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Abstract
RNA polymerase (RNAP) is the central motor of gene expression since it governs
the process of transcription. In prokaryotes, this holoenzyme is formed by the
RNAP core and a sigma factor. After approaching and binding the specific
promoter site on the DNA, the holoenzyme-promoter complex undergoes
several conformational transitions that allow unwinding and opening of the DNA
duplex. From this state and in presence of ribonucleotides (rNTPs), the RNAP
can initiate synthesis of the RNA chain. Once the first few basepairs of DNA are
transcribed in an abortive initiation process, the enzyme unbinds from the
promoter and proceeds downstream along the DNA while continuously opening
the helix and polymerizing the rNTPs in correspondence with the template DNA
sequence. When the gene is transcribed into RNA, the process is terminated and
RNAP unbinds from the DNA. The first step of transcription – initiation, is
generally considered the rate-limiting step of the entire process. This review
focuses on the single-molecule studies that try to reveal the key steps in the
initiation phase of bacterial transcription. Such single-molecule studies have,
for example, allowed real-time observations of the RNAP target search
mechanism, a mechanism still under debate. Moreover, single-molecule studies
using Förster Resonance Energy Transfer (FRET) revealed the conformational
changes that the enzyme undergoes during initiation. Force-based techniques
such as scanning force microscopy and magnetic tweezers allowed
quantification of the energy that drives the translocation of RNAP along DNA
and its dynamics. In addition to these in vitro experiments, single particle
tracking in vivo has provided a direct quantification of the relative populations
in each phase of transcription and their locations within the cell.
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2.1 Introduction
RNA polymerase (RNAP) is the biological motor responsible for the fundamental
catalytic activity of RNA synthesis. RNAP is a DNA–binding enzyme that targets
promoter sequences within the DNA and at these locations it is capable of locally
melting the DNA (initiation phase) (Fig. 2.1). After these initial steps, RNAP can
start to continuously convert chemical energy (in the form of nucleoside
triphosphates bond hydrolysis) into direct motion accompanied with
continuous synthesis of RNA (elongation phase). RNAP translocates along the
DNA to read the gene until the corresponding RNA chain is transcribed, and
eventually it releases the products and unbinds from the DNA (termination
phase). These steps of initiation, elongation, and termination describe the
general working mechanism of RNAP. The different RNAPs from the three
domains of life however do exhibit substantial variations within specific steps of
this general working mechanism1. Here we focus on prokaryotic RNAP. The
bacterial RNAP has a known structure formed by a core, which in all bacteria is
made of five subunits, ’ The core forms a complex with one of seven
different  factors2, resulting in the ‘holoenzyme’ complex, which is the active
form capable of transcription in the cell. Each  factor directs the RNAP towards
a specific subset of promoters. Regulation of the pool of  factors thus allows
expression of specific genes relevant to the environmental condition 3. Among
these factors, 70 has the highest affinity for the RNAP core. It is the most
abundant (> 5-fold respect to the other factors)4, recognizes the majority of the
genes and is therefore known as the “housekeeping”  factor. Moreover, 70
represents the family of factors that are able to recognize promoters and initiate
transcription without any co-factors or energy source. The 54 family members,
on the other hand, require the presence of enhancers (e.g. ATPase) that provide
the complex with energy from hydrolysis of ATP/GTP. 54 is responsible for
expression of the genes related to nitrogen metabolism and stress response5. In
addition, other binding proteins also regulate the complex formation and its
activity, as well as fluctuations of the initial availability of nucleoside
triphosphates (NTPs)6. RNAP activity is furthermore modulated by cellular
features such as the local structure of the nucleoid (e.g. supercoiled DNA) and
the presence of nonspecific DNA-binding proteins (by e.g. macromolecular
crowding)7.
The main steps of the bacterial transcription process have been revealed thanks
to ensemble averaging data from biochemical studies8. In parallel, structural
studies yielded insight in the shape and configuration of RNAP as well as
conformational transitions9. With the advent of single-molecules techniques,
such as single-molecule FRET, colocalization single-molecule spectroscopy,
magnetic tweezers combined with microscopy, optical tweezers combined with
fluorescence microscopy, DNA curtains, and scanning force microscopy, the
dynamics and mechanics of transcription have been elucidated in great detail.

2
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These methods allowed the unraveling of transient intermediates and rare
events, their real-time kinetics and possible concurrent reaction pathways.
Furthermore, these methods allow direct analysis and control of RNAP activity
by manipulating the DNA and monitoring in real-time its behavior under
different chemical conditions.
This review will provide an overview of such single-molecule studies on
transcription initiation of the E.coli RNAP. The three subsections of this review
correspond to the three main steps of the initiation process that RNAP
undergoes before processive RNA transcription can occur (see scheme in Fig.
7.1): I) promoter search, II) transition from the closed to the open complex, III)
from abortive initiation to promoter escape. For insights into the resulting
elongation process observed with single-molecule experiments we refer to
excellent dedicated reviews such as that by Larson et al.10.

Fig. 2.1: Transcription initiation scheme: This review focuses on the initiation process and how

its intermediates have been recently unraveled by single-molecule techniques. RNAP initiation is
divided into three substeps that correspond to the three subsections of this review: I) the promoter
search process (green background), II) the transition from the closed complex to the open complex
(red background) and III) the mechanisms of initial transcription and promoter escape (yellow
background). Based on ref 11.

2.2 (I) Promoter Search
The initiation process begins with non-specific DNA binding, search for a
promoter site and sequence recognition. The initial complex between the RNAP
and the promoter has limited stability. The holoenzyme contacts the DNA
double helix and when it recognizes the two hexamers of consensus DNA
sequence, it forms the closed complex (RPc)12. The RPc can interact with
promoters owing to the binding sites present at three specific  factor regions12.
In general, there are five promoter elements upstream the gene coding region
(indicated as +1bp element) that a  factor can distinguish, depending on its
structure13. The main recognized promoter regions vary in length from 2 to 6
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bps (e.g. TATAAT- or TTGACA- sequence at -10 and -35 element, respectively).
Since the length of the RNAP target site is 5 orders of magnitude shorter than
the complete bacterial genome, the probability of direct binding (within 1bp
from the promoter) seems to be limited. It is generally acknowledged that
specific DNA-binding proteins can accelerate the rate of target sequence
binding thanks to a “facilitated diffusion” (FD) mechanism: initial binding at a
random non-specific DNA site, followed by sliding (1D diffusive excursions)
along the DNA and/or translocation through hopping/jumping/intersegmental
transfer14. However, the RNAP promoter search mechanism is still under debate.
For example, recent single-molecule observations have reported that bacterial
RNAP locates its target through direct binding from solution (3D diffusion), in
contradiction with previous bulk studies and single-molecule observations that
favor the concept of facilitated diffusion.

2

The first visual examination of single RNAP molecules moving over DNA was
performed on DNA stretched by dielectrophoresis and anchored to the surface
at both ends by Kabata et al.15. Fluorescently labeled RNAP was observed moving
both along -phage DNA and T7 DNA. The observation of 40% of the molecules
that deviate from the direction of the bulk flow was classified as RNAP moving
on the extended DNA. Direct high resolution evidence of RNAP sliding along
DNA was obtained by sequentially imaging with atomic force microscopy (AFM)
in liquid by Guthold et al.16. Single 70 RNAPs were observed both moving
(D1D=1·10-13 cm2/s) (Fig. 2.2A), with a non-specific binding lifetime of 600s, and
transferring between DNA fragments. The large lifetimes (~2-3 order of
magnitudes higher than was previously reported) was explained as a possible
effect of surface interactions. Such surface effects can lead to a higher activation
energy for conformational changes before dissociation as well as a presumed
rapid re-association induced by the vicinity of the two molecules on the surface.
These surface interaction effects preclude direct comparisons to bulk kinetics
studies.
In the same year Harada et al. showed 70 RNAP (Cy3-labeled) sliding along DNA
in the absence of surface interactions by combining total internal reflection
fluorescence microscopy (TIRFM) with optical manipulation of DNA17. Individual
binding and sliding events were quantified on single -phage DNA molecules
suspended in solution between optically trapped beads. The inhomogeneity of
binding along the DNA revealed that RNAP binds more frequently to regions rich
in adenine and thymidine. At these AT-rich sequences, RNAP dissociation
exhibits a fast and a slow dissociation rate. Experiments showed that RNAP
mostly slides along DNA within the region characterized by fast dissociation
(with D~10-10cm2/s). RNAP molecules dissociated slowly from the positions of
the promoters (and sequences common to promoters) at a rate of 0.66 s -1. This
rate is several times slower than the binding lifetimes at non-specific locations.
Fluorescence observations were performed under low but significant DNA
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tension (~5pN). When DNA was relaxed, in a more physiological condition, the
specific binding at promoter sequences was enhanced.
In contrast, a more recent study by Wang et al. revealed no evidence for
microscopic 1D diffusion (< 0.5% of molecules). 70-RNAPs tagged with 25 nm
diameter quantum dots were visualized by TIRFM on DNA curtains that were
stretched over the surface of a lipid bilayer18. Three populations of DNA-binding
events by RNAP were found with different binding lifetimes (~0.03s, ~3s,
~6000s) associated respectively with non-specific interactions and, at
promoters regions, closed and open complexes (Fig. 2.2B). The authors suggest
that prior reports of extensive sliding may have been confounded by aggregates
of RNAPs. It was concluded that in this assay promoter search is dominated by
3D diffusion, the effect of which is further enhanced at high RNAP concentration
when the probability of a direct collision increases.

1 µm

Figure 2.2: The promoter search mechanism. A) Atomic force microscopy was applied to observe

one-dimensional diffusion of RNAP along DNA. Consecutive images (here at t=0,200,1250s) were
acquired after initial observation of the RNAP-DNA complex formation. RNAP molecules (white spot)
appeared to slide back and forth on the DNA (black line). Reproduced from Ref 16. B) DNA curtains
combined with fluorescence microscopy allowed to quantify the distribution of binding positions
along -DNA (dark blue histograms) and their binding lifetime (light blue, insets) for three kinetically
distinct populations: fast and sequence non-specific (top), intermediate at λ AT-rich regions
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(middle), and long at promoter regions (bottom). Reproduced from Ref 18. C) Schematic of the singlemolecule constructs used for CoSMos experiments. Surface-anchored DNAs (black lines) and σ54RNAP complexes are shown before and after binding. The labelling was set on the RNAP (green star),
promoter-containing DNA (blue star on DNA) and promoter-free DNA (red star on DNA). The
colocalization of the fluorophores was examined in consecutive images allowing to follow the RNAP
complex binding kinetics. Reproduced from Ref 19. D) Single-molecule tracking of individual RNAPs
enables distinction of mobile (blue) and DNA-bound molecules (red). The image shows sample
trajectories observed in vivo. Reproduced from Ref 21.

2

In line with the findings by Wang et al. for Qdot-tagged 70-RNAP, Friedman et
al. found that the enhancer dependent σ54-RNAP also approaches its target
primarily through a 3D diffusion process19. The RNAP complex was kept in
conditions such that it stays in the closed complex state, and the experiments
were performed using colocalization single-molecule spectroscopy (CoSMoS)
multi-wavelength fluorescence microscopy (Fig. 2.2C) on short surfacetethered DNA molecules of 800bp-3500bp. The study compares the binding
kinetics on promoter and promoter-free DNAs, showing that RNAP binds more
frequently and 10-fold faster on promoter DNA (with 90% of these events as
promoter-specific binding events). This observation is in conflict with the FD
model which predicts approximately identical rates of binding to promotercontaining and promoter-free DNA. Furthermore, the impact of the length of
non-specific DNA flanking the promoter sequence was tested. This experiment
revealed a significant increase of short-lived (non-specific) binding events on
DNA that was increased in length up to 3kbp, but no enhanced frequency of
closed-complex formation (i.e. long-lived events). These results suggest
facilitated diffusion does not play a significant role for 54-RNAP in the range of
tested DNA lengths near physiological salt conditions. The authors further noted
that previous studies, that showed evidence for sliding and that were conducted
with 70 at non-physiological low ionic strength, did not directly show that
sliding is followed by promoter capture.
A recent single-molecule method allows imaging labeled RNAPs in live cells by
photoactivation and subsequent localization of single fluorophores. Bakshi et al.
used superresolution fluorescence microscopy for localization and real-time
tracking of single RNAPs in the cell20. Following each localization over a
sequence of frames visualizes the trajectory of each complex. Observations
revealed four RNAP populations associated with different activity states. Subdiffusive trajectories were related to ‘slow’ RNAPs that are stably bound to DNA.
These events (~50% of the observed proteins) are RNAPs engaged in
transcription (at one of the stages among initiation, elongation, pausing, or
termination). The other half of the observed trajectories described as ‘mixedstate’, shows the interconversion of the RNAP between two states. The fast
transition between the non-specifically bound (~30%) and the free (~10%)
RNAPs occurred with an effective diffusion constant of 0.21m2/s. These
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transitions happen on the 100ms-timescale, suggesting that the time RNAPs
spend on non-specific sequences at physiological salt conditions is shorter than
what was observed in in vitro studies. Imaging conditions for observation of the
longer-lived events (7s) showed transitions between the slow and the mixedstate (stop-go or go-stop, double transitions are not clearly observed). This work
provides the first direct partitioning estimation of RNAP fractional populations
in vivo.
More recently, RNAPs were observed in a homogenous distribution across the
nucleoid and interacting with the DNA through random non-specific binding
during the promoter search process21 (Fig. 2.2D). Stracy et al. found that the
more densely packed is the DNA region, the higher is the concentration of
mobile RNAPs. RNAP can thus find promoters located throughout the nucleoid:
two populations were detected with 48% of bound and 52% of mobile RNAPs, in
agreement with Bakshi et al.20. Inducing chromosome decompaction results in
an increase of RNAPs mobility (with a 2-fold higher diffusion constant), probably
due to the movement between more distant available DNA strands. Since the
apparent diffusion constant is one order of magnitude smaller than the expected
free diffusion constant, RNAPs transiently bind to DNA and subsequently unbind
back to solution. The bound RNAP diffusion constant was measured to be
0.11m2/s and they estimated that RNAP spends 85% of its promoter search time
(30-120s) nonspecifically bound to DNA.

2.3 (II) From Closed to Open complex
After binding to a promoter and forming the closed complex (RPc), RNAP
unwinds one turn (~14bp) of DNA at the transcription start site, resulting in a
ssDNA “bubble” enclosed inside the core. Subsequently it forms the catalytically
active open complex (RPo). For this transition to occur, the RPc needs to
undergo several conformational changes that leads to the DNA relocation,
unwinding and bending within the RNAP core pocket 12. The holoenzyme is a
stretchable structure, especially the two pincers ( and ’ domains) of the clamp.
The transcription bubble was recently found to be flexible as well: it expands
upon scrunching of the DNA inside the catalytic center as the DNA is pulled in
the core, and later closes upon relaxation when it is released from the core
during the promoter escape phase22.
The first single-molecule evidence of the DNA bending during RPo formation
was reported by AFM experiments by Rees et al. for 70 RNAP23 and by Rippe et
al. for 54 RNAP, where a reduction in the DNA contour length suggested the
DNA wrapping24. High-resolution AFM, together with biochemical experiments,
was employed by Rivetti et al. to study the open complex of 70 holoenzyme at
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the PR promoter25. The AFM images showed a shortening (~30nm, ~90bp) of the
DNA contour length (in respect to free DNA) together with a bending of ~60°70° when the open complex is formed. According to these observations the DNA
wraps ~300° around the RNAP surface (Fig. 2.3A). Moreover, the inactive
complexes did not show such variations, suggesting that these conformational
changes are necessary for transcription activation. Analysis of the RPo structure
quantified the DNA wrapping to 2/3 upstream the transcription site; in this
configuration, the DNA opening would happen near the active cleft. Authors
hypothesized that the DNA wrapping has several advantages: it maximizes the
contact area between DNA and the protein (since the DNA-RNAP contact is
twice the length of the protein), therefore it could facilitate the DNA untwisting
and introduce energetic benefits to induce the promoter escape.

