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Abstract

A high-throughput Cognate Site Identity (CSI) microarray platform interrogating all
524,800 ten base pair-variable sites is correlated to quantitative DNase I footprinting
data of DNA-binding pyrrole-imidazole polyamides. An eight-ring hairpin polyamide
programmed to target the 5 base pair sequence 5°-TACGT-3" within the hypoxia
response element (HRE) yielded a CSI microarray-derived sequence motif of
5’>-WWACGT-3" (W = A,T). A linear B-linked polyamide programmed to target a (GAA),
repeat yielded a CSI microarray-derived sequence motif of 5’-AARAARWWG-3’
(R =G,A). Quantitative DNase I footprinting of selected sequences from each microarray
experiment enabled quantitative prediction of K_ values across the microarray intensity

spectrum.

K,-calibrated
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3.1 Introduction

Cell-permeable small molecules that bind specific DNA sequences and are able to
interfere with protein-DNA interfaces would be useful in modulating eukaryotic gene
expression. For targeting the regulatory elements of eukaryotic genes, knowledge of the
preferred binding landscape of the ligand and the energetics of each site would guide gene
regulation studies. Pyrrole-imidazole polyamides are a class of cell-permeable oligomers
that can be programmed, based on simple aromatic amino acid pairing rules, to bind a
broad repertoire of DNA sequences.! Knowledge of polyamide match sites has allowed
us to pursue the characterization of the equilibrium association constants and hence, free
energies, of hairpin polyamides for cognate DNA sites by quantitative footprint titration
methods. Despite the predictive power of simple pairing rules, the sequence-dependent
variability of DNA minor groove shape affords significant variability in the range of

affinities for match as well as all formal single and double base pair mismatch sites.'

Quantitative footprint titrations

Characterization of polyamide binding preferences has been studied using quantitative
DNase I footprinting titrations, affording binding isotherms that enable rigorous
determination of the equilibrium association constant (X ).> The resolution of footprinting
is conservatively limited to association constants of 2-fold difference or greater. Polyamide
binding preferences have frequently been interrogated using DNA fragments roughly 100
base pair in size containing as many as four 6-10 base pair binding sites, which are identical
with the exception of a single position that iteratively exhibits AT, T-A, C-G, and G-C
base pairs. Each binding site is interspersed with an 8 or more base pair spacer region
to prevent interaction between the binding sites.” Obtaining high quality data limits a
2P end-labeled DNA fragment to four unique binding sites due to the resolving power of

a polyacrylamide gel in a quantitative footprint titration. While DNase I footprinting has
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enabled the elucidation of a binding code for hairpin polyamides, a relatively limited set of
binding sites has been studied. To comprehensively interrogate all four encoded positions
of an eight-ring hairpin polyamide, one would need 136 unique binding sites. In addition,
interrogation of the base pairs flanking the polyamide core would necessitate 2,080

(for six base pairs total) or 32,896 (for eight base pairs total) binding sites.

CSI microarray platform

Several high-throughput platforms have been developed to characterize the binding
properties of ligand-DNA interactions.* Of these, two have explicitly studied the binding
preferences of polyamides. The fluorescence intercalator displacement assay has
interrogated polyamide binding to 512 unique five base pair sequences in a microplate
format.** The more recently developed cognate site identifier (CSI) microarray platform
presents all 32,896 unique eight-mers (scalable to all unique ten-mers) to fluorescently
labeled polyamides, enabling an unbiased interrogation of binding preference.* By
coupling DNase [ footprinting with the CSI microarray data, the binding affinities
(K, values) of a given DNA-binding molecule (such as a polyamide) for any DNA
sequence can be determined (Figure 3.1). To date, CSI microarray intensities of hairpin
Cy3-polyamide conjugates have been linearly correlated to the K, values of unlabeled
polyamides.** We will examine whether this relationship between DNase I footprint
titration-derived K, values for Cy3-labeled polyamides and the corresponding microarray
data remains true for additional polyamide binding architectures. Because the
Cy3-polyamide conjugate may alter sequence-specificity when compared with its
biologically active counterpart, the sequence-specificities of fluorophore-labeled polyamide

and the biologically relevant polyamide will also be determined.
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A) Quantitative DNase [ footprinting gives rise to a defined equilibrium association constant at a specified
binding site for a given DNA binding molecule. B) The CSI microarray platform gives rise to relative binding
preferences of an entire sequence space for the same molecule with a sequence logo as a standard summary
output.

Figure 3.1 Methods for analyzing DNA binding specificity

A CSI microarray harbors immense sequence specificity data; determining how to best
represent this data is critical. The first reported CSI work* represented binding preferences
as a sequence logo’ derived from several motif-finding algorithms® that searched the
highest Z-score bins (the ~300 highest intensities on the array), assigning equal weight to
each sequence. It also examined the relative abundance of each sequence motif mutation
within its respective Z-score bin.* In this paper we observe that K -weighting sequence
motifs does not alter the sequence logo appreciably. In addition, a comprehensive single
base pair mutational analysis is performed, which quantifies the specificities encoded by

the polyamide at each position the polyamide interacts with DNA.

Two Cy3-labeled polyamides of biological interest’ are examined on the CSI
microarray that displays all unique ten base pair sequences. These polyamides include a

hairpin structure whose sequence specificities can be predicted from the extensive DNase I
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footprinting data characterizing other pyrrole-imidazole polyamides' and a linear -linked
structure whose sequence specificity is less well understood.® In order to correlate the CSI
relative affinities (intensities) to absolute affinities (K values), DNase I footprinting was
performed on a subset of these sequences for both the Cy3-polyamide conjugates and the

related, unlabeled polyamides of known biological activity.

3.2 Results

1. Polyamide design

Two polyamide core sequences have been chosen as representative of both hairpin
and linear B-linked polyamide architectures. These core recognition sequences exhibit
biologically significant roles, modulating transcription in cell culture experiments.’
Hairpin polyamides 1 and 2 (Figure 3.2), were selected based on results from a project in
which a polyamide-fluorescein conjugate, Ct-Py-Py-Im-(R)-#*N-y-Py-Im-Py-Py-(+)-FITC
(1), displaced hypoxia inducible factor-1o (HIF-1a) from the hypoxia response element
(HRE) of the vascular endothelial growth factor (VEGF) gene, downregulating VEGF
expression 60% in cell culture experiments.”® This eight-ring hairpin was programmed to
bind the sequence 5’-WTWCGW-3’ (W = A,T).'*¢ In particular, polyamide 1 was shown
to bind the HRE sequence, 5’~-TACGTG-3’ on the VEGF promoter by footprint titration.”*®
The Cy3 moiety was conjugated (2) at the same position as fluorescein for 1 to best mimic

the binding properties between the two polyamides.
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Figure 3.2 Polyamides for CSI Studies

Hairpin polyamides 1 and 2 targeted to the hypoxia response element (HRE), 5°-TACGTG-3'. Linear p-linked
polyamides 3 and 4 targeted to GAA repeats in Friedreich's ataxia.

