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PNA is hybrid molecule ideally suited for bridging the functional landscape of polypeptides with the structural
diversity that can be engineered with DNA nanostructures. However, PNA can be more challenging to work with in
aqueous solvents due to its hydrophobic nature. A solution phase method using strain promoted, copper free click
chemistry was developed to conjugate the fluorescent dye Cy5 to 2 bifunctional PNA strands as a first step toward
building cyclic PNA-polypeptides that can be arranged within 3D DNA nanoscaffolds. A 3D DNA nanocage was
designed with binding sites for the 2 fluorescently labeled PNA strands in close proximity to mimic protein active sites.
Denaturing polyacrylamide gel electrophoresis (PAGE) is introduced as an efficient method for purifying charged, dye-
labeled PNA conjugates from large excesses of unreacted dye and unreacted, neutral PNA. Elution from the gel in water
was monitored by fluorescence and found to be more efficient for the more soluble PNA strand. Native PAGE shows
that both PNA strands hybridize to their intended binding sites within the DNA nanocage. Forster resonance energy
transfer (FRET) with a Cy3 labeled DNA nanocage was used to determine the dissociation temperature of one PNA-Cy5
conjugate to be near 50°C. Steady-state and time resolved fluorescence was used to investigate the dye orientation
and interactions within the various complexes. Bifunctional, thermostable PNA molecules are intriguing candidates for
controlling the assembly and orientation of peptides within small DNA nanocages for mimicking protein catalytic sites.

Introduction

DNA nanostructures are an intriguing platform for manipu-
lating molecules and materials on the nanometer scale,' includ-
ing proteins and peptides.*> DNA nanostructure assembly is
governed mostly by Watson-Crick base pairing® and therefore is
more straightforward to engineer than proteins or peptides.”®
Chemical strategies are routinely used for conjugating nucleic
acids to peptides or proteins in order to enhance the functionality
of unmodified DNA. However, the number of efficient bioor-
thogonal coupling strategies can become limiting for creating
more highly interconnected peptide complexes that could be
used to mimic protein catalytic sites. Alternatively, nucleobase
hybridization can be used to leverage a few robust chemical cou-
pling methods for conjugating a number of polypeptides, each to
a unique nucleic acid strand, which hybridize to specific binding
sites within the DNA scaffold.

PNA? (peptide nucleic acid) is an intriguing synthetic poly-
mer for bridging the diverse functional landscape of polypeptides
with the of nucleic acid

straight-forward ~ construction

*Correspondence to: Petra Fromme; Email: Petra.Fromme@asu.edu
Submitted: 03/21/2014; Revised: 06/27/2014; Accepted: 11/24/2014
http://dx.doi.org/10.4161/1949095X.2014.992181

www.tandfonline.com

Artificial DNA: PNA & XNA

nanostructures. Like peptides, PNAs are linked by amide bonds
and can be synthesized using similar solid phase protocols,'” thus
allowing for seamless synthesis of PNA-peptide conjugates.'’
Applications have been recently reviewed'” including a review
focused on chemical modifications to PNA."? Its synthetic back-
bone makes it highly resistant to nucleases and proteases'* and
useful for targeting DNA'> and RNA,'® as well as using it as a
molecular probe'” and biosensor.'®'? PNA has also been assem-
bled within DNA scaffolds to investigate applications in biona-
notechnology.”*** Previously we showed the versatility of using
PNA linkers for assembling peptides® and proteins™ into a 3D
DNA nanocage. The assembly process was rapid and could be
performed at or below room temperature, providing mild condi-
tions that preserved the function of the attached polypeptides.
Substitutions to the gamma position on the PNA backbone (see
Figure S2) have been shown to increase the solubility and ther-
mal stability of the PNA strand,** as well as provide a handle to
introduce functional groups without affecting its binding to a
complementary strand.”® Functionalizing PNA at the gamma
position would also allow a peptide to be connected anywhere
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along the backbone or even at multiple locations to form stable
cyclic PNA-peptides.”"*® Although conjugating fluorescent dyes
and other small molecules to peptides or PNA is greatly simpli-
fied when performed after synthesis while the product is still on
the solid phase, the conjugation efficiency decreases for larger
molecules and the cleavage and purification conditions can be
detrimental to some molecules, such as metallopeptides® or
folded peptides and proteins.

