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PROTEIN VARIANTS FOR USE AS LIPID BILAYER-INTEGRATED NANOPORE,
AND METHODS THEREOF

GOVERNMENT INTEREST
[0001] This presently disclosed subject matter was made with Government support
under Grant No. ROIEB012135 awarded by the National Institutes of Health. The Government

has certain rights in the invention.
RELATED APPLICATIONS

[0002] This application claims the benefit of United States Patent Application No.
62/220,545, filed September 18, 2015, the contents of which are incorporated by reference in

their entirety.

TECHNICAL FIELD

[0003] The presently-disclosed subject matter relates to an engineered T3 and/or T4 viral
DNA-packaging motor connector protein that can be incorporated into a lipid membrane to form

an electroconductive aperture, and which can be provided for other uses described herein.
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INTRODUCTION

[0004] DNA translocation motors are ubiquitous in all living systems (1-6). During
replication, the genome of double stranded DNA (dsDNA) viruses was packaged into a preformed
protein referred as prohead to a density similar to that of crystalline DNA (7). This process is
entropically unfavorable and requires a powerful packaging motor to accomplish the task. The
component of packaging motors in many dsDNA bacteriophages and herpes viruses includes a
protein channel called connector or portal vertex. It is located between the capsid shell and the
ATPase ring. pRNA is a unique component in bacteriophage phi29 required for genomic DNA
packaging(8, 9). Structural studies have shown that connectors from herpes virus and different tailed
bacteriophages, such as phi29, SPP1, T4, and T3, share similar cone-shaped dodecamer structure
(Fig. 1), even though their primary sequences do not display homology. The connector protein plays
a critical role in genome packaging and ejection. During viral assembly, the connector serves as a
docking point for motor ATPase and a conduit for dsDNA transport. After DNA packaging, the
connector then serves as a binding site for tail components to complete virion assembly. When
bacteriophages start to infect, the DNA 1is ejected through the coaxial connector and tail channel into
the host cell.

[0005] Recent studies showed that the DNA translocase of bacteriophage phi29 uses a
“Revolving through one-way valve” (10-12) rather than rotation (13) to package DNA, and T4
uses a “Torsional compression” mechanism (14, 15). Since the channels act like a one-way valve,
an obvious question is how dsDNA is ejected during infection if the channel is a one-way inward
valve. Previous studies have revealed an unexplained phenomenon that, after DNase digestion, the
packaging intermediates or incompletely packaged DNA always showed three major bands in
phi29 and T3 (16, 17). Earlier studies have demonstrated that the connector exercises conformation
changes during DNA packaging and ejection processes. For example, one of the studies showed
that phi29 connector conformation change was induced by DNA, pRNA or divalent metal ions
assayed by circular dichroism and quenching of intrinsic tryptophan fluorescence (18, 19). Cryo-
EM has also revealed conformational changes of free in vitro connector and the connector in the
infectious virion(20). However, none of these studies to date has shown the conformation changes

at the single molecule level.
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[0006] Nanopore technology is an emerging area with the potential for versatile
applications, including sensing small molecules, macromolecules, molecular binding, protein
folding and DNA sequencing (21-28). The reengineered phi29 gp10 connector has been inserted
into a lipid bilayer showing highly robust properties that can withstand a wide range of solution
conditions, including pH 2-12, and ionic strengths of 0.1-3M NaCl or KC1(29, 30). The insertion
of the connector channel into the lipid membrane results in homogenous step size increases in
current and the channel exhibits equal conductance under both positive and negative voltage (29).
By introducing appropriate probe at either the interior, or the terminal ends of the channel, single
chemical or single antibody can be detected at ultra-low concentrations based on the current
signature(31, 32). The channel allows dsDNA translocation (10, 11, 29, 33-36) and is able to
discriminate ss-DNA and RNA with appropriate modification (34). Furthermore, that phi29
connector channel displays a one-way traffic property for dsDNA translocation with a valve
mechanism in DNA packaging (10, 11) and voltage-induced channel gating (35). A finding of a
conformation change of the channel that is common to DNA translocases of bacteriophage T3,
T4, SPP1, and Phi29 supports the observation that the one way inbound channel was transformed

into an outbound channel during the DNA ejection process.

SUMMARY

[0007] The presently-disclosed subject matter meets some or all of the above-identified
needs, as will become evident to those of ordinary skill in the art after a study of information
provided in this document.

[0008] This Summary describes several embodiments of the presently-disclosed subject
matter, and in many cases lists variations and permutations of these embodiments. This
Summary is merely exemplary of the numerous and varied embodiments. Mention of one or
more representative features of a given embodiment is likewise exemplary. Such an embodiment
can typically exist with or without the feature(s) mentioned; likewise, those features can be
applied to other embodiments of the presently-disclosed subject matter, whether listed in this
Summary or not. To avoid excessive repetition, this Summary does not list or suggest all

possible combinations of such features.
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[0009] In some embodiments, the presently disclosed subject matter provides an
engineered nucleic acid molecule encoding a T3 or T4 viral connector polypeptide variant. In
some embodiments, the polypeptide comprises an amino acid sequence having at least 95%
sequence identity to SEQ ID NO: 2. In some embodiments, the polypeptide comprises an amino
acid sequence having at least 99% sequence identity to SEQ ID NO: 2. In some embodiments,
the polypeptide comprises the amino acid sequence of SEQ ID NO: 2. In some embodiments, the
nucleic acid sequence comprises the sequence of SEQ ID NO: 1. In some embodiments, the
polypeptide comprises an amino acid sequence having at least 95% sequence identity to SEQ ID
NO: 4. . In some embodiments, the polypeptide comprises an amino acid sequence having at
least 99% sequence identity to SEQ ID NO: 4. In some embodiments, the polypeptide comprises
the amino acid sequence of SEQ ID NO: 4. In some embodiments, the nucleic acid sequence
comprises the sequence of SEQ ID NO: 3.

[00010] Further provided, in some embodiments of the presently provided subject matter,
is an engineered T3 or T4 viral connector polypeptide variant. In some embodiments, the
polypeptide variant comprises an amino acid sequence having at least 95% sequence identity to
the sequence of SEQ ID NO: 2 or SEQ ID NO: 4. In some embodiments, the viral connector
polypeptide variant comprises an amino acid sequence having at least 99% sequence identity to
the sequence of SEQ ID NO: 2 or SEQ ID NO: 4. In some embodiments, the viral connector
polypeptide variant comprises an amino acid sequence having the sequence of SEQ ID NO: 2 or
SEQ ID NO: 4. In some embodiments, the viral connector polypeptide variant comprises the
sequence of SEQ ID NO. 2 or SEQ ID NO. 4.

[00011] Yet in some embodiments of the presently disclosed subject matter, an artificial
conductive channel-containing voltage-gated membrane complex is provided. In some
embodiments, the membrane comprises a membrane layer and an isolated DNA-packaging
motor connector protein that is incorporated into the membrane layer to form an aperture through
which conductance can occur when an electrical potential is applied across the membrane. In
some embodiments, the DNA-packaging motor connector protein comprises a homododecamer
of viral DNA-packaging motor connecting protein polypeptide subunits, In some embodiments,
the subunits comprises an amino acid sequence having at least 95% identity to SEQ ID NO: 2 or

SEQ ID NO: 4. In some embodiments, the viral DNA-packaging motor connector protein
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polypeptide subunits comprises an amino acid sequence having at least 99% identity to SEQ ID
NO: 2 or SEQ ID NO: 4. In some embodiments, the viral DNA-packaging motor connector
protein polypeptide subunits comprises sequence as set forth in SEQ ID NO: 2 or SEQ ID NO: 4.

[00012] The membrane of claim 9, wherein the viral DNA-packaging motor connector
protein polypeptide subunits is encoded by a nucleic acid molecule comprising SEQ ID NO. 1 or
SEQ ID NO. 3. In some embodiments, the subunit further comprises an affinity/alignment
domain. In some embodiments, the affinity/alignment domain comprises a polypeptide of (i) a
Strep-11 tag sequence WSHPQRFEK; (ii) a polyhistidine polypeptide tag of 3, 4,5, 6,7, 8,9, 10,
11 or 12 contiguous histidine residues; (iii) a polyarginine polypeptide of 3,4, 5, 6,7, 8,9, 10,
11 or 12 contiguous arginine residues; (iv) an HIV Tat polypeptide of sequence
YGRKKRRQRR, and (v) a peptide tag of sequence DRATPY. In some embodiments, the
membrane translocates double-stranded DNA through the aperture when the electrical potential
is applied. In some embodiments, the conductance occurs in the conductive channel-containing
membrane with voltage-gating when electrical potential is applied. In some embodiments, the
applied electrical potential is greater than about 100 mV. In some embodiments, the electrical
potential is greater than about 125 mV, greater than about 150 mV, greater than about 175 mV,
greater than about 200 mV, greater than about 225 mV, greater than about 250 mV, greater than
about 275 mV, greater than about 300 mV. In some embodiments, the applied electrical
potential is less than about -100 mV. In some embodiments, the applied electrical potential is
Iess than about -125 mV, less than about -150 mV, less than about -175 mV, less than about -200
mV, less than about -225 mV, less than about -250 mV, less than about -275 mV, less than about
-300 mV. In some embodiments, the membrane layer comprises a lipid layer. In some
embodiments, the lipid layer comprises amphipathic lipids. Non-limiting examples of the lipid
layer include planar membrane layer and a liposome. In some embodiments, the amphipathic
lipids comprise phospholipids and the lipid layer comprises a lipid bilayer. In some
embodiments, the liposome includes but not limited to a multilamellar liposome and a
unilamellar liposome. In some embodiments, the incorporated viral DN A-packaging motor
connector protein is mobile in the membrane layer.

[00013] In some embodiments, the presently disclosed subject matter provides a method

of sensing a molecule using a conductive channel-containing membrane as disclosed herein. The
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method comprises contacting the molecule with a conductive channel-containing membrane
which comprises a membrane layer and incorporated therein one or a plurality of isolated viral
DNA-packaging motor connector proteins, applying an electrical potential, and detecting
electrical current change, wherein the current change is a discrete a 3-step change. In some
embodiments, the discrete 3-step current change is about 33%, about 66%, and 99% reduction in
each step. In some embodiments, the electrical potential is greater than about 100mV. In some
embodiments, the electrical potential is less than about -100mV. In some embodiments, the
molecule is a polypeptide. In some embodiments, the molecule is a nucleic acid molecule. In
some embodiments, the nucleic acid molecule is a double-stranded nucleic acid molecule. In
some embodiments, the presently disclosed subject matter further provides a method of DNA

sequencing using a conductive channel-containing membrane as disclosed herein.