2

Figure 2.3. From the closed complex state to the formation of the open complex. A) AFM images

of open complexes on DNA templates with one RNAP bound (upper row) or two complexes bound
to promoters (bottom row). The impact of RNAP binding on DNA shape and length suggested the
DNA wrapping around the enzyme. Reproduced from Ref 25. B) smFRET measurements to determine
the RNAP clamp conformations during the initiation phase. The fluorescent probes were
incorporated at the tips of  and ' subunits. The picture shows conformational differences between
the open (red), closed (yellow) and “collapsed” (green) clamp states. Reproduced from Ref 27. C)
Detection of the open complex formation with smFRET. The donor and acceptor fluorophores were
placed on both sites of the transcription bubble (at -15 and +15 position). The ratio E* represents the
measured FRET that occurred upon formation of the open complex. The bottom plot shows that
upon DNA opening another conformational state is introduced in the FRET signal. Reproduced from
Ref 29.

Revyakin et al. observed the same DNA compaction by stretching torsionally
constrained DNA with magnetic tweezers while monitoring in real-time the
DNA end-to-end distance26. The magnetic-induced bead rotations allow to
introduce negative/positive superhelical turns that correspond to a linear
change in the end-to-end distance of the 4-kbp DNA tether, containing a single
promoter. Local structural rearrangements at the RNAP-DNA complex can be in

25

536987-L-bw-Marchetti
Processed on: 15-10-2019

PDF page: 37

How to switch the motor on
turn converted into a tens-of-nanometer detectable bead movement, allowing
a direct observation of DNA unwinding and compaction due to the RNAP action
in wrapping and/or bending the DNA (with a space resolution of ~1bp and ~5nm
for the unwinding and compaction observations, respectively). They quantified
a 13bp-unwinding that corresponds to the values extrapolated from DNA
footprinting, while the DNA compaction correspond to what previously
observed with AFM by Rivetti et al.25. Moreover the real-time measurements
allowed to quantify the rate of formation of the unwound complex (0.3-1s) and
the rate between unwinding and rewinding events (0.03-1s) (both consistent
with conventional experiments). The RNAP unwounding rate and the stability of
the formed complex are found to be strongly affected by the DNA supercoiling
degree. The presented DNA nanomanipulation mimic the in vivo DNA
supercoiled condition and it directly showed how RNAP activity is profoundly
affected by the DNA mechanical state.
10 years later Chakraborty et al. monitored in real-time the conformational
changes of the 70 RNAP clamp during DNA opening by employing smFRET 27.
Donor and acceptor were placed on the two pincers of the RNAP clamp ( and
’). The RNAP core and the holoenzyme were found to have three states when
free in the solution (Fig. 2.3B): the majority of molecules belong to an open
clamp with the active-center cleft wide enough to accommodate dsDNA. The
two other subpopulations were identified as a closed clamp (with a cleft able to
accommodate only ssDNA) and a “collapsed” closed clamp (insufficiently wide
for any DNA). The clamp stays open when the RNAP is in the closed complex
state and the subsequent intermediates states. At the RPo stage, RNAP unwinds
DNA in the active-center cleft and the clamp is now found in one of the closed
conformations. Direct interaction between the DNA inside the active-center
cleft and the clamp seems to induce the closure process. With NTPs in solution
the initial transcribing complex (ITC) is followed by the promoter-escape and
the complex did not reveal any structural rearrangement of the clamp during
this transition. Importantly, the stability of the open complex and of the
following elongation complex are directly related to the pincers closure stability.
In the open complex state, the RNAP enzymatic activity changes depending on
the stage of the process, possibly due to different interactions within the
promoter. This variation is connected with a flexibility in the position of the DNA
bubble in respect to the active center of the RPo (mechanistic model)28. Robb et
al. also used smFRET on freely diffusing RNAP in solution to investigate the DNA
flexibility in respect to the RNAP active site during the open complex stage 29.
This was the first experimental observation of the conformational dynamics in
the transcription bubble of the RPo (Fig. 2.3C). In this study, the FRET signal
between donor and acceptor probes was quantified for different promoter
regions: the conformational fluctuations (ms timescale) in the bubble’s apparent
length and width showed the formation of the bubble itself and a consequent
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start-site variation. The flexibility of the promoter sites was tested by
introducing sequence modifications and could hence confirm the mechanistic
model where the bubble relocation in the RPo proceeds through a DNA
scrunching mechanism.
The conformational changes of the 54 holoenzyme in the initiation steps were
characterized by Friedman et al.30 and this study provided the first quantitative
visualization of its initiation pathway. The RNAP-σ54 complex stays in the RPc
conformation until ATPase or NtrC are added to trigger the RPo formation. As a
consequence, these two conformational stages are easily controlled and
separated. The two previously unknown intermediates of unstable closed
complexes (short-lived and long-lived RPc with the latter containing melted
DNA) were found to preceed the rate-limiting step at which an enhancer
triggers the conformational change to open complex. The short-lived closed
complex is obligatory for the long-lived closed complex formation which is, in
turn, a required forerunner of the open complex. This last conformational
change requires, on average, 30 attempts of promoter binding, so most of the
time the long-lived closed complex does not mature into an open-complex.
When RNAP climbs the necessary energetic barrier (G0>+8.4kJ/mol from
ATP/GTP hydrolysis), and the NTPs are available, the open complex starts to
transcribe, after ~8s.

2

2.4 (III) From abortive initiation to promoter escape
Once the RNAP opens the DNA, the complex is ready to catalyze the formation
of the first RNA bonds, and formation of the transcription initiating complex
(TIC). The NTPs enter the catalytic center of the enzyme through the secondary
channel of RNA. Once a RNA chain is synthesized, it is extruded through the RNA
exit channel. This operation requires a conformational change consisting of
displacing the 3.2 region of the σ factor and its C-terminal region. The primary
transcription occurs while the RNAP is still bound to the promoter, and
therefore requires scrunching of the DNA within the core 31. Interestingly, most
often the process does not proceed directly to elongation, but the synthesis
aborts after forming short RNA products (~2-10 nt). The short RNA transcripts
are released from the core and the polymerase translocates backwards to
recreate again the open complex. The process of abortive initiation can be
interrupted by pauses, the duration of which depends on the length of the initial
transcript32. Finally, after multiple attempts, the RNAP synthesizes an RNA
product of 8nt or longer and successfully enters the elongation phase. The
motor unbinds from the promoter site and proceeds to move downstream the
coding sequence while continuously unwinding and opening the DNA duplex,
and simultaneous polymerizing NTPs. The number of abortive initiation cycles
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before promoter escape depends on sequences of the promoter and the initial
transcribed region33. After promoter clearance, the
factor is no longer
necessary and therefore might be released from the complex. However, the
factor can also be retained in the early elongation complex and induce
promoter-proximal pausing events34.
The initial synthesis of RNA has been extensively studied in various bulk assays
to determine the major catalytic sites, structure or mechanism 9,33,35–39.
Unfortunately, these studies did not resolve the timescale and productivity of
the abortive initiation process, the moment of promoter escape, or the
occurrence of pausing events. FRET has been the most common single-molecule
approach to study the abortive initiation to promoter escape. The method
employed relies on the observation of the RNAP translocations with respect to
DNA40. The first single-molecule results were published by Margeat et al.41.
Alternating-laser excitation and TIRFM were used to image the abortive
complexes and the process of promoter escape of immobilized complexes. This
approach allowed real-time observations of single transcription complexes in
many iterations of abortive initiation. At saturating concentrations of NTPs, the
complex spends the majority of its time in the state in which the RNAP leading
edge translocates forward relative to DNA. The RNA product synthesis and the
forward translocation of the edge was found to be fast. In stark contrast, the
dissociation of the abortive products and reverse translocation of RNAP were
relatively slow, implying this step is rate-limiting to the whole initiation phase.
In the same year Kapanidis et al. used the similar experimental methods to
observe the RNAP-active-center translocation mechanism31. Different locations
of the FRET pairs were used to validate and/or distinguish between the three
possible mechanisms of early transcription: inch-worming (detachment and
translocation of the active center only), transient excursions (translocation by 1
bp per added NTP) and scrunching (contraction of the DNA inside the active
center). smFRET experiments provided evidence for the latter model: The
scrunching model postulates net changes in the DNA unwinding within the core:
the RNAP pulls downstream DNA into itself, which requires expansion of the
transcription bubble. The authors suggest that the evidence in favor of the
scrunching model is a proof of the previously hypothesized stressed
intermediate42. Such unstable intermediate state has an elevated internal energy
that could serve as the driving force for initiation.
A parallel study published by Revyakin et al.22, used magnetic tweezers to also
look into this process. The same group had previously proven that magnetic
tweezers can detect changes in DNA end-to-end distance that correspond to
unwinding of 1bp or compaction of 5nm of DNA26 (Fig. 2.4A). Again, the model of
translocation that corresponded to the observed results was the scrunching
mechanism. Observation of positively and negatively supercoiled DNA allowed
evaluation of the compacting and unwinding forces; the results demonstrated
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the existence of an obligatory stressed intermediate with approximately one
turn of DNA unwinding. The scrunching of the DNA requires breakage of a basepair interaction and the synthesis of an RNA product of >2 nt long. The free
energy from one hydrogen bond is ~2 kcal/mol per bp 43, thus it is possible that
at a typical promoter a total of ~14 to 18 kcal/mol of energy is accumulated in
the stressed intermediate. This energy is relatively high in respect to the free
energy involved in the RNAP-promoter interaction (~7-9 kcal/mol) and in the
RNAP-σ70 complex formation (~13 kcal/mol), therefore it could be the energy
needed for transition to the elongating complex44,45. Interestingly, scrunching
was also observed for productive initiation, when the more stable elongation
complex has been formed: 80% of the RNAPs scrunched DNA for >1s. The
compaction probably occurs in all or nearly all transcription cycles and may be
obligatory for the promoter escape.

2

A recent study using smFRET was published by Duchi et al.46. Contrarily to the
previous FRET studies that were limited by low temporal resolution and short
observation times, this study allowed the observation of RNAP pausing during
initial transcription (Fig. 2.4B). Authors report highly stable scrunched states
and pausing, and evidence for relaxation of the complex by RNA backtracking
during abortive initiation. The major determinant that stabilizes the complex is
σ70 region 3.2 that partially occupies the RNA exit channel. The RNA clashes with
this sigma loop once the first 5-6 nt are transcribed, while ~20 s pauses occur
when RNA is already 6-7 nt long. The backtracked RNAP cannot perform
synthesis since the active site is blocked by the 3' end of the RNA (which can
later lead to loss of the RNA). Interestingly, the results also revealed another
pause, right before the promoter escape. At that point the maximal scrunching
is expected to be reached, therefore the pause could be related to the
destabilization of contacts between sigma region 4 and -35 promoter element,
and complete displacement of the 3.2 region from the RNA exit channel. The
proposed initiation model assumes that pausing is controlled by modulation of
the 6 to 7 nt RNA transition. The formation of a 7-mer transcript stabilizes the
TIC and triggers translocation.
Finally, a recent paper by Lerner et al.32 reports the occurrence of backtracked
pausing as well. The study used smFRET kinetic assays and magnetic tweezers
to investigate backtracking pausing that can occur at different stages of initial
transcription. The smFRET study revealed diverse kinetics of pausing dependent
of the RNA length: the exit kinetics of RNAP for 4, 6 or 7-mer was slower than
for 2nt long RNA, which was in turn similar to the promoter clearance kinetics
(RNA of 11 nt). The magnetic tweezers experiments focused on the pausebacktracked intermediate and the effect of stress-like conditions. The
population of paused complexes decreases in response to an induced imbalance
in NTPs concentration. Authors proposed a modified transcription model: with
the addition of a “slow abortive release” pathway that can occur when the 7 th
nucleotide is incorporated. After the complex enters the paused-backtracked
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state it can either proceed to translocate to the open complex with slow
backtracking steps, or cleave off the RNA chain within the secondary channel.
This can result in ITC complex with 5nt, that can either release the abortive
product or restart the polymerization.

Figure 2.4. Experimental approaches to study the abortive initiation and promoter escape

processes. A) Magnetic tweezers experiments allow real-time manipulation of single DNA
molecules. By rotating the beads attached at one end of the DNA tether a promoter-containing DNA
was supercoiled. Subsequently, the unwinding by RNAP at the promoter could be monitored since
it induces gain or loss of supercoils (depending on the coiling direction). A quantification of the endto-end distance of the DNA allows detection of single unwinding turns (56 nm). Reproduced from
Ref 22. B) smFRET study of surface-immobilized RNAP complexes. The initial FRET efficiency in the
open complex (left) is low; when NTPs are added, the DNA scrunching within the core moves the
acceptor (red) towards the donor (green) corresponding to a FRET efficiency increase. Reproduced
from Ref 46.
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2.5 Discussion
Single molecule methods have contributed significantly to our understanding of
bacterial transcription. Here, we reviewed in particular those studies that have
addressed the initiation process of transcription, with focus on (I) promoter
search, (II) closed to open complex formation, and (III) abortive initiation and
promoter escape.