Here we develop a solution phase orthogonal conjugation
method using strain-promoted, copper free click chemistry to
selectively attach the fluorescent dye Cy5 to the N terminus of 2
bifunctional PNAs containing an azide at the N terminus and a
thiol along the backbone at the gamma position. Denaturing
PAGE was used to purify the Cy5 labeled conjugates and native
PAGE was used to characterize the DNA nanocage when popu-
lated with either of 2 Cy5 labeled PNAs. Steady state and time
resolved fluorescence spectroscopy was used to characterize the
dye labeled constructs.

Results and Discussion

DNA-PNA complex design

Previously we incorporated 2 fluorescently labeled peptides™
or proteins® within a 3D DNA nanocage using PNA linkers.
Briefly, we modified an existing DNA tetrahedron design by
introducing 8nt single stranded domains complementary to a
PNA strand functionalized on the N terminus with a short pep-
tide or small protein oriented toward the center of the DNA
nanocage. This design allowed the DNA nanocage to be preas-
sembled, purified and then subsequently populated with one or 2
PNA-polypeptides under mild conditions. Here we introduce a
third 8nt PNA binding site (PNA3), to be used in conjunction
with the PNAI binding site for introducing guest molecules, as
shown in Figure 1. The PNA3 binding site is closer in proximity
to the PNAI binding site (3 nm) than a similar PNA binding
site on edge F used in the previous design (5-6 nm),>* which is
better suited for assembling protein active sites. Furthermore,
both PNA1 and PNA3 sequences were modified to increase the
predicted thermal stability®® from 37°C to near 50°C by increas-
ing the purine content. Throughout this report we use the
nomenclature defined in Figure S1, Table S1 and Table S2
when we describe the various strands and constructs used in each
experiment.

Fluorescent labeling and purification of y-PNA

As a proof of concept to form cyclic PNA-peptides for intro-
ducing into 3D DNA nanocages, a solution phase conjugation
method was developed for labeling PNA with Cy5 that is com-
patible with bifunctional PNA strands. Cy5 functionalized with
the strained alkyne dibenzocyclooctyl (DBCO) was used to label
each y-PNA at the N terminal azide position, as shown in
Figure S3 and described in the methods section. The chemical
structures of PNA1-Cy5 and PNA3-Cy5 are shown in
Figure S4. Strained alkynes can be efficiently conjugated to azides

without adding any copper catalyst,””?° which could interfere
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DNA Nanocage

Figure 1. Schematic showing the arrangement of DNA and PNA sequen-
ces in the complex, written in the 5’ (N) to 3’ (C) direction. y-PNAT and
v-PNA3 are labeled with Cy5, thiol functionalized at the gamma position
of 4™ PNA base, and attached to edge C and D respectively. This sche-
matic was redrawn from>° with changes to incorporate the gamma mod-
ified PNAs.

with assembling metallopeptide complexes and can be difficult to
completely remove.’®?" We were unable to separate the
unreacted Cy5 from the y-PNA-Cy5 conjugate using reverse-
phase high pressure liquid chromatography (RP-HPLC). We had
similar issues trying remove unreacted fluorescein (FAM) from
v-PNA-FAM, which suggests the dye labeled y-PNA sequences
may strongly interact with the unreacted dyes®> or they have
similar levels of hydrophobicity. Denaturing PAGE has been
shown as an alternative to RP-HPLC for purifying unmodified
PNA under acidic conditions (pH 3) with single-base resolu-
tion.** We adapted this technique to work under slightly alkaline
conditions (pH 8.5) where natural PNA is uncharged, and the
v-PNA-Cy5 conjugates are negatively charged and of signifi-
cantly greater size (~3.5 kDa) than the unreacted Cy5 (1 kDa).
Figure 2 shows the denaturing PAGE gel after the reaction of
Cy5 with y-PNA3. The unreacted Cy5 migrates significantly
faster than the y-PNA-Cy5 conjugate. Matrix assisted laser
desorption ionization mass spectrometry (MALDI-MS) of the
other weakly fluorescent bands were found to contain impurities.