As with polyamide 1, polyamide 3 (Figure 3.2) is known to bind its biologically
relevant target. Polyamide 3, Im-Py-B-Im-Py-B-Im-B-Dp, targets an intronic
5’-(GAA), -3’ repeat hyperexpansion, enabling 2.5-fold upregulation of the frataxin gene,
whose deficiency causes the neurodegenerative disorder Friedreich’s Ataxia.” Limited
knowledge about the linear B-linked class of polyamides® precludes the existence of binding
rules. The linear B-linked architecture has the added complexity of binding in 1:1 and
2:1 ligand/DNA stoichiometries, and we would anticipate that this class will be generally
less useful due to sequence promiscuity resulting from multiple binding modes. Its 1:1
binding preferences for purine tracts, such as (GAA) , likely reflect shape selectivity for
sequences with narrow DNA minor groove conformations.* In a 2:1 binding stoichiometry,
polyamide 3 would be predicted to target 5’-WGCWGCWGCW-3".%2  Remarkably,
relatively few genes are affected from cell culture studies of 3 suggesting that this polyamide
may be specific for 5’-AAGAAGAAG-3".* The Cy3 fluorophore has been conjugated to

the C-terminal 3,3’-diamino-N-methyldipropylamine tail (polyamide 4).
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1. CSI microarray design and results

CSI microarrays were synthesized using maskless array synthesis (MAS) technology’
to display all 524,800 unique ten base pair sites in quadruplicate across six microarrays.
Replicates of individual hairpins occur on separate microarrays. Each hairpin on the
chip consists of a self complementary palindromic sequence interrupted by a central
5’-GGA-3’ sequence to facilitate hairpin formation: 5’-GCGC-N'N?N*N*N>N°N'N¥N?N0-
GCGC-GGA-GCGC-N'""N”"N¥N"NN N*N*N*N"-GCGC-3’ (N = A,T,C,G). Previous

experiments have found that 95% of the oligonucleotides on the array form duplexes.*
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Figure 3.3 Histogram of microarray intensities

A) for polyamide 2, B) for polyamide 4

Polyamides 2 and 4 were slowly titrated onto the arrays and imaged at each
concentration until saturation of the highest intensity binding sites was observed,
10 nM and 175 nM concentrations, respectively for 2 and 4. After each small addition
of polyamide, the arrays were washed prior to imaging. The data for each of the arrays

was then normalized as previously described* to give averaged sequence intensities of the
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524,800 ten base pair sites for 2 and 4. As found with previously reported CSI arrays,*
histograms of the probe intensities for 2 and 4 display a strong right-handed tail
(Figure 3.4). The fractional standard deviations among probe replicates (standard deviation
of replicates/average normalized intensity) average 0.15 = 0.09 (polyamides 2 and 4), for

intensities exceeding 1 x 10° (Figure 3.4).
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Figure 3.4 Histogram of microarray fractional standard deviations

Fractional standard deviation was calculated as standard deviation of intensities for a specific
sequence/average sequence intensity for that specific sequence. A) for polyamide 2, B) for polyamide 4

III. Plasmid design

Three plasmids have been designed based on output from the CSI microarray intensities
(Figure 3.5). Because of our interest in testing the dynamic range of the CSI assay in terms
of the representative K values measured by a broad range of intensities, plasmids pKAM3
and pJWP17 were constructed to harbor binding sites of equal intensity spacing across
a broad portion of each array’s intensities, between highest and lowest intensities. The

K, values found using pPKAM3 were tightly clustered across the three highest intensities,
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necessitating further interrogation. Plasmid pKAM4 was designed to probe three additional
intensities. A single binding site (IIla and Ib) was held constant between pKAM3 and
pKAM4 to enable interplasmid comparison of binding affinities. Because pJWP17 afforded

K, values broadly spaced across the intensity spectrum, no further study was pursued.

Since our goal is to directly compare footprinting-derived K values with
CSI array-derived intensities, each plasmid binding site mimics the full ten base pair
binding site from the array in addition to two flanking base pairs on either side of the
binding site: 5’-GC-(N) -GC-3> (N = AT,C,G). Attempts to fully replicate the
5’-GCGC-(N),-GCGC-3’ binding site from the array exhibited secondary structure
formation when the respective amplicons were sequenced and separated by denaturing gel

electrophoresis.

EcoRI — — — — pKAM-3 283 bp Poull

32P

l/ — — — — L
L
5'-GATC GGAGC [TTTTACGTAA|GCGGAGGC [TTTTACGTAG |GCGGAGGC [TTTTACGTGA | GCGGAGGC [TTTTACGGAA|GCGGAT AGCT-3'
3'-CTAG CCTCG |AAAATGCATT |CGCCTCCG |AAAATGCATC |CGCCTCCG |AAAATGCACT [CGCCTCCG | AAAATGCCTT | CGCCTA TCGA-5'
75.6 514 313 42
Ia IIa IIIa IVa

G
5'-GCGC [ TTTTACGGAA| GCGC
3'-CGCG | AAAATGCCTT | CGCG a
B PKAM-4
5'-GATC GGAGC GCGGAGGC [AATTTCGTGT | GCGGAGGC |GCTTTCGTCC | GCGGAGGC | ACCTTCGTGA | GCGGAT AGCT-3'
3'-CTAG CCTCG |AAAATGCACT | CGCCTCCG | TTAAAGCACA |CGCCTCCG |CGAAAGCAGG [CGCCTCCG | TGGAAGCACT |CGCCTA TCGA-5'
31.3 20.0 120 6.0
Ib IIb IIb IVb
C pIWP-17
5'-GATC GGAGC |[AAGAAGAAGT | GCGGAGGC [AAGAAGTTCA |GCGGAGGC |[ATGTTGTTGA |GCGGAGGC [ATGAAGACGA |GCGGAT AGCT-3'
3'-CTAG CCTCG |TTCTTCTTCA|CGCCTCCG |TTCTTCAAGT |CGCCTCCG |TACAACAACT [CGCCTCCG | TACTTCTGCT |CGCCTA TCGA-5'
752 512 26.8 4.1
Ic Ilc IIlc IVe