2

In promoter search studies, conflicting in vitro datasets continue to fuel
controversy regarding the impact of facilitated diffusion on the rate of promoter
binding. Despite exquisite abilities of single-molecule methods to qualify and
quantify 1D and 3D search processes15–19, the required artificial in vitro
conditions are a potential source of controversy. A key question is to what
extent facilitated diffusion and 1D-sliding along DNA contribute to promoter
approach processes in vivo. Chapter 3 of this thesis describes our singlemolecule study aiming to resolve the promoter-search controversy by
visualizing single RNAP molecule sliding along optically trapped DNA molecules.
In vivo (superresolution) fluorescence microscopy studies now start tackling
these questions, yielding quantitative clues, such as the relative cellular
populations of RNAP of different mobilities20,21, that link our in vitro
understanding to the realistic situation in vivo.
Several experiments have aimed to analyze the conformational dynamics during
transcription, which is of particular significance during the series of events that
make up transcription initiation. Conformational intermediate states, both of
RNAP and of DNA, free in solution or in complex, have been observed and
quantified directly25–27,30. A key challenge is to now connect these
conformational states and their dynamic interconversion to motions and
activity of the binding partners during promoter approach. What are the
conformational dynamics while binding, unbinding, and/or sliding along nonspecific DNA? Can we resolve these conformational intermediates during
transitions from closed to open complex?
The last phase of initiation can be considered to be abortive initiation and
promoter escape. Here, evidence for stressed intermediates and scrunching of
DNA inside the RNAP were found, as well as for paused, backtracked states
during the initial RNAP synthesis31,32,41,47. Traditionally, the primary role of σ
factors is considered to be in promoter recognition. Recent single-molecule
analysis however revealed that sigma factors can be retained after promoter
escape, with possible regulatory consequences for the elongation phase of
transcription.
In summary, single-molecule studies have exposed molecular mechanisms,
conformational intermediates, and dynamic activities during the initial phases
of transcription initiation as reviewed here for bacteria, as well as for
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eukaryotic48–52 and phage53–58 systems. More work is now needed to connect
knowledge of conformational dynamics to knowledge of molecular motions and
activities, perhaps even observing conformation and molecular location and
activity concurrently on long DNA molecules representative of genomic DNA.
Such integrated knowledge is functional to enhance our fundamental
understanding of transcription and for continued studies on how transcription
is affected and regulated by the many biophysical and biochemical cues in the
cell. Furthermore, this understanding is accelerating the discovery of new drugs
by redefining diseases at the molecular level 59. A final hurdle is to link the
detailed in vitro datasets to those acquired in the complex and crowded
environment in vivo. The field is now seeing encouraging steps toward this goal
as exemplified by the exploitation of quantitative superresolution analyses of
transcription in living cells. The fields of single-molecule analysis and cell
biology are thus well on their way to jointly resolve how to switch the motor on
during transcription initiation.
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Abstract
The search for a promoter on DNA by RNA polymerase (RNAP) is an obligatory
first step in transcription. The role of facilitated diffusion during promoter
search has been controversial. Here, we re-assessed facilitated diffusion in
promoter search by imaging motions of single molecules of Escherichia coli
RNAP σ70 holoenzyme on single DNA molecules suspended between optical traps
in a manner that absolutely avoided interactions with surfaces. The assay
enabled us to observe unambiguous one-dimensional sliding of RNAP 70
holoenzyme for thousands of DNA base pairs during promoter search. Analysis
of binding kinetics revealed short binding events on nonspecific DNA (0.4 s),
intermediate binding events on A/T-rich DNA (1.6 s), and long binding events at
or near promoters (>300 s). We estimate a lower bound for the "diffusion
facilitation threshold" – the RNAP concentration at which three-dimensional
search and one-dimensional sliding contribute equally to promoter binding – of
0.2 M RNAP. The results suggest facilitated diffusion occurs in promoter search
by RNAP, even at the relatively high, 0.2-0.6 M, concentrations of RNAP in cells.
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3.1 Introduction
In living cells, the enzyme RNA polymerase (RNAP) is responsible for RNA
synthesis. Bacterial RNAP holoenzyme comprises RNAP core enzyme, which
catalyzes RNA polymerization, and the transcription initiation factor , which
mediates recognition of specific DNA sites, termed "promoters," preceding
genes. The rate of promoter binding is an obvious target for regulation of gene
expression. This rate is determined by the "promoter-search" mechanism,
which, in principle, may include three-dimensional (3D) molecular motions
through bulk solvent, one-dimensional (1D) molecular motions along DNA, or
both1–3.
The mechanism of promoter search mechanism by RNAP holoenzyme has been
controversial4–7. Early studies, conducted both at the ensemble level and at the
single-molecule level, reported that RNAP holoenzyme can move long distances
along DNA by 1D sliding2,4,5,8,9, supporting the notion that facilitated diffusion
contributes to promoter search. However, recent studies by Wang et al. and
Friedman et al.6,10, conducted at the single-molecule level, observed little or no
1D sliding. The study of Wang et al. entailed imaging movements of Escherichia
coli RNAP holoenzyme containing the primary  factor, 70, responsible for
transcription initiation at most promoters, on surface-bound "DNA curtains"6;
the study of Friedman et al. entailed fluorescence-colocalization imaging
(CoSMoS) of E. coli RNAP holoenzyme containing the structurally and
mechanistically distinct alternative  factor, 54, which is responsible for
transcription initiation at promoters of genes required for response to nitrogen
starvation10. The difference between the results of the early studies and the
results of Friedman et al.10 readily can be explained by the analysis of different
E. coli RNAP holoenzyme derivatives: the early studies analyzed RNAP
holoenzyme containing the primary  factor, 70, whereas Friedman et al.
analyzed RNAP holoenzyme containing the alternative  factor, 54 10. In
contrast, the difference between the results of the early studies and the results
of Wang et al.6 is difficult to explain, but potentially could reflect artefactual
restrictions on DNA sliding by RNAP holoenzyme arising from non-native
interactions between DNA and surfaces, and/or non-native interactions
between RNAP holoenzyme and surfaces, in the surface-bound DNA curtains
analyzed in Wang et al. 6.

3

In this work, we sought to elucidate definitively the mechanism of promoter
search by E. coli RNAP 70 holoenzyme. We employed a single-molecule
approach that enabled real-time, direct investigation of binding kinetics,
binding locations, and mobility of individual RNAP 70 holoenzymes on DNA and
that, crucially, completely avoided non-native interactions between DNA and
surfaces and non-native interactions between RNAP holoenzyme and surfaces.
We observe unambiguous 1D sliding of RNAP-70 holoenzyme on DNA – 1D
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sliding for thousands of DNA base pairs – during promoter search. Our results
establish that facilitated diffusion can occur in promoter search and define
kinetic parameters that suggest facilitated diffusion occurs in promoter search
even at the relatively high concentrations of RNAP 70 holoenzyme in cells (0.20.6 M; 12, 13).

3.2 Results
Real-time observations of single molecules of RNAP 70 holoenzyme binding
on DNA. We employed optical tweezers to hold single DNA molecules
suspended between two optically trapped beads, such that the DNA and bound
RNAP 70 holoenzyme were completely free of surface interactions13.
Concurrent beam-scanning confocal microscopy (Fig. 3.1A) allowed us to
visualize single molecules of Cy3B-labelled RNAP 70 holoenzyme bound to the
DNA, in real-time14. Representative consecutive confocal line-scans along the
DNA were displayed as kymographs14,15, enabling analysis of binding dynamics
(Fig. 3.1C). DNA binding events of Cy3B-labelled RNAP 70 holoenzyme were
visible as lines of elevated intensity above a background signal arising primarily
from free Cy3B-labelled RNAP 70 holoenzyme in solution. In these experiments,
optical tweezers provided control of DNA tension. Most kymographs were
acquired at 1 pN tension; some kymographs were acquired at 5 pN tension,
yielding similar results (quantification below and in SI). Kymographs were
processed through single-molecule tracking to acquire information on the
intensity, duration, location, and mobility of the fluorescently labeled RNAP14,15.
The imaging parameters, including excitation intensity and line-scan rate, were
optimized for a time-resolution of 90 ms. At these imaging settings, the
trajectories exhibit single-step bleaching, a hallmark of single-molecule
detection. The average photobleaching time of DNA-bound Cy3B-labelled RNAP
70 holoenzyme was found to be 15 s (SI). All results were corrected for
photobleaching. Photobleaching furthermore allowed calibration of the peak
intensity of a single-dye (3.3±0.5 photons, see Fig. 3.1B and SI). Calibrated
fluorescence intensities were used to assess binding stoichiometry, allowing the
conclusion that the majority of observed DNA binding events represent single
molecules of RNAP 70 holoenzyme (Fig. 3.1B). A minority of events was excluded
from further analysis because their fluorescence intensity was indicative of
multimeric or aggregated RNAP (Nexcluded = 134 events of Ntot = 2600).
A first inspection of kymographs revealed non-diffusive RNAP binding events
("immobile events"), as well as 1D-diffusive RNAP binding events (Fig. 3.1C, inset
i and ii). Extensive 1D-sliding was observed (Fig. 3.1C) and was found to be even
more pronounced at lower Mg2+ concentration Fig. S3.3). 1D-sliding is further
discussed below (see section "RNAP performs long-range 1D-sliding on DNA").
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The observed 1D sliding did not correspond to transcription elongation, since
the 1D sliding root mean-square displacement greatly exceeded that of
transcription elongation under identical imaging conditions (Fig. S3.4; SI).

3

Fig. 3.1. Single-molecule assay and experiments. (A) Schematic illustration of the assay showing a

-phage DNA molecule tethered between two microbeads (grey), in the presence of Cy3B-labelled
RNAP 70 holoenzyme (green). A confocal excitation laser (light green) is scanned along the DNA to
excite and image Cy3B-labelled RNAP 70 holoenzyme, and two trapping lasers (red) trap the
microbeads. (B) Distribution of initial peak intensities of Gaussian fits to confocal fluorescence linescans across RNAP binding events detected at 1 pN DNA tension. Inset: distribution of single-step
photobleaching intensities, used for calibrating single-molecule fluorescence intensities. Dotted
line shows a gamma distribution fit to the data. (C) Bead-DNA-bead "dumbbell" (left) and kymograph,
acquired by 1D scanning along the DNA, of single RNAP binding events (right; scale bar: 1m x 5s).
Inset i: example of a single 1D-diffusive RNAP binding event. Inset ii: example of a single immobile
and a 1D-diffusive RNAP binding event. Scale bar: 0.6m x 2s.

RNAP binding events show sequence-dependent kinetics. By correlating
RNAP binding and RNAP unbinding rates to locations along DNA, we confirmed
previous reports5,6,16 that RNAP DNA binding and unbinding kinetics are
sequence-dependent. The frequency of observed DNA binding locations
exhibited a characteristic asymmetric binding pattern along the analyzed
bacteriophage- DNA (Fig. 3.2A), correlating with the A/T-content along the
DNA (red line in Fig. 3.2A).
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For the subsequent analysis of binding lifetimes, we imposed a minimum event
duration 0.27 s (corresponding to 3 lines of 90 ms duration; see Methods) in
order to minimize the chance of false-positive event detections in noisy
kymographs. The cumulative distribution of event durations (Fig. 3.2B) could not
be fitted with single- or double-exponential decay functions, but could be fitted
satisfactorily with a triple-exponential function (Fig. 3.2B inset), indicating there
are three distinct subpopulations of binding events, each with a characteristic
lifetime and association rate (Table 1). At 1 pN, we distinguished a short-lifetime
subpopulation (t1 = 0.37 s) comprising the majority, 53±3%, of binding events, an
intermediate-lifetime subpopulation (t2 = 1.55 s) comprising 34±3% of binding
events, and a long-lifetime subpopulation (t3 = 22.5 s) comprising 13±6% of
binding events. Since t3 was considerably longer than the mean photobleaching
time (22.5 s vs. 15 s), t3 was deemed a lower bound on the actual lifetime of the
long-lifetime subpopulation (i.e. 22.5 s; see below). The characteristic event
lifetimes (i.e., t1, t2, t3) measured at 5 pN DNA tension were directly comparable
to those measured at 1 pN (Table 1 and Fig. S3.6).
Finally, we analyzed association rates per DNA molecule using event
frequencies. The average association rates (corrected for missed events, SI) at 1
pN for t1, t2, and t3 events at 1 pN tension were, respectively, 1.2·108 M-1s-1, 0.8·108
M-1s-1, and 0.4·108 M-1s-1, in line with observations by Harada et al.5. Slight
differences between association rates at 1 pN and 5 pN were observed that likely
are attributable to tension-dependent kinetics and/or a tension-dependent
signal-to-noise ratio (see further discussion below).

RNAP binding lifetimes correlate with binding locations. To elucidate the
identities of the three subpopulations of binding events, we inspected potential
correlations in the spatial and temporal information of DNA-binding events. To
this end, we divided events into three groups based on binding lifetimes (short,
t ≤ 0.60 s; intermediate, 0.61 ≤ t ≤3.0 s; and long, t ≥ 3.1 s), according to the
percentage of events (%) belonging to each subpopulation given by singleexponential fits, and mapped out binding locations along the DNA (Fig. 3.3A).
Although a complete separation of the three underlying subpopulations based
on event duration was impossible, due to overlap in the exponential-lifetime
distributions of subpopulations, clear trends were observed. The binding
pattern of the long and intermediate events showed strong correlation with the
local A/T-content of the DNA. In contrast, the binding pattern of the short
events showed little or no correlation with the local A/T-content, indicative of
non-specific binding. The most inhomogeneous binding pattern was observed
for the longest-lifetime events. We propose that the longest-lifetime events are
related to specific binding to promoter sites, which are located in regions of high
local A/T-content (Fig. 3.3B). This proposal is supported by the observation that
the cumulative binding time per location for all events exhibits peaks that
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correlated with the ten known RNAP-70-dependent promoter sites on  DNA
17–21
(Fig. 3.3B, upper plot). The longest-lifetime events were limited by the rate
of photobleaching. Accordingly, a second set of experiments was performed at
lower time resolution in order to obtain slower bleaching rates. In this second
set of experiments, the cumulative binding time for the longest-lifetime events
correlated even more strongly with the ten known RNAP-70-dependent
promoter sites on  DNA (Fig. 3.3B, bottom plot).

3

Fig. 3.2: Binding locations and binding kinetics. (A) Histogram of locations of binding events along

48.5 kb -phage DNA, measured at 1 pN (N = 2466) . The number of observed RNAP binding events
correlates with local A/T-content (red line). (B) Normalized cumulative distribution function (CDF)
of binding lifetimes of DNA binding events, measured at 1 pN (N = 2466). The solid line is the fit of
triple-exponential function (see Methods). The inset shows the CDF data and the three singleexponential functions (green, blue and red line corresponding to populations with average lifetimes
t1, t2, and t3, respectively) that make up the corresponding triple-exponential fit.
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Fig. 3.3: Position-dependence of binding kinetics. (A) Histogram of numbers of binding events as

a function of binding positions along  DNA, for three groups of event duration: short (t ≤ 0.60 s,
green), intermediate 0.61 ≤t ≤ 3.0 s (blue), and long (t ≥ 3.1 s, red). (B) Cumulative binding lifetime as
a function of binding location along  DNA. Top plot: data recorded at high-temporal-resolution,
high-photobleaching-rate conditions (black). Bottom plot: data recorded at lower-temporalresolution, lower-photobleaching-rate conditions (dark blue). Arrows and vertical lines indicate
locations of the 10 known RNAP-70-dependent promoters in  DNA17–21.