The bands for the y-PNA-Cy5 conjugates were cut from the
gel and eluted with nanopure water up to 4 times to extract the
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Figure 2. Purification of Cy5 labeled y-PNAs using denaturing PAGE and time course elution from gel blocks. (A) Cy5 fluorescence image of a 10% dena-
turing PAGE gel containing a control with Cy5 only (Lane 1) and the y-PNA3 and Cy5 reaction cocktail (Lanes 3-11). (B) Cy5 fluorescence image of the of
v-PNA1-Cy5 bands cut from a 7.5% gel, similar to that shown in [A], when eluted with water and centrifuged in Spin-X™ tubes up to 4 times to remove
the product eluted from the gel blocks. (C) The fluorescence intensity of the gel blocks after each elution in (B) was used to determine the fraction of
PNA remaining in the gel blocks for y-PNA1-Cy5 and y-PNA3-Cy5. Each curve was fit with an exponential decay function as described in the methods

section. The parameters for the fitting functions are shown in Table S4.

product, as detailed in Table S3. The fluorescent signal remain-
ing in the gel blocks after each elution step, for both y-PNA3-
Cy5 and y-PNA1-Cy5, was integrated and fit with an exponen-
tial function, as shown in Figure 2, and described in the methods
section. Both samples are efficiently eluted after 3—4 elution
steps. Despite a lower percent gel with larger pores, y-PNAI-
Cy5 elutes with slightly lower efficiency, which may be due to its
reduced solubility compared to y-PNA3-Cy5. Although the
times allowed for elution during each step were significant differ-
ent (1.25-115 hours), it appears that equilibrium was still
achieved after each elution step, which suggests that the elution
could be performed in much less time (i.e., 4 elutions over
6 hours). The eluted product was desalted using RP-HPLC. The
expected molecular weight of each collected product was detected
by MALDI-MS, as shown in Figure S5 for y-PNA1-Cy5 and
Figure S6 for y-PNA3-Cy5. Both samples show an impurity
+70 Da from the expected molecular weights, which was
observed to be more prevalent with longer conjugation times.
Native PAGE analysis of y-PNA3-Cy5 shows the expected band
as well as a slower moving band, which may be dimerization of
v-PNA3-Cy5 via an intramolecular disulfide between thiols at
the gamma position. The dimer may be the result of insufficient
disulfide cleavage by tris(2-carboxyethyl) phosphine (TCEP) prior
to PAGE analysis.

Although MALDI-MS did not show evidence of any PNAs
labeled with Cy5 on both at the azide and thiol positions, the
free thiol is the most reactive group remaining on the PNA mole-
cule and is a logical place for side reactions to occur that could
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lead to the conspicuous +70 Da impurity. To test this hypothe-
sis, the azide and thiol functionalized PNAs were reacted with
5,5'-dithiobis-(2-nitrobenzoic acid (DTNB) prior to conjugation
with Cy5, which forms a disulfide with any free thiols. During
purification by denaturing PAGE 3 main bands were observed,
as shown in Figure S7. The slowest moving band is only observed
for PNA1 and is attributed to PNA1-Cy5 disulfide dimers; since
the thiols were already oxidized they could not react with
DTNB. The next 2 bands are observed for both PNAs and are
attributed to the Cy5 conjugated PNA with and without the neg-
atively charged 5-thio-2-nitrobenzoic acid (TNB™) protectant
group. Each major band was cut, eluted, reduced with TCEP to
remove TNB and desalted using RP- HPLC. Each sample con-
tained the desired product without the +70 Da impurity, as
shown in the MALDI-MS for PNA1-Cy5 and PNA3-Cy5 in
Figure S8 and Figure S9. These data suggest the impurity was
due to a side reaction with the unprotected thiol despite the reac-
tion taking place under acidic conditions (pH 4), but which can
be circumvented by protecting the thiol using DTNB or other
reversible thiol protectant group.

