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Abstract

The elegant architecture of the channel of bacteriophage phi29 DNA packaging motor has inspired
the development of biomimetics for biophysical and nanobiomedical applications. The
reengineered channel inserted into a lipid membrane exhibits robust electrophysiological
properties ideal for precise sensing and fingerprinting of dSDNA at the single-molecule level.
Herein, we used single channel conduction assays to quantitatively evaluate the translocation
dynamics of dsDNA as a function of the length and conformation of dsSDNA. We extracted the
speed of dsDNA translocation from the dwell time distribution and estimated the various forces
involved in the translocation process. A ~35-fold slower speed of translocation per base pair was
observed for long dsDNA, a significant contrast to the speed of dsDNA crossing synthetic pores. It
was found that the channel could translocate both dSDNA with ~32% of channel current blockage
and ~64% for tetra-stranded DNA (two parallel dsSDNA). The calculation of both cross-sectional
areas of the dsDNA and tetra-stranded DNA suggested that the blockage was purely proportional
to the physical space of the channel lumen and the size of the DNA substrate. Folded dsDNA
configuration was clearly reflected in their characteristic current signatures. The finding of
translocation of tetra-stranded DNA with 64% blockage is in consent with the recently elucidated
mechanism of viral DNA packaging via a revolution mode that requires a channel larger than the
dsDNA diameter of 2 nm to provide room for viral DNA revolving without rotation. The
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understanding of the dynamics of dsDNA translocation in the phi29 system will enable us to
design more sophisticated single pore DNA translocation devices for future applications in
nanotechnology and personal medicine.
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1. Introduction

Translocation of macromolecules of protein, DNA and RNA across cellular compartments
using nanomachines is a universal phenomenon in living systems [1-5]. The novelty and
ingenious design of such machines have inspired the development of biomimetics. In the
case of double-stranded DNA (dsDNA) viruses, the genome is packaged into a preformed
protein shell called procapsid. This entropically and energetically unfavorable process is
accomplished using an elegant nanomotor [6-10]. In bacteriophage phi29, the nanomotor
consists of a protein channel called the connector, ATPase gpl6, and a hexameric packaging
RNA (pRNA) ring to gear the motor [11,12]. The connector consists of 12 protein subunits
which encircle to form a dodecameric channel that enables dsSDNA to translocate into the
procapsid of the phage during maturation and exit during infection [11,13,14]. Based on the
crystal structure [15,16], the ring is 13.8 nm at its wide end and 6.6 nm at its narrow end.
The internal channel is 6 nm in diameter at the wide end and 3.6 nm in diameter at the
narrowest constriction (Fig. 1A-B).

We have previously inserted the reengineered connector into a lipid bilayer to serve as a
highly robust membrane-embedded nanopore [17,18] (Fig. 1A). The connectors were
reconstituted into liposomes, followed by insertion into planar lipid membranes via vesicle
fusion of liposome/connector complexes [17,18]. The insertion of the connector channels
resulted in step-wise increase in conductance. The step size of the connector channels was
homogenous and the channels exhibited equal conductance under both positive and negative
trans-membrane potentials [17,18]. The connectors exhibit a perfectly linear Current-
Voltage (I-V)relationship without displaying any voltage gating phenomenon at £100 mV
[17,19-21]. Furthermore, the nanopore system is stable under a wide range of solution
conditions, including pH 2 - 12, and ionic strengths of 0.1 - 3 M NaCl or KCI [19].

Unlike other well studied protein nanopores, such as a-hemolysin [22] and MspA [23], the
phi29 connector has a larger diameter and allows translocation of both ds- and ss- DNA or
RNA under an electric field [17,20,21,24-26]. The connector channel exercises a one-way
traffic property for dSDNA translocation from N-terminal entrance to C-terminal exit with a
valve mechanism in DNA packaging [21]. In addition, the connector channel has shown
three discrete step gating at higher trans-membrane voltages associated with conformational
change in the channel subunits [25]. Since the crystal structure is available [15,16], explicit
engineering of the connector channel can be made with atomic precision for added
functionality. Recently, a reengineered connector with reduced channel size has shown the

Biomaterials. Author manuscript; available in PMC 2016 June 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Haque et al.

