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We report the results of attaching the anticancer drug chlorambucil (CLB) to
two high-affinity DNA binding peptides: Met-Hyp-Arg-Lys-(Py)s-Lys-Arg-
NHz (HyM-10) and GIn-Hyp-Arg-Lys-(Py)s-Lys-Arg-NH, (HyQ-10). These
CLB-peptide conjugates cleave DNA very effectively and sequence-selectively
without the adjuvant use of chemicals, heat, or UV irradiation. Polyacrylamide
gel electrophoresis identifies the sites where CLB-HyM-10 and CLB-HyQ-10
attack a complementary pair of 5-**P-labeled duplexes derived from pBR322
in the absence of piperidine or other chemical additives. Matrix-assisted laser
desorption ionization time-of-flight mass spectrometry (MALDI-TOF-MS) has
confirmed the preferential cleavage sites as well as a novel stepwise
cleavage mechanism of sequence-selective DNA cleavage. Resembling
restriction endonucleases, the CLB-peptide conjugates appear to be capable
of producing double strand DNA breaks. Circular dichroism studies show that
CLB-HyM-10 and CLB-HyQ-10 induce significant local conformational
changes in DNA via the minor groove, possibly with dimeric binding
stoichiometry. The energetic basis of DNA binding by these conjugates has
been investigated by isothermal titration calorimetry, revealing that the binding
of both the peptides and their CLB conjugates is overwhelmingly

enthalpy-driven. The maintenance of a conserved negative binding free energy
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in DNA-conjugate interactions is a crucial feature of the universal

enthalpy-entropy compensation phenomenon. The strongly enthalpy-driven

binding of CLB-peptide conjugates to preferred loci in DNA furnishes the

required proximity effect to generate the observed nuclease-like

sequence-selective cleavage.
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1 Introduction

The design and synthesis of sequence-selective chemical nucleases is an important
topic in the application of chemistry to biological and medical sciences. Most DNA
cleavage agents or chemical nucleases are metal complexes that mediate strand
cleavage via various reactive oxygen species.” Others which operate by
photo-cleavage require strong UV irradiation to generate free radicals.’ It has long
been the aspiration of chemists and bioorganic researchers to design and synthesize
chemical nucleases that are capable of cleaving nucleic acids with sequence
specificity mimicking that of restriction enzymes, free from the limitations imposed
by chemical additives and/or UV irradiation.

Chlorambucil (CLB) is an anticancer drug widely used in clinical practice against
chronic lymphocytic leukemia, non-Hodgkins lymphoma, and other types of
cancer.”” CLB alkylates DNA preferentially at the guanine-N7 position. However,
CLB and CLB-peptide conjugates do not generally cleave DNA in the absence of
additives like piperidine. In 1995, we reported the synthesis of cyclic
peptide-chlorambucil conjugates endowed with DNA-alkylating activities that could
cleave DNA in the presence of piperidine.® We also synthesized dipeptide conjugates
that were disubstituted with chlorambucil and a 2,6-dimethoxyhydroquinone

derivative, albeit requiring ferrous ions or high temperature (thermal cleavage) to
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elicit DNA cleavage.’

Recently, we found that when chlorambucil is conjugated to certain
arginine-containing peptides, the conjugate is capable of cleaving DNA at 37°C or
room temperature in the absence of piperidine or other cleavage additives. Early
studies commenced with the attachment of chlorambucil to a peptide with weak DNA
binding ability to afford the conjugate: CLB-Asn-Arg-Arg-Ala-Asn-Ala-NH;
(CLB-NR6). Although the parent peptide Asn-Arg-Arg-Ala-Asn-Ala-NH, (NR6) did
not prove positive in DNA footprinting studies,"’ its CLB-conjugate did show
remarkable DNA cleavage in the absence of chemical additives (Figure 1A). In search
of CLB-conjugates with higher DNA sequence-selective cleavage capabilities, we
went on to attach CLB to two designed peptides incorporating the XP(Hyp)RK motif:
Met-Hyp-Arg-Lys-(Py)s-Lys-Arg-NH, (HyM-10) and GlIn-Hyp-Arg-Lys-(Py)s-
Lys-Arg-NH, (HQ-10). Peptides incorporating such motifs possess excellent DNA

1-16 Burther attachment

binding capability in the sub-micromolar concentration range.
of one or more 4-amino-1-methylpyrrole-2-carboxylic acid residues (Py) to
XP(Hyp)RK peptides  enhances their sequence-specificity toward sequences
containing consecutive arrays of A or T nucleotides.'"'* !¢

Here we report that peptides HyM-10 and HQ-10 bind satisfactorily to DNA in a

sequence-selective manner as assessed by DNase I footprinting. Polyacrylamide gel
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electrophoresis is ideal for exploring sequence-selectivity of DNA cleavage by the
CLB-peptide conjugates CLB-HyM-10 and CLB-HyQ-10. In addition, circular
dichroism and isothermal titration calorimetry are employed to investigate induced
DNA conformational changes as well as the thermodynamic aspects of CLB-peptide
conjugate-DNA interactions, respectively. Recall that the energetic basis of general
DNA-peptide interactions has been discussed in detail recently.'® We have also used
matrix-assisted laser desorption ionization time-of-flight mass spectrometry
(MALDI-TOF-MS) to investigate preferential cleavage sites as well as the
mechanism of DNA cleavage by these conjugates.

