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Abstract

PA1 is a large hairpin polyamide (dImPyPy-β-PyPyPy-γ-PyPy-β-PyPyPyPy-β-Ta; Py = pyrrole,

Im = imidazole, β = beta alanine) that targets the sequence 5′-WWGWWWWWWW-3′ (W = A or

T) and is effective in eliminating HPV16 in cell culture (Edwards, T. G., Koeller, K. J.,

Slomczynska, U., Fok, K., Helmus, M., Bashkin, J. K., Fisher, C., Antiviral Res. 91 (2011)

177-186). Described here are its DNA binding properties toward a natural DNA, a 523 bp portion

of HPV16 (2150-2672) containing three predicted perfect match sites. Strategies for obtaining

binding data on large fragments using capillary electrophoresis are also described. Using an

FeEDTA conjugate of PA1, 19 affinity cleavage (AC) patterns were detected for this fragment. In

many cases, there are multiple possible binding sequences (perfect, single and double mismatch

sites) consistent with the AC data. Quantitative DNase I footprinting analysis indicates that perfect

and most single mismatch sites bind PA1 with Kds between 0.7-4 nM, indicating excellent

tolerance for the latter. Double mismatch sites exhibit Kds between 12 and 62 nM. A large fraction

of the accessible sequence is susceptible to PA1 binding, much larger than predicted based on the

literature of polyamide-DNA recognition rules.
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1. INTRODUCTION

N-methylpyrrole/imidazole-based polyamides (PA) can be considered higher homologs of

the natural product distamycin A, a tris(pyrrole) reagent with a cationic C-terminus that
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binds to the minor groove of AT-rich DNA sequences and which has antitumor and antiviral

properties along with high toxicity [1, 2]. Polyamides, the binding capabilities of which

extend to GC-containing sequences via the incorporation of imidazole building blocks, have

found extensive application as sequence-selective DNA binding agents for the control of

gene expression [3, 4]. Typical modern PAs in use for such experiments employ the hairpin

structure in which two polyamide strands are joined by aminobutyric acid, which can be

thought of as a hairpin turn that allows two linked antiparallel polyamide strands to align in

the minor groove of DNA and recognize the two DNA strands independently. Other

building blocks have been used to construct analogous turns, including (R)-2,4-

diaminobutyric acid, its acetamide and more [5-7]. In certain cases the PA strands have been

linked at both ends, resulting in a cyclic PA [8-10].

Hairpin polyamides have long been used by Dervan [3, 11, 12], Sugiyama [6, 13], Lee

[14-16], Kodadek [17] and others for their ability to recognize DNA sequences via hydrogen

bonding interactions in the minor groove [5, 9, 18-30]. The properties of polyamides have

been valuable for controlling gene expression, including the blocking gene-specific

transcription factor binding sites and alkylating specific DNA regions [31, 32]. Polyamides

have also been used to enhance gene transcription [33], and effects have been shown against

pathogens and metabolic diseases at the cell culture level. Recently, whole animal efficacy,

imaging and pharmacology or toxicology data have been reported for a number of disease

targets [4, 10, 34-39].

The accessibility of PA to nucleosomes has been studied, the use of PA for specific disease

states has been fruitful, and the number of in vivo studies (for safety and/or efficacy) of PA

has been increasing. Adding alkylating functionality to polyamides has allowed them to act

directly as gene silencing agents. Uptake of polyamides by cells has been studied and found

to vary depending on cell type and PA characteristics in some cases [7, 40-44], while in

other cases uptake was constant over a wide range of polyamide MW (from 400 to 4000)

[44]. As described in the cited reports, uptake has been enhanced by a variety of means, such

as blocking multidrug resistance efflux pumps with Verapamil® or modifying polyamide

building blocks at either internal or terminal positions.

Recently, dramatic antiviral effects for human papillomavirus (HPV) were discovered for

certain long polyamides that bound 10 or more bp of DNA [45, 46]. The active polyamides

were designed to bind the dsDNA genome of HPV, an approximately 8 kb circular DNA

molecule known as an episome. With IC50 values of ≤ 30-100 nM and no measurable

cellular toxicity, the active polyamides function by eliminating viral DNA from infected

human keratinocytes. Furthermore, the active compounds were shown to restore the

phenotype of uninfected cells in keratinocyte tissue culture. Thus, HPV infections

manipulate DNA synthesis by host enzymes, forcing suprabasal DNA synthesis to occur for

infected keratinocyte tissue cultures; this effect is reversed by addition of properly-designed

polyamides. PA1 (Fig. 1) is one of the lead compounds reported in this anti-HPV study, and

shows excellent activity against HPV16 and 31 (IC50 = 100 and 108 nM). More recently, a

detailed report has appeared on the mechanism of action of this class of anti-HPV

compounds [46].
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The anti-HPV PAs are considerably larger than most reported hairpin polyamides and

contain 14-26 rings. Broad-spectrum activity was a surprise because the analogous DNA

sequences of the different HPV subtypes are not typically degenerate for polyamide binding.