Figure 3.5 Insert sequences utilized in plasmids

Binding sites are boxed, labeled with their corresponding CSI array intensity (% 10°), and numbered.
A) pKAM3 is shown, in addition to a microarray schematic demonstrating the relationship between the
plasmid and a selected microarray sequence. B) pKAM4. C) pJWP17
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1V, Quantitative DNase [ footprint titrations: affinity and specificity determination

Hairpin polyamides 1 and 2 were incubated each for 14 h with pKAM3 or pKAM4
prior to DNase I cleavage. These two polyamides were found to bind each of seven unique
ten-base pair binding sites in the same rank-order, preferentially binding

5’-TTTTACGTAA-3’ with affinities of 7.5 x 10° M' (1) and 4.5 x 10° M' (2)
(Table 3.1 and Figure 3.6). Replacing the flourescein dye on polyamide 1 with Cy3
(polyamide 2) introduced an energetic penalty that ranged from 1.5- to 10-fold, with the
minimum penalty occurring at the two highest CSI intensity binding sites (Table 3.1).
Polyamide 2 differentiated the highest and lowest affinity binding sites by 70-fold, slightly

more than the 50-fold differentiation found for the fluorescein-labeled polyamide 1.

Table 3.1 Quantitative DNase I footprinting-derived K, values (M) for 1 and 2

pKAM-3 Ia IIa IIla IVa
Polyamide TTTTACGTAA TTTTACGTAG TTTTACGTGA TTTTACGGAA
9 9 9 8
1 75(x1.8) % 10 5.1 (x0.6) x 10 42 (x0.6) x 10 1.5(x0.8) x 10
F'T"**Eggg)f* [1] [1.5] [1.8] [50]
4.5 (£1.0) x 10° 3.0 (x0.6) x 10° 2.1(x03) x 10° 6.2 (£2.0) x 107
2
°V3*+g%'(* [ [1.5] [2.1] [73]
CSI Intensity (x 10%) 75.6 (£9.9) 514 (x74) 313 (x4.8) 42 (x1.4)
pKAM-4 Ib IIb IIIb IVb
Polyamide TTTTACGTGA AATTTCGTGT GCTTTCGTCC ACCTTCGTGA
5.4 (x0.9) x 10° 23(x0.1) x 10° 28 (x02) x 10° 1.5 (x02) x 10°
1 F’TC**E%“ [1.3] [3.2] [2.6] [5]
1.6 (0.2) x 10° 40 (x0.9) x 108 5.8 (20.7) x 108 13 (x0.2) x 10®
2
CY‘H*%C.% [2.8] [11] [7.8] [34]
CSI Intensity (x 10%) 31.3 (+4.8) 20.0 (£2.8) 12.0 (£1.5) 6.0 (20.4)

The 10 base pair binding sites and corresponding CSI Microarray intensities are found in each column. All
footprinting incubations were conducted at a minimum in triplicate at 23 °C for 14 h. Standard deviations are
shown in parentheses. The bracketed numbers are K /K to compare values within each polyamide
series.
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Figure 3.6 DNase I footprinting gels and corresponding isotherms of polyamides 1 and 2 on pKAM3 and
pKAM4

A) Polyamide 1 on pKAM3 B) Polyamide 2 on pKAM3 C) Polyamide 1 on pKAM4 D) Polyamide 2 on
pKAM4

Linear B-linked polyamides 3 and 4 were each incubated for 14 h with pJWP17 prior
to DNase I cleavage. They bound four unique ten base pair sites in the same rank-order,

preferentially binding 5’-AAGAAGAAGT-3’ (Table 3.2 and Figure 3.7).

Appending the Cy3 dye to polyamide 3 either had no effect on affinity or reduced
binding affinity as much as 30-fold (Table 3.2). Polyamide 3 bound all four binding sites

over a 2400-fold range in affinity, eight times broader than for polyamide 4.
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Table 3.2 Quantitative DNase I footprinting-derived K, values (M) for 1 and 2

pJWP-17 Ic Ilc Ilc IVc
Polyamide AAGAAGAAGT AAGAAGTTCA ATGTTGTTGA ATGAAGACGA
3 200000000 2.4 (x0.6) x 10" 9.3 (+2.3) x 10° 2.9 (x0.7) x 108 1.0 (0.4) x 10’
[1] [3] [80] [2400]
4 o es0eds0e 33 (0.7) x 10° 2.7 (+0.8) x 10° 1.1 (204) x 10° 1.0 (20.2) x 10
1] [10] [30] [330]
CSI Intensity (x 10%) 752 (x9.2) 512 (x6.2) 26.8 (£7.3) 4.1 (0.4)

The 10 base pair binding sites and corresponding CSI Microarray intensities are found in each column. All
Jfootprinting incubations were conducted at a minimum in triplicate at 23 °C for 14 h. Standard deviations are
shown in parentheses. The bracketed numbers are K /K to compare values within each polyamide
series.
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Figure 3.7 DNase I footprinting gels and corresponding isotherms of polyamides 3 and 4 on pJWP17
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V. Calibrating microarrays for K prediction

Because DNase I footprinting enables the calculation of K and the direct comparison
of four binding sites in a single assay, determining energetics data from CSI microarrays
is crucial for understanding the global binding specificity of a polyamide. An eight-ring
hairpin polyamide targeting 5’-WGWWCW-3’ (W =A,T) and characterized by quantitative
DNase I footprinting, Im-Py-Py-Py-y-Im-Py-Py-Py-B-Dp,**!® has been compared to its
Cy3-labeled counterpart studied on the CSl-array platform, demonstrating a linear

relationship between intensity and K .*

Because microarray intensity at a specific microarray feature should be proportional
to the fractional occupancy of DNA at that feature, the relationship between equilibrium
association constant (K ) or dissociation constant (K,) and background-normalized

microarray intensity should be:"

= = —_ = —_—
Intensr[y cXxO®=cx 1 Ka[P ] c X Kd [P ]