Page 3

capability to discriminate ss-DNA and RNA [24]. By selectively introducing probes either at
the terminal ends or within the channel lumen, single antibodies or single chemicals can be
identified with high confidence at ultra-low concentrations based on their characteristic
current fingerprints [27,28]. Procedures for large scale production and purification of the
connector have been well developed [18,29-33]. These features make the connector
nanochannel an ideal system for sensing and diagnostic applications. Nanopore based
sensory techniques are currently an area of great interest for single molecule, high
throughput, and label-free detection of a variety of biomacromolecules and chemicals based
on modulations of the individual current blockage signatures [34-41].

Herein, we investigated dsDNA translocation dynamics based on the properties of dSDNA
(conformation (linear vs. folded) and length); and the forces involved in DNA translocation
including electrical driving, viscous drag, hydrodynamic drag and uncoiling/recoiling forces,
and DNA-pore interactions. Two parameters were used to characterize the translocation
events: current blockage percentage, and dwell time distribution, which follows an
exponential decay. The dwell time was further used to extract the speed and estimate the
forces associated with the translocation events. We also developed a simple automated
MATLAB-based program for high throughput single molecule analysis of DNA
translocation events. Taken together, the results will pave the way for studying more
complex biological macromolecules at the single molecule level using protein nanopore-
based detectors.

2. Experimental section

2.1 Materials

Organic solvents (n-Decane, hexane, chloroform, and DMSO) and standard chemical
reagents were purchased from Sigma-Aldrich or Fisher. The phospholipids 1,2-diphytanoyl-
sn glycerol-3-phosphocholine (DPhPC) and 1,2- Dioleoyl-sn-Glycero-3-Phosphocholine
(DOPC) were purchased from Avanti Polar Lipids.

2.2 C-His wild-type connector expression and purification

The expression and purification of C-His gp10 has been described in detail previously [18].
Briefly, wild-type plasmids were constructed from vector pET-21a(+) (Novagen) with a
two-step PCR. The plasmids were then transformed into the E. coli strain HMS174 (DE3)
for protein expression. Purification of wild-type C-His tagged connector proteins was
conducted with one-step immobilized metal affinity chromatography under native
conditions.

2.3 Preparation of lipid vesicles containing the C-His connector channels

The preparation of connector reconstituted liposomes has been described previously [17].
Briefly, 1 ml of 1 mg/ml DOPC or DPhPC in chloroform was syringed in a round bottomed
flask. The chloroform was removed under vacuum using the Rotary Evaporator (Buchi). The
lipid film was then rehydrated with 1 ml of connector protein solution containing 200-300
mM sucrose to bud off vesicles into the solution. The lipid solution was then extruded
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through a polycarbonate membrane filter (100 nm or 400 nm) to generate unilamellar lipid
vesicles. A final molar ratio of lipid vs. connector was established at 4000:1 to 16000:1.

2.4 Insertion of the connector into planar bilayer lipid membrane

The insertion of the connector reconstituted liposomes into a lipid bilayer has been described
previously [17,18]. Briefly, a standard Bilayer Lipid Membrane (BLM) cell was utilized to
form a free standing lipid bilayer. An aperture of 200 um in diameter in a thin Teflon
partition separated the compartment into cis and trans sides. The aperture was pre-painted
with 0.5 ul 3% (wt/vol) DPhPC n-decane solution twice to ensure the complete coating of
the entire edge of the aperture. The cis- and trans-compartments were then filled with
conducting buffers (5 mM Tris/pH 7.9, 1 M NaCl). After confirming the formation of the
lipid bilayer, the connector reconstituted lipid vesicles (0.5 - 2 pul) were directly incubated to
fuse with the planar lipid membrane to form the membrane-embedded nanopore.

2.5 Measurements of current for each membrane-embedded channel

A pair of Ag/AgCl electrodes connected directly to both the compartments was used to
measure the current traces across the BLM. The current trace was recorded using an
Axopatch 200B patch clamp amplifier coupled with the Axon DigiData 1322A analog-
digital converter (Axon Instruments) or the BLM workstation (Warner Instruments). All
voltages reported were those of the trans-compartment. Data was low band-pass filtered at a
frequency of 5 KHz or 1 KHz and acquired at a sampling frequency of 10 KHz. The PClamp
9.1 software (Axon Instruments) was used to collect the data, and the softwares Matlab and
Origin Pro 8.0 was used for data analysis.