Therefore the origin of primary antiviral activity and broad spectrum activity are both of

considerable interest from a range of perspectives, including cellular and biophysical

perspectives as well as for the design of more-active second-generation anti-HPV

compounds. In light of this broad-spectrum activity, the applicability of polyamide-DNA

recognition rules developed mostly for smaller PA molecules (typically 8 rings) was of

specific interest for the longer, antiviral polyamides [2, 3, 11, 12, 18, 19, 22, 26, 27, 29, 30,

47-49]. The use of a large natural sequence target is also important, as it better represents the

biological setting than shorter sequences tailored to address specific questions about binding

behavior [7]. In this genomic viral DNA setting, what level of detail can be achieved with

commonly used assays and approaches? What is the relationship between predicted and

observed binding sites? To begin to address this, the binding properties of the large,

archetypal anti-HPV polyamide, PA1 (Figure 1), are therefore characterized here using an

HPV16 DNA sequence as the target.

2. MATERIALS AND METHODS

2.1 Synthesis

dIm-PyPy-β-PyPyPy-γ-PyPy-β-PyPyPyPy-β-Ta (PA1) was prepared and characterized as

previously described [45]. Im = imidazole, dIm = desamino-imidazole, Py = pyrrole, β =

beta alanine, γ = γ-aminobutyric acid, and Ta = amino tail at C-terminus formed from

NMe(CH2CH2CH2NH2)2. The EDTA conjugate was prepared as follows: By analogy to the

literature [50], to a vigorously-stirred mixture of EDTA dianhydride (23 mg, 0.088 mmol,

20 eq) in N,N-diisopropylethylamine (DIEA) (0.5 mL), DMF (0.25 mL), and DMSO (0.25

mL) at 55 oC was added a mixture of PA1 (10 mg, 0.0044 mmol, 1 eq) in DIEA (0.5 mL)

and DMF (0.5 mL) dropwise over a period of 10 min. The reaction mixture was stirred at

55 oC for 20 min. Following addition of 0.1 N NaOH (1.8 mL), the mixture was stirred at

55 oC for an additional 15 min. The bottom layer of the biphasic mixture was removed from

the reaction vessel and neutralized by addition of 0.35 M aq. TFA (1 mL). The mixture was

diluted with 0.5 mL DMSO and divided into two equal portions, each of which was filtered

through 20 μm polyethylene filters. Each portion was further diluted with 0.5 mL DMSO

and purified by reversed-phase HPLC [H2O (0.1% TFA), MeOH (0.1% TFA)] using a

Phenomenex Jupiter 250 × 21.2 mm, 4 μm, 90 Å, C12 column. Concentration of pooled

fractions, followed by lyophilization afforded the PA1-EDTA conjugate (3.8 mg, 33% yield)

as a white, fluffy solid: average molecular weight = 2169.27, experimental (ESI) [M+H]+ =

2169.8.

2.2. Footprinting

To generate the 523 bp DNA fragment comprised of the 2150-2672 region of the HPV16

genome (Accession # AF125673), two primers oligomers were ordered from Integrated

DNA Technologies, Inc. (Coralville, Iowa) (top strand): 5′-FAM-AT GTG ATA GGG TAG

ATG ATG GAG GTG; (bottom strand) 5′-HEX CT CAT ACA CTG GAT TTC CGT TTT

CGT CAT ATG G-3′. To generate the smaller duplexes, the following primers were used:
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top strand FAM-TGG TGC AGC TAA CAC AGG TAA starting at 2291; top strand FAM-

CTA CAG TGC CCT GTT GGA AC starting at 2434; bottom strand HEXCAA CAG GGC

ACT GTA GCA TC starting at 2449; bottom strand HEX-CT CAT ACA CTG GAT TTC

CGT TTT CGT CAT ATG G starting at 2672.

DNase I footprinting experiments were performed as previously described [49] in TKMC

buffer with 10 mM CHAPS. DNA concentrations were adjusted between 200 pM and 10 nM

as needed. A small range of DNase I units (0.01-0.02 U in a 250 μL reaction) and a 5 min

reaction time was typically used, although the reactivities of batches of DNase I can vary.

Single hit conditions were confirmed by CE. An illustration of this control reaction for the

same sequence of DNA has been published recently [49]. Samples were analyzed via

capillary electrophoresis (CE) at the DNA Core Facility at University of Missouri. Data

were processed using Genemarker V1.97 software (Softgenetics LLC, State College, PA).

DNase I cleavage products were mapped using Sanger sequencing (USB, Affymetrix, Santa

Clara, CA). Peaks in the footprint were normalized to a peak not sensitive to PA

concentration and plotted as fraction bound vs. PA concentration and fit to a binding

isotherm as previously described [49].