Assembly of the DNA nanocages with fluorescently
labeled y-PNAs

DNA nanocages, for binding either y-PNA1 (DNAlYy) or
v-PNA3 (DNA3vy), were assembled and purified by ion-
exchange fast protein liquid chromatography (IEX-FPLC), and
incubated with increasing molar excess (0—3x or 10x) of the cor-
responding y-PNA sequence at room temperature, as described
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Figure 3. Gel showing the binding of the unlabeled and labeled y-PNAs to the DNA nanocage. [Left]
Ethidium bromide image of the unlabeled DNA1y and DNA3+y nanocages with increasing amount of
unlabeled y-PNA1 and y-PNA3, respectively. [Right] The unlabeled DNA1y and DNA3+y nanocages with
increasing amount of Cy5 labeled y-PNA1 and y-PNA3, respectively. The ethidium bromide (EtBr) fluo-
rescence (left panel) and Cy5 fluorescence (right panel) are shown, with the corresponding excitation

much lower for PNA3-Cy5 (0.11).
Interestingly, the quantum yield for
PNA3-Cy5 is restored upon binding
to the DNA nanocage. The quantum
yield of cyanine dyes is affected by
their ability to photoisomerize, where
lower quantum yields are observed
from more freely moving dyes; the
dye mobility was investigated by time
resolved fluorescence and is discussed
later.’® The quantum yields found for
Cy3 for conjugated to the DNA
nanocages (0.49) are much higher
than that reported for the free dye
(0.04),%® but in agreement with values
when conjugated to ssDNA (0.4)%° or
in glycerol (0.52)*° due to reduced
photoisomerization under restricted
mobility.>® This is consistent with
Cy3 strongly interacting with the
slow tumbling of the 80 kDa DNA

nanocage.

and emission wavelengths (Ex/Em).

Energy transfer efficiency between

previously.”* The assembled complexes were analyzed directly by
native PAGE at 4°C, as shown in Figure 3. A small gel shift is
observed for the DNA nanocage upon binding each y-PNA,
with respect to the empty DNA nanocage, and is attributed to
the single stranded y-PNA binding domain becoming double
stranded and more rigid, as observed previously.** A 2—5x excess
of unlabeled y-PNA is required to achieve quantitative binding
to the DNA nanocage. This is similar to the 2x excess of PNA-
peptide required for quantitative binding to the same DNA
nanocage.”> Some PNA sequences show mild aggregation at con-
centrations as low as 1 wM,?* which could prevent binding of
some PNA to the DNA nanocage. The larger excess required for
v-PNA1 may be due to its reduced solubility compared to
v-PNA3. However, when y-PNA1 is labeled with the negatively
charged Cy5, only 2x excess is required for quantitative binding
to the DNA nanocage, as shown in the right panel of Figure 3,
suggesting the Cy5 label may improve the solubility of y-PNA1.
Figure 3 also shows the Cy5 fluorescence of the DNA nanocages
containing the Cy5 labeled y-PNAs, as well as a more diffuse
band containing some unhybridized y-PNA-Cy5. These results
indicate the proper assembly of the y-PNAs into the DNA nano-
cage before and after Cy5 labeling.

Fluorescence characterization of the Cy5 fluorescently
labeled y-PNAs

Steady-state fluorescence spectra of the Cy5 labeled y-PNAs
and Cy3 labeled DNA nanocage were recorded to determine the
peak wavelength and quantum yield, as shown in Table S5, and
described in the supporting information methods section. The
quantum yields of Cy5 conjugated to PNA and hybridized into
the DNA nanocages (0.38) and PNAI-Cy5 alone (0.42) and
Cy5-DBCO (0.28) are similar to another report (0.30),*° but is
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a Cy3 labeled DNA nanocage and the
Cy5 labeled PNAs were used to investigate the thermal stability
of the PNAs bound the DNA nanocage. Figure 4A shows the
fluorescence emission intensity when the donor (Cy3) is excited
at 475 nm as a function of temperature for the DNA3-Cy3 +
PNA3-Cy5 complex. At low temperature the Cy3 fluorescence is
quenched by Cy5 and there is significant fluorescence emission
from Cy5 due to energy transfer from Cy3 because of the close
proximity of the dyes in the fully assembled DNA-PNA complex.
As the temperature increases and PNA3-Cy5 dissociates out of
the DNA1-Cy3 nanocage, the Cy5 emission is lost and the Cy3
emission is restored. The change in Cy3 fluorescence intensity as
a function of temperature is plotted in Figure 4B and fit with a
sigmoidal dose response curve, where the inflection point indi-
cates the dissociation temperature (Tp). The determined Tp, for
PNA3-Cy5 (47.3°C) is in agreement with theory28 (48.9°C) and
confirms our earlier hypothesis that increasing the purine content
could be used to increase the thermal stability of our previous
DNA-PNA-peptide®” and DNA-PNA-protein®® complexes with-
out increasing the PNA sequence length, which may affect the
DNA nanocage assembly.