2. Results and discussion

Early DNA cleavage studies were carried out wusing the conjugate
CLB-Asn-Arg-Arg-Ala-Asn-Ala-NH, (CLB-NR6). The design of the peptide portion
NR-6 (Asn-Arg-Arg-Ala-Asn-Ala-NH;) was derived from residues 30-35 of tumor
necrosis factor-a (TNF,).!” Peptide NR-6 alone produced agarose gel retardation as
well as some DNA nicking effects on pBR322 plasmid. However, it did not produce
any DNase I footprints on test DNA duplexes,'® suggesting that its binding to DNA
must be quite weak. On the 135-mer lower strand of pBR322 the CLB-peptide
conjugate CLB-NR6 produced efficient DNA cleavage in the absence of piperidine or

other cleavage additives (Figure 1A). The cleavage by CLB-NR®6 is not particularly

Page 6 of 39



Page 7 of 39

Organic & Biomolecular Chemistry

sequence-selective at high concentrations but is more evidently selective at lower

concentrations (500-1000 nM), notably at two loci: positions L89-87 and L114-112,

both comprising the sequence 5’-GGT-3’ (Figure 1A).

Next, we conjugated chlorambucil to the N-terminal of the peptide carboxamide

Met-Hyp-Arg-Lys-(Py)s-Lys-Arg-NH, (HyM-10) which is endowed with strong DNA

sequence-selective binding to d(AAAA)-d(TTTT) or d(AAA)-d(TTT) . The resulting

conjugate CLB-Met-Hyp-Arg-Lys-(Py)s-Lys-Arg-NH, (CLB-HyM-10) induced

significant DNA cleavage at four major sites on the lower strand at positions L80-78,

L87-85, L92-88, L101-96 and L115-111, corresponding to the sequences 5’-CAC-3’,

5°-TAT-3°, 5’-TGCGGTA-3’, 5°-ACGCA-3’, and 5’-GGTA-3’ (Figure 1B, Figure 2

and Table 1). Notably, on the 135-mer lower strand, conjugate CLB-HyM-10

produces sequence-selective cleavages at position L80-78, corresponding to the

sequence 5’-CAC-3’, position L88-86, comprising the sequence 5°-GTA-3’, and

position L114-112, corresponding to the sequence 5’-GGT-3’. It is striking that the

cleavage site around position L80-78 containing the sequence 5’-CAC-3’ disappears

at conjugate concentration higher than 1000 nM (Figure 2); this result is fully

reproducible when the experiment is repeated.

A strong cleavage site also occurs around position L72-68 but was truncated in the

autoradiograph. On the other hand, four major DNA cleavage sites are found at the
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upper strand positions: U76-80, U81-85, U98-106, and U107-110, corresponding to

the sequences 5’-CGGTG-3’, 5’-TGAAA-3’, 5’-GCGTAAGGA-3’, and

5’-GAAAA-3’ (Table 1). The most pronounced cleavage sequences in the lower

strand appear to be 5’-GGTA-3’, and 5’-ATG-3’. However, it is notable that an

unusual cleavage sequence also occurs in the lower strand: 5’-CAC-3’. On the other

hand, the strongest cleavage sequences in the upper strand appear to be 5’-GGAG-3’

and 5’-AAAA-3’. Comparing the sequence-binding preferences from footprinting

studies (Figure 1C, Figure 2) and the sequence cleavage preferences (Figure 1B,

Figure 2), it appears that there are correlations. On the upper strand, the sequence

preferences of peptide HyM-10 correspond to U84-90 and U104-115 whereas the

corresponding cleavage by CLB-HyM-10 occurs at U81-85, with common loci of

5’-AAA-3’ and 5’-GAAAA-3’, respectively. This implies that the cleavage preference

of conjugate CLB-HyM-10 on the upper strand is directed by preliminary

sequence-selective binding of the peptide portion of the conjugate to DNA. The

correlation between binding and cleavage on the lower strand is much weaker; only

one common locus is found at position L82-80, corresponding to the sequence

5’-CAC-3’. The sequence-selective cleavage pattern seen with the CLB-peptide

conjugate CLB-GIn-Hyp-Arg-Lys-(Py)4-Lys-Arg-NH, (CLB-HyQ-10) (Figure 1D, 1E,

text; Supporting Information [I]) appears to be similar to that of conjugate
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CLB-HyM-10.

We envisage that the peptide moieties of the conjugate molecules interact with the

recognition motifs d(AAAA)-d(TTTT) or d(AAA)-d(TTT) in the DNA minor groove

14,15,18 -

via monodentate, interstrand bidentate, ionic and hydrophobic interactions. The

position of DNA cleavage is expected to lie close to the CLB moiety. However, the

observed site of cleavage is often rather wide, ranging over as many as 5-9 bases since

the conjugate may bind fairly selectively to quite a wide binding locus. Nevertheless,

the peptide-directed sequence recognition must surely underlie the proximity effect

directing the CLB moiety to the preferred cleavage site(s). It is also possible that the

conjugate molecules may bind to recognition motifs in the duplex in dimeric form,

either simultaneously or as monomers at close intervals.