2.6 Preparation of DNA used in the experiment

Synthetic 12, 20, 35 and 141-nt DNA fragments and their complementary strands were
custom ordered from IDT. To obtain dsDNA, we annealed two complementary sSDNA by
heating them at 95°C for 5 min followed by slow coo ling to room temperature over a few
hours. The dsDNA complex was then purified using 10-15% (wt/vol) native Polyacrylamide
Gel Electrophoresis (PAGE) [18].

For 500, 2000 and 5000-bp dsDNA, we used restriction enzymes (such as EcoRV) to cut
plasmid DNA (such as Cx43) into desired linear fragments with a blunt end, following
manufacturer's guidelines and the buffers and reaction solutions provided with each enzyme.
The DNA was then purified using 1% (wt/vol) agarose gel and eluted with a Qiaex Il gel
extraction kit [18].

For constructing double-crossover (DX-DNA) tetra-stranded DNA structures [42] the five
strands were custom ordered from IDT. The strands were annealed and purified in 12% (wt/
vol) native PAGE, following reported procedures [42].

2.7 Translocation experiments of DNA

Liposomes containing connector channels were added to the cis-compartment of the BLM
cell. After definite insertion of connector channels, purified DNA was mixed with
conducting buffer and added to the cis compartment in the BLM cell. Alternatively, DNA
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was premixed in the conducting buffer before the start of the experiment. For all the

translocation experiments, DNA (1 pm-1 nM final concentration) was used. The current
traces were then recorded over a period of 2-4 hours.

2.8 Development of computer program for automated analysis of dsDNA translocation

events

To date, several groups have developed algorithms to analyze current blockade events
[22,43-45]. Herein, we developed an automated single molecule analysis system using
Matlab algorithm for detailed characterization of a large number of DNA translocation
events using a set of parameters (Suppl. Fig. 1) (see Supplementary Information for
mathematical details). Individual pore blockage events were first distinguished from noise
events with high confidence. The range and center of background noise was determined to
establish a threshold for possible translocation events. The current trace was then read
sequentially until all possible translocation events were identified. Translocation events were
then characterized by calculating the height and duration of each event waveform.

3. Results and discussion

The insertion of the C-His connector channels in the lipid membrane resulted in step-wise
increase in conductance, as shown in the continuous current trace (Fig. 1C). The step size of
the connector channels was homogenous (Fig. 1D) with a channel conductance determined
to be 3.1 £ 0.3 nS, calculated using the ratio of the measured current jump (under 1 M NacCl,
5 mM Tris, pH 7.8) resulting from connector insertion to the applied voltage (75 mV).
Furthermore, the C-His connectors exhibit a perfectly linear 1-V relationship without
displaying any voltage gating phenomenon under the reported conditions of £100 mV, as
established previously [17,19-21].

3.1 Parameters for characterizing translocation of dsDNA

Following the addition of dsSDNA, numerous current blockage events (Fig. 2A) were
observed, indicating the translocation of dsDNA, which was previously verified
unequivocally by quantitative PCR [17]. Since DNA is a non-conducting polymer, it
physically blocks the flow of ions as it threads through the pore and gives rise to the
transient blockage signals. We characterized each translocation event (insert in Fig. 2A)
using two parameters: current blockage percentage, and dwell time.

Phi29 connector channel is not a uniform cylinder. Although the channel is 7.5 nm long with
3.6 nm to more than ten nm distribution in width, the 3.6 nm is the narrowest constriction
and is the bottle-neck that determines the open pore current of the channel. The current
blockage percentage was expressed as [(Ipore = Ipna)/ Ipore] % 100, where Ipqre is the current
when the channel is open (i.e. the step size of one channel insertion, Fig. 2A), and Ipya IS
the blocked current level observed during DNA translocation. For dSDNA (irrespective of
length), the current blockage percentage was deduced to be 31.7 + 1.3 % (Fig. 2B), which is
consistent with the cross-sectional areas of dsDNA (3.1 nm?2) and the connector channel
(10.2 nm? at the narrowest constriction). The second parameter is the dwell time (zp) (insert,
Fig. 2A), which is the time taken for dsSDNA to traverse from the narrower N- to the wider

Biomaterials. Author manuscript; available in PMC 2016 June 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Haque et al.