BRIEF DESCRIPTION OF THE DRAWINGS

[00014] The features of the invention are set forth with particularity in the appended
claims. A better understanding of the features and advantages of the present invention will be
obtained by reference to the following detailed description that sets forth illustrative
embodiments, in which the principles of the invention are used, and the accompanying drawings.
The drawings were originally published in color, incorporated by reference in their entireties
(Wang, S., et al., Three-step channel conformational changes common to DNA packaging
motors of bacterial viruses T3, T4, SPP1, and Phi29, Virology. 2016 May 12. pii: S0042-
6822(16)30073-3. doi: 10.1016/.virol.2016.04.015). The black and white drawings of the instant
application correspond to the color ones published.

[00015] Figure 1 illustrates structures T4 and T3 connector channels. A schematic is
drawn, since crystal structures are not available for T3, and T4.

[00016] Figure 2 includes image showing coomasie-blue stained 10% SDS-PAGE
showing the molecular weight differences of single subunit of T4 (60 kDa) and T3 (59 kDa)

connector channels.
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[00017] Figure 3A shows representative current traces showing insertion of T4 connector
channels into planar lipid membrane. Applied voltage: 50 mV; Conducting buffer: 1 M KCI, 5
mM HEPES, pH 7.8.

[00018] Figure 3B shows representative current traces showing insertion of T3 connector
channels into planar lipid membrane. Applied voltage: 50 mV; Conducting buffer: 1 M KCI, 5
mM HEPES, pH 7.8.

[00019] Figure 4A shows histogram data showing the conductance distribution of T4
connector channels. Applied voltage: 50 mV; Conducting buffer: 1 M KCl, 5 mM HEPES, pH
7.8. The conductance value is reported as mean+ standard deviation from three independent
experiments.

[00020] Figure 4B shows histogram data showing the conductance distribution of T3
connector channels. Applied voltage: 50 mV; Conducting buffer: 1 M KCl, 5 mM HEPES, pH
7.8. The conductance value is reported as mean+ standard deviation {rom three independent
experiments.

[00021] Figure S shows Current-Voltage trace under a ramping potential (-50 mV to 50
mV; 2.2 mv/s) for T4 (one channel) and T3 (three channels) connectors. Conducting buffer: 1 M
KCl, 5 mM HEPES, pH 7.8.

[00022] Figure 6 shows three step gating associated with conformational changes of T4
and T3 connector channel under positive trans-membrane voltages.

[00023] Figure 7 shows three steps gating associated with conformational changes of T4
and T3 connector channels under negative trans-membrane voltage.

[00024] Figure 8A shows top view, side view and single subunit of Phi29 portal channel
structure.

[00025]  Figure 8B shows top view, side view and single subunit of SPP1portal channel
structure.

[00026] Figure 8C shows top view, side view and single subunit of T4 portal channel
structure.

[00027] Figure 9A sets forth representative current traces showing insertion of phi29

portal channel into planar lipid membrane.



WO 2017/049101 PCT/US2016/052158

[00028] Figure 9B sets forth representative current traces showing insertion of SPP1
portal channel into planar lipid membrane.

[00029] Figure 9C sets forth representative current traces showing insertion of T4 portal
channel into planar lipid membrane.

[00030] Figure 9D sets forth representative current traces showing insertion of T3 portal
channels into planar lipid membrane.

[00031] Figure 9E sets forth a histogram showing the conductance distribution of phi29
portal channels.

[00032] Figure 9F sets forth a histogram showing the conductance distribution of SPP1
portal channels.

[00033] Figure 9G sets forth a histogram showing the conductance distribution of T4
portal channels.

[00034] Figure 9H sets forth a histogram showing the conductance distribution of T3
portal channels.

[00035] Figure 91 shows Current-Voltage trace under a ramping potential (—50 mV to +50
mV; 2.2 mV/s) for phi29 (single channel) portal.

[00036] Figure 9] shows Current-Voltage trace under a ramping potential (—50 mV to
+50 mV; 2.2 mV/s) for SPPI (two channel) portal.

[00037] Figure 9K shows Current-Voltage trace under a ramping potential (-50 mV to
+50 mV; 2.2 mV/s) for T4 (one channel) portal.

[00038] Figure 9L shows Current-Voltage trace under a ramping potential (=50 mV to
+50 mV; 2.2 mV/s) for T3 (three channels) portal.

[00039] Figure 10A shows three step gating associated with conformational changes of
phi29 portal channel under positive trans-membrane voltages.

[00040] Figure 10B shows three step gating associated with conformational changes of
SPP1 portal channel under positive trans-membrane voltages.

[00041] Figure 10C shows three step gating associated with conformational changes of
T4 portal channel under positive trans-membrane voltages.

[00042] Figure 10D shows three step gating associated with conformational changes of

T3 portal channel under positive trans-membrane voltages.
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[00043] Figure 10E shows three step gating associated with conformational changes of
phi29 portal channel under negative trans-membrane voltages.

[00044] Figure 10F shows three step gating associated with conformational changes of
SPP1 portal channel under negative trans-membrane voltages.

[00045] Figure 10G shows three step gating associated with conformational changes of
T4 portal channel under negative trans-membrane voltages.

[00046] Figure 10H shows three step gating associated with conformational changes of
T3 portal channel under negative trans-membrane voltages.

[00047] Figure 11 is a Coomasie-blue stained 10% SDS-PAGE showing the molecular
weight differences of single subunit of phi29 (36 kDa), SPP1 (56 kDa), T4 (60 kDa) and T3 (59
kDa) portal channels.

[00048] Figure 12 shows a single channel insertion of T4 gp20 connector channel.

[00049] Figure 13 shows multiple insertion of T4 gp-20 connector channel.

[00050] Figure 14 shows TAT peptide translocation for the T4 connector.

[00051] Figure 15 shows T4 connector peptide translocation.

[00052] Figure 16 shows translocation of peptide through T4 gp20.

[00053] Figure 17 shows peptide translocation through T3 connector.

[00054] Figure 18 shows blockade of peptide translocation through T3 connector.

[00055] Figure 19 shows one way traffic of peptide translocation through T3 connector.



WO 2017/049101 PCT/US2016/052158

BRIEF DESCRIPTION OF THE SEQUENCE LISTING

[00056] SEQ ID NO: 1 is a nucleic acid sequence of the T3 mutant connector sequence as
used in the presently disclosed subject matter.

[00057] SEQ ID NO: 2 is an amino acid sequence of T3 mutant connector sequence as
used in the presently disclosed subject matter.

[00058] SEQ ID NO: 3 is a nucleic acid sequence of the T4 gp-20 mutant connector
sequence as used in the presently disclosed subject matter.

[00059] SEQ ID NO: 4 is an amino acid sequence of T4 gp-20 mutant connector sequence

as used in the presently disclosed subject matter.

DESCRIPTION OF EXEMPLARY EMBODIMENTS

[00060] The disclosure below includes Section 1 (which includes the Introduction set forth
above, description of Figures 1-8, Figures 13-27, and description of sequence listing) and Section
2 (which includes description of Figures 9-12 set forth above).

[00061] Section 1

[00062] The details of one or more embodiments of the presently-disclosed subject matter
are set forth in this document. Modifications to embodiments described in this document, and
other embodiments, will be evident to those of ordinary skill in the art after a study of the
information provided in this document. The information provided in this document, and
particularly the specific details of the described exemplary embodiments, is provided primarily
for clearness of understanding and no unnecessary limitations are to be understood therefrom. In
case of conflict, the specification of this document, including definitions, will control.

[00063] The presently-disclosed subject matter includes, in some embodiments, a nucleic
acid molecule encoding a T3 or T4 connector polypeptide variant. The T3 or T4 connector
polypeptide variant comprises an amino acid sequence having at least 90, 91, 92, 93, 94, 95, 96,
97, or 99% sequence identity to a sequence shown in SEQ ID NO:2, or SEQ ID NO:4,
respectively. In some embodiments, the nucleic acid molecule encodes a T3 or T4 connector
polypeptide variant comprises an amino acid sequence as set forth in SEQ ID NO:2 or SEQ ID
NO:4, respectively. In some embodiments, the nucleic acid molecule comprises the sequence

shown in SEQ ID NO:1, or SEQ ID NO:3.
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[00064] A nucleic acid or polypeptide sequence can be compared to another sequence and
described in terms of its percent sequence identity. In calculating percent sequence identity, two
sequences are aligned and the number of identical matches of nucleotides or amino acid residues
between the two sequences is determined The number of identical matches is divided by the
length of the aligned region (i.e., the number of aligned nucleotides or amino acid residues) and
multiplied by 100 to arrive at a percent sequence identity value. It will be appreciated that the
length of the aligned region can be a portion of one or both sequences up to the full-length size
of the shortest sequence. It will be appreciated that a single sequence can align differently with
other sequences and hence, can have different percent sequence identity values over each aligned
region. It is noted that the percent identity value is usually rounded to the nearest integer.

[00065] The alignment of two or more sequences to determine percent sequence identity is
performed using the algorithm described by Altschul et al. (1997, Nucleic Acids Res., 25:3389-
3402) as incorporated into BLAST (basic local alignment search tool) programs, available at
ncbi.nlm.nih.gov on the World Wide Web. BLAST searches can be performed to determine
percent sequence identity between a first nucleic acid and any other sequence or portion thereof
aligned using the Altschul et al. algorithm. BLASTN is the program used to align and compare
the identity between nucleic acid sequences, while BLASTP is the program used to align and
compare the identity between amino acid sequences. When utilizing BLAST programs to
calculate the percent identity between a sequence disclosed herein (e.g., SEQ ID NOs:1-4) and
another sequence, the default parameters of the respective programs are used.

TABLE 1

Conservative Amino Acid Substitutions

L Representative Conservative Amino
Amino Acid

Acids

Ala Ser, Gly, Cys

Arg Lys, Gla, His

Asn Gin, His, Glu, Asp
Asp (lu, Asn, Gin

Cys Ser, Met, Thr

Gin Asn, Lys, Glu, Asp, Arg
Glu Asp, Asn, Gin

Gly Pro, Ala, Ser

11



WO 2017/049101 PCT/US2016/052158

TABLE |
His Asn, Gin, Lys
ile Leu, Val, Met, Ala
Leu le, Val, Met, Ala
Lys Arg, Gin, His
Met Leu, He, Val, Ala, Phe
Phe Met, Len, Tyr, Trp, His
Ser Thr, Cys, Ala
Thr Ser, Val, Ala
Trp Tyr, Phe
Tyr Trp. Phe, His
Vai Hle, Leu, Met, Ala, Thr

[00066] Modifications, including substitutions, insertions or deletions are made by known
methods. By way of example, modifications are made by site-specific mutagenesis of nucleotides
in the DNA encoding the protein, thereby producing DNA encoding the modification, and
thereafter expressing the DNA in recombinant cell culture. Techniques for making substitution
mutations at predetermined sites in DNA having a known sequence are well known.