In this relationship, ® represents the fractional occupancy of DNA at a specific
feature, c a scalar to reflect that microarray intensity can vary with incident laser intensity,
and [PA] the free polyamide concentration on the CSI array. The terms ¢ and [PA] are solved
for a curve fit to Equation 1 using K values derived from DNase I footprint titrations and
CSI microarray intensity data. Examining the limiting case where [PA] « K being studied

one observes a simplification to Equation 1:

[PA]
d

Intensity = ¢ x =c x [PA] x K, (2)
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Equation 2 represents the linear subset of the more general CSI intensity—K,
relationship described in Equation 1. Fitting the footprinting data of polyamide 2 to its
corresponding microarray intensities (Table 3.1) using Equation 2 fits well (R? = 0.94).
The linearized Equation 2 does not, however, map intensity and K with high correlation
for polyamide 4. Fitting the data to Equation 1 affords a better fit (R? = 0.99), indicating

that [PA] is not insignificant relative to the K, of the highest intensity microarray data

(Figure 3.8).'21
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Figure 3.8 CSI array intensities correlate well with DNase I footprinting-determined K values

A) Polyamide 2 versus CSI array fit to Eq 2 B) Polyamide 4 versus CSI array fit to Eq 1

The K -calibrated microarrays can subsequently be used to interpolate K, values from

normalized sequence intensities. K, values are derived by rearranging Equation 1 to present

K as a function of microarray intensity:

K = Intensity ;
“~ [PA] x (c — Intensity) (3)

In the case where [PA] « K, Equation 2 rearranged to:

_Intensity
Ka= TPATx ¢ @
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Figure 3.9 Correlation of footprinting and CSI data

A) Log-log scale plot of polyamide 2 versus CSI intensity data fit using Equation 2 B) Log-log scale plot of
polyamide 4 versus CSI intensity data fit using Equation le. C) Linear-linear scale plot of polyamide 2 versus
CSI data using Equation 2e D) Linear-linear scale plot of polyamide 4 versus CSI data using Equation 1 E)
Log-log scale plot of polyamide 2 versus CSI intensity data fit using Equation 2e F) Log-log scale plot of
polyamide 4 versus CSI intensity data fit using Equation le
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VI Correlating binding between Cy3-labeled and biologically relevant polyamides

While establishing a general K —intensity relationship for Cy3-labeled polyamides is
a crucial first step towards global sequence interrogation of a core polyamide motif, it
is equally important that the biologically relevant polyamide has sequence preferences
that correlate with its Cy3-labeled counterpart. Scatter plots of polyamide 1 vs. 2 and
polyamide 3 vs. 4 are best fit by a power relationship of y=ax", where (x,y) denotes the K

values for (1, 2) or (3, 4) (Figure 3.10)."* The R? between 1 and 2 is 0.87, and that between

3 and 4 1s 0.78.
A 1010 B 1011
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Figure 3.10 Cy3-labeled polyamides and unlabeled polyamides correlate well

A) Correlation of K values for polyamide 1 (fluorescein labeled) and polyamide 2 (Cy3 labeled).
B) Correlation of K values for polyamide 3 (unlabeled) and polyamide 4 (Cy3 labeled)

VII. Sequence Analysis

To graphically represent the binding preferences of polyamides 2 and 4, sequence
logos have been generated (Figure 3.11 A ,B). In all cases, the motif-finding program
MEME® was utilized to extract sequence motifs from the CSI binding intensities. The

position-specific probability matrices output by MEME were used as inputs to enoLOGOS'®
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to generate a sequence logo'® The logo for polyamide 2 was created by searching the ~2500
highest sequence intensities of the CSI microarray.!” These data points span approximately
a3-foldrangeinK . Thelogo for polyamide 4 interrogated the 48 highest intensity sequences

(a 7-fold range in K ) of the CSI microarray." We examined K -weighted sequence

logos for both polyamides 2 and 4 and found minimal differences in the resulting logos
(Figure 3.11).
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Figure 3.11 K -weighting components of individual sequence logos does not alter the sequence logo
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A) Sequence logo for polyamide 2. B) Sequence logo for polyamide 4. C) K -weighted sequence logo for
polyamide 2. D) K -weighted sequence logo for polyamide 4.

The motiffor polyamide 2 has the most information ata site width of six: 5’~-WWACGT-3’
(Figure 3.11, W = A,T). The chlorothiophene/pyrrole pair (Ct/Py) specificity cannot be
globally elucidated using polyamide 2 because of the palindromic nature of the ACGT
binding site core. It is evident that the core does specify 5’-ACG-3’ using Py/Py, Py/Im,
and Im/Py pairings, respectively. Polyamide 3 specifies nine base pairs based on MPE

footprinting data.’® Polyamide 4 elicits a nine base pair motif that is best represented as
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5’-AARAARWWG-3’ (Figure 3.11, B; R = G,A and W = A,T). Previous work would
suggest that Im may have no sequence preferences within linear B-linked polyamides,®
although this selection of nine base pair high-affinity binding sites for 4 suggests at least
G-A or A-T specificity, consistent with microarray data from Friedreich’s Ataxia cell culture

work.”

VIII. Quantitative profiling of single base pair mismatches

While sequence logos provide a visual representation of sequence specificity,
traditional studies on polyamides quantitate the specificity of a ring pairing at a selected
base pair. We have examined a comprehensive single base pair mutational analysis of
both polyamides 2 and 4 using K_values interpolated from the calibrated CSI microarrays
(Table 3.3, Table 3.4)." Because the motif-finding algorithm MEME found
5’-WWACGT-3" (W = A,T) as a preferred binding sequence for polyamide 2, we utilized
this core sequence for mutational studies. Additionally, because of the 5’-ACGT-3’
palindromic element of this binding site, we have isolated only binding sites containing
5>-WWWWWWACGT-3" and their mutant counterparts to preclude analyzing variants
where the polyamide may be rotated 180° from the presumed orientation. To determine
a K for >-WWWWWWACGT-3" (for example), the geometric mean of all microarray
binding site intensities containing this motif was found. Walking from 5’ to 3’ on
5’-W'W2A3C*G°T*¢-3’, we observe that there is 3-fold specificity for W versus S (S = C,G)
at position 1 (occupied by the linker). At position 2 (Ct/Py pair), there is 20-fold specificity
for W versus S, but minimal for T-A versus A-T. The previous study of Ct/Py specificity
noted only modest specificity for T-A versus A-T.>* Position 3 (a Py/Py pair) confirms
the previously observed W over S specificity. At position 4 (a Py/Im pair) the polyamide
encodes the greatest specificity with preference for C-G versus A'T, T-A, or G-C. It is

likely that this preference is at least 20-fold. At position 5, polyamide 2 appears to exhibit
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Table 3.3 Microarray-derived binding affinities and specificities of all single base pair
mismatch sites for polyamide 2