Page 6

C-terminal end of the connector [21]. Thousands of translocation dwell time events from
several independent experiments were analyzed using custom MATLAB algorithm (see
Methods and Suppl. Fig. 1), and plotted in a histogram (Fig. 2C, Suppl. Fig. 2). The data
was fitted with an exponential model with density function: f(x; 7p) = (1/7p) e(—x/1p). This
is because the vast majority of events are spread over the tail of the distribution, and this
model gives a more accurate value for 7p than the peak zp. Timescales shorter than the peak
time most likely represent partial entry of DNA without translocation or collisions. We note
that our exponential dwell time distribution differs from the skewed Gaussians reported for
ssDNA transport through a-hemolysin channels [22,46], presumably due to stronger DNA-
pore interactions.

3.2 Dwell time distribution of linear dsDNA of varying lengths

We characterized different lengths of dsDNA (12, 20, 35, 141, 500, 2000 and 5000 bp)
under identical experimental conditions, unless otherwise specified: -75 mV applied
potential; buffer composed of 1 M NaCl, 5 mM Tris/pH 7.8; room temperature; and 1pM -
1nM dsDNA concentration. For a given length of dsDNA, the frequency of events depends
upon the concentration of dSDNA in the solution, as described previously [21]. Typically,
the number of analyzed translocation events ranged from 2000-20000 from at least 5
independent experiments to obtain statistically significant data (Suppl. Fig. 2).

Two regimes of translocation events were observed: For shorter dSDNA (12, 20, and 35 bp
dsDNA) that are less or around the length of the pore, hyore (7.5 nm), translocation dynamics
is dominated by interactions of the DNA with the pore wall, and longer dwell times relative
to their short length are observed (Fig. 3, boxed). For dsSDNA longer than the length of the
connector (141, 500, 2000 and 5000-bp), dwell time was observed to increase with length
(Fig. 3). Similar trend was obtained at lower voltage of -40 mV.

From the dwell time, we calculated the average speed from the slope of the L vs 7 plot,
where is the length of dsDNA in base pairs. The speed for L > > hyqre Was determined to be
853 + 78 bp/ms. This is a simplified calculation and does not account for factors such as
hydrodynamic interactions, screening effects, electro-osmotic flow, and viscosity. Slower
speed (~2 bp/ms) was observed for shorter length dsDNA (L < hpore), presumably due to
significant DNA-pore interactions. For L > > hpqre, a constant speed was observed. Similar
trend was observed at a lower voltage of -40 mV.

Although the physical properties of ss- and ds-DNA are different, we note that our
observation is different from the finding in a-hemolysin pores, where the length dependency
on translocation speed was observed for short ssDNA (L<hpre). For longer ssDNA (L > >
hpore), the speed was independent of length [47], which is also observed in the phi29
connector. This phi29 connector acts like a one-way valve for dSDNA translocation [21],
which can account for the difference.

Speed of DNA translocating through nanopores is of paramount importance for DNA
sequencing applications. For the phi29 connector channel, the average speed is ~0.85 bp/us.
For comparison, in synthetic pores with dsSDNA translocation capability, ~35x faster speed
(~30 bp/us) has been reported [48,49]. Although ssDNA translocation speed in a-hemolysin
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(1 base/us [50]) and MspA (~5 base/us [23]) pores cannot be compared directly, it is
interesting to note that the phi29 system exhibits slower translocation dynamics.
Nevertheless, even more slower speed is necessary to electrically read the sequence of an
intact DNA strand given the limits of current instrumentations [35].

3.3 Forces influencing the translocation of dsDNA through the phi29 connector

There are several physical theories on how polymers reduce ion current in nanopores
[51-53]. DNA translocation is a complex interplay between five dominant
forces[46,47,54,55] acting on dsDNA as it threads through the connector pore: electrical
driving force, viscous drag force, hydrodynamic drag force, uncoiling/recoiling forces and
DNA-pore interactions, mathematically expressed as : =Fqriving ~ Fviscous drag +
Fhydrodynamic drag * Funcoilling/recoilling * FDNA-pore- Here we provide a crude estimate of
these forces.

(a) Electrical driving force—The dsDNA is subjected to a driving force [46,47], which
is expressed as Fyriving = 26V2/a, where e is the elementary charge (dsDNA has a charge of
—2e per base pair; e = 1.6 x 10719 C); V is the Voltage; and a is the spacing between
nucleotides (0.34 nm). The Fyriving at 75 mV applied potential is calculated to be ~70 pN.
However, due to electrostatic screening effects of the counter-ions in the solution that move
with the DNA, the effective charge on the dsDNA and the resulting Fgriving is expected to be
reduced by 15 - 50% [55-57]. This value is independent of the length of dsSDNA (L > >
hpore), @s the driving force is only exerted on the DNA in the direct vicinity of the pore. We
further investigated the minimum voltage required to translocate long 2 kbp dsDNA through
the connector. Below 15 mV, translocation is rarely observed and those that occur randomly
diffuse through the pore (data not shown). So application of 15 mV is probably sufficient to
overcome the enthalpic and entropic costs of squeezing long dsDNA through the nanoscale
volume of the connector.