[00067] The presently-disclosed subject matter further includes, in some embodiments, a
conductive channel-containing membrane, comprising (a) a membrane layer; and (b) a T3
and/or T4 connector polypeptide variant that is incorporated into the membrane layer to form an
aperture through which conductance can occur when an electrical potential is applied across the
membrane, wherein the T3 and/or T4 connector polypeptide variant is selected from among
those disclosed herein.

[00068] Embodiments described herein find use in a variety of molecular analytical
contexts, including, for example, sensitive detection and characterization of chemical and
biochemical analytes for biomedical, clinical, industrial, chemical, pharmaceutical,
environmental, forensic, national security, toxicological and other purposes, including any
situation where rapid, specific and exquisitely sensitive detection and/or characterization of an
analyte (e.g., preferably a soluble analyte that is provided in solution) may be desired. Expressly
contemplated are embodiments in which the presently disclosed compositions and methods are

used for DNA sequencing, including dsDNA sequencing, high-throughput DNA sequencing,
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genomics, SNP detection, molecular diagnostics and other DNA sequencing applications, and
polypeptide detection and identification. Additional utilities include those described in
International Patent Application Publication No. W0O2010/062697, which is incorporated herein
in its entirety by this reference.

[00069] Exemplary analytes thus include nucleic acids such as DNA and RNA (including
dsDNA and dsRNA), including for the detection and identification of single nucleotide
polymorphisms (SNPs) and/or mutations in such nucleic acids, and/or nucleic acid sequence
determination. Other exemplary analytes that may be detected and/or characterized using the
herein described compositions and methods include polypeptides and other biopolymers (e.g.,
proteins, glycoproteins, peptides, glycopeptides, oligosaccharides, polysaccharides, lipids,
glycolipids, phospholipids, etc.) and other biomolecules (e.g., soluble mediators, cofactors,
vitamins, bioactive lipids, metabolites, and the like), drugs and other pharmaceutical and
pharmacological agents, including natural and synthetic compounds, food and cosmetics agents
such as flavorants, odorants, preservatives, antioxidants, antimicrobial agents, stabilizers, carriers,
excipients, modifying agents and the like, natural and synthetic toxins, dyes, and other
compounds.

[00070] Accordingly and in certain embodiments, any analyte for which detection and/or
characterization is desired may be used, where it will be recognized from the disclosure herein
that the analyte is preferably soluble in a solvent that does not compromise the integrity of the
particular membrane layer in which the T3 and/or T4 connector polypeptide variant is
incorporated to form an aperture through which conductance can occur when an electrical
potential is applied across the membrane. Analyte selection may thus vary as a function of the
composition of the particular membrane layer being used, which may therefore influence solvent
selection. Those skilled in the art will be familiar with criteria to be employed for selecting a
solvent that is compatible with a membrane layer of any particular composition. In preferred
embodiments, the membrane layer comprises a phospholipid bilayer and the solvent in which the
analyte is provided comprises an aqueous solvent, €.g., a solvent that comprises water.

[00071] In some embodiments of the conductive channel-containing membrane, the
membrane layer comprises a lipid layer. In a further embodiment the lipid layer comprises

amphipathic lipids, which in certain still further embodiments comprise phospholipids and the
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lipid layer comprises a lipid bilayer. In certain other embodiments the lipid layer is selected from
a planar membrane layer and a liposome. In certain embodiments the liposome is selected from a
multilamellar liposome and a unilamellar liposome. In certain other embodiments the
incorporated T3 and/or T4 connector polypeptide variant is mobile in the membrane layer. In
certain other embodiments the conductive channel-containing membrane is capable of
translocating double-stranded DNA through the aperture when the electrical potential is applied.
In certain other embodiments the conductive channel-containing membrane is capable of
translocating polypeptides through the aperture when the electrical potential is applied. In certain
embodiments conductance occurs without voltage gating when the electrical potential is applied.
In some embodiments of the engineered nucleic acid molecule encoding a T3 or T4 viral
connector polypeptide variant as disclosed herein can be assembled to a T3 or T4 DNA-
packaging motor connector protein, and the T3 and T4 motor connector is incorporated into the
lipid membrane layer. In more severe mutations in a T3 or T4 viral connector polypeptide, the
structure of T3 or T4 motor connector cannot be assembled into the correct form in lipid
membrane layer.

[00072] In some embodiments, the T3 and/or T4 connector polypeptide variant comprises
a detectable label. In some embodiments, the detectable label is selected from the group
consisting of a colorimetric indicator, a GCMS tag compound, a fluorescent indicator, a
luminescent indicator, a phosphorescent indicator, a radiometric indicator, a dye, an enzyme, a
substrate of an enzyme, an energy transfer molecule, a quantum dot, a metal particle and an
affinity label.

[00073] While the terms used herein are believed to be well understood by those of
ordinary skill in the art, certain definitions are set forth to facilitate explanation of the presently-
disclosed subject matter.

[00074] Unless defined otherwise, all technical and scientific terms used herein have the
same meaning as is commonly understood by one of skill in the art to which the invention(s)
belong.

[00075]  All patents, patent applications, published applications and publications, GenBank
sequences, databases, websites and other published materials referred to throughout the entire

disclosure herein, unless noted otherwise, are incorporated by reference in their entirety.
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[00076] Where reference is made to a URL or other such identifier or address, it
understood that such identifiers can change and particular information on the internet can come
and go, but equivalent information can be found by searching the internet. Reference thereto
evidences the availability and public dissemination of such information.

[00077]  As used herein, the abbreviations for any protective groups, amino acids and other
compounds, are, unless indicated otherwise, in accord with their common usage, recognized
abbreviations, or the IUPAC-IUB Commission on Biochemical Nomenclature (see, Biochem.
(1972) 11(9):1726-1732).

[00078] Although any methods, devices, and materials similar or equivalent to those
described herein can be used in the practice or testing of the presently-disclosed subject matter,
representative methods, devices, and materials are described herein.

[00079] In certain instances, nucleotides and polypeptides disclosed herein are included in
publicly-available databases, such as GENBANK® and SWISSPROT. Information including
sequences and other information related to such nucleotides and polypeptides included in such
publicly-available databases are expressly incorporated by reference. Unless otherwise indicated
or apparent the references to such publicly-available databases are references to the most recent
version of the database as of the filing date of this Application.

[00080] The present application can “comprise” (open ended) or “consist essentially of”
the components of the present invention as well as other ingredients or elements described herein.
As used herein, “comprising” is open ended and means the elements recited, or their equivalent
in structure or function, plus any other element or elements which are not recited. The terms
“having” and “including” are also to be construed as open ended unless the context suggests
otherwise.

[00081] Following long-standing patent law convention, the terms “a”, “an”, and “the”
refer to “one or more” when used in this application, including the claims. Thus, for example,
reference to “a cell” includes a plurality of such cells, and so forth.

[00082] Unless otherwise indicated, all numbers expressing quantities of ingredients,
properties such as reaction conditions, and so forth used in the specification and claims are to be
understood as being modified in all instances by the term “about”. Accordingly, unless indicated

to the contrary, the numerical parameters set forth in this specification and claims are
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approximations that can vary depending upon the desired properties sought to be obtained by the
presently-disclosed subject matter.

[00083] As used herein, the term “about,” when referring to a value or to an amount of
mass, weight, time, volume, concentration or percentage is meant to encompass variations of in
some embodiments +20%, in some embodiments +10%, in some embodiments +5%, in some
embodiments +1%, in some embodiments +0.5%, and in some embodiments +0.1% from the
specified amount, as such variations are appropriate to perform the disclosed method.

[00084] As used herein, ranges can be expressed as from “about” one particular value,
and/or to “about” another particular value. It is also understood that there are a number of values
disclosed herein, and that each value is also herein disclosed as “about” that particular value in
addition to the value itself. For example, if the value “10” is disclosed, then “about 10” is also
disclosed. It is also understood that each unit between two particular units are also disclosed.
For example, if 10 and 15 are disclosed, then 11, 12, 13, and 14 are also disclosed.

[00085]  As used herein, “optional” or “optionally” means that the subsequently described
event or circumstance does or does not occur and that the description includes instances where
said event or circumstance occurs and instances where it does not. For example, an optionally
variant portion means that the portion is variant or non-variant.

[00086] Although any methods, devices, and materials similar or equivalent to those
described herein can be used in the practice or testing of the presently-disclosed subject matter,
representative methods, devices, and materials are now described.

[00087] The presently-disclosed subject matter is further illustrated by the following
specific but non-limiting examples. The following examples may include compilations of data
that are representative of data gathered at various times during the course of development and
experimentation related to the present invention.

[00088] The presently disclosed subject matter relates to an engineered DNA-packaging
motor protein connector and method of use thereof. More particularly, the presently disclosed
subject matter relates to an engineered DNA-packaging motor protein connector that can be
incorporated into a lipid membrane to form an electroconductive aperture, for use in DNA

translocation and other applications.
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[00089] The presently disclosed subject matter includes an isolated conductive channel-
containing membrane selected from T3 and T4 connector channel protein, including one or more
amino acid mutations and/or deletions and/or insertions relative to wild type.

[00090] The presently disclosed subject matter further includes a membrane includes a
lipid bilayer membrane, and an isolated DN A-packaging motor connector protein that is
incorporated into the membrane layer to form an aperture through which conductance can occur
when an electrical potential is applied across the membrane. In some embodiments, in the
conductive channel-containing membrane, the DNA-packaging motor connector protein is a T3
and/or T4 connector channel protein. In some embodiments, the T3 and/or T4 connector channel
protein including one or more amino acid mutations and/or deletions and/or insertions relative to
wild type.

[00091] In some embodiments, the T3 and/or T4 connector channel protein comprises a
homododecamer of viral DNA-packaging motor connecting protein polypeptide subunits. In
some embodiments, the subunit of the homododecaamer comprises an affinity/alignment domain.
In some embodiments, the affinity/alignment domain comprises a polypeptide of (i) a Strep-11 tag,
(i1) a polyhistidine polypeptide tag of 3,4, 5,6, 7, 8,9, 10, 11 or 12 contiguous histidine residues,
(ii1) a polyarginine polypeptide of 3,4, 5, 6,7, 8,9, 10, 11 or 12 contiguous arginine residues,
(iv) an HIV Tat polypeptide of sequence YGRKKRRQRR, or (v) a peptide tag of sequence
DRATPY.