RNAP performs long-range 1D sliding on DNA. We further analyzed observed
diffusive events to gain insight into potential contributions of 1D sliding to
promoter binding (see example in Fig. 3.1C). A threshold event duration of tcutoff
(see Methods) was invoked to ensure that the average displacement due to 1D
diffusion within this time was sufficiently large to be attributed to true motion
along the DNA, rather than to artefacts of position errors, such as longitudinal
thermal fluctuations of the DNA (~34 nm RMS at 1 pN) and experimental
localization precision (~30 nm RMS at 250 nm FWHM diffraction-limited
resolution and average of 13 photons per localization). With this threshold event
duration, the 1D-diffusive events were found to constitute 15.5% of events longer
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than tcutoff (NDiff/Nt>tcutoff = 133/860) and 5.1% of all events. The average dwell
time calculated from a single-exponential fit to the cumulative lifetime
distribution of 1D-diffusive events with t > tcutoff was 1.8 s (Fig. 3.4A, upper plot).
The corresponding average 1D-sliding range was 400 nm, which equates to 1.2
kbp (Fig. 3.4A, bottom plot). Performing a mean square displacement analysis 15,
we obtain a 1D diffusion constant for DNA-bound RNAP of 4.7·10-14 m2/s,
independent of DNA tension (Fig. 3.4B and Table 1). This value is as expected for
rotation-coupled diffusion22 of RNAP along the helical structure of DNA (~10 -14
m2/s). Interestingly, the experimentally determined 1D diffusion constant
suggests that RNAP experiences a relatively large, ~2kbT, average roughness in
its sliding energy landscape (SI, further discussion below).
Facilitated promoter search. Having observed that RNAP undergoes long-range
1D-sliding along the DNA, we sought evidence for facilitated diffusion – i.e. 1D
sliding followed temporally by promoter binding. Unfortunately, unambiguous
direct monitoring of individual facilitated diffusion events was not possible, due
to noise in the position data and the stochastic nature of 1D-diffusion. As an
alternative to direct monitoring of individual facilitated diffusion events, we
compared mean 1D-sliding distances for promoter-containing vs. promoterfree regions of the phage  genome. We made use of the fact that phage 
genome contains multiple micrometers-long stretches of DNA devoid of
promoters (Fig. 3.3B). We reasoned that, in promoter-free regions, mean 1Dsliding distances should be unperturbed by promoter binding, whereas, in
promoter-containing regions, mean 1D-sliding distances should be reduced by
promoter binding. We find that the mean sliding distances, corrected for event
durations, are >2-fold greater in promoter-containing regions (0.12±0.06 kbp/s)
than in promoter-free regions (0.27±0.05 kbp/s) (Fig. 3.4C), indicating that
facilitated diffusion contributes to promoter binding under the conditions
analyzed.

3
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Fig. 3.4: Analysis of RNAP 1D-sliding. (A) Cumulative distribution function and single-exponential
fit of binding lifetimes and correspondent travelled distance (kbp) of subset of sliding events with t
> tcutoff, as indicated by grey background. (B) Histogram of diffusion constants obtained from meansquare-displacement analysis and corresponding Gaussian fit of individual tracked events with t >
tcutoff. (C) Histograms of sliding range per unit time calculated for sliding events with t > t cutoff that
have start and end positions in promoter-free (top, white) or promoter containing (bottom, dark
grey) regions of  DNA.
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3.3 Discussion
We investigated the promoter-search dynamics of RNAP σ70 holoenzyme in real
time at the single-molecule level. Our data confirm previous findings that RNAP
σ70 holoenzyme exhibits sequence-dependent DNA binding kinetics5,6. Binding
events could be divided into short non-specific binding events, longer binding
events on A/T-rich DNA, and longest binding events on promoter DNA, in line
with previous results5,6. Imaging with lower temporal resolution in order to
obtain lower photobleaching rates, we showed that the longest events have
lifetimes >100-1000 s and occur at promoter sites, characteristic of RNAPpromoter transcription initiation followed by transcription elongation
complexes. Indeed, directed motion characteristic of transcription elongation
can be observed for such long events (SI).

3

DNA tension is found to affect RNAP association rates, rather than the
dissociation rates. More specifically, at 5 pN tension, we observe an apparent
elevation of the association rate for nonspecific DNA and a slight reduction of
the association rate for promoter DNA, compared to binding at 1 pN. The latter
result confirms the tension-dependent reduction of promoter binding observed
by Harada et al.5 and is reminiscent of the observed tension-dependence of
promoter binding for the structurally unrelated bacteriophage T7 RNA
polymerase observed by Skinner et al.23. We attribute the apparent elevated
association rate for short lifetime events at non-specific DNA to enhanced
signal-to-noise ratios at high tension, due to suppressed motions of DNA
molecules resulting in reduced motion blurring of fluorescence images14,24.
A striking feature of our data is the demonstration of long-range 1D sliding along
DNA by bound RNAP 70 holoenzyme (Figs. 3.1C, 3.4). We are confident these
sliding events involve single molecules of RNAP 70 holoenzyme, because we
excluded data from aggregates of RNAP 70 holoenzyme based on the calibrated
fluorescence intensities (see SI). The average sliding time in our data is 1.8 s, and
the average covering distance travelled is 1.0-1.2 kb. Mean-square-displacement
analysis yielded a 1D diffusion constant of 4.7·10-14 m2/s, in excellent agreement
with findings of Harada et al. (5; estimated to be on the order of 10-14 m2/s) and
in agreement with expectation for rotation-coupled 1D diffusion of RNAP
around the helical pitch and along the helix axis of DNA (23; 10-14 m2/s). Our
analysis of 1D sliding events was restricted to events longer than t cutoff = 1.9 s. It
seems likely that shorter events, which were excluded in our sliding analysis by
the cutoff time, also exhibit 1D sliding through rotation-coupled diffusion.
Assuming the same diffusion constant, D, of 4.7·10 -14 m2/s, the average lifetime
of short-lifetime binding events (0.3 s) would imply an average sliding range of
500 bp for short-lifetime binding events. This sliding range is consistent with
sliding ranges of 300 bp and 440 bp reported in early studies4,5.
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Our observation of unambiguous 1D-sliding by RNAP 70 holoenzyme contrasts
sharply with results of Wang et al.6, who failed to detect 1D-sliding in a surfacetethered DNA-curtain assay, even though their range of salt conditions
overlapped ours. We tentatively attribute their failure to detect 1D sliding to
their use of an experimental design that imposed two sets of non-native
constraints on 1D sliding, particularly rotation-coupled 1D sliding22: (i) nonnative hydrodynamic drag by the nanoparticle used to label RNAP in their
experiments [diameter = 26 nm 6; ~2x diameter of RNAP25], and (ii) non-native
surface interactions by DNA, RNAP, and the RNAP-conjugated nanoparticle
within the surface-tethered DNA curtains used in their experiments [mean
distance between DNA and surface = 15 nm 6; ~1x diameter of RNAP and ~0.6x
diameter of RNAP-conjugated nanoparticle]. Wang et al.6, employed an
experimental design that magnified the hydrodynamic drag on RNAP and that
required RNAP and an RNAP-conjugated nanoparticle to thread through a gap
between DNA and surface that averaged just ~1x the diameter of RNAP and just
~0.6x the diameter of the RNAP-coupled nanoparticle in each 10 bp of rotationcoupled 1D sliding. Further evidence for non-native surface interactions in
Wang et al.6 is found in the lifetime of the shortest binding events observed by
Wang et al. (0.03 s), which is < 1/10 the lifetime of the shortest binding events
observed in the absence of surface interactions (0.37 s; Table 1).
What can we finally conclude regarding the relevance of facilitated diffusion for
promoter search? Does 1D sliding contribute to promoter binding? Our data are
consistent with 1D-sliding contributing to promoter binding. A theoretical
model of facilitated diffusion of Slutsky26 suggests that proteins that undergo
facilitated diffusion exhibit at least two DNA binding modes: a search mode with
weak protein-DNA interaction (~1-2 kBT), and a recognition mode at the specific
site with a protein-DNA interaction energy (> 5 kBT). Based on analysis of our
data in terms of rotation-coupled 1D diffusion, we estimate an interaction
energy difference between 1D-sliding and long events that is indeed ≥ 3 kBT
higher for a recognition mode (SI), in agreement with Slutsky26. Interestingly,
the observed average roughness of the sliding energy landscape, ~2 kBT (SI), is
relatively high compared to roughness values found for other DNA-binding
proteins by Blainey et al. (between 0.75 and 1.35 kBT;23). We attribute this
relatively high roughness value to the unusually large length of the DNA segment
sequence-specifically contacted by RNAP 70 holoenzyme (up to ~120 bp;28)
and/or to the unusually large number of distinct, functionally independent,
sequence-specific DNA binding modules present in RNAP 70 holoenzyme (up to
six distinct, functionally independent, sequence-specific DNA binding modules:
CTDI,, CTDII, 70 region 4, 70 region 3, 70 region 2, 70 region 1.2, and 
pocket;28).
Finally, our data on DNA binding kinetics allows us to estimate the "facilitation
threshold concentration" C0, the RNAP concentration at which the rate of
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promoter binding due to 3D diffusion equals that due to facilitated 1D diffusion.
To obtain a lower bound for the facilitation threshold, we use the intermediate
event lifetime  = t2 and find that C0  0.2 M (see SI). Strikingly, this facilitation
threshold concentration is comparable to, or even larger than, the intracellular
concentration of RNAP 70 holoenzyme in E. coli of 0.2-0.6 M11,12. Thus our
results suggest that facilitated 1D diffusion plays significant roles at RNAP 70
holoenzyme concentrations in cells. It should be noted that our in vitro system
is drastically simplified compared to the in vivo situation, where molecular
crowding, roadblock proteins on DNA, and other factors are likely to affect both
3D diffusion and facilitated 1D diffusion. Nevertheless, the finding that the
facilitation threshold concentration equals or exceeds the concentration of
RNAP 70 holoenzyme in vivo makes it tempting to speculate on effects of
facilitated 1D diffusion on transcription rates in vivo, and, in particular, tempting
to speculate that stochastic or environment-induced fluctuations in
concentrations of RNAP 70 holoenzyme in vivo could be "buffered" around the
facilitation threshold concentration, with concentrations of RNAP 70
holoenzyme above the threshold resulting in lower efficiencies of promoter
search, and concentrations of RNAP 70 holoenzyme below the threshold
resulting in higher efficiencies of promoter search.

3

Table 1. DNA binding parameters obtained from analysis of RNAP binding events at DNA tension
of 1 pN and 5 pN. Association rates are corrected to include missing events with lifetimes shorter
than the tmin (see Methods).

* Because the value of t3_long exceeds the photobleaching time of 15 s, t3_long should be considered a
lower bound on the actual lifetime of the long-lifetime subpopulation; † data acquired at low time
resolution to obtain a reduced bleaching rate and thus a longer dissociation time (less limited by
photobleaching). ** Since the value of t†3 is not corrected for photobleaching, t†3 should be
considered as a lower bound on the actual lifetime of the long-lifetime subpopulation.
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3.4 Material and Methods
Proteins, DNA, and buffers. For experiments in Figs. 1-4, S1-S2, and S4-S6, Cy3B-labeled E.
coli RNAP 70 holoenzyme (Cy3B incorporated at position 284 of RNAP ' subunit; labeling specificity
>90%; labeling efficiency ~90%) was prepared by unnatural-amino-acid mutagenesis of a gene
encoding RNAP ’ subunit to incorporate 4-azidophenylalanine at position 284 of ' as described28,29,
followed by azide-specific Staudinger ligation to incorporate Cy3B at position 284 of the resulting '
derivative as described 28,29, followed by core-enzyme reconstitution using the resulting Cy3Blabelled ' derivative and RNAP , FLAG-αNTDI-αNTDII, and  subunits as described 28,29, followed by
holoenzyme reconstitution by combining the resulting Cy3B-labeled core enzyme derivative and 4
mole equivalents of 70 in imaging buffer (20 mM Tris-HCl pH, 50 mM KCl, 4 mM MgCl2, 1 mM
dithiothreitol, 1 mM ATP, 1 mM CTP, 1 mM UTP, and 0.25 mM GTP) for 30 min at 30C. For
experiments in Fig. S3, Cy3B-labeled E. coli RNAP 70 holoenzyme (same labeling site, same labeling
specificity, and same labeling efficiency) was prepared in the same manner, but replacing
FLAG-αNTDI-αNTDII by FLAG-αNTDI-αNTDII-HaloTag [prepared in the same manner as
FLAG-αNTDI-αNTDII, but using plasmid pET28a-FLAG-αNTDI-αNTDII-HaloTag, constructed from
plasmid pET28a-FLAG-αNTDI-αNTDII by inserting a SpeI site (ACTAGT) and a HaloTag coding
sequence (nucleotides 169-1059 of plasmid pH6HTC His6HaloTag T7 vector; Promega, Inc.; Genbank
JN874647) immediately upstream of the stop codon of the FLAG-αNTDI-αNTDII coding-sequence.
Bacteriophage  DNA, 48.5-kbp long, was biotinylated as described previously 30. Streptavidincoated polystyrene beads (diameter 1.9 m, SpheroThec) were optically trapped in a flow of PBS
buffer inside a multichannel laminar-flow system. By moving the flow cell perpendicular to the flow
direction, trapped beads are subsequently immersed in an adjacent flow lane containing -DNA in
PBS, where single DNA molecules are tethered between the two beads. The DNA is mechanically
characterized in imaging buffer containing 0 or 5 nM Cy3B-labeled RNAP 70 holoenzyme at 23C.

Optical trapping and fluorescence microscopy. The experiments were performed on

a custom-built instrument that combines dual-trap optical tweezers with beam-scanning confocal
fluorescence microscopy, as described previously 14.

Single-molecule force-fluorescence assay. DNA-bound Cy3B-labeled RNAP was
imaged by beam-scanning confocal microscopy as described previously 14. Kymographs are acquired
by scanning a 542 nm excitation laser spot (86 W before objective) along the optically stretched
DNA with a pixel dwell time of 0.02 ms, pixel size 75 nm, and line-to-line time of 30 ms. In the
bleaching study the line-to-line time was varied between 30ms – 90ms. See also SI.

Kymographs Time-Spatial resolution. In order to reduce fluctuations in the background
signal associated primarily with proteins that are freely diffusing in solution, we sum the photon
counts acquired at each position over three subsequent line scans resulting in a reduced temporal
resolution of 90ms. Furthermore, binding events shorter than three of such summed lines (i.e. t <
270 ms) are excluded from analysis.

Determination of minimum event duration for analyzing 1D diffusion. A first

estimate of the diffusion constant was obtained from an initial subset of diffusive events with event
duration longer than 3s. This minimum event duration was chosen because over such long time
interval, the displacements of the random walk of the RNAP are sufficient to unambiguously identify
1D-diffusive behavior from a visual inspection of the kymographs. Based on the mean-squared
´
displacement of this subset of diffusive traces, we calculated the diffusion constant 𝐷1𝐷
as explained
previously15. Based on this first estimate of the diffusion constant, we then refined the event duration
threshold for analyzing diffusive traces by calculating the time after which the average displacement
´
of a random walk with 𝐷1𝐷
equals the typical point-spread function of our confocal microscope of
〈𝑥 2 〉

300 nm, yielding a refined cutoff time of ∆𝑡𝑐𝑢𝑡𝑜𝑓𝑓 =
, where x is the size of our point spread
2𝐷
function (~300 nm). This yields ∆𝑡𝑐𝑢𝑡𝑜𝑓𝑓 ≈ 1.9 s. Finally we selected only diffusive traces, for which
∆𝑡 ≥ ∆𝑡𝑐𝑢𝑡𝑜𝑓𝑓 .

Correction of diffusion constant for changes in relative DNA extension: The

diffusion constant directly extracted from the MSD analysis 𝐷𝑀𝑆𝐷 were corrected for the end-to-
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end distance 𝐿𝑒 of the DNA at the two different forces used: at 1 pN is 13.3 m and at 5 pN is 15.4 m.
D
The corrected diffusion constant is D = MSD
, where 𝐿𝑐 is the -phage DNA contour length (16.49
⁄
m).

Le Lc
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3.5 Supporting Information
Intensity calibration. For analyzing the DNA-binding stoichiometry, the fluorescence intensity

collected from one dye (intensity calibration) was estimated by quantifying the bleaching steps
exhibited by multi-dyes events, which yielded a peak intensity (amplitude of a Gamma distribution
fit to the intensity profile) of 3.3±0.5 photons per dye, see Fig 3.1B inset, in the main text. This value
of the intensity of a single dye is compared to the initial intensity of the observed DNA-binding
events, which is plotted in a histogram (Fig. 3.1B). The initial intensity exhibits a single peak of
average intensity of 3.6±0.3 photons, in excellent agreement with the intensity of a single dye. We
conclude that no oligomers of RNAP are present in our analyzed data. To nevertheless exclude rare
RNAP multimers from our analysis, we only used traces with an initial intensity within two standard
deviations obtained from the fit.