To investigate the stoichiometry and possible conformational changes associated

with the peptide-DNA interactions, a 13-mer deoxyribonucleotide duplex

d(TAGGAGAAAATAC)-d(GTATTTTCTCCTA) (U4A-L4T) corresponding to the

recognition site in the pBR322 fragments at position 103-114 was used as a

substrate for CD studies. On raising the concentration of peptides HyM-10 (Figure 3A)

or HyQ-10 (Supporting Information [II]) added to duplex U4A-LA4T, a near-isoelliptic

point around 280 nm was identified, suggesting a predominantly two-component

binding process. This reflects the development of a strong, broad dose-dependent CD
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enhancement around 330 nm, clearly visible in the difference spectrum (Fig 3B) for
the conjugates CLB-HyM-10 and CLB-HyQ-10 as well.

A number of previous articles'””” have demonstrated that molecules which bind in
the minor groove of DNA typically induce the appearance of a positive CD band
around 320 nm. The same seems to be the case for the peptides and CLB conjugates
studied here. Previous studies have also indicated that at ligand/DNA ratios between
0.5 and 2.0 most likely one molecule of each peptide binds to loci such as
d(AAAA)-d(TTTT) in the minor groove, as suggested by a hint of a small plateau,
while at ratios between 2 and 3 further small plateau regions can be tentatively
discerned, suggesting that two molecules can bind in a dimeric fashion to the minor
groove. As the [ligand]/[duplex] ratio rises above 3 progressive increases in
AO suggest that further ligand molecules start to bind non-specifically — probably to
the wide major groove. All these features are apparent in the CD behavior of the
peptides and conjugates reported here (Figures 3A-E, text; Figure [II], Supporting
Information). In this study, Job’s plots (Figure 3E) show that the ligand/DNA ratio of
peptide HyM-10 and its conjugate CLB-HyM-10 is 3:1 whereas that of HyQ-10 and
CLB-HyQ-10 is 2:1. It is likely that peptide HyM-10 and its conjugate bind to the
oligonucleotide duplex U4A-L4T rather non-selectively at higher ligand concentration,
a common DNA-binding property shared by many of our synthetic peptides

10
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incorporating the XP(Hyp)RK motif."> "

Although the mechanism of DNA cleavage by established alkylating agents
is generally understood, much less is known about the complex mechanisms
of action of designed agents. To gain insight into the sequence-selective
DNA cleavage mechanism of CLB-peptide conjugates we carried out
MALDI-TOF analyses of the cleavage fragments produced from a double-
stranded oligonucleotide duplex d(TAGGAGAAAATAC)-d(GTATTTTCTCCTA)
(U4A-L4AT), employing 3-hydroxy-picolinic acid/picolinic acid/ammonium citrate
or trihydroxyacetophenone/ammonium citrate as matrix. Another
oligonucleotide duplex was also employed in MALDI-TOF analyses:
d(AAGGAGAAAATAC)-d(GTATTTTCTCCTT) (XU4A-XL4T). The sequence of
this duplex was designed to verify the site of cleavage when two or more cleavage
fragments have the same calculated mass.

MALDI-TOF analyses confirm that significant sequence-selective cleavage of the
oligonucleotide duplexes occurs after incubation with CLB-HyM-10 or CLB-HyQ-10
for 15-30 min at room temperature or 37°C, in the complete absence of special
chemical additives. The CLB-peptide conjugates can also cleave single strand
oligonucleotides (data not shown) as well as double strand oligonucleotides. The
cleavage of CLB-HyM-10 and CLB-HyQ-10 on the U4A-LA4T duplex (Figure 4,

11
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AB,E.F, text; Figure [III], A,B, Supporting Information) is much less
sequence-selective than that on the XU4A-XLA4T duplex (Figure 4, C,D, text; Figure
[1IT], C,D, Supporting Information). The major cleavage fragments most frequently
detected (i.e. those observed at least twice in different duplex/CLB-peptide conjugate
reactions) are shown in Table 2, where the preferential sites of cleavage and
corresponding cleavage mechanisms are proposed. Two routes to hydrolysis of the
phosphodiester bond may be involved: depurination or depyrimidination. For DNA
glycosylase, depurination involving an oxocarbocation intermediate that leads to
subsequent hydrolytic cleavage of the 5’- or 3’-phosphodiester bonds is well
characterized.’ Since our CLB-peptide conjugates can induce significant
depurination and depyrimidination with concomitant cleavage of the phosphodiester
bond, a similar DNA cleavage mechanism is proposed in Figure [IV], Supporting
Information. In addition, a mechanism of phosphodiester hydrolysis by thymidine
phosphorylase via depyrimidination of thymine has recently been reported as a
concerted bimolecular process, involving nucleophilic attack of the 2-deoxyribosyl
oxocarbenium ion.”?> In Table 2, the Maldi-tof ms peaks 998, 1948, 2337, 2643
reveal corresponding oligonucleotide fragments preserving purine or pyrimidine base

on the 5’- and 3’- ends. However, depurination and depyrimidination may occur on

12
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the 5°- or 3’- end of the adjacent fragment originally linking the cleaved fragment,

causing hydrolysis of corresponding phosphodiester bonds.