In our crude analysis, we assumed that dsSDNA molecules are exposed to an uniform electric
field within the channel, which may not be the case. The equipotential lines in the bulk
solution at the entrance and exit of the pore are not straight and parallel to the membrane
plane. The access resistance may play an important role by 'lengthening' the pore. The
resulting nonuniform electric field at the two openings may substantially contribute to the
translocation pattern by imposing a dielectrophoretic force over the electrophoretic one,
which may significantly increase the dwell time for short dsDNA molecules (L < hpore),
which is observed in Fig. 3.

(b) Viscous drag force of dsDNA in the connector—In the absence of specific
DNA-pore interactions, Fyiscous drag = 27 7NporeViinear/(R = 1) [46,54], where 7 is the
solution viscosity 1.0 x 1073 Pa - s); r is the radius of dsSDNA (1 nm); hpore is the height of
the connector channel (7.5 nm); Vjinear IS the velocity of dSDNA; and R is the radius of the
connector at the narrowest constriction (1.8 nm); For L < hpore such as, for 12 bp dsDNA,
Viinear = 2.24 bp/ms, and Fyjiscous drag IS €stimated to be 0.04 pN; whereas for L > > hpore
such as, 5 kbp dsDNA, the Fyiscous drag €an be as high as 12 pN.
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(c) Hydrodynamic drag on the untranslocated segment of dsDNA—The
untranslocated part of dsSDNA can be approximated as a sphere with a the radius of gyration,
Ry (for 5 kbp dsDNA, Ry ~ 0.18 um [58]). The hydrodynamic drag force [54] on the
untranslocated portion of dsDNA can be expressed as Frygrodynamic drag = 6 77RgVsphere »
where, VgphereiS the velocity at which the center of mass progresses towards the connector,
(expressed as dRg/dt) as the dsDNA translocates through the channel. For L > > hyre , such
as, 5 kbp dsDNA, Fpydrodynamic drag IS estimated to be ~30 pN. This force component is not
present in the case of shorter dsDNA (L < hpore).

(d) Uncoiling and recoiling forces acting on dsDNA—As dsDNA exists as random
coil in solution, it is entropically unfavorable to pull a dsSDNA from solution into a
nanopore. Previous theoretical calculations [55] yielded an entropic uncoiling force of ~1
pN to thread dsDNA through a 5 nm cylindrical pore. After translocation, the recoiling force
has been estimated to be ~0.1 fN. For both cases, only the segment of dsDNA entering the
nanopore contributes to the forces. This force component again is applicable to dSDNA
much longer than the persistence length; however, the sum total of uncoiling and recoiling
forces only contributes a small component of the total forces.

(e) Forces involved in DNA-pore interactions—Significant interactions are known to
occur during the translocation process between the phosphate backbone of dsDNA and
lysine residues of the connector channel [4,59]. Furthermore, the connector channel acts as a
oneway valve with respect to dsDNA translocation [21]. Taken together, the Fpna—pore
values are expected to contribute to the translocation processes. This is apparent in the L vs
7p plot (Fig. 3). Much slower speed (~2 bp/ms) is observed for short length dsDNA (12, 20,
and 35-bp) (Fig. 3, boxed). The contribution of viscous drag, hydrodynamic drag and
uncoiling/recoiling forces is expected to be minimal at these length scales. Hence the DNA-
pore interactions is likely to be the dominant factor contributing to the slower translocation
speed observed for short dsSDNA and slower speed in general compared to solid state pores
with dsDNA translocation capability [48,49].