2.3. Affinity Cleavage

The polyamide-EDTA-Fe conjugate was prepared by adding 0.8 eq of Fe(NH4)2(SO4)2 to a

solution of the conjugate, incubating 5 min, adding the DNA fragment to 1 nM and

incubating overnight at room temperature in 10 mM Tris, 10 mM CHAPS, pH 7.5. The PA-

EDTA conjugate concentration was varied from 5 nM to 250 nM and reported at 50 nM.

The cleavage reaction was initiated by adding 5 μL fresh made 100 mM DTT to a 100 μL

reaction and incubating 30 min - ~ 4 hr. The reaction was quenched and products purified

using a Qiagen PCR purification kit. Fragment analysis was conducted by CE. Affinity

cleavage results were mapped using Maxam-Gilbert reactions on 5′ FAM endlabeled DNA

[51].

3. RESULTS

3.1. PA1 Sites on a Natural DNA Target

PA1 was originally designed to bind to HPV16. Therefore for the first studies of PA1 on a

natural DNA target, we chose a portion of the HPV16 genome at 2150-2672. This region is

located within the E1 gene. It has three predicted perfect PA1 sites based on the literature

rules, all with the sequence of either 5′-WGWWWWWWW-3′ or 5′-

WWGWWWWWWW-3′ where W=A or T. These perfect binding sites are well spaced

from one another (50 bp or more). There are also a number of predicted single mismatch and

double mismatch sites. PA1-DNA interactions were characterized via two experiments:

affinity cleavage (AC) via a PA1-EDTA conjugate and DNase I footprinting.

To achieve quantitative footprinting and affinity cleavage via capillary electrophoresis (CE),

high signal-to-noise ratios are necessary in the electropherograms. Due to the loss of CE

signal as fragment sizes increase past 250 bp and given the size of the duplex of interest

(523 bp), it was necessary to work with 5′ dyes on both strands and smaller duplexes
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composed of the internal regions of the genome fragment. Fragments in the first half of the

523 bp duplex (5′ end of the top strand) were detected with 5′-FAM on the top strand at

2150; fragments in the last half (3′ end) of the 524 bp duplex were detected with 5′ labeling

with HEX on the bottom strand (dye at 2672). Using both dyes on the same duplex DNA

afforded information from both strands in one experiment, since the dyes are detected in

different channels on the sequencer. However, since the signal becomes weaker as the

fragment size increases, this led to low signal-to-noise in the middle of the duplex. This was

addressed by preparing shorter duplexes spanning 2150-2449, 2434-2672, and 2291-2449

(Fig. 2). The last duplex was needed for affinity cleavage. Since it provides information

about the most sites, affinity cleavage data will first be considered in isolation. Kd

determinations and issues surrounding those measurements follow.

3.2. Affinity Cleavage

In the AC technique, the EDTA moiety is bound to iron to execute hydroxyl radical

cleavage of DNA at the binding site [30]. While the PA-EDTA conjugate concentration was

varied from 5 to 250 nM, all relevant sites appeared by 50 nM. This concentration is well

above the Kds for most PA-DNA interactions (see below), which means that both high and

low affinity sites are detected. Since the EDTA is positioned on the PA tail (open end of the

hairpin; see Fig. 1), cleavage patterns indicate the location of the tail on the DNA sequence.

AC also provides information about PA binding orientation, i.e., tail facing right or left. An

orientation is termed “forward” if amino terminal end of the polyamide is aligned with the 5′

end of the target sequence [50, 52]. With a PA in the hairpin conformation, the tail of the PA

will also be near the 5′ end of the binding sequence (see Fig. 1). In a “reverse” orientation,

the amino terminal (and for hairpin, tail end) of the PA aligns with the 3′ end of the target

sequence. Based on work with small PAs (6-8 rings) this is generally considered less

favorable [52].

In addition, it is necessary to map the cleavage patterns using chemistry that best matches

the Fenton chemistry of Fe EDTA. Therefore indexing of the electropherograms was

achieved with Maxam Gilbert sequencing [53]. A sample electropherogram illustrating

affinity cleavage for a perfect site (site 3) appears in Fig. 3A. Similar sample data for a

single mismatch site (5) and double mismatch site (10) appear in Fig. S1.

A sequence map of the AC patterns appears in Fig. 4. The 40-50 bp on the ends of the

duplex are not accessible via CE because they are not well resolved under the experimental

conditions employed for long DNA molecules. Ignoring the first and last 40-50 bp of the

duplex, it is clear that there are many PA1 sites accessed at 50 nM PA1 conjugate. In Fig. 4,

19 AC patterns in the fragment are observed, and for all but site 12, bottom strand affinity

cleavage information was obtainable with the duplexes used. We observed the expected 3′

shift between the top and bottom strand cleavage patterns. When detected using 5′ labeled

DNA, this is characteristic of minor groove ligands [54]. Using these patterns and the

established recognition rules, horizontal arrows were drawn to indicate binding sites

consistent with the AC patterns (horizontal arrow with arrowhead at PA tail/EDTA and the

5′-WWG end of the recognition sequence). Of these, only two were perfect, discrete and

isolated binding sites (1 and 3). The others represent ambiguous and/or unusual binding that
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is indicated with overlapping arrows. Since predicted double mismatch sequences cover

most of the sequence, forward double mismatch sequences were only considered if the AC

pattern could not be rationalized with a perfect or single forward mismatch site. While also

fairly common in the sequence, reverse binding sites were neglected because all AC patterns

could be explained with a forward binding mode, usually a single mismatch sequence. The

AC sites are discussed in roughly numerical order and/or with respect to their position in the

sequence, as is appropriate. Table 1 features predicted sequences of interest, and flanking

sequences are included as context. A few for which there is no supporting experimental

evidence for binding are included as appropriate (see below).