Bleaching study. In this study we identify DNA-bound proteins using single-molecule
fluorescence. Association and dissociation of proteins can be identified through analysis of
trajectories with elevated fluorescence intensity in a kymograph. However, the ending of such a
trajectory can relate to dissociation, but also to photo-bleaching of the fluorophore. For a correct
analysis, we first quantified after how much time, on average, the used dye Cy3B bleaches under our
experimental conditions. To this end we studied the DNA-interaction lifetimes of our labeled-RNAP
for three different values of the line-to-line time tF (30 ms, 60 ms, 90 ms). We expect to observe
longer traces for a longer tF, due to reduced fluorescence exposure. The observed time t0 (calculated
as the exponential decay time constant from a statistics on the interaction lifetimes) was calculated
and analyzed as function of the corresponding line-to-line time. The resulting linear relation (Fig.
S3.1A) allowed to distinguish between the observed time, the protein real interaction time, and the
photo-bleaching time (as number of frames before photo-bleaching occurs). The latter value was
found to be 490 lines, and it was used to correct all our experimental results on the interaction
lifetimes.

Determining the binding position on DNA. The position of a protein along the DNA was

calculated with a custom-made tracking analysis software. We extracted three values for each event
location: initial position, final position and mean position, calculated respect to the beads position
in each kymograph (i.e. used to correct for the error introduced by thermal motion and instrumental
bead positions variation). A Gaussian fit of the beads centers, which emits with higher intensity, was
used to estimate the positions of tethered DNA molecule. From this reference point, the position (in
nm) of every protein bound on the DNA was obtained. We normalized their locations respect to the
bead-to-bead distance (13.3 m and 15.4 m at 1 pN and 5 pN respectively) and we converted from
nm to kilo-basepairs (kbp, where 1 bp = 0.34 nm). The used -phage DNA is 48.502 kbp-long.
Because the bead-DNA attachment is identical on both DNA ends, the orientation of the DNA is in
principle random. For the position analysis, we first wanted to attempt to correct for this random
orientation of our DNA molecules. The right DNA orientation is given the locations of stable traces,
under the assumption that stable traces are proteins bound to promoter sites which are located on
one side of the DNA (no promoter sequence is found on the other side). Moreover RNAP has a higher
affinity for the AT-rich regions, leading to more observed binding events on one half of the -phage
DNA molecule. These two considerations were used to orient each DNA molecule and obtain the
relative protein positions on it (Fig. S3.1B).
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Fig. S3.1 (A) Bleaching study: the observed binding lifetimes (y-axis) for three different inter-frame
wait time (x-axis) results in a liner relation that gives an estimation of the number of scanned line
before bleaching of a single dye occurs. The bleaching time is used to correct all measurements. (B)
Two examples of binding events on two different DNA molecules imaged for several minutes. The
clear signature of an higher affinity for one side of the DNA (i.e. rich in AT base pairs) allows to orient
each DNA molecule before to unify all of them as one dataset.

Kymograph resolution specifications. A visual inspection of kymographs with the chosen
setting does not allow to detect all diffusive traces, therefore the mean-square-displacement
analysis is performed with an automated tracking software. More specifically: the chosen pixel size
for the fluorescence confocal scanning is 75 nm which correspond to ~220 bp of DNA, while the
confocal diffraction-limited spot is ~250 nm or ~735 bp. Any displacement that can be detected from
visual inspection of the kymographs is of the order of the spot size, that correspond to a sliding
range over hundreds to thousands of basepairs. Through particle tracking of the kymographs we
substantially improve our ability to detect displacements: our localization accuracy (at about 10
photons per localization) is about 30 nm, corresponding to about 90 bp.
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Fig. S3.2: (A) Examples of recorded full length kymographs. Scale bar: 2m x 5 s. (B) Zoom into
example of long-range sliding RNAP and shorter traces. Inset: zoom into one trace tracking example.
Scale bar: 1.5m x 2 s.

Fig. S3.3: Examples of kymographs recorded at lower salt conditions (20 mM Tris-HCl, 50 mM KCl,

1 mM MgCl2, 1 mM DTT, ribonucleotides (rNTPs) 1 mM of ATP, CTP and UTP, and 0.25 mM of GTP).
For illustrative purposes we have analyzed protein binding at 1 mM MgCl 2 (N=528) at 5 pN tension.
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We observe reduced event duration of short and intermediates events (t1=0.16±0.02s, t2=0.92±0.06s),
while the long event duration was found to be exactly the same (t 3=22.4±1.1 s). Interestingly the
frequency of diffusion events at lower salt conditions (1 mM MgCl 2) is 3-fold higher (18% of total
events) and their durations is 3-fold longer (6.5±0.5 s), data not shown.

3

Fig. S3.4: Examples of transcription traces that could be observed with low bleaching fluorescence
settings. Scale bar: 1 m x 75 s

Correction of cumulative event duration for missed events. The cumulative

distribution function of the binding lifetimes is fit as a three-exponential decay (namely the sum of
three single exponential decays, see main text). This fit reveals how many events belong to each
exponential decay and thus to each off-rate population. The contribution of each population to the
total (including both observed and not-detectable) events are given by the exponential
multiplication factor (i.e. the exponential function at time zero). This analysis takes into account also
the missing events, or not-detectable because of our time-resolution limit (tmin), leading to the
populations percentages showed in the main text. In order to correct for the missing events that
contribute to the RNAP association rate we need to consider the intersection of the exponential
function tmin = 0.27s. To this end we multiply each association rate for the ratio between the
exponential multiplication factors at 0 s and at 0.27 s.

Rotational 1D-diffusion constant. The observed diffusion constant was calculated under the
assumption that RNAP undergoes 1D-diffusion along the DNA. We now compare this to the
𝑇ℎ𝑒𝑜𝑟.
2
theoretical diffusion constant from the helical diffusion model1: 𝐷ℎ𝑒𝑙𝑖𝑥
𝑠𝑙𝑖𝑑𝑒 ≈ 𝑏

𝑘𝐵 𝑇
14𝜋𝜂𝑅3

𝐹(𝜀). Where

b = 3.4 nm (10.5 bp) is the distance per full rotation around the DNA; R is the protein radius (we
assume that the distance between the DNA axis and the protein axis equals the protein radius); 𝜂 =
−(

𝜀

)2

10−3 𝑃𝑎 ∙ 𝑠 is the viscosity of water at about 20°C; 𝐹(𝜀) = 𝑒 𝑘𝐵 𝑇 is a retarding factor due to the
roughness of the energy landscape of a protein that moves along the DNA helix, where the average
free-energy barrier for sliding along the DNA was calculated for many proteins by Blainey et al. 1 to
be 𝜀 ≈ 1 𝑘𝐵 𝑇 . We estimate the radius of our Cy3B-labeled RNAP to be ~7.5 nm (this is an upper limit
given by the sum of the radius of the holoenzyme to be ~7.0 nm 2 and of the Cy3B dye to be ~0.5 nm,
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𝑚2

𝑇ℎ𝑒𝑜𝑟.
−13
obtained from its molecular weight. We obtain 𝐷ℎ𝑒𝑙𝑖𝑥
. This
𝑠𝑙𝑖𝑑𝑒 (𝐶𝑦3𝑏 − 𝑅𝑁𝐴𝑃) ≈ 9 ∙ 10
𝑠
theoretical value for the diffusion constant is higher than the value that we found from our
𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑

𝑇ℎ𝑒𝑜𝑟.

experimental analysis: 𝐷1𝐷
< 𝐷ℎ𝑒𝑙𝑖𝑥 𝑠𝑙𝑖𝑑𝑒 . A potential explanation for the discrepancy lies in the
roughness of the energy landscape that was assumed to be ≈ 1 𝑘𝐵 𝑇. Since RNAP is known to interact
very strongly with the DNA (at least during transcription), we speculate that 1 𝑘𝐵 𝑇 underestimates
the true energy landscape between DNA and RNAP. Given the experimentally found value for the
𝑚2

𝑇ℎ𝑒𝑜𝑟.
𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑
diffusion constant 𝐷1𝐷
= (4.7 ± 0.2)10−14 , we used the previous equation for 𝐷ℎ𝑒𝑙𝑖𝑥
𝑠𝑙𝑖𝑑𝑒 , to
𝑠
calculate
the
roughness
of
the
energy
landscape:
𝜀𝑅𝑁𝐴𝑃 ≈ 2 𝑘𝐵 𝑇. This suggests that RNAP interacts more strongly with the DNA compared to the mean
value calculated by Blainey et al. for different sliding proteins (see main text for further discussion).

Estimate of the energy difference between search mode and recognition
mode We estimated the difference in binding energy ∆G between the 1D-sliding mode (search

mode) and the target-bound mode (recognition mode). To this end we calculated ∆𝐺 =
k
𝑘𝐵 𝑇 𝑙𝑛 (𝐾𝐷,𝑠𝑒𝑎𝑟𝑐ℎ /𝐾𝐷,𝑟𝑒𝑐𝑜𝑔𝑛𝑖𝑡𝑖𝑜𝑛 ), where the dissociation constant K D = off is the ratio between the
kon

dissociation rate and the association rates. In order to estimate the dissociation constant of the
search mode, we use the kinetic rates that we measured for short lifetime population (population 1:
k off = 2.7 s −1 , k on = 1.2 ∙ 108 M−1 s −1 , see Table 1). For a lower-limit estimate of the dissociation
constant of the recognition mode, we use the kinetic rates that we measured for the long lifetime
population (population 3: k off = 0.04 s−1 , k on = 0.4 ∙ 108 M −1 s −1, see Table 1). Note that for the long
lifetime population k off is limited by photobleaching, such that this value represents an upper limit.
We thus find a lower limit estimate for the energy difference of ≥3 kBT between the search mode
and recognition mode.

Facilitation threshold estimation. The facilitation threshold concentration C0 is defined as

the protein concentration at which the binding rate to find a target on the DNA through facilitated
diffusion equals the binding rate to find that target through 3D diffusion 3. As described in the
supplementary information of reference3 (equation S6-S8 and supporting text), we can estimate a
1
lower bound to the facilitation threshold concentration as 𝐶0 ≥
, where τ is the binding lifetime
τ𝑘𝐶𝐶

for sequence nonspecific RNAP-DNA complexes, and kCC is the rate constant for forming the closed
complex at the promoter site3. We estimated 𝑘CC ≤ 4 · 106 𝑀−1 𝑠 −1 as described below (see section
Estimation of the rate of closed complex formation). We thus find that C0 ≥ 0.2-0.7 M for ranging
from nonspecific interaction times of short events (t1 = 0.37s) to those of intermediate events (t2 =
1.55s). This estimation shows that at our experimental concentration (5nM) and conditions,
facilitated diffusion contributes to the promoter search process.

Estimation of the rate of closed complex formation. In order to find a lower limit of

the facilitation threshold concentration according to the procedure described above, we estimate
an upper limit for the rate of closed complex formation. To this end, we quantified the average
binding rate under low bleaching conditions, where the minimum event duration that we analyzed
was 3s with an average lifetime of 300s. Our assumption is that the majority of these events
constitutes promoter binding events followed by closed complex formation. Indeed, Fig. 3.3B in the
main text shows that these events correlate strongly with known promoter sites. For each DNA
molecule, we analyzed only the time to initial binding, i.e. the very first binding event longer than 3s,
in order to ensure that all promoters are unoccupied. Fig. S3.5 shows the normalized cumulative
distribution of initial binding rates at promoter sites. An exponential fit to this distribution yields
𝑘CC = 4 · 106 𝑀−1 𝑠 −1 . We note that phage -DNA contains multiple promoter sites (as indicated in
the main text) available for binding, which will increase the apparent rate of closed complex
formation in our analysis. However, each promoter may exhibit different RNAP binding kinetics. In
order to estimate a lower bound for the facilitation threshold concentration we used an upper limit
for the rate of closed complex formation and thus do not correct for the number of promoter sites.
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3
Fig. S3.5 Normalized cumulative distribution function (CDF) of initial binding events for each

kymograph acquired at low bleaching conditions. Solid line is a fit of mono-exponential decay
function.

Higher force experiments. As discussed in the main text, we performed experiments at 1 pN

and at 5 pN. At 5pN, the RNAP binding profile along the DNA correlates with the local A/T content,
similar to the binding profiles that we observed at 1 pN (Fig. S3.6A). The characteristic event lifetimes
(i.e. t1, t2, t3, see Table 1) are directly comparable between the two tensions (Fig. S3.6B). A significant
difference is however found in the relative sizes of the populations: the relative number of short
events observed at 5 pN (82%) was found to be about twofold larger compared to that at 1 pN (53%)
(Fig. S3.6C). A possible explanation for the increased number of short events (and thus the increased
on-rate) is the enhanced signal to noise ratio at higher tension that can result in more effective event
detection: increased tension suppresses the thermal fluctuations of the DNA, which reduces motion
blurring and thus enhances the signal-to-noise ratio when acquiring fluorescence images at
elevated tension. In addition to this effect, the probability to engage into long binding events at
promoter sites is reduced at higher tension (cf. Table 1), which may enhance the probability for RNAP
to, instead, engage into a shorter-lived non-specific binding mode to the DNA. These results confirm
the tension-dependent reduction of promoter recognition that was observed by Harada et al.4 and
are in accordance with the observed tension dependence of promoter binding by the related T7 RNA
polymerase by Skinner et al5. In line with these observations that elevated tension reduces promoter
binding, we observe that the position of the longest binding events correlates less well with the
promoter locations at high tension than it does at low tension (Fig. S3.6, C-D).
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Fig. S3.6 High tension experiments (5pN). (A) A histogram of the binding location of RNAP