To interpret the sequence-selective cleavages we propose an initial binding

alignment of the peptide-CLB conjugate with the oligonucleotide duplex (Figure

5A-D). The peptide moiety of the conjugate first interacts with the recognition locus

d(AAAA)-d(TTTT) in the DNA minor groove via monodentate and interstrand

bidentate hydrogen bond interactions, supported by ionic and hydrophobic

interactions, and thus the CLB moiety is positioned close to certain DNA loci. After

tight binding, the resultant phosphodiester bond cleavage must be dominated by

proximity to the CLB moiety, which mediates depurination or depyrimidination of a

base leading to subsequent hydrolysis of the DNA backbone.

The use of the XU4A-XLA4T duplex unambiguously verifies the site of cleavage as

well as confirming the validity of the assignment of the cleavage fragments. For

example, the 5’-end nucleotide on the upper strand of U4A-L4T is T, whereas that of

XU4A-XLAT is A; (Figure 4, A-D). The cleavage fragments induced by conjugate

CLB-HyQ-10 are fj(mass 1442.2) and cs(mass 2177.6) from the upper strand of

U4A-LA4T, corresponding to the fragments fj(mass 1451.2) and ci;(mass 2186.9) from

the upper strand of XU4A-XL4T (Figure 4B,D), respectively, indicating that the site of

phosphodiester bond cleavage by the CLB-peptides on different duplexes that differ by

13
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a single nucleotide is the same.

Figures SA-5D illustrate a novel “stepwise cleavage mechanism” of the DNA duplex

by conjugate CLB-HyM-10 or CLB-HyQ-10 on the U4A-L4T duplex. The proposed

mechanisms explained by successive association and dissociation processes directing

the proximity of the CLB moiety to another susceptible base, producing depurination or

depymidination, and generating smaller fragments after each cut. For conjugate

CLB-HyM-10, different binding alignment of a single CLB-HyM-10 molecule with the

duplex would result in the removal of 5’-T»5-Ax-3’ by depyrimidination of T»s and also

the truncating of 5’-G4-T5-Aj6-3” by depurination of A¢ (Figure 5A). Next, binding of

two molecules of the CLB-peptide conjugate in dimeric fashion to this truncated duplex

locates a CLB moiety close to preferred sites and initiates cleavage of the duplex

releasing four or five single strand fragments. Depurination of Asor Ggin the upper

strand, depyrimidination of Ty, and T,y of the lower strand are indicated by the

production of fragments from opposite strands: 5-T1-Ax-G3-G4-As-dr-3’ (mass 1732.3);

and cleaved fragments: 5-T17-T1g-T19-T20-C21-3" (mass 1597.9) and 5’-T4-A,-G3-G,4-dr-3’

(mass 1442.2) (Figure 5A). The fragment 5’-T19-T20-C21-T22-C23-C24-dr-3’ (2033.1) is

generated by alignment of the CLB conjugate to the duplex near Tig, causing

depyrimidination of this nucleotide and subsequent hydrolysis of the 5°-T;s-T;9-3’

phosphodiester bond (Figure 5A). Stepwise cleavage of the upper strand or lower strand

14
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initiated by successive binding by a single molecule of this conjugate to a preferred

cleavage site afford other major fragments: 5’-Gs-As-Ge-A7-Ag-Ag-A1p-3’ (2337.3),

5’—A2-G3—G4—A5-G6-A7-A8-A9-3, (2643.2), and 5’-G14-T15-A16-3, (998.3).

Similarly, binding alignment of a single molecule of conjugate CLB-HyQ-10 to duplex

U4A-LA4T first removes the dinucleotide 5°-G4-T15-3” or a G4 nucleotide from the lower

strand, followed by dimeric binding of two molecules that initiates cleavage to afford

fragments from  opposite  strands: = 5-T1-A-G3-G4-As-dr-3°  (mass  1732.7);

5’-T1-A2-G3-G4-dr-3’ (mass 14423), and 5’-T15-A16-T17-T18-T19-T20-3’ (mass 19486)

(Figure 5B, text; Table [Ia], [Ic], Supporting Information). Similar to the cleavage

mechanism of CLB-HyM-10, the fragment 5-T19-T2-C21-T22-C23-Co4-dr-3’ (2033.9) is

generated by depyrimidination of nucleotide T;s and subsequent hydrolysis of the

5’-Ts-T19-3” phosphodiester bond. Stepwise cleavage of the wupper strand or

lower strand triggered by successive monomeric binding to a preferred site

generate some other major fragments: 5-Gs-A3-Gg-A7-As-Ag-A1p-3’ (2337.5),

5'-A2-G3-Gs-As-Ge-A7-Ag-Ag-3’  (2642.6), 5-G1s-T15-A16-3" (998.3), 5-Aqp-T11-3’

(712.4), 5’-T15-A16-T17-T13-T19- Tzo-C21-T22-C23-dr-3’ (2943.7), and 5,-A5-G6-A7-3’

(970.7).