[00092] In some embodiments, each subunit of the homododecamer of viral DNA-
packaging motor connector protein polypeptide comprises a polypeptide of all or a
transmembrane aperture-forming portion of T4 DNA-packaging motor connector protein
polypeptide. In a specific embodiments, each subunit comprises a polypeptide of SEQ ID NO: 4.
In a specific embodiments, each subunit comprises a polypeptide of SEQ ID NO: 3. In some
embodiments, the membrane is capable of translocating double-stranded DNA through the
aperture when the electrical potential is applied.

[00093] Further provided, in some embodiments of the presently disclosed subject matter,
is a method of making a conductive channel-containing membrane. The method includes the
steps of (a) preparing dried amphipathic lipids on a solid substrate by contacting a first solution

comprising amphipathic lipids and an organic solvent with the solid substrate and substantially
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removing the solvent; and (b) resuspending the dried amphipathic lipids in a second solution that
comprises an aqueous solvent, an osmotic agent and a plurality of isolated viral DNA-packaging
motor connector protein subunit polypeptides that are capable of self-assembly into a
homododecameric viral DNA-packaging motor connector protein, to obtain a membrane that
comprises a lipid bilayer in which is incorporated the viral DNA-packaging

motor connector protein under conditions and for a time sufficient for said connector protein to
form an aperture through which conductance can occur when an electrical potential is applied
across the membrane, and thereby making a conductive channel-containing membrane.

[00094]  Still further, in some embodiments, the presently disclosed subject matter
provides a method of concentrating nucleic acid molecules on one side of a conductive channel-
containing membrane.

[00095] The method includes the steps of (a) making a conductive channel-containing
membrane by a method comprising: (1) substantially removing solvent from a mixture
comprising amphipathic lipids and at least one solvent, to obtain dried amphipathic lipids; and
(i1) resuspending the dried amphipathic lipids in a second solution that comprises an aqueous
solvent, an osmotic agent and a plurality of isolated viral DNA-packaging
motor connector protein subunit polypeptides that are capable of self-assembly into a
homododecameric viral DNA-packaging motor connector protein, to obtain a membrane that
comprises a lipid bilayer in which is incorporated the viral DNA-packaging
motor connector protein under conditions and for a time sufficient for said connector protein to
form an aperture through which conductance can occur when an electrical potential is applied
across the membrane, and thereby making a conductive channel-containing membrane; and (b)
contacting the conductive channel-containing membrane of (a) with one or a plurality of nucleic
acid molecules and with an electrical potential that is applied across the membrane, under
conditions and for a time sufficient for electrophoretic translocation of the nucleic acid through
the aperture of the connector protein, and thereby concentrating nucleic acid molecules on one
side of the conductive channel-containing membrane.

[00096] The presently-disclosed subject matter is further illustrated by the following

specific but non-limiting examples. Some of the following examples are prophetic,
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notwithstanding the numerical values, results and/or data referred to and contained in the
examples.
EXAMPLES

[00097] DNA translocases, a class of biological motors in cells, bacteria, and viruses, are
essential for cellular processes, such as DNA replication, DNA repair, homologous recombination,
cell mitosis, bacterial binary fission, Holliday junction resolution, viral genome packaging, RNA
transcription, and nuclear pore transport. The channel of DNA translocase of double-stranded
DNA viruses allows viral genomic DNA to enter the protein procapsid shell during viral
maturation and to exit during host infection. It was recently showed that the DNA translocase of
bacteriophage phi29 uses the mechanism of “Revolution through a one-way valve” and T4 uses
“Torsional compression”. This raises a question of how dsDNA is ejected during infection if the
channel acts like one-way inward valve. Here we report the finding of three steps of
conformational changes of the portal channel that is common to DNA translocases of bacterial
virus T3 and T4. All channels of these motors exercise three discrete steps of gating, with each step
resulting in 33% reduction of channel dimension per step, as revealed by single channel
electrophysiological assay. These findings led to the conclusion that the three steps of gating is due
to three steps of channel conformational changes, which concurs with the previous publications of
three major bands arising from quantized DNA packaging intermediates. This supports the
speculation that the one-way inbound channel during the DNA packaging process was transformed
into an outbound channel during DNA ejection process. This finding will lead to the slight twisting
of the dsDNA by a motor using revolution mechanism without rotation.

[00098] MATERIALS AND METHODS

[00099] Materials and reagents

[000100] The phospholipid, 1,2-diphytanoyl-sn glycerol-3-phosphocholine (DPhPC)
(Avanti Polar Lipids), n-Decane (Fisher), chloroform (TEDIA) were used as instructed by the
vendor. All other reagents were from Sigma, if not specified. Lipid A: 5% (wt/vol) DPhPC in
Hexane. Lipid B: 20% (wt/vol) DPhPC in Decane. His binding buffer: 15% glycerol, 0.5 M
NaCl, 5 mM Imidazole, 10 mM ATP, 50 mM Tris-Cl, pH 8.0). His washing buffer: 15% glycerol,
500mM NaCl, 50 mM Imidazole, 10 mM ATP, 50 mM Tris-Cl, pH 8.0. His elution buffer: 15%
glycerol, 500mM NaCl, 500mM Imidazole, 50 mM ATP, 50 mM Tris-Cl, pH 8.0.
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[000101] Expression and purification of T3 and T4 connectors

[000102] Gene gp8 encoding T3 connector protein was synthesized (Genescript) and then
cloned into pET3c vector between Ndel and BamH] separately. A 6xHis-tag was inserted into the
C-terminal for purification. Plasmid pET3c harboring gp8 was transformed into E. Coli BL21(DE3)
separately and single colony was cultured in 10 mL Luria-Bertani medium (LB) overnight at 37 °C .
Then the cultured bacteria were transferred to 1 L of fresh LB medium. 0.5 mM IPTG was added to
the medium to induce protein expression when OD600 reached 0.5-0.6. After 3 hours culture,
cells were collected by centrifugation at 6000xrpm for 15 min and the pellet was resuspended
with His Binding Buffer. Bacteria were lysed by passing through French press and the clear
supernatant was collected after 12000xrpm for 20 min centrifugation and loaded to HiseBind®
Resin Column. T3 connector protein was eluted with His Elution buffer after several rounds
washing from the HiseBind® Resin Column.

[000103] T4 gp20 gene encoding connector protein was amplified from T4 genome and
cloned into pET3c Vector at Ndel site and BamH] site (Keyclone). A 6xHis-tag was also
introduced at the C-terminus for purification. Due to its hydrophobic property, T4 connector
easily aggregates. The expression and purification procedure is modified from a previous
publication(38). Plasmid pET3c harboring gp20 was transformed into E.coli HMS174(DE3) and
single colony was cultured in 10 ml LB medium overnight at 37 °C. Then the cultured bacteria
were transferred to 1 L of fresh LB medium and cultured until OD reached 0.5-0.6. Then, 0.5 mM
IPTG final concentration was added to induce T4 connector expression and the culture was
changed to 18 °C and continued overnight. Cells were harvested by centrifugation at 6000x rpm
for 15 min and resuspended in His binding buffer. The cells were lysed by passing through French
press. Cell pellet was collected after centrifugation at 12000xrpm for 20 min and resuspended
with His binding buffer containing 1% N-Lauroylsarcosine for 20 min. The supernatant was
collected after centrifugation at 12000x rpm 1 hr and loaded to His*Bind® Resin Column and
eluted after several rounds washing. All the final protein products were verified by 10% SDS-
PAGE gel.

[000104] Preparation of lipid vesicles containing the connector.

[000105] All connector/liposome complexes were prepared following the procedure

published previously(29, 37). Briefly, 0.5ml of 1mg/ml DPhPC in chloroform was added to a
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round bottomed flask and the chloroform was evaporated under vacuum using the Rotary
Evaporator (Buchi). The dried lipid film was rehydrated with 0.5 ml of connector protein
solution containing 250 mM sucrose. Unilamellar lipid vesicles were obtained by extruding the
lipid solution through a 400 nm polycarbonate membrane filter (Avanti Polar Lipids).

[000106] Connector insertion into planar lipid bilayer

[000107] The insertion into a lipid bilayer with connector reconstituted liposomes has been
reported previously (29, 37). Briefly, a thin Teflon partition with an aperture of 200 um was used
to separate the Bilayer Lipid Membrane (BLM) cell into cis- and trans-compartments. The
aperture was pre-painted with 5% (wt/vol) DPhPC in hexane solution. The cis and trans-
chambers were filled with conducting buffer, 1 M KCI, 5 mM HEPES, pH 7.8. Then 20%
(wt/vol) DPhPC in n-decane solution was used to form lipid bilayer. After confirming the
formation of the lipid bilayer, the connector/liposome complexes were added to the cis-chamber
to fuse with the planar lipid bilayer to form the membrane embedded nanopore.

[000108] Electrophysiological measurements

[000109] A pair of Ag/AgCl electrodes inserted to both 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 BLM workstation (Warner Instruments) or the Axon DigiData
1440A analog-digital converter (Axon 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 2 KHz. The PClamp 9.1 software (Axon Instruments) was used to collect
the data, and the software Origin Pro 8.0 was used for data analysis.

[000110] RESULTS

[000111] Cloning, expression and purification of the connectors .

[000112] A 6xHis tag was inserted into the C-terminus of the T4 and T3 connector
channels to facilitate the purification. A 6x amino acid glycine linker was introduced between
connector and His tag to provide end flexibility. T4 connector showed a strong tendency to
aggregate due to its hydrophobic nature. Therefore, 1% N-Lauroylsarcosine surfactant was added
to the purification buffer to solubilize the protein (38). After purification to homogeneity, the
protein was run in 10% SDS-PAGE. The single protein subunit of T4 and T3 connector
corresponded to the predicted molecular weights of 60 kDa and 59 kDa, respectively (Fig. 2).
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[000113] EM study revealed that T4 connector exists as a dodecameric ring, with a contour
dimension of 14 nm long and 7 nm wide, and about ~3nm in diameter in the interior of the
channel(43); however, currently no crystal structure is available. Several studies revealed that T3
connector protein exists as a mixed population of 12 and 13 subunits. The percentages of these two
oligomer states vary in each culture growth indicating that assembly of the connector protein
depends on the expression conditions and other factors (44-46). EM studies revealed that the three
dimensional structure of T3 connector is: 14.9 nm at external diameter; 8.5 nm in height; average
3.7 nm of internal open channel (44).