Interestingly, when we tried the same experiment with the
DNAI1-Cy3 + PNA1-Cy5 complex, which places Cy5 closer to
the vertex of the DNA nanocage containing Cy3, no energy
transfer was observed. As shown previously in Figure 3, the
native PAGE of DNAI1-PNA1 and DNA3-PNA3 complexes
were identical, suggesting that both were assembled properly.
However, energy transfer is dependent not only on distance, but
also on the orientation between the dyes. Dyes that have limited
rotational mobility and are placed at orthogonal orientations will
not transfer energy even at very close distances. We then investi-
gated the mobility of the dyes attached to the complexes using
time resolved fluorescence anisotropy. Time correlated single
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photon counting (TCSPC) was used
to measure the fluorescence decay
kinetics of the Cy3 (Ex. 500, Em.
600 nm) and Cy5
(Ex. 600, Em. 670 nm) containing
constructs when excited with verti-
cally polarized light and when the
emission compared between vertical
(Iyy) and horizontal (Iyy) polariza-
tion with respect to the excitation
source.

Figure 5A-E shows the fluores-
cence decay kinetics of each sample
with Cy5 at both vertical and hori-
zontal emission polarization. The
difference was used to calculate the
time resolved fluorescence anisot-
ropy as shown in Figure 5F, and
described in the supporting informa-
tion methods section. The Cy5-
DBCO anisotropy decays from the
maximum anisotropy value of 0.4
(i.e., fully polarized) to 0 (i.e., fully
depolarized) within 3 ns due to its
rapid rotation when free in solution.
The anisotropy of Cy5 conjugated
to each PNA strands decays to 0

PNA3-Cy5 Dissociation from DNA3-Cy3
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Figure 4. Fluorescence spectra of the Cy5 labeled PNA3 bound to the Cy3 labeled DNA3 nanocage as a
function of temperature. The Cy3 labeled DNA nanocage (DNA3-Cy3) containing Cy5 labeled y-PNA3 was
excited at 475 nm and the emission was monitored as a function of wavelength as the temperature was
increased from 11°C to 85°C as shown in (A). The peak donor fluorescence is plotted versus temperature
and fitted with a sigmoidal dose response curve (B), where the inflection point corresponds to the dissoci-
ation temperature (Tp) indicated on the plot. The difference (A) from a theoretical value (48.9°C) is also
shown, which is greater than the value predicted for a similar DNA sequence (37.5°C).
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Figure 5. Fluorescence decay and anisotropy of Cy5 labeled y-PNA hybridized to a DNA nanocage. (A-E) Plot of the parallel (Ivv) and perpendicular (Ivh)
fluorescence decay of Cy5 free in solution (A), when conjugated to y-PNA1 (B) or y-PNA3 (C) and when conjugated to PNA and hybridized into DNA1
nanocage (D) or DNA3 nanocage (E), respectively. Panel (F): The anisotropy for each data point of the decays, shown in panels A-E, was calculated as
described in the Supporting Information, Materials and Methods section, and the results are plotted here. The central moving average for each dataset is
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Cy3 Fluorescence Decay
A ssDNA-Cy3 B DNA1-Cy3 C DNA3-Cy3
£ —Ivv = - —Ivv Z —Ivv
3 = 1 — S 10000 -
3 8 " Ivh 8 A —1Ivh
3 2 4000 | 8
£ g 1000 4 g 1000 1
§ Ex' iﬁg"m § Ex. 500nm ™ 2 Ex. 500nm "%,
§ 100 4R | | § 100 JEm.S000m _ S 100 JEm-800nm Ny,
= 0 2 4 6 8|2 0 2 4 6 8|2 0 2 4 6 8
Time (ns) Time (ns) Time (ns)
D - -
Time Resolved Cy3 Anisotropy
0.6 - ——ssDNA-Cy3 DNA1-Cy3 ——DNA3-Cy3
0.5 - - Average e Average - Average
S .1 =018 r,. = 0.30 r,.. = 0.22
> 0.
O 03 -
e
$ 02+
E 0.1 -
0 -
-0.1 . . : . : , . |
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
Decay Time (ns)