Polyamide 2 X-Z K, M)
5'"-WWWWXWACG T-3"' AT 2.0 (14)x10°
T-A 2.5(1.2) x 10°
Cy3{+ + CG 6.9 (14)x 108
3'-WWWW2WTG C A-5' G-C 6.8 (1.6) x 108
5'"-WWWWWXACG T-3' AT 1.8 (1.3) x 10°
T-A 2.7 (12) x 10°
Cy3-+ + CG 1.0 (2.0) x 108
3'- WWWWWZTG C A-5' G-C 13(22) x 108
5'-WWWWWWXCG T-3' AT 2.2(1.3) x 10°
T-A 1.1(1.6) x 10°
Cy3-(+ + C-G* <108
3'-WWWWWWZ G C A-5' G-C 1.3 (2.5)x 108
5"-WWWWWWAZXG T-3' AT? <108
T-A? <108
Cy3-(+ + CG 2.2(1.3) x 10°
3'-WWWWWWT Z C A-5"' G-C? <108
5'-WWWWWWAC X T-3' AT 12(14)x10°
T-A 2.9(1.8) x 108
Cy3-(+ G CG 24(1.8)x 108
3'-WWWWWWT G 2 A-5" GC 2.2(1.3) x 10°
5'"-WWWWWWAC G X-3"' AT 13(1.4)x10°
T-A 2.2(1.3)x 10°
Cy3(+ G C-G? <108
3'-WWWWWWTG C 2-5' G-C? <108

Al K values are derived from the geometric average of all CSI binding site intensities on the array containing
a specified sequence, converted to a K value using Eq 4, corrected to include an error term . The values in
parentheses are the geometric standard deviations for each K value. XZ entries marked with a superscripted
“*” contain averaged intensities below €. For these entries, an upper bound on the K is estimated based on
the log-log plot of K versus intensity found in Figure 3.9.

less specificity than would be predicted for an Im/Py ring pair, binding almost as well to
AT as to G'C.! The polyamide “turn unit,” position 6, confirms a strong preference for
W over S.! Through this quantitative study, we observe four strongly encoded binding
positions, italicized in 5’-WWWCGW-3’. The discrepancy between the observed sequence
logo, as found by MEME, and the suggested specificity by a single base pair mutation
study likely stems from (i) the examination of all sequences in the single base pair mutation
as compared to only a subset for the sequence logo, (ii) the assumption by the logo of
independence of base pair-polyamide interaction at each position, and (iii) the examination

in the single base pair mutation of the average K, of a group of sequences containing a
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specified motif.

Table 3.4 Microarray-derived binding affinities and specificities of all single base pair
mismatch sites for polyamide 4

Polyamide 4 X-Z K, M1)

AT 1.6 (2.2) x 108
T-A 8.7 (2.0) x 107
CcG 43(1.8) x 107
GC 47 (1.8) x 107

AT 1.6(2.2) x 108
T-A 7.7 (2.2) % 107
CcG 2.1(1.8) x 107
GC 32(1.9) x 107

R 8
5'-AAXAARWWG-3' ?z ;22?3;§}87
Cy3-+ P

3-TTZTTYWWC-5" ¢G 8.4.(1.6)x 107
G-C 20(2.2)x 108
AT 1.6 (22) x 108
T-A 4.3 (1.8) x 107
CG 9.9 (1.9) x 10°
G-C 7.5 (2.6) x 10°

, , AT 1.6(22)x 108
5-AARAXRWWG-3 TA 83(22) x 107

KOO0
Cy3-{+ CG  9.1(21)x10°

3'-T TYTZYWWC-5'
G-C 1.1 (2.0) x 107

AT 1.52.1)x 108
T-A 5.5(1.7) x 107
CG 8.5 (1.7) x 107
G-C 1.7 (2.3) x 103

AT 1.7 (2.2) x 108
T-A 1.5(2.2) x 108
CG 22(2.2) % 107
GC 20 (2.4) x 107

, AT 1.6 (2.5) x 108
5'-AARAARWX G-3

I OeOeCOe I IR0

. 7
-TTYTTYWZ C-5' G 35(2.0)x 10
G-C 3.9 (2.0) x 107

AT 1.2(1.9) x 108
T-A 1.1 (2.0) x 108
C-G 1.1(1.7) x 108
G-C 1.6 (2.2) x 103

5'-X ARAARWW G-3"
Cy3-(+
3'-Z2TYTTYWWC-5'

5'-AXRAARWWG-3'
Cy3-(+
3'-TZYTTYWWC-5'

5'-AARXARWW G-3"
Cy3-+
3'-TTYZTYWWC-5'

5"-AARAAXWWG-3'
Cy3+
3'-T TYTTZWW C-5'

5'-AARAARZXW G-3"
Cy3-+
3'-TTYTTY Z W C-5'

5'-AARAARWW X-3"'
Cy3-+
3'-T TYTTYWW Z-5'

AIlK values are derived from the geometric average of all CSI binding site intensities on the array containing
a specified sequence, converted to a K value using Equation 3, corrected to include an error term e. The
values in parentheses are the geometric standard deviations for each K value.
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3.3 Discussion

In conjunction with the sequence logo for polyamide 2, the CSI array analysis validates
the sequence specificity programmed by the aromatic amino acid ring pairs. The extensive
DNase I footprinting data on eight-ring and six-ring hairpin polyamides, while limited on
the scale of a CSI microarray, enabled the creation of pairing rules that are remarkably
general.! Itis evident from the microarray that Im/Py and Py/Im ring pairs offer the greatest
specificity for a single base pair, while Py/Py, Ct/Py, and the “turn unit” afford general W
specificity. While the Ct/Py ring pair conferred minimal specificity for T-A versus A-T,
its W specificity is likely an improvement over the use of a Py/Py ring pair, which at the
N-terminus of an eight-ring hairpin polyamide exhibits specificity for A-T, T-A, and G-C
versus C-G.** The sequence specificity of 2 correlates remarkably well with the 5’-ACGT-
3’ specificity of echinomycin,? also known to affect VEGF expression in cell culture.?!
The examination of polyamide 4 marks the most comprehensive sequence specificity study
of a linear b-linked polyamide since the original examination of the binding specificity
for Im-B-Im-Py-B-Im-B-Im-Py-B-Dp.52* In the 5’-A'A’R’A*ARW’W3G’-3’ sequence
(R=G,A; W =A,T), positions 4, 5, and 7, each containing either a Py or a 3, exhibit the
greatest specificity for W over S (S = C,G). Intriguingly, the B at position 4 prefers A-T
over T-A, an unexpected specificity. The sequence logo for polyamide 4 indicates that
Im has modest preference for G-C or A-T over other base pairings — in this mutational
study, however, imidazole is generally degenerate. The wide range of K values comprising
each motif (high geometric standard deviation) make the statistical significance of any
specificities under 4 relatively small. In general, the geometric standard deviations for
polyamide 4 were higher than those for polyamide 2, when including only those table
entries for polyamide 2 in which each K value was composed of all instances of the motif.
One potential source of the increased standard deviation in binding affinities is the single