3.4 Translocation of folded dsDNA

In solution DNA exists as a random coil. The persistence length of dsDNA, that is the length
over which the DNA chain can fold back upon itself, is ~140 bp (~50 nm) in 1 M KCI buffer
conditions [60]. Thus, it is conceivable that the DNA can translocate through the pore in a
folded conformation, which has been observed in synthetic SiO, nanopores of diameter 10
nm using A-phage dsDNA [44,61-63] and graphene pores [64-66]. The phi29 channel is 3.6
nm at the narrowest constriction and only ~1/3 of the channel gets blocked by dsDNA (Fig.
2A-B). In presence of 5 kbp dsDNA, one or two plateaus at discrete current levels within a
single translocation event are observed (Fig. 4), different from the single-level head-to-tail
translocation of straight dsSDNA (Fig. 2A). A MATLAB-based event sorting algorithm was
used to classify the measured events into straight (head-to-tail) with characteristic ~32%
current blockage, and double-level conformations with characteristic ~64% current blockage
(Types I, 11 and 111 based on the random folding of leading and trailing edges). Quantitative
analysis using a single channel in the membrane (to eliminate the possibility of simultaneous
translocation events from multiple channels) revealed that ~15% of all the events accounted
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for the translocation of folded 5 kbp dsDNA whereby portions of the dsDNA folded upon
itself and translocated in a doubled-up configurations. The capture of folded dsDNA is a
stochastic process and the lower percentage of double-level events can be attributed to
considerable energy barrier that is needed to overcome during the translocation. Similar
events are observed, although less frequently with 500 bp dsDNA.

The dwell time of folded dsDNA (i.e. double-level events only) at -75 mV was deduced to
be 14.7 £ 2.2 ms, compared to 8.4 £ 0.1 ms for straight dSDNA. At -40 mV, even slower
dynamics were observed: 22.5 + 8.5 ms for folded dsDNA vs. 6.4 + 0.1 ms for straight
dsDNA. This is in contrast to the 10 nm SiO, nanopores where near identical dwell times
and corresponding velocities were observed for folded and straight dsSDNA translocations
[62]. While dsDNA can adopt a wide range of conformations in solution, the nature of the
nanopore and more importantly, the dimensions of the pore can restrict a lot of these
conformations of translocated dsDNA. In presence of two dsDNA strands, the strands repel
each other to displace both strands from the pore axis. The electrical driving force and
hydrodynamic drag forces are the same for linear and folded dsDNA; however, the viscous
drag force and associated DNA-pore interactions may result in a smaller net force exerted on
folded dsDNA conformations resulting in increased translocation time observed in our case.

3.5 Co-translocation of two dsDNA side by side (tetra-stranded DNA) through the

connector

We have previously shown that circular DNA cannot pass through the connector channel,
presumably due to supercoiling effects [17]. Moreover, the observed translocation of
dsDNA is a random process and does not conclusively demonstrate whether the connector
channel is indeed capable of translocating two dsDNA side by side simultaneously. To
further validate this folded dsDNA translocation phenomena, we constructed double-
crossover (DX-DNA) tetra-stranded DNA structures [42] (Fig. 5B). In presence of a single
channel in the membrane, DXDNA was added; blockage events at the double-level (~64%
pore current blockage) with longer and broader translocation events were observed,
consistent with the cross-sectional areas of the DX-DNA and connector (Fig. 5B).
Restricting the analysis to the subset of double-level DXDNA translocation events only, the
dwell time was deduced to be 15.5 = 1.5 ms (Fig. 5C), which is ~2.5x higher than one
double strand 35 bp of DX-DNA. DsDNA is a helix with major and minor groove. Folded
dsDNA as well tetra-stranded DNA (diameter of 3.4 - 4 nm) display certain degree of
flexibility and there is possibility of stacking of the two dsDNA helices aligning with the
major and minor groove, which results in a reduced effective cross-sectional diameter. Both
folded dsDNA and tetra-stranded DNA physically only blocks 64% of the available channel
area.

From dsDNA packaging perspective, the results agree with the DNA crunching and
compression phenomena observed in bacteriophage T4 [67] (Fig. 5D). The authors used Y-
shaped branched DNA as substrate for DNA packaging and analyzed DNA entry into
procapsid by FRET (Fluorescence Resonance Energy Transfer). With the distal dsSDNA part
composed of two dsDNA (tetra-stranded), FRET efficiency was observed to increase during
DNA packaging. Although the authors could not confirm whether the tetra-stranded DNA
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passed through the connector channel, the observation of T4 crunching agrees with the
phi29 “push-through a one way valve” mechanism reported previously [4,21,68]. At the
very least, the tetra-stranded component of the Y-shaped DNA had entered the channel ring
composed of T4 gpl7 ATPase, otherwise, the FRET signal would not have increased and
the crunching and compression of DNA substrate could not have occurred.