Figure 6. Fluorescence decay and anisotropy of Cy3 labeled DNA nanocages. (A-C) Plot of the parallel (lvv) and perpendicular (Ivh) fluorescence decay of
Cy3 conjugated to a ssDNA (A), when the ssDNA-Cy3 is assembled into either the DNA1-Cy3 (B) or DNA3-Cy3 nanocage, respectively. Panel (D): The
anisotropy for each data point of the decays, shown in panels A-C, was calculated as described in the Supporting Information, Materials and Methods
section, and the results are plotted here. The central moving average for each data set is reported in the same plot for clarity.

within 7 ns due to the slower motion of the larger molecule.
Interestingly, PNA3-Cy5 decays faster than PNA1-Cy5 within
the first 1 ns, and may contribute to the lower observed quantum
yield for PNA3-Cy5. When the Cy5 labeled PNAs are hybridized
to the large DNA nanocage the anisotropy decays much slower to
0.25-0.27 after 8 ns, suggesting that the dyes are strongly inter-
acting with the DNA nanocage. These values are in agreement
with our previous study using tetramethylrhodamine (TMR)
labeled DNA nanocages (0.24),> which also highly interacts
with the DNA nanocage.

Figure 6A—C shows the fluorescence decay kinetics of Cy3 for
horizontal and vertical emission polarizations, first when conju-
gated to single-stranded DNA (A), then when the same ssDNA is
annealed into either DNA1-Cy3 or DNA3-Cy3 nanocages. The
calculated anisotropy for DNA3-Cy3 decays to 0.22 within 8 ns,
suggesting that it is also highly interacting with the DNA
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nanocage. Interestingly, the calculated anisotropy of DNA1-Cy3
decays only to 0.3 within 8 ns, suggesting that its rotation may
be restricted in a mostly static orientation relative to the DNA
nanocage where the anisotropy only decays due to the slower dif-
fusion of the DNA nanocage. The lack of energy transfer suggests
that this static orientation is orthogonal to the donor. This type
of orientation dependence was observed because of strong inter-
action between Cy3 and Cy5 with the nucleobases of a linear
DNA helix as the length was extended due to the rotation of
DNA nucleobases along the helix.”” This effect could be more
dramatic for helices joined at more orthogonal angels, such as the
60° angle between adjoining edges of our 3D DNA tetrahedron.
Finally, TCSPC was also used to measure the fluorescence life-
times of each Cy3 and Cy5 labeled complex, as shown in
Figure S10 and listed in Table S5. The lifetimes of DNA1-Cy3
and DNA3-Cy3 (1.3 ns) are in agreement with other reports
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that show that the natural lifetime of the free Cy3 dye (0.18 ns)
can be extended up to 2.0 ns when its rotation is restricted to
minimize photoisomerization.’®” The observed Cy3 lifetimes
are consistent with the high anisotropy due to rotational restric-
tion by the DNA nanocage. The lifetime of the free Cy5-DBCO
(1.1 ns) is in excellent agreement with another report (1.0 ns).”®
The observed lifetime of Cy5 conjugated to PNA (1.4-1.5 ns) is
consistent with the motion of Cy5 being restricted to minimize
photoisomcrization.38

Conclusion

We introduced a bifunctional PNA design using copper free
click chemistry to label the PNA with the dye Cy5 in solution
while protecting a thiol group for future conjugation reactions.
Denaturing PAGE is introduced as a method to efficiently purify
PNA fluorescently labeled with Cy5. The fluorescence of the
product was used to monitor its elution from the gel blocks,
which allows the method to be extended to other charged mole-
cules that may not be so easily detected. The Cy5 labeled
v-PNAs were assembled into DNA nanocages under benign con-
ditions that were previously shown to preserve polypeptide func-
tion.”® Energy transfer between PNA3-Cy5 and DNA1-Cy3 was
used to confirm the high thermal stability of the PNA sequence.
Interestingly, no energy transfer is observed for PNA1-Cy5 that
may be due to the high anisotropy of Cy3 in that complex keep-

thermostable PNA molecules are intriguing candidates for con-
trolling the assembly and orientation of peptides within small
DNA nanocages for mimicking protein catalytic sites.
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