variable base flanking the nine base pair binding site for polyamide 4. Because the minor
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groove width is a potentially important contributor to binding affinity and specificity for the
linear B-linked class of polyamides,* a single variable, flanking base is unlikely to enable
comprehensive interrogation of the global set of sequence-dependent DNA microstructures.
As with polyamide 2, the discrepancies observed between the sequence logo of polyamide
4 and the comprehensive single base pair mutational analysis likely stem from similar

causcs.

With the sequence logo (approximated as 5’~AARAARWWG-3’) as a snapshot of the
highest affinity binding sites for polyamide 4 (K, = 5 x 10% to 3.3 x 10° M) and the footprint
titration binding isotherms for determining DNA binding mode, we confirm a preference
for the 1:1 binding stoichiometry. Previous data characterizing the linear B-linked
polyamide Im-B-Im-Py-f-Im-f-Im-Py-B-Dp demonstrated a 30-fold energetic preference
for the 1:1 versus 2:1 binding stoichiometry, presumably due to the increased entropic
cost of the 2:1 binding mode.® It is remarkable that polyamide 3 exhibited specificity for
upregulation of the frataxin gene in cell culture,’” since the sequence preference for 4 was
not overwhelmingly 5’-AAGAAGAAG-3’. Two possible explanations for this observation
are (i) that multiple binding events in the genome have marginal effects on transcription
and that the specificity is amplified by the GAA repeat expansion in Friedreich’s Ataxia, or
(i1) that many of the sequences described by 5’~AARAARWWG-3’ exist in higher order

chromosomal structures that cannot be targeted by polyamide 3.

Suggestions for microarray usage

In the case where the free ligand concentration is small relative to the K, for each
binding site on the CSI microarray, a linear K, — intensity relationship is observed. The
binding profiles examined for polyamide 2 and for previously studied molecules are
examples of linear K, —intensity relationships. For the highest intensity sites also studied by

DNase I footprinting (Figure 3.8a), the CSI microarray experiment contains greater
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resolving power and can differentiate K values that are indistinguishable by quantitative
DNase I footprint titrations. In this example, as CSI intensity data approach €, small
changes in intensity yield large changes in predicted K. Because the characterization of
DNA-binding ligands is most concerned with defining a perfect match site, this limitation
is minor. CSI data for polyamide 2 conservatively enables distinguishing a 50-fold range

of K values, thus encompassing the majority of single base pair mismatch specificities.

In the case where the free ligand concentration is comparable to the K, a non-linear
K —intensity relationship is observed. The binding profile for polyamide 4 marks an
example of a CSI microarray studied compound that occurs outside the linear range of
Equation 1. In this case, closely clustered high-intensity data points can span a broad
range of K values (Figure 3.8b). The error inherent to the CSI microarray analysis is thus

amplified when K values in this high-CSl-intensity region are interpolated.

Because of the gradual polyamide titration onto the array, it should be possible to
capture snapshots of both polyamide saturation within the linear K —intensity region for
the highest affinity binding sites on the microarray and binding site saturation enabling
lower intensity data points to fall within the higher precision linear K —intensity region.
Such titration may enable high-precision K_data to be extracted from all intensities of the

microarray.

The sequence logos presented in this paper represent a snapshot of a binding profile for
the highest affinity binding sites by a dye-labeled ligand. The polyamide core dictates the
majority of the binding specificity revealed by CSI microarray analysis — the presence of
a Cy3 label may reduce affinity to a binding site relative to its unlabeled counterpart but
does not alter the rank-order of binding preferences. Complementing the graphical image

of a sequence logo, the comprehensive single base pair mutational analysis afforded by
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the extensive microarray data quantitates one’s understanding of the polyamide sequence

preferences.

Conclusion

Correlating the sequence preference landscape present on the CSI microarray to
quantitative footprinting enables energetic studies using global binding information. This
capacity marks a significant forward step for the field of small molecule-DNA recognition
and enables the comprehensive interrogation of DNA binding small molecules to be better
understood. The elucidation of 5’-WWACGT-3’ as the binding site for 2 confirmed the
previously established pairing code for hairpin polyamides, and the determination of
5’-AARAARWWG-3’ for 4 helps explain the specificity it exhibited in cell culture. The
correlation between a Cy3-labeled polyamide and an unlabeled polyamide of biological
interest means that these motifs well approximate the binding profiles for 1 and 3,
respectively. DNase I footprinting-calibrated CSI microarrays have been shown to be an
effective technique for determining the binding affinities of DNA-binding ligands for a
vastly expanded repertoire of DNA sequences, and we envision them to be a critical tool

for reliably determining sequence specificity for other ligands in the future.
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3.4 Materials and Methods

Materials

Boc-p-Ala-Pam resin  (0.81 mmol/g), Boc,0O and the chiral amino acid
Fmoc-D-Dab-Boc-OH were purchased from Peptides International. Kaiser oxime resin
(0.56 mmol/g) was purchased from Novabiochem. Trifluoroacetic acid (TFA) was purchased
from Halocarbon. All solvents were purchased from Aldrich or EMD Biosciences.
rac-Dithiothreitol (DTT) was purchased from ICN. Cy3-NHS ester was purchased
from Invitrogen. RNase-free DEPC water was purchased from US Biochemicals. Water

(18.2 MQ) was purified using a Millipore water purification system.