Further supports of the stepwise cleavage mechanism are presented by the cleavage of

duplex XU4A-XU4T by conjugates CLB-HyM-10 and CLB-HyQ-10 (Figures 5C, D). In

15
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these cleavage events the mechanism follows the general stepwise cleavage pattern: an

initial truncation of an upper or lower strand of the DNA duplex by a single molecule of

the CLB-peptide conjugate with repetitive binding to recognition sites. Subsequently,

dimeric binding of the conjugate CLB-HyM-10 triggers the cleavage of

5-A1-A-G3-G4-As-Ge-A7-3’ (2186.9) and two fragmental pairs from opposite strands :

5,-A7-A3-A9-A10-T11-A12-3’ (1960.3) and 5’-T15-A16-T17-T18-T19-T20-3’ (1948.5). The

fragment 5-T17-T1g-T19-T20-C21-3’ (1597.9) was produced by truncating 5°-Ts-A -3’ from

the lower strand followed by depyrimidination of Ty to cleave the 5°-Cj-Tx-3’

phosphodiester bond (Figure 5C). By a similar mechanism, conjugate

CLB-HyQ-10 induces the generation of fragmental pairs 5-A1-Ax-G3-Gy-As-Ge-A7-3’

(2186.6) and 5'-T19-T20-C21-T22-C23-Co4-dr-3’ (2033.9), and fragment

5'-G4-As-Gg-A7-Ag-Ag-3’ (2024.8) (Figure 5D).

Some evidences of generation of double strand DNA breaks are

demonstrated cleavage experiments on the XU4A-XLA4T duplex (Figure 5C, D). Typical

fragmental pairs from opposite strands of duplex XU4A-XLA4T are produced

by conjugate CLB-HyM-10 : 5-A7-Ag-Ag-A10-T11-A12-3’ (1960.3) and

and 5’-T15-A16-T17-T1s-T19-T20-3’ (1948.3) (Table [Ib], Supporting Information).

Similarly, fragmental pairs from opposite strands of duplex XU4A-XLA4T are generated

by conjugate CLB-HyQ-10: 5-A1-Ax-G3-Gy-As-Ge-Ar-3’ (2186.6) and

16
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5'-T19-T20-C21-T22-C23-Co4-dr-3’ (2033.9) (Table [Id], Supporting Information). We
reason that the CLB-peptide conjugates are capable of generating double strand DNA
breaks when the CLB moiety is repeatedly located near the preferred cleavage points.

We suggest that the stepwise cleavage mechanism points to a general feature: the
truncation of an upper or lower strand can be initiated by binding of a single molecule of
the CLB-peptide conjugate. Next, monomeric binding of the conjugate may produce
more fragments whereas dimeric binding of the conjugate to the DNA duplex may
generate fragmental pairs from opposite strands, producing double strand breaks in the
meantime. Stepwise cleavage of the duplex DNA can often be achieved by binding of a
single molecule of the CLB-peptide conjugate repeatedly to various recognition sites,
yielding different fragments.

The energetic basis of general DNA-peptide interactions was discussed in detail
recently.'® To gain insight into the thermodynamic basis of DNA binding and cleavage
by peptides incorporating the XHypRK motif as well as the corresponding CLB
conjugates, isothermal calorimetry titration studies (ITC) were carried out (Figures 6A,
6B). Plots of heat versus molar ratio were obtained by subtracting the heat of dilution for
the addition of peptide or conjugate into buffer. In both CD and ITC experiments, the
titrations were performed by adding a small aliquot of CLB-peptide conjugate to bulk
DNA solution, so the corresponding detection of ellipticity changes and enthalpy changes

17
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may be limited to relatively short periods of DNA-ligand binding, that is, DNA binding
must precede DNA cleavage. CD spectra of CLB-peptide conjugates titrated into DNA
reveal significant concentration-dependent ellipticity increases around 330 nm,
suggesting that the CLB-peptide conjugates bind tightly to the intact minor groove of
DNA. If the DNA is already cleaved, no corresponding minor groove may be available
for the concentration-dependent binding of CLB-peptide conjugates. Thus, we reason that
the ellipticity changes (CD) and enthalpy changes (ITC) reflect primary binding
interactions of the CLB-peptide conjugate with intact DNA rather than with nicked DNA,
although we do not preclude the possibility that some DNA was cleaved during ITC and
CD experiments.

The ITC results indicate that either the peptide or the CLB-conjugates prefers to bind
in a dimeric fashion to d(AAAA)-d(TTTT) sites. In Breslauer’s pioneering study of the
binding of netropsin, distamycin, ethidium and daunorubicin to duplex
poly[dA-dT].[dA-dT], the AH values lay within the range —8.9 to —18.5 kcal mol™.**
In comparison, the negative enthalpy changes for binding of the peptide and its CLB
conjugate incorporating the XHypRK motif to DNA are significantly greater at their
preferred DNA binding sequences (AH lies within the range —25.4 to —74.4 kcal mol™;
Table 3). Thus, the ITC results indicate that binding of the peptides and CLB-peptide
conjugates to DNA is overwhelmingly enthalpy-driven. However, the opposing entropic

18
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effects for all of the peptides and CLB-peptide conjugates are very unfavorable: TAS
falls within the range —17.8 to —65.9 kcal mol™ (Table 3).