Sites 1 and 3 are straightforward, that is, isolated and perfect match sites. The sequence

most consistent with the AC pattern at site 4a is a single mismatch site at 2238-2229 (the

convention is the leading nt position is at the arrowhead). There are a number of other single

mismatch sites nearby (indicated with dashed arrows), but no reliable affinity cleavage

patterns above the noise were discerned to support binding in those regions. Although the

AC signal is relatively weak, Site 4b is a straightforward single mismatch site.

For site 5, the affinity cleavage on the top strand has two maxima (at 2277 and 2279); this is

less obvious in the corresponding pattern on the bottom strand. This is consistent with

multiple PA binding events in this region. Indeed, there are 4 predicted forward single

mismatch PA sites that could conceivably contribute to the pattern (solid arrows with

arrowhead at the cleavage pattern), with those beginning at 2276-77 being most attractive.

The other sites (dashed arrows) are not supported by discernable affinity cleavage patterns.

Fig S2 features an expanded view of the possible binding sites around site 5.

The AC pattern at site 6 is best rationalized with forward double mismatch sequences. Due

to the especially high number of AT base pairs, these sequences overlap significantly and

cannot be distinguished.

Site 7 is composed of three AC patterns that are very close together (2359-2382). While

cleavage at sites 7a and 7c can be rationalized with forward single mismatch sequences,

double mismatch sites are needed to explain the AC pattern at 7b. Three such sequences are

indicated in Fig. 4. Since these overlap significantly, they cannot be distinguished. Fig S2

features an expanded view of the possible binding sites around site 7.

AC 8 is unusual because top and bottom strand affinity cleavage patterns are farther apart

from one another than is typically observed [30, 50, 55], and indexing was verified. The AC

pattern at site 8 can be rationalized with a double mismatch PA binding site (2396- 2387

bp).

The AC pattern at site 9 can be most easily rationalized with a double mismatch forward

binding site (2407-2416). This part of the genome is relatively GC rich, ruling out many

alternative and overlapping binding sequences. The pattern at site 12 is similar: One double

mismatch forward site (2421-2430 bp) is consistent with this pattern.
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The AC pattern at site 13 can be rationalized with a forward double mismatch sequence, and

two of these overlap extensively. Although there is a forward single mismatch site beginning

at 2461, there is no discernable affinity cleavage pattern to support it (dashed arrow).

There are overlapping single mismatch sites at 2485-2494, 2486-2495, and 2494-2503 (site
14), and we observe weak affinity cleavage signals to support them.

The AC patterns at site 2 suggest a specific region of the DNA for PA1 binding, but

alternative binding modes are possible. The AC pattern centered at 2546 suggests a single

mismatch site and there are two highly overlapping possibilities. The AC pattern at the other

(3′) end of the same sequence aligns well to a perfect site (2559-2550). There are two nearby

overlapping single mismatch all A/T sites nearby which cannot be ruled out (2555-2546,

2556-2547). Clearly PA1 binds in both the orientations (i.e., with the tail facing different

directions).

There are multiple double mismatch sites consistent with the AC pattern at site 10, although

the one at 2574-2565 is closest to the AC pattern and most probable. For site 11, there are

multiple double mismatch sites consistent with the AC pattern.

3.4. Quantitative Footprinting Studies

All PA1 sites on this fragment were also examined using DNase I footprinting chemistry on

the 2150-2672 region of the HPV 16 genome. Integration peaks were chosen based first on

their location in the footprint, and then secondly for optimum signal-to-noise so that

integration was as accurate as possible. Given that DNase I is much larger than PA1 (29

kD), in some cases the integration peak was located outside the recognition sequence for

PA1. In assessing integration site locations, it is also important to note that DNase I is not

entirely sequence neutral and has preferences for DNA shapes and sequences (e.g. highly

AT-rich sequences are disfavored for cutting) [56, 57]. Indeed, we found regions in the

sequence that were not sensitive to DNase I, that is, we could not detect cleavage by the

enzyme even in the PA-free controls. These are noted where appropriate.

A sample footprint electropherogram and isotherm for a perfect site (site 3) appears in Fig.