[000114] Insertion of connector channels into lipid membrane for determining channel
size using conductance measurements

[000115] To incorporate T4 and T3 connector into planar lipid bilayer, we adopted a two-
step procedure: reconstitution of connector in liposomes, followed by fusion of proteoliposomes
into planar lipid bilayer to form the membrane-embedded connector, as described previously
(29). The current jump for each channel insertion was measured at a fixed voltage to determine
the channel sizes of T3 and T4 connector channels (Fig. 3A, Fig. 3B). The experiments were
carried out using the same buffer, 1 M KCI, 5 mM HEPES, pH 7.8, under 50 mV applied
potential. The channel conductance (derived from the ratio of measured current jump with the
applied voltage) of T4 was determined to be 4.52+0.33 nS, 4.10+£0.22 nS, and 3.03+0.37 nS (Fig.
4A). T3 conductance distribution appeared as two peaks: 2.65+0.31nS and 3.90+0.38nS (Fig.
4B).

[000116] Under a scanning voltage (-50 mV to 50 mV; 2.2 mv/s), T4 and T3 connector
channels all display a linear Current-Voltage (I-V) relationship without voltage gating
phenomenon (Fig. 5A, Fig. SB). When 100 mV was applied, T4 and T3 connector channels
remained stable without displaying voltage gating.

[000117] Three step gating of connector channels

[000118] When a higher voltage (>100mV) was applied, three distinct steps of
conformational change of the channel were observed in all four connector channels. The
conformational change of the channel was reflected in the reduction of electrical current of 33%,
66% and 99% for the first, second, and third step, respectively (Fig. 6A, Fig. 6B). Three discrete

steps gating of T4 and T3 connector channel was found under applied positive voltage 170 mV
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and 150mV (Fig. 6A, Fig. 6B). Similar phenomenon was observed under negative voltages of -
175 mV and -125mV (Fig. 7A, Fig. 7B). These are the minimum voltage required for the
channels of gating.

[000119] Comparisons of steps between channel gating and quantized DNA packaging
or ejection

[000120] Previous investigation of viral DNA packaging or ejection using different
methods have revealed quantized packaging of DNA by analyzing the length of incompletely
packaged DNA in different bacteriophages (16, 17). Such quantized DNA packaging
phenomenon has been a puzzle for a long time. Here we tried to link the previously unexplained
quantized packaging data with our new finding of the conformational change.

[000121] DISCUSSION

[000122] All connector channels of dsDNA bacteriophages display left-handed channel wall
to facilitate one-way traffic during dsDNA translocation into pre-assembled protein shells by a
revolution mechanism without rotation (11, 47-49). This raises a question of how dsDNA is ejected
to enter the infected cell if the channel is a one-way inward valve. The conformational changes of
the channel have been reported previously (20, 35). For example, it has been shown that the
conformation change of phi29 connector was induced by DNA, pRNA or divalent metal ions as
revealed by circular dichroism and quenching of the intrinsic tryptophan fluorescence (18, 19). In
our current study, three steps of conformational changes for the connector of T4 and T3 were
observed. Such conformational changes would allow conversion of the left-handed connector after
completion of DNA packaging towards the opposite configuration, thus facilitating DNA one-way
gjection into host cells for infection. In the Phi29 crystal structure, the connector subunit displays a
left-handed 30° tilt (49, 50). Cryo-EM has also revealed the conformational difference between the
free in vitro connector and the connector in the DNA-filled virion (20). It was reported that when
treated as a rigid body, the connector crystal structure does not fit into the connector in the Cryo-
EM density maps, as shown by a correlation coefficient as low as 0.55. The correlation
coefficient was improved to 0.70 after manual adjusting, resulting in a 10° twist of the connector
towards the connector axis (20). Conformational changes of connectors have also been reported
in other bacteriophages systems (41, 51-55). It was found that the N-terminal external region

underwent significant conformational shift in the DNA-filled capsid (20). It was concluded that
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angular twisting and restructuring of the connector core subunit are promoted by the interactions
among Phi29 DNA and its structural proteins (20). Due to the association and alignment of the
dsDNA with wall of the connector channel (47, 48, 50, 56, 57) and the relatively stationary
nature of the internal wider C-terminal region, a noteworthy conformational shift in the external
narrow N-terminal region could result in a clockwise twist of the dsDNA when viewed from the
C- to N-terminus. As evidenced above (20), if the N-terminal external region is shifted more
significantly than the internal C-terminal region, a leftward twist of the DNA will occur during
revolution along the connector channel. This is in agreement with the observed clockwise twist
of 1.5 degree per nucleotide relative to the C-terminus of the connector (13). In addition, the
reported increase in the frequency of DNA twisting per nucleotide with increase in capsid filling,
is in agreement with the observation that the conformational change of the channel accelerates
towards the end of the packaging process (35). This is logical since the dsDNA is aligned with
the wall of the connector channel, and when DNA packaging, or ejection is close to completion,
a final conformation will be adopted.

[000123] The conductance is normally a reflection of the narrowest constriction of the
channel (29), but other factors such as the length of the cylinder region can contribute (58). In one
of the early studies on MspA, the conductance of the wild-type is about 4.9 nS, whereas the
conductance reduced by a factor of 2-3 after the change of three amino acids D into N (59).
Another possible variation is due to the oligomeric state of T4 connector resulting in a
heterogeneous populations with wider conductance distribution. Although it is believed that the T4
connector exists as dodecamers exclusively in the biologically active state (60), the stoichiometry
of the connector of different bacteriophages has been reported to vary from 11-mer to a 14-mer in
vitro following ectopic expression and assembly (46, 61-64). Several studies revealed that T3
connector protein exists as a mixed population of 12 and 13 subunits. The percentages of these two
oligomer states vary in each culture growth indicating that assembly of the connector protein
depends on the expression conditions and other factors (44-46). It has been reported that the
conformational changes occurring in specific segments, such as helix a6 of the tunnel loop and the
crown region may be responsible for the different oligomeric states (41).

[000124] CONCLUSIONS
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[000125] The motor channel of T3 and T4 display three discrete step of voltage gating
resulting from channel conformational changes. The three steps of gating coincide with the three
major steps of quantized DNA packaging as reported previously; suggesting that the one way
inbound channel during the DNA packaging process is transformed into an outbound channel
prepared for DNA ejection during the host infection.

[000126] Finally, for further explanation of the features, benefits and advantages of the
present invention, attached hereto is Appendix A, which is incorporated herein by this reference.

[000127] Throughout this document, various references are mentioned. All such references
are incorporated herein by reference, including the references set forth in the following list:

[000128] Section 2

[000129] ABSTRACT

[000130] The DNA packaging motor of dsDNA bacterial viruses contains a head-tail
connector with a channel for genome to enter during assembly and to exit during host infection.
The DNA packaging motor of bacterial virus phi29 was recently reported to use the “One-way
Revolution” mechanism for DNA packaging. This raises a question of how dsDNA is ejected
during infection if the channel acts as a one-way inward valve. Here we report a three step
conformational change of the portal channel that is common among DNA translocation motors
of bacterial viruses T3, T4, SPP1, and phi29. The channels of these motors exercise three
discrete steps of gating, as revealed by electrophysiological assays. It is proposed that the three
step channel conformational changes occur during DNA entry process, resulting in a structural
transition in preparation of DNA movement in the reverse direction during ejection.

[000131] INTRODUCTION

[000132] DNA translocation motors are ubiquitous in living systems (Guo et al., 2016).
During replication, the genome of double stranded DNA (dsDNA) viruses is packaged into a
preformed protein shell, referred to as the procapsid. This process requires a powerful, ATP-
driven packaging motor. In many viruses, the motor involves a pair of DNA packaging proteins,
a smaller auxiliary subunit is usually a protein oligomer that comes into contact with the dsDNA,
and a larger one is an ATPase protein (Guo et al., 1987). In many dsDNA bacterial viruses and
herpes viruses, the motor docks onto a structure called the portal or connector. Structural studies

have shown that the portals in herpes virus and a variety of tailed bacterial viruses, such as phi29,
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SPP1, T4, and T3, share a similar cone-shaped dodecameric structure (Fig. 8), even though their
primary sequences do not display any significant homology.

[000133] In bacterial virus phi29, the portal is comprised of 12 protein subunits assembled
into a truncated cone structure, with a diameter of 13.8 nm and 6.6 nm at the wide and narrow
ends, respectively. The interior channel is 3.6 nm at the narrowest constriction(41). In SPP1, the
assembled channel is a 13-mer structure, and the narrowest part is 2.77 nm in diameter (Fig. 8)
(42, 43). The T4 portal exists as a dodecameric ring that is 14 nm long and 7 nm wide, and an
interior channel of ~3 nm in diameter (Sun et., al, Nat. Commum. 6 7548). The T3 portal is a
mixture of 12 and 13 subunits, depending on the protein expression conditions and other factors.
The 12-mer version of the T3 portal is 14.9 nm in width, 8.5 nm in height and 3.7 nm in diameter
for the internal channel (46).

[000134] The portal plays a critical role in genome packaging and the ejection process.
During assembly, it acts as a docking point for the motor ATPase and a conduit for dsDNA entry.
After DNA packaging, the portal serves as a binding site for the tail components in order to
complete virion assembly. When bacterial viruses initiate infection, DNA 1is ejected through the
coaxial channel of the portal and tail channel into the host cell. In the bacterial virus SPP1, the
portal protein undergoes a concerted structural conformational change during its interaction with
DNA (Chaban et al., 2015). Recent results obtained using the membrane-embedded phi29 portal
connector demonstrated that dSDNA moves in only one direction, i.e. from the external narrow
end to the internal wide end, referred to as “one-way traffic’(Jing et al., 2010). Biological data
from the ATPase studies combined with single molecule studies led to the conclusion that the
DNA translocation of bacterial virus phi29 takes place via a “Push through a one-way valve”
(Zhang et al., 2012) or a “One-way revolution mechanism” in order to package DNA (Schwartz
et al., 2013;Guo, 2014;De-Donatis et al., 2014). The meaning of “Push” is in accordance with
the findings in T4 that indicate a compression mechanism (Ray et al., 2010;Dixit et al.,
2012;Harvey, 2015). Since the channels act like a one-way valve, an obvious question arises:
how is dsDNA ejected during the course of infection if the channel is a one-way inward valve?
Earlier studies demonstrated that the portal exercises conformational changes during the
respective DNA packaging and ejection processes. For example, in the phi29 portal,

conformational changes are inducible by DNA, pRNA or divalent metal ions (Geng et al.,
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2013;Urbaneja et al., 1994;Tolley et al., 2008). It was also reported that, the channel loop of
phi29 DNA packaging motor plays an important function near the end of packaging to retain the
DNA (Grimes et al., 2011). Cryo-EM imaging also revealed conformational changes of the
connector in infectious virion in comparison with the free connector in vitro (Tang et al., 2008).
However, none of these studies have yet shown conformational changes at the single molecule
level.