correlates well with the A/T-content along the -phage DNA (N=1544). (B) the normalized
cumulative distribution function of the binding lifetimes of RNAP to DNA at 5pN can be fit with a
three exponential decay that yields off-rates that are directly comparable to those measured at 1 pN
tension. (C) Binding location for three populations of binding events that were split according to
their event lifetime. (D) Cumulative lifetime as function of binding location along the DNA. Grey lines
indicate the locations of promoter sites.
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Abstract
While the structure of a variety of viruses has been resolved at atomistic detail,
their assembly pathways remain largely elusive. Key unresolved issues in
assembly are the nature of the critical nucleus starting particle growth, the
subsequent self-assembly reaction and the manner in which the viral genome is
compacted. These issues are difficult to address in bulk approaches and are
effectively only accessible by tracking the dynamics of assembly of individual
particles in real time, as we show here. With a combination of single-molecule
techniques we study the assembly into rod-shaped virus-like particles (VLPs) of
artificial capsid polypeptides, de-novo designed previously. Using fluorescence
optical tweezers we establish that oligomers that have pre-assembled in
solution bind to our DNA template. If the oligomer is smaller than a pentamer, it
performs one-dimensional diffusion along the DNA, but pentamers and larger
oligomers are essentially immobile and nucleate VLP growth. Next, using realtime multiplexed acoustic force spectroscopy, we show that DNA is compacted
in regular steps during VLP growth. These steps, of ~30 nm of DNA contour
length, fit with a DNA packaging mechanism based on helical wrapping of the
DNA around the central protein core of the VLP. By revealing how real-time,
single particle tracking of VLP assembly lays bare nucleation and growth
principles, our work method could be applied in future studies for opening the
doors to a new fundamental understanding of the complex assembly pathways
of natural and artificial viruses particles.
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4.1 Introduction
The structure of a large class of viruses is highly regular and stable 1, and a
number of these regular viruses have been reconstituted in vitro, suggesting
that physical driving forces determine the assembly process. This motivated
trials in which the viral genome is replaced by other cargo molecules, allowing
viruses to be employed, e.g., as therapeutic platforms for the delivery of
polynucleotides and drugs2–4. Because of their importance in health care,
nanomedicine and nanotechnology, a variety of bulk experimental studies5–8 as
well as modelling and computer simulation approaches9–11 have been performed
to attempt to elucidate the mechanism underlying viral assembly. This has
yielded insights on possible assembly mechanisms albeit that the multiplicity of
assembly pathways in the experiments obscure interpretation of the findings 12.
Key issues yet to be resolved are the nature of the critical nuclei required for
productive viral capsid formation, as well as the nature and dynamics of nucleic
acid condensation during capsid formation13–15. In order to discriminate between
different pathways and to identify assembly intermediates, single particle
techniques are needed.
Single molecule techniques such as electron microscopy and atomic force
microscopy (AFM) provide for high resolution images of viruses, but typically
yield images with only limited information on viral dynamics16,17. High resolution
AFM imaging and electron microscopy have recently shown transient capsid
intermediates, from which assembly kinetic parameters can be estimated18. New
approaches such as resistive-pulse sensing ,optical tweezers and acoustic force
spectroscopy have been reported to study the assembly of the icosahedral
viruses Hepatitis B Virus and SV40 virus19,20. Here we go beyond these recent
studies by using combined confocal fluorescence and optical tweezing to
identify the nature of critical nuclei in capsid formation, and acoustic force
spectroscopy, to probe the dynamics and nature of nucleic acid condensation
during the formation of single, rod-shaped capsid particles in real time. We
reveal the assembly kinetics of a previously de-novo designed artificial capsid
polypeptide21, which co-assembles with single and double-stranded DNA
templates into virus-like particles (VLPs). These rod-shaped VLPs consist of a
single DNA molecule coated with multiple copies of the artificial capsid
polypeptide. The sequence of the artificial capsid polypeptide was designed to
mimic the co-assembly mechanism of the Tobacco Mosaic Virus (TMV) capsid
protein with its nucleic acid template21–23. The polypeptide, referred to as C-S10B, consists of three blocks that each encode a specific physico-chemical
functionality, mimicking corresponding functionalities of viral capsid proteins
(Fig. 4.1A).
Nucleic acid binding is achieved through interactions with block B that consists
of 12 positively charged lysines. The silk-like middle blocks S10 = (GAGAGAGQ)10
fold into a sheet-like beta-solenoid conformation23,24 (Fig. 4.1A), and stacking of
these sheets leads to the formation of a rigid protein filament that forms the
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core of the VLP21. Folding of an initially unfolded silk block into the beta-solenoid
conformation is promoted by docking onto an already existing folded silk block,
such that the formation of the rod-shaped protein core is a nucleated process20,
21, 35
. Finally, a hydrophilic random-coil C, with a collagen-like sequence C =
(GXY)132 (where X and Y are mostly hydrophilic uncharged amino acids 26)
provides colloidal stability to the rod-shaped VLPs. Immediately after
dissolution, the silk blocks of C-S10-B polypeptides are still unfolded, but over
time they fold and stack, a process that is strongly promoted by binding to the
nucleic acid templates, such that co-assembly with nucleic acid templates is
favored over capsid protein-only assembly 21.
In bulk, the nucleation and growth of the VLP particles obeys the same simple
kinetic model that was earlier shown to describe the nucleation and growth of
TMV particles9,21,22. These artificial capsid polypeptides, which can be easily
modified, are therefore an ideal model system for studying viral assembly
pathways. We here use them to address key issues regarding capsid assembly
pathways that are difficult to catch other than with real-time, single particle
methods: the nature of the critical nuclei for productive capsid formation, and
the dynamics and nature of nucleic acid condensation during capsid formation.
Our study on this simple model system paves the way for the detailed real-time
in vitro studies of the assembly of natural viruses at the single-particle level.

4.2 Results
Real-time observation of nucleation of multiple artificial capsids on long DNA.
First we use Atomic Force Microscope (AFM) imaging to recapitulate basic
properties of encapsulation of linear DNA by the artificial capsid polypeptides 17.
Upon mixing the capsid polypeptides with double-stranded DNA, rod-shaped
particles are formed, confirming earlier findings21 (Fig. 4.1B). The kinetics of
particle formation can be quantified by analysing the length of packaged DNA as
a function of time (Fig. 4.1C). DNA with a contour length < 1 m typically displays
one or two nucleation sites whilst longer DNA with a contour length > 1 m often
shows more than two nucleation sites (Fig. 4.1B and SI). The relative frequency
of the number of nucleation points and the resulting branches in the selfassembled particle were quantified for a 2.5 kbp-long DNA (contour length of ≈
850 nm) (Fig. S4.1). In order to estimate the solution diameter of the VLPs, we
additionally performed AFM imaging in liquid, finding an average diameter of the
VLPs of 9 nm, a value that matches the expected dimensions of the VLP (Fig.
S4.1).
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Fig. 4.1 The artificial capsid polypeptide under investigation and the resulting formation of rod-

shaped particles. (A) A schematic of the tri-blocks polypeptide C-S10-B. Each block is highlighted by
a different color and its specific function, related to its physiochemical properties, is described in
the main text. (B) Particles formation on DNA molecules of different lengths was probed with AFM
imaging in air. On DNA of ≈1 m contour length mainly single particles form in which the DNA is
compacted 1/3 of its original length (panel (i)) (see also SI). When a 3-folds longer DNA is employed
(~3 m contour length) 2-4 nucleation points are observed in the early stages of particles assembly
(panel (ii)). The white arrows point at two different nucleation sites that are formed on the same
DNA molecule. (C) Quantification from AFM images of the ‘slow’ kinetics formation of particles on a
2.5 kbp DNA, being packed to 1/3 of its original length, as also previously shown21.

Next we turn to studying assembly of single virus-like particles in real-time, first
considering the nucleation of artificial capsids on their DNA templates.
Specifically, we wish to elucidate the nature of the critical nuclei required for
productive capsid growth. In order to do so, we use combined confocal
fluorescence microscopy and optical tweezers27. A long DNA molecule (-phage
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DNA, contour length ≈16.5 m) is attached at both ends to a microsphere
(``bead’’), and both beads are trapped using a double optical tweezers set-up.
Simultaneous confocal scanning laser microscopy allows for real-time probing
of the local binding of fluorescently labeled artificial capsid polypeptides on the
DNA template28 (Fig. 4.2A). Because the used DNA in this assay is long multiple
nuclei form (Fig. S4.1), making this technique is particularly well suited to zoom
in on nucleation events of the VLPs.
First nucleation is allowed to proceed unimpeded by repeatedly keeping the
DNA in a relaxed state (< 1 pN) for a fixed time (5 min), followed by a short period
of imaging at a constant force of 5 pN. (Fig. 4.2B). We observe a shortening of
the end-to-end distance as a function of time, indicating condensation of the
DNA during the relaxed state phases (Fig. 4.2B, i). We also observe an increasing
number of nuclei as a function of time, and a corresponding increase of the total
fluorescence intensity (Fig. 4.2B, ii). With these findings, which are supported
by the AFM data, we confirm that in our dynamic assay indeed multiple
nucleation sites are formed, capable of compacting the DNA in a progressive
way. Next, we stretch the DNA to study the mechanical effect of polypeptide
binding to the DNA. For this purpose, the relaxed DNA was first incubated with
the proteins, then stretched to an end-to-end distance nearly equal to its
contour length, and subsequently relaxed back to zero force while recording the
retraction force (Fig. 4.3A). We repeat this relaxation and pulling process on the
same DNA molecule, until the DNA is saturated and no additional polypetides
are bound. During extension several drops in the force can be observed,
indicating that compaction is partially being reversed for increasing pulling
force. Furthermore, as the compaction progresses, the retraction force becomes
much larger than that for bare DNA. Moreover, when performing two
consecutive force-distance curves without incubation time in between, we find
that the DNA is again compacted (Fig. S4.2). This indicates that the polypeptides
remain associated with the DNA during stretching (see also kymograph in Fig.
S4.2), and that they are able to re-compact the DNA once the genome is again in
the relaxed state.
Fitting a worm-like chain model to the retraction curves yields an effective
persistence length (Lp) of the DNA-polypeptide complex29. In addition, we
calibrated the fluorescence intensity of one dye (12±0.5 photons, see Methods
and Fig. S4.3), in order to determine the number of polypeptides bound. We find
that Lp decreases sharply as the number of bound capsid polypeptides increases
(Fig. 4.3B). Indeed, induced deformations of DNA by polypeptide binding, such
as kinking or bending typically give rise to increased retraction forces30,31, which
can be interpreted as an enhanced apparent flexibility due to the induced (nonthermal) DNA deformations. We have also ascertained that DNA deformations
are not caused by the oligolysine binding blocks B per se, but require the
formation of the rigid protein core of the VLP by the silk-like midblock (S10).
When performing the force-extension measurements with a polypeptide C-B
lacking the central S10 silk-like block that is known to simply coat but not
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condense the DNA32, there is no DNA shortening and the effective persistence
length of the DNA remains unaffected (Fig. S4.2D).

4

Fig. 4.2 Optical tweezers combined with confocal fluorescence microscopy, protein binding and

compaction visualization. (A) Illustrative image of a dual trap optical tweezers combined with
confocal fluoresce microscopy. Two focused lasers beams (red beams) trap two microspheres that
are chemically attached to a DNA molecule. Proteins in solution (green dots) bind to the DNA and
their fluorescence tag lights up when the scanning laser (light green beam) illuminates them. (B)
Progressive packaging of the DNA by the polypeptides. Fluorescence images show how DNA
shortening (confocal images, left panel) is accompanied by an increase in the fluorescence intensity
given by increasing number of bound peptides (plots in right panel).
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Fig. 4.3 Stretching allows to probe the DNA mechanical changes. (A) Repetitive stretching and

relaxation of the same DNA molecule in the presence of polypeptides. Representative force-distance
curves (FDCs) after different incubation times with 200 nM C-S10-B. As a control extension and
retraction of bare DNA is shown in dark grey, as expected both curves fall on top of each other. (B)
The DNA effective persistence length (Lp) is obtained by fitting the WLC model to the retraction
curves. The effective Lp decreases as a function of increasing numbers of bound polypeptides. Data
point are averages of 15 FD curves at 200 nM of C-S10-B in solution. Error bars correspond to SEM.
The errors on x-axis relate to the uncertainty of the estimated intensity of a single fluorophore.

Identification of the nature of critical nuclei required for artificial capsid
formation. In the experiments discussed above, nucleation and growth is
allowed to proceed unimpeded as the DNA is in a relaxed state for fixed times,
and is only stretched for a short time to allow for imaging. This precludes the
observation of capsid nucleation with high temporal resolution. Therefore, we
next performed experiments to quantify polypeptide binding dynamics at the
single molecule level and at millisecond time scales. We keep the DNA at a fixed
end-to-end distance of 15.5m and continuously monitor the fluorescence along
the 16.5m contour length long DNA in the form of kymographs (Fig. 4.4A). In
this situation capsid formation is likely to be limited on the stretched DNA while
binding dynamics should be unaffected. The calibration of the fluorescence
intensity per dye molecule allows us to determine the number of polypeptides
involved in each binding event recorded in the kymographs. In figure 4.4B the
cumulative binding of capsid polypeptides is plotted for two different
polypeptide concentrations. We have used a simple reversible Langmuir
adsorption kinetics model33 to describe peptide adsorption onto the DNA (SI).
There is a fair agreement for the two different protein concentrations resulting
in an equilibrium binding constant K ~7·108 M-1. This value corresponds to an
effective binding free energy of ~25 times the thermal energy, i.e., sufficiently
strong to withstand typical thermally induced rupture. Furthermore, we find the
adsorption rates to scale linearly with concentration, suggesting a diffusionlimited binding process. The strong electrostatic binding is also confirmed by
stretching to high forces of polypeptide-coated DNA, where no unbinding is
observed (Fig. S4.2).
In a more detailed analysis of the kymograph data, we can determine that at
50nM the peptides predominantly bind as trimers and at 200nM as hexamers
(Fig. 4.5A). By analyzing the mobility of the polypeptides after binding, a strong
correlation with cluster size is observed. Small clusters are able to slide along
the DNA, while large clusters are effectively arrested on the DNA. By tracking
single traces to obtain mean-square displacements34 of polypeptide clusters
moving on the DNA over time, we have obtained values of diffusion constants of
polypeptide clusters bound to the DNA as a function of cluster size (Fig. 4.5B).
This quantitative analysis confirms that mobility of clusters drops to essentially
zero for pentamers and higher order oligomers (D ≤ 0.1·10-2 m2/s). The
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observed decrease of the diffusion constant with cluster size is much steeper
than would have been expected for a simple linear scaling of the sliding friction
with oligomer size (see Fig. S4.2). This suggests strong interactions with the DNA
and possibly conformational integration of protein and DNA into growing VLPs.
By quantifying the probability of growth (i.e., the increase in fluorescence
intensity) of each event, we find that a polypeptide from solution is more likely
to bind to a pre-bound polypeptide pentamer or bigger oligomer, with 90% of
large clusters growing, while only 10% of the smaller ones increase in size (Fig.
4.5B, inset). The fact that a critical nucleus is needed for growth, means that a
certain length of DNA needs to be covered by artificial capsid protein in order
for VLP formation to commence. This is supported by a bulk electrophoretic
mobility shift assays (EMSA), which shows that binding of the artificial capsid
polypeptides is strongly dependent on the length of the DNA template in the
range of 10 bp to 1000 bp (Fig. S4.5).
Taken together, our data strongly suggests that pre-formed oligomers bind to
the DNA, and that pentamers, when bound to the DNA, can be considered as
critical nuclei for the productive formation of VLPs.

4
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Fig. 4.4 Real-time polypeptide binding. (A) Kymographs showing progressive peptide binding for

two different C-S10-B concentrations: 50 nM panel (i) and 200 nM panel (ii). The confocal scanning
line-time is 30 ms, the yellow scale bar denotes 1 m. (B) Cumulative polypeptide binding over time
(data extracted from the kymographs). Average values from 6 kymographs at 200 nM (green dots)
and 5 kymographs at 50 nM (yellow dots) are plotted. The data is fitted with a Langmuir adsorption
model resulting in a polypeptide binding constant of K  7·108 M-1.
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Fig. 4.5 Polypeptide size quantification and their mobility along the DNA. (A) The quantification

of single photobleaching steps allows to estimate the number of polypeptides bound per recorded
event. The binding-event size statistics results in a histogram with a broad range of binding sizes.
At 50 nM the first observed peak fits with trimer binding (Gaussian peak, 3.0 ± 0.4 polypeptides). At
200 nM the first observed peak fits with hexamers binding (6.0 ± 0.3 polypeptides). (B) The diffusion
constant D of the tracked binding events in the kymographs reveals an initial, drastic drop with
increasing oligomer size, levelling off for oligomer sizes of ≥ 5 polypeptides (grey background area
highlights the mobile events, error bars SEM). Inset: example of single binding events indicating that
oligomer growth is more likely (90% traces) to take place when starting off with a large cluster (>5mer, red curve) than with a small cluster (grey curve in the example, 10% traces).