3B and C. Similar sample data for a single mismatch site (5) and double mismatch site (10)

appear in Fig. S1. The integration sites for DNase I appear as solid boxes in Fig. 4. Using

the above dye-labeled duplexes (Fig. 2) and the sites indicated in the figure for integration,

14 nucleotide positions were integrated to obtain Kd’s as detected by DNase I (Table 1). In

most cases, a single Kd represents each quantitated AC site, even if there are multiple

possible PA binding locations and/or orientations for an AC pattern. Although there are

three distinct affinity cleavage patterns for site 7, the degree of coverage by PA1 made only

two DNase I integration sites possible. Site 4 was evaluated using multiple integration sites

(see below). Site 12 was not amenable to quantitation, even with the smaller internal

duplexes generated for this purpose (Fig. 2).

In reconciling footprinting data with affinity cleavage DNA, we first found it helpful to

obtain a Kd for the PA1-EDTA conjugate as measured by footprinting and compare it to that

obtained for the non-modified polyamide. Using DNase I as the footprinting agent, we find
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that the Kd for the 2193-2202 site (site 1) is 1.5 ± 0.6 nM for PA1-EDTA, quite similar to

that obtained for PA1. Thus under these conditions, there is no appreciable difference in

affinity between PA and PA-EDTA, despite the fact that the conjugated EDTA moiety

removes one positive charge and adds (three) negative charges to the polyamide when not

bound by Fe(II).

Kd values obtained by DNase I are summarized in Table 1. The Kds for the perfect match

sites range from 0.7 to 2.2 nM. Values for sites 1 and 3 (2.2 and 0.7 nM, respectively) are

very comparable to that obtained using a TAMRA-labeled DNA hairpin in the presence of

DNA carrier [53].

Most integration sites associated with single mismatch sequences (AC sites 4ab, 5, 7a and

7c) exhibit Kds around 3 nM, indicating good tolerance for this configuration. Both

integrated peak positions at site 4 (4a and 4b) give similar Kds. PA1 binding at the sequence

starting at 2238 can be legitimately quantitated at 2229 since the PA extends toward the

integration site.

Kds for most of the double mismatch sites (sites 6 and greater) were obtained by increasing

the DNA concentration as needed. While this is only a small sampling of possible double

mismatch sequences, these are generally weaker Kds than for perfect and single mismatch

sites by at least two-fold, with greater variability among them (12-62 nM). An exception is

site 6, assigned to a forward double mismatch sequence with an unexpectedly low Kd of 2.7

nM. All other possible binding sequences in this region have more mismatches and also

represent reverse binding modes; thus they are significantly disfavored by one or both of

these factors.

In contrast, site 8 has the weakest Kd among the double mismatch sites (62 nM). This is

mapped to a forward double mismatch sequence (2396-2387), and there is another double

mismatch sequence (or more precisely, orientation) at 2387-2396 that could explain the

affinity cleavage centered around 2390. There are other potential binding sites in this area

near the AC pattern, but they are reverse sites with at least two mismatches. With the

experimental information available, it is not possible to discriminate among these

recognition sequences.

Lastly, we were able to integrate at 2488 at site 14, for which we did observe two weak AC

patterns and could obtain a Kd of 25 nM. All possible binding sequences are single

mismatch sequences in this region. The weak value of a Kd for a single mismatch site is

notable in this context; we report many other single-mismatch sites with much tighter Kd

values.

4. DISCUSSION

4.1. Studying Ligand Binding on Long Natural Sequences

In working with a long natural and A/T rich sequence, we encountered a number of

challenges. The most obvious is that 523 bp is actually a bit long for easily evaluating all

binding sites with a single, doubly endlabeled duplex with capillary electrophoresis. Using
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dyes on the 5′ end of each strand left little useful signal-to-noise ratios in the center of the

sequence. This contrasts with the ability of CE to sequence DNA molecules of 1000 bp or

more: much higher S/N is tolerated for sequencing than for quantitative footprinting

(fragment analysis). In this study, the sequence length issue was remedied by making

smaller internal duplexes; however, working with a smaller duplex of about 350 bp initially

would have been more efficient.

In spite of these challenges, we were able to quantitatively characterize a large number of

PA1 binding sites in this region of the genome via affinity cleavage and DNase I

footprinting. In many regards, the results were as expected: perfect match sites bind with

low nM Kd’s. Single mismatch sites were also well tolerated, exhibiting Kd’s in the same

range. While there is a range of tolerances for single mismatch sites in the literature (see

below), we rationalize that PA1 tolerates these sites well due to its unusually large size

relative to most literature PAs. Put more simply, there are more opportunities for hydrogen

bonds that can compensate for a few local, less-than-optimal contacts. One immediate

conclusion is that the concept of affinity for PA-DNA binding is actually undefined in

general terms: the PA-DNA binding is dependent on the arrangement of purportedly

degenerate A and T nucleotides and on the sequence context in which the target DNA is

located. This conclusion is further explained in the paragraphs below.