[000135] Nanopore-based single molecule detection has attracted considerable attention
across a number of disciplines due to its versatility of application. Examples include the
detection of small molecules of chemicals, nucleotides, drugs and enantiomers, as well as larger
polymers, such as PEG, polypeptides, RNA and DNA. One novel application was the insertion
of the phi29 portal into an artificial membrane in order to serve as a robust nanopore (Wendell et
al., 2009) for single molecule detection (Haque et al., 2012) and disease diagnosis (Wang et al.,
2013). The phi29 portal channel displays voltage-induced channel gating as well as a one-way
traffic for dsDNA translocation during the course of DNA packaging (Geng et al., 2011;Jing et
al., 2010;Fang et al., 2012). It has been reported that interaction of ligand with the C-terminal of
the connector leads to the conformational changes in the phi29 connector channel, resulting in an
altered current signal that have been utilized for detecting single antibodies as a very sensitive
method for disease diagnosis (Wang et al., 2013). Here we report that the discrete
conformational changes in the channel are common in bacterial viruses T3, T4, SPP1 and phi29.
These observations support the idea that the one-way inbound channel is transformed into an
outbound channel in preparation for DNA ejection (Hu et al., 2013).

[000136] MATERIALS AND METHODS

[000137] Materials and reagents

[000138] The phospholipid, 1,2-diphytanoyl-sn glycerol-3-phosphocholine (DPhPC)
(Avanti Polar Lipids), n-Decane (Fisher), chloroform (TEDIA) were used as instructed by the
vendors. If not specified, other reagents were purchased from Sigma. His binding buffer: 15%
glycerol, 0.5 M NaCl, 5 mM Imidazole, 10 mM ATP, 50 mM Tris-Cl, pH 8.0. His washing
buffer: 15% glycerol, 500 mM NaCl, 50 mM Imidazole, 10 mM ATP, 50 mM Tris-HCI, pH 8.0.
His elution buffer: 15% glycerol, 500 mM NaCl, 500 mM Imidazole, 50 mM ATP, 50 mM Tris-
Cl, pH 8.0.
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[000139] Expression and purification of phi29, SPP1, T3, and T4 portals

[000140] The expression and purification of phi29 portal followed the procedure reported
previously (Haque et al., 2013a;Wendell et al., 2009). Gene 6 encoding for SPP1 portal protein
gp6, and gene 8 encoding for T3 portal protein gp8 were synthesized (Genescript) and then
cloned separately into pET3c vector between the Ndel and BamHI sites. A 6xHis-tag was
inserted at the C-terminus for purification. The resulting plasmids harboring gene 6 or gene 8
were transformed separately into E. Coli BL21(DE3) and a single colony was cultured in 10 mL
Luria-Bertani (LB) medium overnight at 37 °C. The culture was transferred to 1 L of fresh LB
medium and 0.5 mM IPTG was added to induce protein expression after the ODggo reached 0.5-
0.6. After 3 hrs, cells were collected by centrifugation at 6000xrpm for 15 min and the pellet was
resuspended in His Binding Buffer. Bacteria were lysed by passing through a French press and
the clear supernatant was collected after centrifugation at 12000xrpm for 20 min and then loaded
onto a His*Bind® Resin Column. SPP1 or T3 portal protein was eluted from the HiseBind®
Resin Column with His Elution buffer after several rounds of washing.

[000141] Gene 20 encoding for the T4 portal protein gp20 was amplified from the T4
genome and cloned into pET3c at the Ndel and BamHI sites (Keyclone). A 6xHis-tag was
introduced at the C-terminus for purification. Due to its hydrophobicity, T4 portal had a tendency
to easily aggregate. Protein expression and purification methods were therefore modified
(Quinten et al., 2012). Plasmid pET3c harboring gene 20 was transformed into E.Coli
HMS174(DE3) and a single colony was cultured in 10 ml LB medium overnight at 37 °C. The
culture was transferred to 1 L of fresh LB medium and cultured until ODgyo reached 0.5-0.6.
IPTG (0.5 mM final concentration) was then added to induce T4 portal protein expression. The
culture was transferred to 18 °C and incubation continued overnight. Cells were harvested by
centrifugation at 6000xrpm for 15 min and resuspended in His binding buffer. Cells were lysed
by passing through a French press. The cell pellet was collected after centrifugation at
12000xrpm for 20 min and resuspended in His binding buffer containing 1% N-Lauroylsarcosine
for 20 min. The supernatant was collected after centrifugation at 12000xrpm for 1 hr and loaded
to His*Bind® Resin Column and eluted after several rounds of washing. The purity of all final
protein products was verified by 10% SDS-PAGE gel.

[000142] Preparation of liposomes containing the phi29, SPP1, T4 and T3 portals
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[000143] All portal/liposome complexes were prepared following our reported procedures
(Wendell et al., 2009;Haque et al., 2013a). Briefly, 0.5 mL of 1 mg/mL DPhPC in chloroform
was added to a round bottom flask and the chloroform was evaporated under vacuum using a
Rotary Evaporator (Buchi). The dried lipid film was rehydrated with 0.5 mL of portal protein
solution containing 250 mM sucrose. Unilamellar lipid vesicles were obtained by extruding the
lipid suspension through a 400 nm polycarbonate membrane filter (Avanti Polar Lipids).

[000144] Portal insertion into planar lipid bilayer

[000145] Procedures for inserting the portal connector into a lipid bilayer have been
reported previously (Cai et al., 2008;Haque et al., 2013a;Wendell et al., 2009). Briefly, a thin
Teflon partition with an aperture of 200 um was used to separate the Bilayer Lipid Membrane
(BLM) chamber into cis- and trans-compartments. The aperture was pre-painted with 5% (wt/vol)
DPhPC in hexane solution. The cis and trans- chambers were filled with conducting buffer, 1 M
KCl, 5 mM HEPES, pH 7.8. Then 20% (wt/vol) DPhPC in decane solution was used to form a
planar lipid bilayer. After confirming the formation of the lipid bilayer, the portal/liposome
complexes were added to the cis-chamber to fuse with the planar lipid bilayer to form the
membrane embedded nanopore.

[000146] Electrophysiological measurements

[000147] The stochastic nanopore sensing technique is based on the principle of the
classical Coulter Counter or the ‘resistive-pulse’ technique (Coulter, 1953). The portal is located
in an electrochemical chamber, which is separated into two compartments filled with conducting
buffers. Under an applied voltage, ions passing through the portal channel will generate current
in pico-Ampere (pA) scale (Haque et al., 2013b). When a charged molecule passes through the
channel, it will generate transient current blockages due to volumetric exclusion of ions from the
pore. Various parameters, such as the event dwell time, current amplitude, and unique electrical
signature of the current blockages can be used either individually or in combination for detection.

[000148] A pair of Ag/AgCl electrodes inserted into both 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 BLM workstation (Warner Instruments) or the
Axon DigiData 1440A analog-digital converter (Axon Instruments). All voltages reported were

those of the trans-compartment. Data was low band-pass filtered at a frequency of 5 kHz or 1
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kHz and acquired at a sampling frequency of 2-20 KHz. PClamp 9.1 software (Axon Instruments)
was used to collect the data, and Origin Pro 8.0 was used for data analysis.

[000149] RESULTS

[000150] Cloning, expression and purification of the portals of phi29, SPP1, T4 and T3

[000151] Following the strategy previously used for the purification of phi29 portal (Cai et
al., 2008;Haque et al., 2013a;Wendell et al., 2009), a 6xglycine linker was introduced between
the portal coding sequence and 6xHis-tag to provide end flexibility. Both SPP1 and T3 portals
were soluble in the cytoplasm of E. Coli. The T4 portal showed a strong tendency to aggregate
due to its hydrophobic nature. Therefore, 1% N-Lauroylsarcosine surfactant was added to the
purification buffer to solubilize the protein (Quinten et al., 2012). After purification to
homogeneity, proteins were analyzed by 10% SDS-PAGE. The single protein subunit of the
phi29, SPP1, T4 and T3 portals corresponded to their predicted sizes of 36 kDa, 56 kDa, 60 kDa
and 59 kDa, respectively (Fig. 11).

[000152] Insertion of portal channels into lipid membrane for determining channel size
using conductance measurements

[000153] To incorporate phi29, SPP1, T4 and T3 portal proteins into a planar lipid bilayer,
we adopted a two-step procedure described previously (Wendell et al., 2009): reconstitution of
the portal in liposomes, followed by fusion of protein/liposomes with the planar lipid bilayer to
form the membrane-embedded portal channel. Experiments were carried out using 1 M KCl, 5
mM HEPES, pH 7.8 conduction buffer and 50 mV applied potential. Each current jump
represented the insertion of one channel into the lipid bilayer. Since the fusion of the portal
protein/liposome with the planar lipid bilayer is a random event, the time between independent
insertion events varies. Fig. 9A-D provides representative results for the portals of the four
phages. The channel conductance (derived from the ratio of measured current jump to the
applied voltage) of phi29, SPP1 and T4 was determined to be 4.52+0.33 nS, 4.10+0.22 nS, and
3.03+0.37 nS, respectively (Fig. 9E-G). T3 conductance distribution appeared as two peaks:
2.65+0.31 nS and 3.90+0.38 nS (Fig. 9H). The conductance values correspond to the respective
pore sizes of phi29, SPP1, T3 and T4 portal channels (Fig. 9A-D).

[000154] Under a scanning voltage (=50 mV to +50 mV; 2.2 mV/s), the phi29, SPP1, T4

and T3 portal channels all display a linear Current-Voltage (I-V) relationship without voltage
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gating (Fig. 2I-L). When 100 mV was applied, the phi29, T4 and T3 portal channels remained
stable, but the SPP1 portal channel started to gate (data not shown). In addition, the SPP1 portal
channel had a stronger tendency to close the gate under negative voltages compared to positive
potentials (data not shown).