The pH of buffers was adjusted using a Beckman 340 pH/temp meter. All buffers were
sterilized by filtration through either a Nalgene 0.2 um cellulose nitrate filtration device
or a 0.2 um Whatman cellulose acetate disposable syringe filter. DNA oligonucleotides
were ordered PAGE-purified from Integrated DNA Technologies. [y-**P] adenosine
5’-triphosphate (> 7000 Ci/mmol) was obtained from MP Biomedicals. Sonicated, phenol-
extracted calf thymus DNA was from Amersham, and all enzymes and molecular biology

grade glycogen (20 mg/mL) were purchased from Roche.

Methods

UV spectra were recorded in water using an Agilent 8453 UV-Vis spectrophotometer
for polyamide 3. To solvate polyamides 1, 2, and 4 in water at sufficiently high
concentrations for DNase I footprinting, 5 mL of DMSO was added to a 20 nmol aliquot
of polyamide. The solution was then diluted using RNase-free DEPC water. UV spectra
of 1, 2, and 4 were blanked against solutions containing appropriate amounts of DMSO.
The concentrations of polyamides 1 and 2 were determined using a local A__of 313 nm,

e = 69,500 L'mol"-cm™. The concentrations of polyamides 3 and 4 were determined
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using a local A of 288 nm, ¢ = 43,125 L-mol-cm™. LASER desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF MS) was performed using an Applied
Biosystems Voyager DE Pro spectrometer. Analytical and preparative high-pressure
liquid chromatography (HPLC) were performed with a Beckman Gold system equipped
with a diode array (analytical) or single-wavelength (preparative) detector as previously

described.*’

i. Polyamide synthesis

Pyrole and imidazole monomer units (Boc-Py-OBt [(1,2,3-Benzotriazol-1-yl 4-[(tert-
Butoxycarbonyl)amino]-1-methylpyrrole-2-carboxylate) and Boc-Im-OH  (4-[(tert-
Butoxycarbonyl)amino]-1-methylimidazole-2-carboxylic ~ acid)  respectively)  are
synthesized according to established protocols®® and maintained as general group stock.
Fmoc-D(Dab)-Boc-OH turn monomer unit and Boc,0O were purchased from Peptides

International.

Polyamides 1 and 2 were synthesized on Kaiser oxime resin** and 3 and 4 were
synthesized on Boc-B-Ala-PAM resin,” using previously described methods.*’In a typical
synthesis, 4 molar equivalents (relative to resin loading for the lot of oxime resin used)
of monomer unit were activated with 4 equivalents of PyBOP (NovaBiochem) and 4
equivalents of diisopropyletheylamine (DIEA) in a solution of dimethylformamide (DMF)
(solution was approximately 0.3-0.5 M in monomer unit). In a glass peptide synthesis
vessel, the resin was shaken with this solution for 2-4 hours at room temperature until the
reaction was complete, as assessed by analytical HPLC of a cleaved sample of resin. Resin
was deprotected by shaking in a solution of 20% trifluoroacetic acid (TFA) in methylene
chloride for 20 minutes at room temperature. After completion of synthesis of the oligomer

the Fmoc protecting group was removed by 10 minute incubation with 20% piperidine in
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DMF at room temperature. The free amine was subsequently protected by incubation of the
resin for 1 hour in a solution of Boc,0 in DMF. The polyamide was subsequently cleaved
from resin by incubation at 55 °C with 3,3-diamino-N-methyl-dipropylamine overnight
(8-14 hours). The cleavage product was purified by reverse-phase HPLC, frozen in LN,

and lyophilyzed to dryness.

To conjugate polyamides to FITC or Cy3 fluorophore, a lyophilized aliquot of
polyamide was dissolved in DMF to a final concentration ~0.03M, DIEA (100 eq) and 1mg
FITC isomer 1 isocyanate (polyamide 1) or Cy3-NHS monoester (polyamides 2 and 4) were
added and the reaction was allowed to shake in darkness for 1 hour at 37 °C. Following
conjugation the polyamide was precipitated from solution by addition of cold diethyl ether
and the precipitate was pelleted by centrifugation, the supernatant was removed and the
pellet was allowed to air-dry. The Boc protecting group was removed by the addition of
100uL of neat TFA to the pellet. The deprotection proceeded for 10 min at room temperature
before being diluted with 20% acetonitrile/water (0.1% TFA) followed by purification by
reverse-phase HPLC. Purities and identities of the polyamides were assessed by HPLC,

UV-visible spectroscopy, and MALDI-TOF MS.

1: (MALDI-TOF) [M+H]" calcd for C,_H, CIN, O S *1635.5, observed 1635.9

77780 2271472

2: (MALDI-TOF) [M+H]" caled for C_H _CIN,.O _S." 1858.7, observed 1858.7

8777105 2371673

3: (MALDI-TOF) [M+H]" calcd for C, H. N _O_* 914.4, observed 914.4

4177567 17 78

4: (MALDI-TOF) [M+H]" calcd for C, HN, O S," 1569.7, observed 1569.6

2071572
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ii. Plasmid preparation

Plasmids were constructed by ligating the following hybridized inserts into the

BamHI / HindIII polycloning site in pUC19:

pKAM3:
5’-GATCGGAGCTTTTACGTAAGCGGAGGCTTTTACGTAGGCGGAGGCTTTTAC-

GTGAGCGGAGGCTTTTACGGAAGCGGAT-3’

5’-AGCTATCCGCTTCCGTAAAAGCCTCCGCTCACGTAAAAGCCTCCGCCTACG-
TAAAAGCCTCCGCTTACGTAAAAGCTCC-3”

pKAM4:
5’-GATCGGAGCTTTTACGTGAGCGGAGGCAATTTCGTGTGCGGAGGCGCTTTC-

GTCCGCGGAGGCACCTTCGTGAGCGGAT-3’

5’-AGCTATCCGCTCACGAAGGTGCCTCCGCGGACGAAAGCGCCTCCGCACAC-
GAAATTGCCTCCGCTCACGTAAAAGCTCC-3’

pJWP17:
5’-GATCGGAGCAAGAAGAAGTGCGGAGGCAAGAAGTTCAGCGGAGGCAT-

GTTGTTGAGCGGAGGCATGAAGACGAGCGGAT-3’