4

Nature and dynamics of DNA condensation during capsid growth. The
combined fluorescence microscopy and optical tweezers experiments on long
DNA discussed above are not optimal for studying capsid growth. This is because
i) the many nuclei on the long DNA (Fig. S4.1) make it difficult to follow growth
of each of them individually, and ii) growth of the nuclei is a slow process that
cannot be followed over sufficiently long periods of time due to photo bleaching.
Therefore, as a complementary real-time, single particle technique, we use
acoustic force spectroscopy (AFS). AFS allows us to probe end-to-end distances
for short DNA molecules tethered between a surface and a microbead (see
schematic in Fig 4.6A) as a function of time (up to hours) for a fixed low force
and with high temporal resolution (50 Hz)35. Since the DNA used in the AFS
experiment is short (2.9kbp ≈ 1m), growth of virus-like particles is initiated
from one or at most two nuclei only (Fig. S4.1), allowing us to follow growth in
much greater detail. Furthermore, data for multiple DNA strands is acquired
simultaneously, implying that high-throughput statistics can be obtained.
After confirming that results for effective persistence lengths deduced from
force-extension curves obtained by OT agree with those obtained from forceextension curves obtained by AFS (Fig. S4.5), we start using AFS to probe in detail
the nature and dynamics of DNA condensation during capsid growth. DNA
condensation by the artificial capsid polypeptides is observed in real-time, by
measuring the end-to-end distance of DNA molecules exposed to the artificial
capsid proteins at a fixed low force of 1.5 pN.
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Fig. 4.6 Acoustic force spectroscopy reveals particles compaction dynamics. (A) Illustrative image

of the AFS setup. DNA tethered microspheres are pushed along an acoustically generated pressure
gradient (blue/white background) allowing to apply a long and stable low-force clamp. (B) To
monitor the particles compaction we record the DNA end-to-end length in the time. The light blue
background indicated flushing in of peptides into the flow-cell while a stretching force of 15 pN was
applied. The grey background area indicates a constant applied force of 1.5 pN. Inset: close-up of a
compaction trace with the green line of the fit showing the compaction steps found with the step
finding algorithm36. (C) Step size statistics of compaction events at different conditions: 50 nM
polypeptides-1 m DNA (top histogram), 1 M polypeptides -1 m DNA (middle histogram) and 1 M
polypeptides -3 m DNA (bottom histogram). The negative steps obtained at lower concentration
(top histogram) represent decompaction events which shows a symmetrical distribution. The
compaction events data are fitted with a multi-Gaussian function, where the distances from peaksto-peak are equally spaced and used as one fit parameter.

Surprisingly, we find that DNA condensation into virus-like particles proceeds
in a step-wise fashion. We use a previously developed change-point analysis36
to fit this data and extract step sizes (Fig. 4.6B, inset). To find most probable step
sizes, we fit a multi-Gaussian distribution with equally spaced peak distances.
The short DNA (≈ 1m) reveals a sharp peak at a step size of 30±1 nm in DNA
contour length for both low (50nM) as high (1µM) C-S10-B concentrations (Fig.
4.6C). This shows that the most probable step size for the condensation process
is concentration-independent. At low polypeptide concentrations we also
observe de-condensation steps, recorded as negative steps. Remarkably, the
most probable step sizes for condensation and de-condensation appear to be
equal, not only at low forces, but also when we increase the tension to induce
de-condensation (Fig. S4.5). Employing a 3-fold longer DNA (8.3kbp ≈ 3m) the
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step-size distribution has much less pronounced peaks, which we attribute to
the presence of multiple growing nuclei on the longer DNA. In this case,
simultaneous steps at multiple locations cannot be deconvoluted and are
detected as larger steps (Fig. 4.6C).

4.3 Discussion
The self-assembly pathway of even relatively simple viruses, such as the tobacco
mosaic virus that consists of a single-stranded RNA packaged by a large number
of identical copies of coat protein, is highly complex. It is only partially
understood and in fact remains the object of controversy9. At least in part this
is due to the fact that unresolved issues regarding capsid assembly pathways are
difficult to address other than with real-time, single particle methods. Two such
issues are considered in this work: the nature of the critical nuclei for productive
capsid formation, and the dynamics and nature of nucleic acid condensation
during capsid formation. For a simple artificial capsid polypeptide model system,
which mimics essential features of the assembly of the much more complicated
natural tobacco mosaic virus, we have shown that powerful real-time, single
molecule techniques can be used to successfully address such issues.
For the artificial capsid polypeptides, we have used optical tweezers combined
with confocal fluorescence microscopy to demonstrate that a broad range of
pre-formed polypeptide oligomers can directly bind the DNA. As described by
classical nucleation theory of protein capsids, a nucleus with a certain critical
size has to be reached to trigger capsid formation14,37.We find that binding events
of oligomers consisting of less than five polypeptides typically do not lead to
particle growth. These oligomers, when bound, slide along the DNA with a
mobility that rapidly decreases with increasing oligomer size. Binding events of
oligomers consisting of minimally five polypeptides seem to be required for
triggering particle growth. Such oligomers, when bound to the DNA are
essentially immobile. Therefore, we conclude that the pentamers, bound to the
DNA template, can be considered to be the critical nuclei for the formation of
the artificial capsids. The smaller-sized oligomers (<5) that can slide along the
DNA, may assists the growth process. Indeed, proteins sliding along a nucleic
acid molecule during viral assembly are theoretically shown to accelerate
considerably the self-assembly of natural icosahedral viruses38,39.
The nature and dynamics of DNA condensation during capsid growth was
successfully addressed using AFS, since it allows probing end-to-end distances
of multiple short DNAs over prolonged periods of time, under a precisely
controlled low force. Surprisingly, we have established that DNA condensation
into the artificial capsids occurs in discrete single compaction events, with
approximately 30nm of DNA contour length being condensed in each
compaction event. This characteristic length of DNA per compaction event
seems to be largely independent of the protein concentration. Also, de-
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condensation steps at low protein concentrations show the same characteristic
length, suggesting that this length of DNA must corresponds to a characteristic
structure of condensed DNA in the rod-shaped artificial viral capsid.
The filamentous core of the VLP is formed by the silk-like middle blocks S10 of
the C-S10-B artificial capsid polypeptide, which assemble into a stack of betasolenoids (Fig. 4.7B). Each beta-solenoid sheet has a dimension of approximately
2.0nm x 2.6nm and a height of approximately 0.6nm, as predicted by computer
simulations25,40. The binding blocks B and stability block C emanate from the
filamentous core. From this we expect that the DNA is confined to a
condensation region extending at most a few nm away from the filamentous
core (Fig. 4.7), since the flexible oligolysine binding blocks B can only extend up
to that distance. Such a structure is consistent with the height of the VLPs found
using AFM imaging in liquid, which show an average particle height of ≈ 9nm
(Fig. S4.1). The question arises, however, what conformation the DNA adopts in
the condensation region close to the filamentous core of the VLPs. For DNA
packed into icosahedral spaces such as in T4 and T7 bacteriophages, it has
convincingly been shown that the experimentally observed spool-like DNA
configuration can be explained purely in terms of nano-geometric
confinement41–43. In other cases, binding to capsid proteins may induce nucleic
acid template deformations that would not be expected on the basis of
geometric confinement alone. For example, the helical arrangement of the RNA
genome in TMV virus particles is dictated by their binding to the capsid proteins
rather than by geometric confinement44.
For our artificial virus-like particles it has previously been shown that particle
lengths are roughly one-third of the DNA contour length21. If the DNA
conformation inside the artificial virus-like particles considered here is
determined by geometric nano-confinement alone, the most plausible
conformation would be that of parallel double stranded DNAs with hairpin
bending defects, as illustrated in Fig. S4.6. Such conformations minimize the
bending energy of semi-flexible chains in finite length tubular confinement, for
tube diameters much less than the persistence length, as predicted in recent
computer simulations45, and demonstrated by the theoretical estimates of Eq.
S10-S12. Such conformations are also similar to the conformations adopted by
DNA confined in nano-channels46.
However, binding of the DNA to the highly localized binding blocks that emanate
from the filamentous core may induce strong DNA deformations that may lead
to DNA conformations very different from those predicted for confinement of
the DNA in a finite nanotube. As was previously shown for several DNA-binding
proteins39,40, the effective persistence length reduction of the DNA we find upon
the binding of the oligopeptide, suggests a deformation of the DNA backbone.
Moreover, our finding of discrete DNA compaction events during capsid
formation suggests that indeed for the VLPs considered in this work,
deformations induced by the binding blocks, rather than a purely geometric
confinement, determine the nature of the DNA condensation.
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Fig. 4.7 Conformation of condensed DNA. (A) Sheet-like beta-solenoid conformation of folded silk

block S10 = (GAGAGAGQ)10 with approximate dimensions, as predicted by computer simulations25.
(B) The filamentous core of the VLPs is formed through stacking of the sheet-like folded silk blocks.
(C) The region of DNA condensation extends from just outside the filamentous core up to the
distance the flexible oligolysine binding blocks B = K12 can stretch away from the filamentous core
from which they emanate, which is a few nm. Binding to the highly localized binding blocks may lead
to different condensed conformations of the DNA such as a helical winding around the filamentous
core of the VLP, as suggested by the observation of regular condensation and de-condensation steps
of 30 nm of DNA contour length.

4

The observed 30 nm steps are suggestive of a stepwise helical winding of the
DNA around the filamentous core of the virus like particle as it is growing during
the AFS experiment, illustrated in Fig. 4.7C (see also SI). If we assume that the
characteristic contour length of 30 nm corresponds to a single helical winding,
this would imply a radius of the helix of 4.5 nm, and a radius of curvature of 5.1
nm, to arrive at a distance between the helical windings of 10 nm, consistent
with the observed packing parameter of 3 (Fig. S4.7). This helical arrangement is
large enough for the DNA to wind around the filamentous core of the VLP yet
small enough to be within the region into which the binding blocks can extend.
Interestingly, a DNA molecule wrapped around histones, has a similar radius of
curvature49.
An important caveat is of course that although our experiments are done under
conditions quite close to assembly in free solution, the single-molecule methods
that we use do impose some constraints that may influence the nature of the
DNA condensation. In particular, we confine one of the ends of the DNA, and we
always let assembly proceed in the presence of a small force. Nevertheless, the
cooperativity of the C-S10-B artificial capsids assembly process21 suggests that a
regular growth from one location is the prevalent mechanism also when the
compaction takes place with free DNA in solution, supporting the helical
condensation hypothesis. Beyond the real-time single particle techniques that
we have introduced here for studying the assembly of artificial and natural
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capsids, a next challenge would be to develop real-time microscopy of the
growth of single capsids.
To summarize, for real-time, single particle level studies of the assembly
pathways of artificial and natural viruses, the complementary techniques that
we have used here are unique in combining high speed with single-particle level
detail. We have used these techniques to address key issues regarding capsid
assembly pathways that are difficult to address other than with real-time, single
particle methods: the nature of the critical nuclei for productive capsid
formation, and the dynamics and nature of nucleic acid condensation during
capsid formation. Our study was performed on a simple artificial viral capsid
protein but it paves the way for the detailed real-time in vitro studies of the
assembly of natural viruses at the single-particle level.

4.4 Material and Methods
Virus-like particle capsid polypeptides. The biosyntethic capsid polypeptides were

provided as lyophilized protein polymer powder (C-S10-B = 44.7492 kDa), produced as previously
described21. We dissolve 0.5 mg/mL of the protein in demi-water, followed by 10 minutes incubation
at 65˚C. Next, we dilute the sample using a 10 mM phosphate buffer (pH 7.5) and supplement the
sample with 0.1 mM dithiothreitol. For optical tweezers experiments C-S10-B was labelled with Alexa
Fluor™ 555 C2 Maleimide (Thermo Fisher Scientific) that binds to the (only present) cysteine located
at the N-terminal extremity of the shielding coil block C. The ‘Thiol-Reactive Probes’ protocol
provided by the supplier was followed. The excess of unreacted dye was removed by columns
filtration (PD-10 Columns G-25M). A Pierce BCA protein assay (Thermo Fisher Scientific kit) in
combination with Nanodrop was then used for determining the protein and dye concentrations
(ratio 1.5). The labelled protein compaction activity was tested both with AFM imaging and optical
tweezers force measurements.

Atomic force microscopy. Virus-like particles were imaged in Peak Force Tapping mode on

a Bruker Bioscope catalyst setup, unless otherwise stated. Peptides and DNA were incubated with a
final charge ratio N/P=3 (molar ratio between positively charged NH2 groups from the binding block,
to negatively charged PO3 groups of the DNA template (P)), in 10 mM phosphate buffer at pH 7.5, for
different timings (see main text). Virus-like particles were adhered to freshly cleaved mica treated
with a 5 mM TRIS and 0.5 mM Mg+2 solution. For the AFM imaging in air, the silica substrate was
cleaned with 70% ethanol followed by acetone and dried under nitrogen flow. Then the sample was
deposited onto the surface for 2 minutes, afterwards the slides were cleaned with MQ-water and
dried slowly under N2 stream. Liquid AFM experiments were performed in 10 mM phosphate buffer
at pH 7.5 on freshly cleaved mica. Silicon nitride cantilevers (Olympus; OMCL-RC800PSA) were used,
with a nominal tip radius of 15 nm and spring constant 0.76 N/m and 0.10 N/m for air and liquid
experiments, respectively. Individual cantilevers were calibrated using thermal tuning. AFM image
processing was performed with NanoScope Analysis 1.5 software for both a first order imaging
flattening and the particles height estimation. For nucleation site quantification and for the images
in Fig. S1A a Digital Instruments multimode AFM with a NanoScope V controller and silicon nitride
cantilevers with a spring constant of 0.4 − 0.35 N/m (SCANASYST-AIR, Bruker, MA, USA) was used.
Protein-DNA samples ([2.5 kbp dsDNA] = 1 µg ml−1 or 0.65 nM, and [Protein] = 121.6 µg ml−1 or 2.692
µM) at N/P = 10 in 10 mM phosphate buffer, pH 7.4 with 0.1 mM DTT, were deposited and incubated
during 2-3 minutes onto a clean silicon surface, previously treated in a plasma cleaner for around 2
minutes. Immediately, the substrate is rinsed with 1 mL of Milli-Q water, and then excess of water
is removed by soaking up using a tissue and slow drying under a N2 stream. To process the images
we used NanoScope Analysis 1.20 software. A first order flattening was applied to all images. We
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perform contour length measurements using ImageJ software to extract the number and length of
the nucleation points on the DNA single molecules.