The unusually strong exothermic enthalpy change could be due to the formation of
ionic interactions between the side chains of basic residues like Arg and Lys with the
DNA phosphates as well as the interstrand bidentate interactions formed between the
side chains of Met, Arg, and Lys of peptides with the O2 of thymine and N3 of adenine,
as will be considered below. First it should be noted that the peptides and their
corresponding chlorambucil conjugates clearly exhibit the enthalpy-entropy
compensation (EEC) phenomenon that has been described before (Figure 6B). Figure
6C shows a plot of AH versus TAS for four peptides and four CLB-peptide conjugates.
The linearity of AH versus TAS for these eight ligands is impressive: slope = 1.0155;
y-intercept = —7.9 kcal mol”'. A 3-dimensional figure of AH, TAS and AG can be
plotted to emphasize the linear enthalpy-entropy-free energy relationship that underlines
the EEC phenomenon in DNA-small ligand interactions (Figure 6D). A near-straight
line is suspended in thermodynamic space, with AG values maintained within an almost
constant range around —7.9 kcal mol™

In a recent study'® as well as the work reported here, we have put forward the view
that strong exothermic enthalpy is needed to overcome the very unfavorable entropy
required to attain efficient binding to DNA. In many cases, when a protein®* or a peptide

19
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bind to DNA, cations from the DNA are released to bulk solution, the increase in
entropy from solvent reorganization AS°y (hydrophobicity) and AS®jons (polyelectrolyte)
favor DNA-ligand binding. However, the sum of entropy change AS°; (rotation and
translation), AS®j, (vibration) and AS°conr (configuration) are typically negative and
oppose to binding, resulting in a decrease in total entropy.24 Ionic interactions between
the positively charged Arg and Lys side chains of the peptides or conjugates and
internucleotide phosphates probably restrict the conformational mobility of the DNA
duplex and may account for the dramatic decrease in total entropy. According to the law
of conservation of energy, any loss in entropic energy must transform to exothermic
energy, which in turn causes an increase in enthalpy. We envisage that high exothermic
energy is required for allosteric adjustment of DNA conformation within the binding
loci by means of hydrogen bonding and ionic interactions between DNA duplex and
peptide,'® augmenting the favorable energy components AG}, , 2AGy, AGeont, and AGygy
in Williams® equation,” and facilitating positively cooperative binding of approaching
peptide or CLB-peptide molecules. These considerations formalize a situation in which
the strongly negative binding enthalpy for these peptides and CLB-conjugates is
required for the compensation of energy, sustaining an acceptable negative value of net

binding free energy AG mandatory for DNA-ligand interactions.
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3. Conclusion

This study shows that chlorambucil-peptide conjugates elicit significant

sequence-selective cleavage of DNA without the chemical additives or thermal

assistance that are usually required for chemical nucleases. Gel electrophoresis

experiments reveal that although the cleavage sites are mostly adjacent to A’s and G’,

some sequence-selective cleavages also occur on the 5°- or 3°- sides of pyrimidines such

as 5’-CAC-3°, 5’-CGGTG-3" and 5’-TGAA-3’. MALDI-TOF studies of cleavage

fragments from duplexes U4A-L4T and XU4A-XLA4T indicate preferential cutting at

comparable sites. Notably, MALDI-TOF studies of conjugates CLB-HyM-10 and

CLB-HyQ-10 versus the two DNA duplexes, a total of four reactions, all point to a

novel stepwise scissioning mechanism. Generation of a particular sequence-selective

cleavage fragment can often be interpreted as resulting from binding of the

CLB-peptide conjugate to its cognate recognition site on DNA so as to place the CLB

moiety close to a susceptible base, causing depurination or depyrimidination, and

inducing the hydrolysis of a phosphodiester bond, generating smaller fragments after

each cut. The general features of the stepwise scissioning mechanism are: following

initial truncating an upper or lower strand of the DNA duplex by a single molecule of

the CLB-peptide conjugate, monomeric binding of the conjugate may produce more

fragments whereas dimeric binding of the conjugate to the DNA duplex may generate
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fragmental pairs from opposite strands, producing double strand breaks in the

meantime.

It also appears that the binding of CLB-peptide conjugates to the recognition locus on

DNA is overwhelmingly enthalpy-driven. The strongly negative binding enthalpy

measured for these peptides and conjugates is evidently required for a process of energy

compensation, needed to sustain an acceptable negative value of net binding free energy.

We believe that this strongly enthalpy-driven binding of the peptide conjugate to DNA

underlies the proximity effect that positions the CLB moiety close to the preferred

cleavage site, manifested in the observed nuclease-like sequence-selective cleavage.