The finding of translocation of dsDNA with 32% blockage and tetra-stranded DNA with
64% blockage is in consent with the recently elucidated mechanism of viral DNA packaging
via a revolution mechanism without rotation [68-71]. If rotation mechanism would have
been applied, the channel size that is close to the size of the 2 nm dsDNA would have been
observed. If revolution mechanism is applied, it requires a channel larger than the dSDNA
diameter of 2 nm to provide additional room for dsDNA to revolve. It was demonstrated
here that the phi29 connector DNA packaging channel is three times wider than the dSDNA
that only blocked 32% of the channel, supporting the revolution mechanism.

4. Conclusions

In summary, we used a set of parameters to characterize the translocation dynamics of linear
and folded dsDNA translocation through the membrane-embedded robust phi29 nanopore.
Significantly slower translocation speed is observed for phi29 connector compared to
synthetic nanopores with dsDNA translocation capability. We demonstrated for the first
time the ability of the protein nanopores and in general nanopores smaller than 5 nm to
distinguish folded dsDNA conformations. The results provided fundamental insights into the
key factors governing the electrophoretic transport of dsDNA through the connector
nanochannel and has provided a platform to explore complex biophysical processes involved
in DNA packaging and transport, as well as structural studies of biological macromolecular
complexes at the single molecule level in the future.
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Figure 1. Structure and electrophysiological properties of membrane embedded phi29 connector

nanopore

(A) Hlustration of membrane-embedded connector in the electrophysiological assay setup. A
side view showing the dimensions of the connector. For simplicity, only 2 of the 12 subunits
of the connector are shown. (B) Top view of the connector showing the dimensions of the
dodecameric channel interior. (C) Insertion of connector channels in the lipid membrane, as
demonstrated by step-wise increase in current at holding potential -75 mV. (D) Histogram
showing uniform conductance (3.1 = 0.3 nS) of the phi29 connector channels in presence of
1M NaCl, 5 mM Tris, pH 7.8, and at holding potential -75 mV (500 insertion events).
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Figure 2. Translocation of dsDNA through the connector channels
(A) Current trace showing burst of transient current blockage events representing the

translocation of 20 bp dsDNA upon channel insertion. DsDNA was premixed in the
conducting buffer. Insert: magnified event of a single DNA translocation event with
characteristic current amplitude and dwell time. (B) Histogram of current blockage
percentage (31.7 £ 1.3 %) induced by 20 bp dsDNA (2100 translocation events). (C) Typical
dwell time distribution of DNA translocation events following an exponential decay (11,500
events). Buffer: 1 M NaCl, 5 mM Tris, pH 7.8; Applied voltage: -75 mV; Red line:

exponential fit; Insert: plot of the residuals.
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Figure 3. Mean dwell time as a function of dsDNA length
The mean dwell time for each dsSDNA was obtained using an exponential model with

density function. Data showing two classes of events for short dsSDNA lengths (12, 20 and
35 bp) (boxed) and dsDNA much longer than the length of the connector (141, 500, 2000
and 5000 bp). Slower speed is observed for short length dsSDNA (boxed), whereas a constant
speed (slope) is observed for longer dsSDNA. Applied voltage: -75 mV; error bars represent
standard deviation; red line: linear fit.
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Figure 4. Translocation of folded 5 kbp dsDNA
(A) Typical current trace showing the translocation of straight (single level) and folded

dsDNA (double level). (B) Quantitative analysis of 7500 events showing the distribution of
5 kbp straight and folded dsDNA through a single channel in the membrane. (C) Illustration
(top) and representative current signatures (bottom) of straight and folded (Types I, Il and
111) dsDNA translocating through a single connector channel in the membrane. For
reference, the direction of translocation is from N- to C-terminal of the connector. Applied
voltage: -75 mV.
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Figure 5. Translocation of DX-DNA structures
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(A) Schematic and 2D sequence of 35 bp dsDNA. Typical current trace showing the
translocation of 35 bp dsDNA showing single-level events. (B) Schematic and 2D sequences
of double crossover DNA (DX-DNA) [42]. Typical current trace showing the translocation
of DX-DNA showing double-level events. (C) Dwell time distribution of DX-DNA
translocation events (500 events). Applied voltage: -100 mV. (D) Model of DNA crunching
and compression observed in T4 bacteriophage using Y-shaped branched DNA substrate

[67].
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