Optical tweezers with confocal fluorescence microscopy. The dual-trap optical

tweezers set-up with integrated confocal fluorescence microscopy (LUMICKS), is similar to an
optical set-up used for dual-trap optical trapping experiments in combination with confocal
fluorescence has been described previously50. Microfluidics: a 5-channel laminar flow cell
(LUMICKS) was assembled onto an automated XY-stage (MS-2000, Applied Scientific
Instrumentation). The latter allowed the controlled transfer, in a highly efficient manner, of the
optically-trapped beads through the channels of the flow cell, containing the molecules of interest.
End-biotinylated bacteriophage λ DNA was connected to streptavidin-coated polystyrene beads (Ø
= 4.5 μm, Spherotech) to generate the DNA constructs, as described previously51. Protein–DNA
interactions and force-stretching experiments were conducted in 10 mM Phosphate buffer (pH 7.5)
and 0.1 mM dithiothreitol. Kymographs were recorded by scanning the confocal spot along the DNA
kept at a fixed distance (corresponding to 5 pN on bare DNA), with a scanning-line time of 200 ms
(averaged over three lines during analysis and resulting in a temporal resolution of 600 ms). Binding
of single peptides was followed through kymographs analysis quantifying their fluorescence signal
(average number of photons) when landing on the DNA. All values were background corrected. We
processed the kymographs through single-molecule tracking to acquire information on the binding
events intensity and mobility. Photobleaching allows to calibrate the intensity of a single fluorophore
(12±0.5 photons) by looking at single fluorescence decrease steps of single photobleached dyes, see
also Fig.S2. The one-dimensional diffusion of protein complexes along the DNA was quantified by
tracking the peptides traces for a large number of scanning-lines (more or equal to 300) and
calculating their diffusion coefficient (D) by using a mean square displacement analysis (MSD)34.
Force-distance curves and confocal fluorescence data were analyzed using a custom-written
MATLAB software. Here the extensible worm-like chain model (eWLC) 52, which describes the dsDNA
elastic behavior up to ~30 pN, is used to fit FDCs and estimate the DNA effective persistence length
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Acoustic force spectroscopy. The home-built AFS setup35,53 and the AFS flow-cell

(LUMICKS) and tethers preparation53 have been previously described. The 8.4 kbp DNA was obtained
from a pKYBI vector, as previously described53. The shorter dsDNA is obtained from a 2.9 kbp pRSETA plasmid (Thermo Fisher Scientific, V35120) was fabricated in the same way as the PKYBI construct
except for the last purification step that is not performed. About 1 g (7L of a concentration of 149
ng/L) of plasmid is used for the first preparation step. pRSET DNA has KpnI and EcorRI cutting
sites as well. Following the same steps, a volume of 50 L with a final concentration of 6 ng/L is
obtained. This construct was pre-incubated with the microspheres: ~50 pg of pRSET-A DNA was
mixed and incubated for 10 min with 10 µL of 4.5 µm streptavidin coated polystyrene beads. The
microspheres were cleaned by adding 1 mL of PBS (138 mM NaCl, 2.7 mM KCl and 10 mM phosphate
(pH 7.4)) supplemented with EDTA (5 mM), casein (0.02% w/v), pluronics F127 (0.02% w/v) and Naazide (0.6 mg/mL), called measuring buffer. Next, the sample was spun down (2000 g for 2 minutes)
and at last the residue was removed. This step was repeated three times and the final product was
supplemented with 20 µL with measuring buffer. This was flushed in the AFS and after 30 minutes
of incubation, the free microspheres were flushed out with measuring buffer and the construct is
ready for measuring. AFS data were analyzed using a custom-written LABVIEW software, and the
step-analysis was performed with a custom-made change-point analysis software36. Processed data
were analyzed using Origin. Gaussian fit in Fig. 4.6C: The peak-to-peak distance obtained are 22.6 ±
2, 21.3 ± 0.4 and 21 ± 0.3 nm for the histogram from top to bottom. The light blue backgrounds
highlight the mean of the first two Gaussian peaks. In the main text these values are corrected for
the force applied during the experiments and the observed change in the effective Lp, resulting in
an average step of 30 nm.

Electrophoretic Mobility Shift Assay (EMSA). EMSAs were performed to determine the
effect of the dsDNA length on the protein binding. Samples were prepared in the following way:
water protein C-S10-B solution, previously heated to 343 K for 10 minutes, was added to a solution
containing 4 ng/L dsDNA (10, 100, 1000 or 2000 bp) in 10 mM Tris buffer at pH 7.4 and incubated
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during 60 minutes at room temperature. Then the samples were loaded on 20% acrylamide gels in
1x TAE buffer and run at 70V for 90 min. Gels were in a gel documentation system and analyzed with
ImageJ. N/P ratio for 50% binding of DNA (KDapp) by the protein was calculated fitting the DNA free
intensities to the Hill equation,
1
fraction bound =
n, with n the Hill constant.
KDapp
1+ ([C

)

4 S0−10 B]
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Supporting Information
Atomic force microscopy imaging

Fig. S4.1 (A) AFM images taken at different incubation times of capsid polypeptides with 2.5 kbplong DNA molecules (see Methods). Scale bar 350 nm. (B) Quantification of the number of observed
nucleation points along single DNA molecules at different incubation times (N= 86, 109, 109, 141 for
2 min, 30 min, 6 h and 24 h, respectively). Note: after 24 h incubation a full particle is formed thereofe
it is possible to visualize the particle branches instead of nucleation sites. (C) Particles on a 16 mlong DNA, used for optical tweezers experiments and imaged in air. Multiple nucleation sites result
in multiple particles formed on the same DNA (Panel i). Imaging in buffer solution results particles
that are ~4 times higher than in air. The average height in liquid is 9 nm (Panel ii). Scale bar 300 nm.
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Fig. S4.2. (A) Pulling experiments at high force (> 40pN) show that peptide unbinding is not

observed and peptides binding still continues to take place at high DNA tension. (B) Repetitive
stretch-retraction curves of DNA coated with C-S10-B, in the absence of polypeptides in solution.
The plot shows that the particle compaction is restored when going back to low forces (i.e.
overlapping between three repetitive curves). (C) Diffusion constant as function of the binding event
size (black data identical to Fig. 4.5B in main text) and comparison with expected diffusion constant
decay if only the mass increase would affect the change in diffusion (dashed, orange line). This
theoretical decay does not follow the experimental data, thus revealing that the observed drastic
drop in the diffusion constant cannot be fully explained by the mass increase. Together with other
evidences (see main text) suggests that a nucleus is formed when more than 5 units bind the DNA.
(D) Force distance curves of bare DNA (black) and DNA incubated with C-B polypeptide (green)
lacking the central silk-block. The DNA mechanical response is unaffected in the presence of C-B
which does not compact the DNA neither contribute to a change in its effective persistence length.
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Fig. S4.3. (A) Example of confocal fluorescence intensity recorded from a single trace, where the

bound polypeptides undergoes photobleaching, as shown by the intensity decrease in the time.
Inset: examples of single photobleaching steps quantified for single dye calibration. (B) Distribution
of single-step photobleaching intensities, used for calibrating single-molecule fluorescence
intensities. Dotted line shows a Gaussian distribution fit to the data revealing single-fluorophore
intensity (12.0 ± 0.5 photons).

Bulk assay

Fig. S4.4. (A) Gels showing electrophoretic Mobility Shift Assay (EMSA) of DNA with length of 10,

100 and 2000 bp when incubated with protein C-S10-B. (B) Protein concentration (as N/P) to achieve
50% DNA binding (related to protein affinity) is plotted over function of DNA length.
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Fig. S4.5. AFS additional observations. (A) Representative AFS force-distance curves. (B) The

contour (top) and effective persistence (bottom) lengths are obtained from fitting WLC to the
forward- and the back-stretching curves, respectively. A total of 20, 20, 15 and 9 curves were fitted
for 50 nM polypeptide concentration and 15, 15, 15, 12 and 8 for 1 µM concentration, for curves
obtained after 0, 10, 45 and 85 minutes, respectively (error bars are SEM). The results are in
agreement with optical tweezers force experiments. (C) Force-induced particles decompaction
(dark blue histogram) shows the same steps sizes as shown during the compaction events (cyan
histogram), constant force used 20 pN. (D) Two examples of DNA end-to-end length recorded
during the compaction of ~3m-long DNA at 1mM capsid polypeptides concentration. While the top
molecule is not being compacted the bottom one continues growing; this indicates that, as
previously observed by Hernandez et al.1, the artificial virus-like particles follows a cooperative
assembly.

Conformation of condensed DNA in artificial viral capsids
If geometric nano-confinement alone governs DNA condensation in the VLPs,
one would expect condensed conformations of parallel double stranded DNA
and hairpin bending defects, as illustrated in Fig. 7D. This has been found in
computer simulations for semi-flexible polymers confined in narrow tubes2 and
is also expected on the basis of scaling arguments: parallel packing with a
threefold compaction in length (or in other words, with a packing factor p = 3)
as expected for the VLPs in principle requires no more than two hairpin bending

91

536987-L-bw-Marchetti
Processed on: 15-10-2019

PDF page: 103

Virus-like particle assembly
defects. If the radius of the region of DNA condensation is r, the energy 𝜀𝑙𝑜𝑜𝑝 of
such hairpin bending defects is
𝜀𝑙𝑜𝑜𝑝
≈ 𝑃/𝑟,
(SI-10)
𝑘𝐵 𝑇

which is at most O(10kBT), where kBT is the thermal energy. In contrast, if we
assume a helical packing as in Fig. 4.7E, for a helix of radius r the total bending
energy is extensive in the length L of the template,
𝐸𝑏𝑒𝑛𝑑 /𝑘𝐵 𝑇 ≈ 𝑃𝐿 𝜅 2 ,
(SI-11)
where 𝜅 is the curvature of the helix,
1 1
1
𝜅 = (1 − 2) ≈
(SI-12)
𝑝

𝑟

𝑟

and p = 3 is again the packing factor of the VLPs (which equals the ratio of the
arc length over the height of the helix). For large enough template lengths L the
non-extensive bending energy of hairpin defects will always be smaller than any
extensive bending energy associated with uniform bending as in a helical
conformation. Indeed, for typical numbers L = 300 nm, P = 50 nm, r = 5nm, we
arrive at bending energies O(100 kBT). Hence, purely geometric nanoconfinement would not favor a helical arrangement of condensed DNA, but the
bending energies of helical packing can be easily offset by the lowering of the
free energy due to the binding of DNA to the oligolysine binding blocks B, similar
to the binding to-, and induced wrapping of DNA around histones.

Fig. S4.6. (A) The region of DNA condensation extends from just outside the filamentous core up

to the distance the flexible oligolysine binding blocks B = K12 can stretch away from the filamentous
core from which they emanate, which is a few nm. (B) If condensation is governed by geometric
nano-confinement into a narrow tubular space, the expected conformation would be that of parallel
double stranded DNA’s with hairpin bending defects. (C) Binding to the highly localized binding
blocks may lead to different condensed conformations of the DNA such as a helical winding around
the filamentous core of the VLP, as suggested by the observation of regular condensation and
decondensation steps of 30 nm of DNA contour length.
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4
Fig. S4.7. Helix representation of a DNA (light blue) with contour length of 90 nm, which is

compacted in helical loops of 30 nm (i.e. the observed compaction step size), to a final packing factor
of 3. The helical parameters described in the main text, are derived following the equations in the
plot.

Langmuir dynamics
The Langmuir adsorption equation is obtained as follows: Consider a surface,
e.g., of a DNA molecule, in contact with a reservoir containing a mole fraction 𝑋
of a solute, e.g., a protein, in a dilute (ideal) solution. The reservoir is so large
that any binding to the surface does not appreciably deplete the solute from it,
in other words, its concentration remains an invariant of time. Let 𝜃(𝑡) be the
fraction of binding sites occupied by a protein at time 𝑡. If every binding site can
bind a single solute particle, and the solute particles bound to the surface do not
interact with each other, it seems reasonable to presume that Langmuir
dynamics applies. In other words, 𝜃(𝑡) obeys the following kinetic equation
𝑑𝜃
= +𝑘+ (1 − 𝜃) − 𝑘− 𝜃,
(1)
𝑑𝑡
with 𝑘+ the forward (binding) rate and 𝑘− the backward (unbinding) rate. The
forward rate 𝑘+ does not depend on the mole fraction 𝑋 of solute in the solution,
if binding is reaction-limited and involves a free energy barrier, e.g., due to a
necessary conformational adjustment before binding is possible. If this is not the
case, then the forward rate must be diffusion limited, and we expect 𝑘+ ∝ 𝑋. The
backward rate 𝑘− presumably does not depend on the concentration of solute
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in the solution, and if the bound particles do not interact then it should be an
invariant of 𝜃(𝑡).
If the steady-state binding and unbinding approaches a state thermodynamic
equilibrium, then 𝑘+ and 𝑘− are not independent. Indeed, under conditions of
steady state,
𝜃ss =

𝑘+

𝑑𝜃
𝑑𝑡

= 0, we have from eq (1)

,

𝑘+ +𝑘−

(2)
implying that if there is no unbinding, in other words 𝑘− = 0, that 𝜃ss = 1 and all
sites will become occupied. If the steady state is a state of equilibrium, 𝜃ss should
be equal to the equilibrium bound fraction 𝜃eq , which obeys Boltzmann statistics,
𝜃eq =

𝐾𝑋
1+𝐾𝑋

,

(3)
where 𝐾 is the (dimensionless) binding constant. Eq (3) is the well-known
Langmuir isotherm. Hence, under conditions of reversible adsorption, we must
have
𝑘+ = 𝐾𝑋𝑘− .
(4)
Eq (1) can be solved exactly, e.g., by variation of constants, to give
𝜃(𝑡) = 𝜃ss (1 − exp (−

𝑘+
𝜃ss

𝑡)),

(5)

implying that the characteristic adsorption timescale is given by 𝜏 = 𝜃ss /𝑘+ . For
reversible adsorption, this can be written as
𝜃(𝑡) = 𝜃eq (1 − exp(−𝑡/𝜏)) ,
(6)
where relevant timescale becomes 𝜏 = 𝜃eq /𝑘+ .
It is useful to consider two regimes. First, take conditions where 𝐾𝑋 ≫ 1, so
concentrations much larger than the “critical” concentration 1/𝐾 needed to
occupy half of the total number of binding sites. In that case, 𝜃eq ~ 1 − 1/𝐾𝑋 → 1
and
𝜃(𝑡) ~ 1 − exp(−𝑘+ 𝑡) ,
(7)
leading to full coverage at long times 𝑡 ≫ 1/𝑘+ . Note that in this limit, the
saturation value of the adsorbed amount is very weakly dependent on the
concentration of solute.
For concentrations much below the critical concentration we have 𝜃eq → 𝐾𝑋,
implying
𝑘 𝑡

𝜃(𝑡) = 𝐾𝑋 (1 − exp (− + )).
(8)
𝐾𝑋
Equation implies the existence of three rather than two parameters, because
𝜃 = 𝑁/𝑁max with 𝑁 = 𝑁(𝑡) the number of bound molecules (per unit area) and
𝑁max the maximum number of bound molecules (per unit area). The latter is
equal to the number of effective binding sites. Note that for short times, that is,
for 𝑡 ≪ 𝐾𝑋/𝑘+ , we can rewrite eq (8) into
𝑁(𝑡) ~ 𝑁max 𝑘+ 𝑡 ,
(9)
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suggesting that, if data taken at sufficient numbers of concentration, curve
fitting should allow us to fix the values not only of 𝑘+ and 𝐾, but also that of 𝑁max .
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