The highly effective cleavage of DNA by the CLB-peptide conjugates that we have

described, in the absence of U.V. irradiation, chemical additives or thermal assistance,

mimics the action of natural nucleases. To our knowledge, this new series of

CLB-peptide conjugates is one of the most effective sequence-selective chemical

nucleases reported. As such, the conjugates and their congeners merit further

investigation.
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4 Experimental

4.1 Chemicals and biochemicals: All the protected amino acid derivatives were
purchased from AnaSpec, Inc. (San Jose, CA) and all peptides are synthesized in our
laboratory. All other analytical reagents were purchased from Acros, Tedia or Sigma.
Melting points were determined on a Mel-Temp apparatus (Cambridge, Mass) and are
uncorrected. Optical rotations were determined on a Rudolph Autopol II instrument.
Radiolabeled nucleoside triphosphates [y-“P]JdATP were obtained from NEN Life
Science Products at a specific activity of 6000 Ci/mmol. 7ag polymerase, T4
polynucleotide kinase, and DNase I were purchased from Promega. All of the
biochemicals were used according to the supplier’s recommended protocol in the
activity buffer provided. Other chemicals were analytical grade reagents, and all
solutions were prepared using doubly deionized, Millipore filtered water.
Semi-preparative and analytical HPLC (Vydac reversed-phase columns, TP201;
column 1, 1 x 25 cm; column 2, 0.4 x 25 cm) were performed using a Hitachi L-7100
pump equipped with a gradient elution device and a Soma S-3702 variable
wavelength UV detector which is connected to a PC computer installed with Hitachi
HPLC analytical software. Mass spectra were determined with a Finnigan/Thermo
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Quest MAT 95XL instrument operating in the electrospray ionization (ESI) mode in

National Chung-Hsing University.

4.2 Chemical methods.

Synthesis of peptides and chlorambucil-peptide conjugates

Met-Hyp-Arg-Lys-(Py)s-Lys-Arg-NH, (HyM-10)

This peptide was synthesized using solid phase methodology by manual operation of

a Protein Technology PS3 peptide synthesizer. The first Fmoc-protected amino acid

was coupled to the Nova Rink amide AM resin using Py BOP/NMM in DMF. All of

the No-Fmoc-protected amino acids (in 4 equivalent ratio excess to the resin) were

coupled in stepwise fashion using PyBOP/NMM in DMF after deprotection of the

N-Fmoc group by piperidine. The side chains of Arg, Lys were protected by the Pmc

and Boc groups, respectively. After coupling the last N-terminal Fmoc-amino acid

residue, the resin was treated with the cleavage reagent (0.75 g phenol, 10 mL TFA,

0.5 mL thioanisole, 0.25 mL EDT) for 1.5 h, and then lyophilized. The resin was

washed with dry ether (2 x 30 mL), filtered, and then washed with 5% acetic acid

(200 mL). The combined filtrate was lyophilized and the product purified by

semi-preparative reversed-phase HPLC (column 1) using gradient elution. Eluent A:

5% MeCN, 95% H,0, 0.1% TFA; Eluent B, 95% MeCN, 5% H,O, 0.1% TFA. A

linear gradient was achieved by increasing the MeCN content from eluent A to eluent
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B in 30 minutes. #z (column 2), 15.09 min. m.p. 148-151°C, [a]*'p -25.56 (c 0.30,
MeOH/H,0, 1:1); ESIMS requires: 1318.56, found: 1319.0.
CLB-Met-Hyp-Arg-Lys-(Py)s-Lys-Arg-NH, (CLB-HyM-10)

The Fmoc group of Fmoc-Met-Hyp-Arg(Pmc)-Lys(Boc)-(Py)s-Lys(Boc)-Arg(Pmc)-
Resin was removed by 20% piperidine in DMF and chlorambucil and PyBOP/NMM
(in 4 equivalent ratio excess to the resin) were added. The reaction was allowed to
react for about 3 h, and the resin was treated with the cleavage reagent (0.75 g phenol,
10 mL TFA, 0.5 mL thioanisole, 0.25 mL EDT) for 1.5 h, and then lyophilized and
purified as for peptide HyM-10. #z (column 2), 18.91 min. m.p. 165-169°C, [a]*'D
-32.14 (¢ 0.9, H,0); ESIMS caled. 1604.75, found: 1605.0.
CLB-GIn-Hyp-Arg-Lys-(Py)s-Lys-Arg-NH, (CLB-HyQ-10)

The Fmoc group of Fmoc-Gln-Hyp-Arg(Pmc)-Lys(Boc)-(Py)s-Lys(Boc)-Arg(Pmc)-
Resin was removed by 20% piperidine in DMF and chlorambucil and PyBOP/NMM
(in 4 equivalent ratio excess to the resin) were added. The reaction was allowed to
react for about 3 h, then worked up and purified as for CLB-HyM-10. #z (column 2),
17.32 min, m.p. 163-166°C, [a]**D-23.08 (¢ 0.87, H,0); ESIMS calcd. 1599.8, found:

1601.0.

4.3 DNase | footprinting
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Full protocols for footprinting experiments have been published previously.' !>

4.4 DNA cleavage induced by CLB-peptide conjugates

Radiolabeled pBR322 DNA fragments: 158-mer DNA duplex (upper strand
5°-3?p-labeled) and 135-mer DNA duplex (lower strand 5°-**P-labeled) were prepared
by PCR amplification in a thermal cycler (ABI model 9700) as previously described.
The concentrations of DNA as determined by UV spectroscopy were around 107 M.
Reactions were conducted in a total volume of 10 uL. Briefly, radiolabeled DNA
(2 puL) was mixed with varying concentrations of 2 puL of CLB-HyM-10 or
CLB-HyQ-10 dissolved in 5 mM sodium cacodylate buffer (pH 6.5) and the reaction
allowed to proceed at 37°C for 30 min, cooled on ice, ethanol-precipitated, and

lyophilized. Samples were heated at 90°C for 4 min prior to electrophoresis.

