii). Thus by controlling the expression level of Alba2 [97], the

cell is able to tune the behavior of Alba1 between the formation of long

stiff filaments or DNA condensing.

To conclude, we were able to unravel the mechanism of Alba medi-

ated DNA bridging, using a rich combination of single–molecule imaging

and manipulation techniques. We showed that the dimer–dimer inter-

face of Alba1 is responsible for the cooperative filament formation on

DNA but that filament formation is not a prerequisite for stiffening of

the DNA. Instead, the fraction of DNA that is coated by Alba1 determ-

ines the stiffness of the nucleoprotein filament. We also show that the

interaction of filament–ends is the likely candidate for the formation of

protein mediated DNA bridges. Thus we can understand the regulatory
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mechanism for Archaeal chromatin maintenance: suppressing Alba1 fil-

ament formation by Alba2 increases the number of available ends that

are suitable for bridge formation and thus DNA compaction.
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