[000155] Three step gating of phi29, SPP1, T4 and T3 portal channels

[000156] When a higher voltage (>100 mV) was applied, three distinct steps of
conformational changes of the channel were observed in all four portal channels. Conformational
changes were reflected by a reduction in electrical current of 33%, 66% and 99% for the first,
second, and third step, respectively (Fig. 10A-11H). Three discrete step gating of the phi29,
SPP1, T4 and T3 portal channels were observed under an applied positive voltage of +150 mV,
+150 mV, +170 mV and +150 mV, respectively (Fig. 10A-D). Similar phenomena were
observed under negative voltages of —125 mV, =100 mV, =175 mV and -125 mV for the four
portals, respectively (Fig. 10E-H). These are the minimum voltages required for channel gating.

[000157] DISCUSSION

[000158] The polymorphism of portal complexes assembled from overexpressed genes of
bacterial viruses has been reported for many years. Although it is believed that the T4 and SPP1
portals exist as dodecamers in their biologically active state , the stoichiometry of the
overexpressed portal gene products in different bacterial viruses has been reported to vary from
11-mer to 14-mer (Cingolani et al., 2002;Dube et al., 1993;Trus et al., 2004;Camacho et al.,
2003;Tsuprun et al., 1994). Several studies revealed that the T3 portal structure is a mixed
population of 12 and 13 subunits (Valpuesta et al., 2000). The diverse distribution of
conductance for phi29, SPP1, T4, and T3 portals might represent various oligomeric states in
these portal complexes. This is reflected by the two major peaks observed in the T3 conductance
distribution (Fig. 9H).

[000159] It has been shown that all portal channels of dsDNA bacterial viruses display a
left-handed channel wall configuration to facilitate the one-way traffic of dsDNA into procapsid
by a revolution mechanism without rotation (Jing et al., 2010;Zhao et al., 2013;Schwartz et al.,
2013;De-Donatis et al., 2014). The one-way valve mechanism is consistent with the findings of
genome gating in SPP1, albeit gating mechanism proposed by these authors is based on the

analysis of the channel structure after the completion of DNA packaging instead of during
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translocation (Chaban et al., 2015). The finding of the “push through a one-way valve”
mechanism (Guo et al., 2016;Zhang et al., 2012) raises the question of how dsDNA is ejected
during infection if the channel only permits dsDNA to translocate in one direction. We believe
that during dsDNA translocation, the interaction of the dsDNA with the channel wall and the
procapsid component next to the portal will trigger conformational changes of the portal.
Therefore, the left-handed portal channel, which facilitates dsSDNA advancement in one direction,
will transition to a neutral or right-handed configuration in three steps to facilitate DNA ejection
after DNA packaging is complete (De-Donatis et al., 2014).

[000160] Such conformational changes of portal proteins, as proposed above for ejection of
the packaged dsDNA, have previously been proposed (Tang et al., 2008;Geng et al., 2011;Guo et
al., 2005). Portal gate closing has been reported in SPP1 (Orlova et al., 2003) and speculated in
T4(Sun et al., 2015). Moreover, it was reported that SPP1 portal undergoes a concerted
reorganization of the structural elements of its central channel during interaction with DNA.
Structural rearrangements and gate closing were reported to associate with protein-protein and
protein-DNA interactions, and a diaphragm-like mechanism for channel reduction and gate
closing has been proposed (Chaban et al., 2015). The changes with discrete steps might be
considered as the analogy of a camera lens by suggesting discrete {-stops, like 4.5, {8, {16, {32.
However, the diaphragm proposal is difficult to reconcile with the data implying a right-handed
twisting of the connector structure while comparing the free connector with the structure of the
connector in the DNA-filled virion (Tang et al., 2008). The finding of the common discrete 3-
step conformational change in T3, T4, SPP1 and phi29 implies a universal property of all portals.
It is possible that the three gating steps may also correspond to the quantized steps of partial
genome ejection observed in T3 (Serwer et al., 2014), and the partial packaging intermediates
observed in phi29 (Bjornsti et al., 1983).

[000161] CONCLUSIONS

[000162] The motor channel of T3, SPP1, T4, and phi29 all display three discrete steps of
voltage gating resulting from channel conformational changes. The result suggests that the one
way inbound channel during the DNA packaging process is transformed into an outbound

channel prepared for DNA ejection during the host infection.
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APPENDIX A
The following sequence listings correspond to the brief description of sequence listings

set forth in paragraphs 0058-0061 above.

SEQUENCE LISTING

T3 mutant connector sequence

ey is the site where mutagenesis is made.
SEQ ID NO. 1: DNA sequence

GTAACCTGCATATGGCTGATTCAAAACGTACAGGATTGGGCGAAGACGGTGCTAAAGCTAC
CTATGACCGCCTAACAAACGACCGTAGAGCCTATGAGACTCGTGCGGAGAACTGTGCGCAA
TACACCATTCCGTCCTTGTTCCCGAAGGAGTCCGATAACGAATCTACCGACTACACGACTCC
GTGGCAGGCTGTAGGTGCGCGGGGTCTCAACAATCTAGCCTCTAAGTTAATGCTTGCGTITAT
TCCCGATGCAGTCGTGGATGAAGCTGACCATTAGCGAATATGAGGCGAAGCAGCTTGTTGG
AGACCCTGATGGACTCGCTAAGGTGGACGAAGGTCTGTCAATGGTTGAGCGCATAATCATG
AACTATATCGAATCCAACAGTTACCGCGTAACACTCTTTGAGTGCCTCAAGCAGTTGATCGT
GGCTGGTAACGCCCTGCTTTACTTACCGGAACCAGAAGGTAGCTACAATCCGATGAAGCTGT
ACCGATTGTCTTCTTATGTTGTCCAAAGAGACGCATACGGCAATGTGTTACAGATTGTCACTC
GTGACCAGATAGCCTTTGGTGCTCTCCCGGAAGACGTTAGGTCTGCGGTAGAGAAATCTGGT
GGTGAGAAGAAGATGGACGAAATGGTCGATGTGTACACCCATGTGTATCTCGATGAAGAGT
CCGGCGATTACCTCAAGTACGAGGAAGTAGAGGACGTTGAGATTGATGGTTCCGATGCCAC
CTATCCGACTGACGCGATGCCCTACATTCCGGTTCGCATGGTTCGCATTGATGGCGAGTCTTA
CGGTCGCTCCTACTGTGAAGAATACTTAGGTGACTTAAGGTCGCTTGAGAATCTCCAAGAGG
CTATCGTTAAGATGAGTATGATTAGCGCGAAGGTCATTGGTCTGGTGAACCCGGCTGGCATT
ACGCAGCCCCGTAGATTAACCAAAGCTCAGACTGGTGACTTCGTTCCAGGCCGTCGAGAAG
ATATTGACTTCCTGCAACTGGAGAAGCAAGCTGACTTITACCGTAGCGAAAGCTGTGAGTGAC
CAGATAGAAGCACGCTTATCGTATGCCTTTATGTTGAACTCTGCGGTACAGCGCACAGGCGA
ACGTGTGACCGCCGAAGAGATTCGATACGTTGCGTCAGAACTGGAAGATACGCTTGGTGGC
GTCTACTCGATTCTGTCTCAAGAATTGCAATTGCCTCTGGTACGTGTGCTCTTGAAGCAACTC
CAAGCAACCTCGCAGATTCCTGAGCTACCGAAAGAAGCCGTTGAGCCTACTATCAGTACAG
GTCTGGAAGCAATTGGTCGTGGTCAAGACCTCGATAAGCTGGAGCGTTGCATCTCAGCGTGG
GCGGCTCTTGCCCCTATGCAGGGAGACCCGGACATTAATCTTGCTGTCATTAAGCTACGCAT
TGCTAACGCTATAGGTATTGATACTTCTGGTATCCTACTGACGGATGAACAGAAGCAAGCCC
TTATGATGCAGGATGCGGCACAAACAGGCGTCGAGAATGCTGCGGCTGCTGGTGGTGCTGG
TGTTGGTGCTTTGGCTACCTCAAGTCCAGAAGCCATGCAAGGTGCTGCTGCCAAGGCTGGCC
TCAACGCCACCGGTGGUUATTATCALCATCACCATTAG

SEQ ID NO. 2: Protein Sequence

Met ADSKRTGLGEDGAKATYDRLTNDRRAYETRAENCAQYTIPSLFP

KESDNESTDYTTPWQAVGARGLNNLASKLMetLALFPMetQSWMetKLT

ISEYEAKQLVGDPDGLAKVDEGLSMetVERIIMetNYIESNSYRVTLFEC

LKQLIVAGNALLYLPEPEGSYNPMetKLYRLSSYVVQRDAYGNVLQIV

TRDQIAFGALPEDVRSAVEKSGGEKKMetDEMetVDVYTHVYLDEESG

DYLKYEEVEDVEIDGSDATYPTDAMetPYIPVRMetVRIDGESYGRSYC
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EEYLGDLRSLENLQEAIVKMetSMetISAKVIGLVNPAGITQPRRLTKAQ
TGDFVPGRREDIDFLQLEKQADFTVAKAVSDQIEARLSYAFMetLNSA
VQRTGERVTAEEIRYVASELEDTLGGVYSILSQELQLPLVRVLLKQL
QATSQIPELPKEAVEPTISTGLEAIGRGQDLDKLERCISAWAALA P Met
QGDPDINLAVIKLRIANAIGIDTSGILLTDEQKQALMetMetQDAAQTGV
ENAAAAGGAGVGALATSSPEAMetQGAAAKAGLNATGG B i

T4 GP-20 MUTANT CONNECTOR SEQUENCE
UNDERLINER IS THE SITE WHERE MUTAGENESIS IS MADE.