Of added interest are the more unexpected behaviors. Given how dense the binding

sequences are and how many were detected, we were surprised to find some regions where

there was no evidence of binding by any technique, even though reasonable binding

sequences were present. Regions near the ends must be excluded, as the fragments are too

short to be analyzed by CE. Given the density of documented PA sites, there are two

relatively large and noteworthy “dead spots” at 2301-2328 and 2501-2540. These contain a

number of potential double mismatch sequences, but no data to support actual binding. In

the former region, DNase I control samples indicate poor cutting by the enzyme, and thus no

conclusions can be drawn about footprints or the lack thereof. However, it should be noted

that affinity cleavage also failed to show binding in region 2301-2328, and is not subject to

the sequence preference of a nuclease. In the latter region, DNase I controls were normal,

but no footprints were observed. The sequence is unusually GC rich in this region compared

to most other parts of the sequence. In spite of that, a number of double mismatch

recognition sites can be rationalized.

Another consequence of the high density of possible PA1 sites is that it was not always

possible to assign a distinct 10 bp binding sequence and binding mode for PA1 binding. This

is particularly dramatic at site 5 (near 2276) and site 7 (near 2369, 2376), where there are

three or more possible overlapping sequences that are consistent with the experimental

observations. See also Fig. S2.

Complicating assignments further, any perfect reverse binding site could actually be a

forward single mismatch site where C replaces G. Data do not permit us to distinguish

between these possibilities. In addition, an all-A/T sequence could be bound in either

forward or reverse orientations, or both, for the ensemble of molecules studied. Two such

regions are present: one at site 5 (2267-77) and another at site 2 (2546-2556). Since it was
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always possible to assign a reasonable forward binding sequence to the data, reverse modes

were neglected in the figures to streamline the presentation. Of course, this does not mean

that PA1 fails to (also) bind in this reverse fashion.

Also unexpected was the low Kd for site 6 of 2.7 nM assigned to a forward double mismatch

sequence. All other double mismatch binding sites were significantly weaker. Clearly there

is a large number of possible double mismatch sequences and only a few of these are

sampled here. It is possible that other factors contribute to unusual affinities, including

flanking sequence effects (e.g., minor groove width and shape) and/or subtle DNA

conformational behavior [58]. Additional studies would be required to clarify this issue.

Finally, there are a number of what appear to be reasonable sites for PA1 binding for which

there is no discernable support from affinity cleavage, and any nearby integration could

reflect another adjacent site. These unbound sites are found beginning at 2215 and 2223 near

site 4, at 2267 and 2288 near site 5, and at 2461 near site 13 (all indicated with dashed

arrows in Fig. 4).

It would be insightful to understand why these anomalies are observed and whether any are

functions of the techniques (reagent reactivities, issues surrounding the location of the

sequence in the duplex relative to the labeled ends (i.e. sensitivity), etc.) or something more

significant like unusual local DNA structures. The former issues were addressed as much as

possible through experimental design and controls. As for the latter, we are hopeful that

additional data we are collecting and analyzing on other natural sequences will shed some

light on these issues.

PA Mismatch Behavior in Other PA Systems—In the literature, there are extensive

studies about polyamide specificity and the discrimination against mismatch sites. For

example, these include a report on the effects of AT/TA recognition degeneracy on PADNA

recognition [30]. In this report, only a 12-fold difference in binding was found when an 6-

ring PA designed against 5′-TG(A,T)3-3′ was examined against eight possible DNA targets.

This library was assembled by changing the parenthetic portion of the sequence from TTT to

AAA. TTA, TAA, TAT. ATT, ATA and AAT comprised the parenthetic portion of the

sequence for the other targets examined. The PA orientation was constant as determined by

MPE•Fe(II)•EDTA affinity cleavage.

Another early report used aliphatic/aromatic amino acid pairings in polyamides for

recognition of the minor groove of DNA [26]. In this particular study, a 14-ring polyamide

was unable to distinguish between T (a mismatch), and G (a perfect match), in an eight bp

sequence. However, upon replacing two specific pyrrole heterocycles with β-alanines (β),

the binding specificity for the perfect match versus the mismatch increased very

significantly. Thus, a study [26] of the base-pair specificity for paired aliphatic/aromatic

polyamide building blocks reported that 12-ring PA dIm-β-ImPyPyPy-γ-ImPyPyPy-β-Py-β-

Dp exhibited a greater than 48-fold specificity for 5′-TGTGAACA-3′ vs. a single bp

mismatch, 5′-TGTTAACA-3′. This was compared to the parent, allheterocyclic 12-ring PA

dImPyImPyPyPy-γ-ImPyPyPyPyPy-β-Dp, which could not distinguish the same perfect

match and single-bp-mismatch sequences at all [26]. This work seemed to provide an
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elegant roadmap for the use of polyamides to recognize sequences of DNA with significant

GC content. Such sequences that are obviously far removed from the AT rich DNA that

distamycin and its higher homologs bind most readily. However, examination of the

reported data shows at least two binding sites that were not discussed for several PAs:

multiple such sites are found in Fig. 6a of Ref. [26]. Additional recognition complexity is

presented without discussion in the supplementary material: For example, Fig. S1a of this

paper shows four “extra,” unannotated binding sites for DNA recognition by dImPyPy-β-

PyPy-γ-ImPy-β-PyPyPy-β-Dp.