5’-AGCTATCCGCTCGTCTTCATGCCTCCGCTCAACAACATGCCTCCGCT-
GAACTTCTTGCCTCCGCACTTCTTCTTGCTCC-3.”
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The ligated plasmid was then transformed into JM109 subcompetent cells
(Promega) by standard methods (30 minute incubation on ice followed by 45
second heat shock (42 °C) followed by 1 hour incubation at 37 °C). Colonies were
selected for a-complementation on agar plates containing 50 mg/L ampicillin,
120 mg/L IPTG, and 40 mg/L X-gal after overnight growth at 37 °C. Cells were harvested
after 16 h growth at 37 °C in LB medium containing 50 mg/L ampicillin. Plasmids were
then purified by mini-prep kits. The presence of the desired inserts was determined by

capillary electrophoresis dideoxy sequencing methods.

iii. Preparation of 5’ -labeled DNA for DNase I footprinting

Two primer oligonucleotides, 5’-AATTCGAGCTCGGTACCCGGG-3’ (forward)
and 5’-CTGGCACGACAGGTTTCCCGA-3’ (reverse) were constructed for PCR
amplification. The forward primer was radiolabeled using [y->*P]-dATP and polynucleotide
kinase, followed by purification using ProbeQuant G-50 spin columns. The desired DNA
region was amplified as previously described.”? The labeled fragment was loaded onto
a 7% nondenaturing preparatory polyacrylamide gel (5% cross-link), and the desired
283 (pKAM3, pKAM4, pJWP17) base-pair band was visualized by autoradiography and

isolated. Chemical sequencing reactions were performed according to published protocols.*

iv. Quantitative DNase [ footprint titrations

All reactions were carried out in a volume of 400 mL according to published protocols.
Polyamides were equilibrated with the radiolabeled DNA for 14 h prior to DNase I
cleavage at 23 °C. Quantitation by storage phosphor autoradiography and determination of

equilibrium association constants were as previously described.?
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v. Microarray procedures

Microarrays were synthesized by wusing a Maskless Array Synthesizer
(NimbleGen Systems, Madison, WI). Homopolymer (T ) linkers were covalently attached
to monohydroxysilane glass slides. Oligonucleotides were then synthesized on the
homopolymers to create a high-density oligonucleotide microarray. The array surface was
derivatized such that the density of oligonucleotides was sufficiently low within the same
feature so that no one oligonucleotide would hybridize with its neighbors. Four copies of
each hairpin containing a unique ten base pair site (5’-GCGC-N'N?NN*N>N°N'N*N?N-
GCGC-GGA-GCGC-N""N"N¥*N"NUN N*N*N?*N"-GCGC-3’) required a total of

2,099,200 features, divided among six microarrays.

vi. Binding assay

Microarray slides were immersed in 1x PBS and placed in a 90 °C water bath for 30
min to induce hairpin formation of the oligonucleotides. Slides were then transferred to
a tube of nonstringent wash buffer (saline/sodium phosphate/EDTA buffer, pH 7.5/0.01%
Tween 20) and scanned to check for low background (<200 intensity). Microarrays were
scanned by using an Axon 4000B, and the image files were extracted with GENEPIX PRO

Version 3.0 (Axon Instruments, Foster City, CA).

vii. Polyamide binding

Microarrays prepared as above were placed in the microarray hybridization chamber
and washed twice with nonstringent wash buffer. Polyamide was diluted to 10 nM (for 2)
or 175nM (for 4) in Hyb buffer (100 mM Mes/1 M NaCl/20 mM EDTA, pH 7.5/0.01%

Tween 20). Polyamide was then added to the hybridization chamber and incubated at room
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temperature for 1 h. Finally, the microarrays were washed twice with nonstringent wash

buffer and scanned.

viii. Data processing

For each replicate, global mean normalization was used to ensure the mean intensity
of each microarray was the same. Local mean normalization** was then used to ensure
that the intensity was evenly distributed throughout each sector of the microarray surface.
Outliers between replicate features were detected by using the Q test at 90% confidence
and filtered out. The replicates were then quantile-normalized® to account for any possible
nonlinearity between arrays. Duplicate features were then averaged together. The median

of the averaged features was subtracted to account for background.
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Although the data for polyamide 2 (Figure 3.8A) maps intensity and K values using
the linearized Eq 2, this fit is distinct from that obtained by fitting the data to a line of
the form y = mx + b, which includes an intensity-axis intercept term. While very small
in this case, the differences in the slopes and intercepts of the lines may indicate error
both in the background correction of the microarray and in the DNase I footprinting
data. To correct for this possibility, we propose the use of an error term, g, that would
modify Eqgs 1 and 2 to the following:

Intensity = ¢ x @ + & = ¢ x {K [PA]}/{1+K [PA]} + & =c x {[PA]}/{K+[PA]} + ¢
(Eq 1e) and Intensity = ¢ X [PA]/K, + & =c x [PA] x K_+ ¢ (eq 2¢). When fitting the
intensity and K data for polyamide 2 to the modified Eq 2e, one finds a marginally

improved fit (R*? = 0.97), although the curve fit for polyamide 4 using Eq le is
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unimproved (R*> = 0.99). For polyamide 2, ¢ x [PA] = 1.5 x 107 and € = 5.5 x 10°.

For polyamide 4, ¢ =81.2 x 10%, [PA]=5.7 x 10° M, and e =—1.1 x 10°.

For the relationship between polyamides 1 and 2, a = 0.0253 and n = 1.115. For the
relationship between polyamides 3 and 4, a = 349.83 and n = 0.637.

Workman, C. T.; Yin, Y. T.; Corcoran, D. L.; Ideker, T.; Stormo, G. D.; Benos, P. V.
Nucleic Acids Res. 2005, 33, W389.

Figure 3.11 utilized ten variable bases and contained a background GC content of
50%; Figure 3.12 utilized ten variable bases and two bases, each flanking the 5 and
3’ portion of the variable region contained a background GC content of 58%. These
background corrections were utilized in the motif searching parameters.

There are 1258 occurrences of a full six base pair match sequence, TTACGT. Double
this number of highest intensity sequences was also searched yielding only modest
changes in the data. The sequence logo is reported for the 2516 highest intensity
sequences.

There are 24 occurrences of a full nine base pair match sequence, AAGAAGAAG on
the microarray. Double this number of highest intensity sequences was searched in
addition to searching only the 24 highest intensities, yielding only small changes in
the data. The sequence logo reported contains the 48 highest intensity sequences.
To convert intensity to K , we have included the error term ¢ in our calculations. This
gives modified versions of Eqs 3 and 4, K = (Intensity — €)/{[PA] X (¢ — Intensity +
¢)} and K = (Intensity — &)/{[PA] x c}, respectively.
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