SEQ ID NO. 3: DNA SEQUENCE

ATGAAATTTAATGTATTAAGTTTGTTTGCTCCATGGGCTAAAATGGACGAACGAAATTTTA
AAGACCAAGAAAAAGAAGATCTTGTTTCCATTACAGCCCCAAAGCTTGATGATGGAGCAA
GAGAATTTGAAGTAAGCTCGAATGAAGCTGCTTCTCCTTATAATGCTGCATTCCAAACAAT
TTTTGGTTCATATGAACCAGGAATGAAAACTACTCGTGAGCTTATTGATACATATCGTAAT
CTCATGAATAACTATGAAGTAGATAATGCAGTTTCAGAAATCGTTTCAGATGCTATCGTCT
ATGAAGATGATACTGAAGTCGTAGCGTTAAATTTGGATAAATCTAAATTTAGCCCAAAAA
TTAAAAATATGATGTTAGATGAATTTAGTGATGTATTAAATCATCTATCGTTTCAACGAAA
AGGTTCTGATCATTTTAGACGTTGGTATGTTGATTCAAGAATTTTCTTTCATAAAATCATTG
ATCCAAAACGTCCAAAAGAAGGCATAAAAGAATTACGTAGATTAGACCCTCGCCAAGTTC
AGTATGTTCGTGAAATTATAACAGAAACTGAAGCTGGCACAAAAATAGTTAAAGGTTACA
AAGAATATTTTATATATGATACTGCCCATGAGTCATATGCATGTGATGGTAGAATGTATGA
AGCTGGCACAAAAATAAAAATTCCTAAAGCTGCCGTCGTTTATGCCCATTCTGGATTAGTC
GATTGTTGCGGTAAAAATATCATCGGGTATTTGCATCGTGCTGTTAAACCTGCTAACCAAT
TAAAATTATTAGAAGATGCTGTAGTCATTTATCGCATTACTCGTGCTCCTGACCGTCGTGT
TTGGTATGTAGACACAGGTAATATGCCTGCTCGTAAAGCTGCTGAGCACATGCAACATGTT
ATGAACACGATGAAAAACCGTGTAGTATATGATGCATCAACAGGTAAAATAAAAAATCA
ACAGCATAATATGTCTATGACCGAAGACTATTGGTTGCAGCGCCGTGATGGTAAAGCTGT
GACAGAAGTTGATACTCTTCCTGGTGCTGATAATACTGGCAATATGGAAGATATTCGTTGG
TTTAGACAAGCTCTTTATATGGCATTACGTGTTCCTCTTTCACGCATTCCGCAAGACCAAC
AAGGCGGTGTGATGTTTGATTCTGGAACTAGCATTACACGTGATGAATTAACGTTTGCTAA
ATTTATTCGTGAGTTACAGCACAAGTTTGAAGAAGTTTTCCTAGATCCGCTTAAAACAAAT
CTTTTGCTTAAAGGTATAATCACAGAAGATGAGTGGAATGATGAAATAAATAATATTAAG
ATAGAATTTCATCGGGATAGCTACTTTGCTGAGCTCAAAGAAGCA
GAAATTTTGGAACGAAGAATTAATATGCTAACCATGGCAGAACCATTTATTGGTAAATAT
ATTTCTCACAGAACTGCTATGAAAGACATTTTGCAGATGACTGATGAAGAAATAGAACAA
GAAGCCAAGCAAATTGAAGAAGAGTCTAAAGAGGCTCGTTTCCAAGACCCCGACCAAGA
ACAAGAGGATTTTGGTGGCUACLATCACTATCACUATTAG

SEQ ID NO.4: Protein Sequence

Met KFNVLSLFAPWAKMetDERNFKDQEKEDLVSITAPKLDDGARE
FEVSSNEAASPYNAAFQTIFGSYEPGMetKTTRELIDTYRNLMetNN
YEVDNAVSEIVSDAIVYEDDTEVVALNLDKSKFSPKIKN MetMetLD
EFSDVLNHLSFQRKGSDHFRRWYVDSRIFFHKIIDPKRPKEGIKE
LRRLDPRQVQYVREIITETEAGTKIVKGYKEYFIYDTAHESYACD
GRMet YEAGTKIKIPKAAVVYAHSGLVDCCGKNIIGYLHRAVKPAN
QLKLLEDAVVIYRITRAPDRRVWYVDTGNMetPARKAAEHMetQHYV
Met NTMetKNRVVYDASTGKIKNQQHNMetSMetTEDYWLQRRDGKA
VTEVDTLPGADNTGNMetEDIRWFRQALYMetALRVPLSRIPQDQQ
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GGVMetFDSGTSITRDELTFAKFIRELQHKFEEVFLDPLKTNLLLK
GIITEDEWNDEINNIKIEFHRDSYFAELKEAEILERRIN MetL T Met A
EPFIGKYISHRTAMaKDILQMﬂTDEEIEQEAKQIEEESKEARFQDP
DQEQEDFGGY 4
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APPENDIX D

This Appendix D includes additional information relating to Figures 8-11

Figure 8: Structures of phi29, SPP1, and T4 portal channels. Top view, side view and single
subunit of phi29 (A); SPP1 (B); and T4 (C) portal protein. Phi29 gp10 PDB: 1FOU; SPP1 gp6
PDB: 2JES;T4 gp20 PDB: 3JA7.

Figure 9: Representative current traces showing insertion of phi29 (A), SPP1 (B), T4 (C) and T3
(D) portal channels into planar lipid membrane. Applied voltage: +50 mV. Histogram showing
the conductance distribution of phi29 (E), SPP1 (F), T4 (G) and T3 (H) portal channels. Applied
voltage: +50 mV. Current-Voltage trace under a ramping potential (-50 mV to +50 mV; 2.2
mV/s) for phi29 (single channel) (I), SPPI (two channels) (J), T4 (one channel) (K) and T3
(three channels) (L) portals. Conducting buffer: 1 M KCl, 5 mM HEPES, pH 7.8

Figure 10: Three step gating associated with conformational changes of phi29 (A), SPP1 (B), T4
(C), and T3 (D) portal channel under positive trans-membrane voltages. Three steps gating
associated with conformational changes of phi29 (E), SPP1 (F), T4 (G) and T3 (H) portal
channels under negative trans-membrane voltages.

Figure 11: Coomasie-blue stained 10% SDS-PAGE showing the molecular weight differences

of single subunit of phi29 (36 kDa), SPP1 (56 kDa), T4 (60 kDa) and T3 (59 kDa) portal
channels.
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Claims:

1. An engineered nucleic acid molecule encoding a T3 or T4 viral connector polypeptide
variant, wherein the polypeptide comprises an amino acid sequence having at least 95%
sequence identity to SEQ ID NO: 2, or SEQ ID NO: 4.

2. The nucleic acid molecule of claim 1, wherein the polypeptide comprises an amino acid
sequence at least 99% sequence identity to SEQ ID NO: 2, or SEQ ID NO: 4.

3. The nucleic acid molecule of claim 1, wherein the polypeptide comprises the amino acid
sequence of SEQ ID NO: 2, or SEQ ID NO:4.

4. The nucleic acid molecule of claim 1, comprising the sequence of SEQ ID NO: 1 or SEQ
ID NO: 3.

5. An engineered T3 or T4 viral connector polypeptide variant, wherein the polypeptide
comprises an amino acid sequence having at least 95% sequence identity to the sequence of SEQ
ID NO: 2 or SEQ ID NO: 4.

6. The viral connector polypeptide variant of claim 5, wherein the polypeptide comprises an
amino acid sequence having at least 99% sequence identity to the sequence of SEQ ID NO: 2 or
SEQ ID NO: 4.

7. The viral connector polypeptide variant of claim 5, wherein the polypeptide comprises an
amino acid sequence having the sequence of SEQ ID NO: 2 or SEQ ID NO: 4.

8. The viral connector polypeptide variant of claim 5, comprises the sequence of SEQ ID
NO. 2 or SEQ ID NO. 4.
9. An artificial conductive channel-containing voltage-gated membrane complex,
comprising:

A membrane layer; and

an isolated DNA-packaging motor connector protein that is incorporated into the
membrane layer to form an aperture through which conductance can occur when an electrical
potential is applied across the membrane, wherein the DNA-packaging motor connector protein
comprises a homododecamer of viral DNA-packaging motor connecting protein polypeptide
subunits, and wherein the subunits comprises an amino acid sequence having at least 95%

identity to SEQ ID NO: 2 or SEQ ID NO: 4.
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10. The membrane of claim 9, wherein the viral DNA-packaging motor connector protein
polypeptide subunits comprises an amino acid sequence having at least 99% identity to SEQ ID

NO: 2 or SEQ ID NO: 4.

11. The membrane of claim 9, wherein the viral DNA-packaging motor connector protein

polypeptide subunits comprises SEQ ID NO: 2 or SEQ ID NO: 4.

12. The membrane of claim 9, wherein the viral DNA-packaging motor connector protein
polypeptide subunits is encoded by a nucleic acid molecule comprising SEQ ID NO. 1 or SEQ
ID NO. 3.

13. The membrane of claim 9, the subunit further comprising an affinity/alignment domain.
14. The membrane of claim 9, wherein the affinity/alignment domain comprises a
polypeptide of

(1) a Strep-11 tag sequence WSHPQRFEK

(i) a polyhistidine polypeptide tag of 3,4, 5, 6,7, 8,9, 10, 11 or 12 contiguous histidine
residues,

(ii1) a polyarginine polypeptide of 3,4, 5, 6,7, 8,9, 10, 11 or 12 contiguous arginine
residues,

(iv) an HIV Tat polypeptide of sequence YGRKKRRQRR, and

(v) a peptide tag of sequence DRATPY.

15. The membrane of claim 9, wherein the membrane translocates double-stranded DNA

through the aperture when the electrical potential is applied.

16. The membrane of claim 15, wherein the conductance occurs in the conductive channel-

containing membrane with voltage-gating when electrical potential is applied.

17. The membrane of claim 15, wherein the applied electrical potential is greater than about
100 mV.
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18. The membrane of claim 15, wherein the applied electrical potential is less than about
-100 mV.

19. The membrane of claim 15, wherein the membrane layer comprises a lipid layer.

20. The membrane of claim 19, wherein the lipid layer comprises amphipathic lipids.

21. The membrane of claim 19, wherein the lipid layer is selected from the group consisting

of a planar membrane layer and a liposome.

22. The membrane of claim 20, wherein the amphipathic lipids comprise phospholipids and

the lipid layer comprises a lipid bilayer.

23. The membrane of claim 21, wherein the liposome is selected from the group consisting of

a multilamellar liposome and a unilamellar liposome.

24. The membrane of claim 15, wherein the incorporated viral DNA-packaging motor

connector protein is mobile in the membrane layer.

25. A method of sensing a molecule using a conductive channel-containing membrane of any
one of claims 9-22, comprising
contacting the molecule with a conductive channel-containing membrane which
comprises a membrane layer and incorporated therein one or a plurality of isolated viral
DNA-packaging motor connector proteins,
applying an electrical potential,
detecting electrical current change, wherein the current change is a discrete a 3-step

change.

26. The method of claim 25, wherein the discrete 3-step current change is about 33%, about
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66%, and 99% reduction in each step.

27.  The method of claim 25, wherein the electrical potential is greater than about 100mV.

28.  The method of claim 25, wherein the electrical potential is less than about -100mV.

29.  The method of claim 25, wherein the molecule is a polypeptide.

30. The method of claim 25, wherein the molecule is a nucleic acid molecule.

31. The method of claim 25, wherein the nucleic acid molecule is a double-stranded nucleic

acid molecule.

32. A method of DNA sequencing using a conductive channel-containing membrane of any

one of claims 9-22.
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