In related but more recent reports, libraries of polyamides were examined for their DNA

binding preferences using traditional and microarray-based methodologies [59]. For the

initial library study, single bp mismatches were discriminated against relative to perfect

match sites by factors of 4-100 [60].

For the most part, except for recent work such as that by Hsu et al. [60], literature studies of

polyamide specificity have focused on relatively narrow ranges of DNA sequences and

sequence contexts, and have both asked and answered eloquent, specific questions about the

molecular recognition of DNA by these minor groove binding agents. For the purposes of

such studies, DNA sequences of about 50 to 250 bp were employed, and the number of

possible binding sites was generally limited to several. We found ourselves faced with a

different type of problem than had typically been addressed in the literature: we wished to

determine where a polyamide binds to a completely natural genomic sequence (HPV16), and

our interest was driven by the anti-HPV16 and anti-HPV31 activity of PA1 as discovered in

the collaboration between the JKB group and NanoVir, LLC [45]. Surprisingly, we have

found prolific binding of PA1 to nearly half of the available base pairs in a 524-mer. Given

that the first 40 and last 50 base pairs were not accessible to us by capillary electrophoresis

(CE), it is more accurate to say that PA1 binds approximately half (196) of the visible 434

base pairs. The differences in dissociation constant for perfect match, single mismatch and

double mismatch sites are often not dramatic. For example, the number of mismatches does

not correlate particularly well with the binding strength: single mismatch site 7a has a Kd of

ca. 3.8 nM, while double mismatch site 8 has a Kd of 62 nM, and site 11, a double mismatch

site, has an intermediate Kd of 12 nM.

We have begun to wonder about the binding specificity of relatively long antiviral

polyamides to HPV because of the broad spectrum anti-HPV activity discovered with

NanoVir. At this point, a considerable number of NanoVir polyamides show excellent

antiviral efficacy in both cell and tissue culture against HPV 16, 18 and 31. While there is

certainly sequence homology for these three forms of HPV, it is not a type of homology that

would be recognized by the same polyamide because the position of G is not generally

conserved. We expect that the results presented here will help shed light on possible

mechanisms of action, especially when combined with recent biological studies done at

NanoVir [61]. Of note is that addition of an active PA to HPV-infected cells was shown to

cause physical changes to the HPV genome (episome) [61], and the ability of active

polyamides to bind far more sites than predicted is consistent with such major structural

effects on the entire viral episome. These new viral DNA structures may be caused by

massive binding of particular polyamides to the viral DNA, and these binding events may be
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precisely what induces the DNA Damage Response (DDR) to destroy that viral DNA [61]. It

is notable that the DDR was neither induced by an inactive polyamide in HPV-positive cells

nor by an active PA in HPV negative cells. The large size of the PA under investigation here

confers a special tolerance for mismatch sites. This may limit accessibility of the PA to

human DNA, which is generally very tightly wound in chromatin structures leading to the

observed, non-cytotoxic antiviral effect [45, 46, 61].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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• Perfect match sites for a 14 ring antiviral PA on the HPV 16 genome bind with

low nM affinity.

• Single mismatch sites are bound with affinities similar to those observed with

perfect sites.

• Affinities for double mismatch PA sites on the HPV 16 genome vary from low

to mid nM.

• Most of the accessible sequence from the HPV sequence under study is

susceptible to PA binding.
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Fig. 1. Structure and Predicted Recognition Sequence for PA1
A, Structure of PA1 and its EDTA conjugate. B, Target sequence for PA1 and alternative

binding orientations. Closed circles = imidazole; open circles = pyrrole; open diamond = β

alanine W=A/T. The arrowhead indicates the location of the polyamide tail and EDTA

group. f refers to the forward binding orientation (amino terminus aligns with 5′ end of

target sequence); r refers to the less favored reverse binding orientation (amino terminus

aligns with the 3′ end of the target sequence.
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Fig. 2. Map of Duplexes Used in the Analysis
2150-2672 indicates the entire 523 bp region of the HPV16 genome (# AF125673) under

study. The 2150-2249 and 2434-2673 fragments were used in the footprinting analysis.

Another duplex at 2291-2449 was also used in affinity cleavage experiments. For clarity,

duplexes are represented by one strand.
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Fig. 3. Sample Binding Data
A, Electropherogram detail illustrating affinity cleavage for Site 3. B, Electropherogram

detail illustrating DNase I footprinting for Site 3. C, Isotherm obtained from

electropherograms obtained as a function of PA1 concentration for Site 3.
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Fig. 4. Sequence Map of Affinity Cleavage (AC) and Footprinting
Affinity cleavage was observed at 50 nM PA1-FeEDTA conjugate. Since signal-to-noise

ratios vary with fragment length, vertical arrows indicate intensities relative to other arrows

in a site, not to other sites. Small arrowheads reflect particularly weak affinity cleavage.

Solid horizontal arrows indicate PA1 sites consistent with AC data. Mismatch nucleotides

are indicated with a capital letter. For overlapping sites in which the mismatch occurs for

only one site, the nt on only the bottom strand is capitalized. Boxed nt: DNase I integration

site. Dashed horizontal arrows: predicted sites that are not supported by affinity cleavage.

Brackets indicate where the various overlapping duplexes begin and end. See text for details.

Possible reverse binding sites are omitted for clarity, as are forward double mismatches in

regions where they overlap significantly with perfect or single mismatch sites.

He et al. Page 20

Biochimie. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

He et al. Page 21

Table 1

NV1028 PA1 Sites on 2150-2673 Fragment of HPV16a

AC Sequence Position Site Type Integration nt Kd DNase I Comment

1 TGTT ATGTTTTTAA GGTA 2193-2202 Perfect 2205 2.2 ± 1

3 TATT ATGTAAATAA GGCC 2603-2594 Perfect 2602 0.7 ± 0.2

2 TTAG ATGTAATTAA TAAT 2559-2550 Perfect 2552 1.7 ± 0.7

2 CTCC ATTATTAATT ACAT 2546-2555 single

2 TCCA TTATTAATTA CATC 2547-2556 single

2 GATG TAATTAATAA TGGA 2555-2546 single

2 ATGT AATTAATAAT GGAG 2556-2547 single

4a AATG CAGTTAAAAA TGAC 2238-2229 single 2229 3.0 ± 1.8

4 GGTG TAGAGTTTAT GTCA 2215-2224 single No ACb

4 GTTT ATGTCATTTT TAAC 2223-2232 single No ACb

4 AAAA ATGACATAAA CTCT 2229-2220 single No ACb

4 TAAA AAGATTTTTG CAAG 2246-2255 single

4b TGCC TTGCAAAAAT CTTT 2258-2249 single 2255 3.8 ± 1

5 TACC TAAAAAAAAT TGCA 2267-2276 single No ACb

5 ACCT AAAAAAAATT GCAT 2268-2277 single No ACb

5 TGCA ATTTTTTTTA GGTA 2276-2267 single

5 AAAA TTGCATATTA CTAT 2276-2285 single 2281 2.5 ± 1

5 ATGC AATTTTTTTT AGGT 2277-2267 single

5 TAAT ATGCAATTTT TTTT 2281-2272 single

5 CATA TAGTAATATG CAAT 2288-2279 single No AC or FPb

6 AGAA ATTTCATTAA ACTC 2240-2331 double 2.7 ± 0.2

6 GAAA TTTCATTAAA CTCA 2339-2330 double

7a TAAT ATGTTTTGTA AATT 2360-2369 single 2366 3.8 ± 1

7b TTTG TAAATTCTAA AAGC 2368-2377 double

7b TTGT AAATTCTAAA AGCC 2369-2378 double

7b TGTA AATTCTAAAA GCCA 2370-2379 double

7c CTTT TAGAATTTAC AAAC 2376-2366 single

7c GCTT TTAGAATTTA CAAA 2377-2368 double

7c CTAA AAGCCATTTT TGGT 2378-2387 double

7c GGCT TTTAGAATTT ACAA 2378-2369 double

7c TGGC TTTTAGAATT TACA 2379-2370 double

8 ATTT TTGGTTACAA CCAT 2387-2396 double

8 ATGG TTGTAACCAA AAAT 2396-2387 double 2395 62 ± 3

9 GCAG ATGCCAAAAT AGGT 2407-2416 double 2407 32 ± 9

10 CAGC ATTAATGTTA GATG 2570-2561 double
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AC Sequence Position Site Type Integration nt Kd DNase I Comment

10 GTAC CAGCATTAAT GTTA 2574-2565 double 2574 41 ± 24

11 CACC AATCTATTAT GTAA 2611-2602 double

11 GGTG GTGTTTACAT TTCC 2616-2625 double 2622 12 ± 2

12 AGGT ATGTTAGATG ATGC 2421-2430 double c

13 ATAG ATGACAATTT AAGA 2461-2470 single No ACb

13 TGCA TTTCTTAAAT TGTC 2476-2468 double

13 ATGC ATTTCTTAAA TTGT 2477-2469 double 2470 12 ± 3

14a TTGG ATGGAAATTT AGTT 2485-2494 single 2488 25 ± 1

14a TGGA TGGAAATTTA GTTT 2486-2495 single

14b AATT TAGTTTCTAT GGAT 2494-2503 single Weak AC

a
Strong sites assayed at 200 pM DNA; weak Kds assayed at 2 and 10 nM DNA.

Position corresponds to PA arrowhead/where the sequence begins.

b
No AC, no affinity cleavage pattern observed to support binding to this sequence. FP, footprint.

c
Not determined. Site 12 is too close to the end of a duplex.
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