4.5 MALDI-TOF mass spectrometry

Measurements were performed with a Microflex MALDI mass spectrometer (Bruker
Daltonik GmbH, Leipzig, Germany). 20 pL 40 uM U4A-LAT (duplex) in 5 mM
sodium cacodylate buffer, pH 6.5 and 20 uL 4 uM CLB-peptide conjugate in the
same buffer were mixed with a pipette and vortexed for 3 seconds, and centrifuged at
10,000 rpm for 10 seconds. The mixture was incubated at 37°C for 30 min. To this
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was added 1 mL 99% alcohol and 5 pL. NaOAc (3M, pH 5.2), and the mixture was

centrifuged at 10,000 rpm for 10 seconds. The product was stored at -20°C overnight,

then centrifuged at 4°C at 14,000 rpm for 30 min. The ethanol was removed and 1 mL

ethanol was again added and the mixture centrifuged at 4°C at 14,000 rpm for 10 min.

This treatment was repeated twice and finally the ethanol was removed by a speedvac

(800 rpm) at 25°C for 5 min. 1 mL 0.5 M trihydroxyacetophenone (THAP) in

methanol was prepared. The matrix was prepared by adding 40 pL 0.5 M

diammonium hydrogen citrate (H,O) to 100 uL. 0.5 M trihydroxyacetophenone

(THAP) in methanol. 2.5 uL of the matrix was introduced to the plate and allowed to

dry for 3 min in air. To this matrix layer was added 1 pL of a mixture of fresh matrix

and reacted DNA sample (1:1). After 3 min the sample was subjected to MALDI-TOF

analysis with 45% laser power, 400 ns delay time, 100 shots, using a linear and

positive ion mode.

4.6 Circular dichroism (CD) studies

CD spectra were measured at 37°C with a Jasco J-815 instrument in the Institute of

Chemistry, Academia Sinica. The duplex DNA was adjusted to 1.0 uM in 5 mM

sodium cacodylate buffer (pH 6.5) and peptides, dissolved in the same buffer, were

added to maintain final concentrations of 0.2, 1.0, 2.2, 2.4, 2.6, 2.8, 3.0, 3.2, 3.4, 4.0,

27



Organic & Biomolecular Chemistry Page 28 of 39

5.0 uM. Spectra were recorded after 60 min incubation at 37°C.

4.7 Isothermal titration calorimetry

ITC experiments were performed using a Microcal VP-ITC (MicroCal, Northampton,

MA) with a reaction cell volume of 2 mL for oligonucleotide duplex (U4A-L4T) at

25°C or other temperatures as indicated in Table 3 and all samples were degassed

under vacuum for 5 min. The DNA solutions at appropriate concentration in 5 mM

sodium cacodylate, pH 6.5 (Table 3) were placed in the calorimeter cell and the

peptide at appropriate concentration in 5 mM sodium cacodylate, pH 6.5 (273 uL)

was placed in the titration syringe and injected in aliquots of 7 pL with 220 s intervals

between the individual injections and stirring at 304 rpm, for a total of 39 injections.

Data acquisition and analysis were performed using nonlinear least-squares fitting

algorithm software (single site binding model, Microcal Origin 7.1 software). The K,

values were obtained from the ITC instrument by computer fit of the ITC isotherms

and the corresponding AG values were calculated from the equation:

AG = - RT-InK,
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Table 1. Sequence-selective binding and cleavage by peptides and CLB-peptide
conjugates on complementary 5°-**P-labeled upper (158-mer) and 5°-**P-labeled
lower (135-mer) DNA strands.

Sequence-selective Ka ny | Position of | Sequence-selective
binding of peptides Interstrand | Cleaved fragments of
bidentate CLB-peptide conjugates

interactions

HyM-10 CLB-HyM-10
5'-AAATACCG-3’ 35x10°| 1.1 | 84-85 5'-CGGTGTGAAA-3’
(U84-90) (U76-85)
5-GGAGAAAATACCG-3'| 3.4x 10°| 2.4 | 105-111 5'-GTAAGGAGAAAA-3’
(U104-115) (U100-111)
5-TTTCACAC-3' 5.0x 107 | 1.9 5'-TATG-3' (L73-70)
(L85-78) 5'-CACCG-3’ (L80-77)
5-TTTTCTCCTTA-3' 1.0x107| 2.1 5-GTGCGGTA-3'
(L111-101) (L93-86)

5'-GGTA-3' (L115-112)

HyQ-10 CLB-HyQ-10
5-AAATACCG-3’ 3.8x 10°%| 2.7 83-86 5'-GGTGTGAA-3
(U83-90) (U77-85)
5-GAAAATACCG-3 5.6x 10°| 3.6 107-112 5 TAAGGAGAAAA
(U107-116) (U101-111)
5-ATTTCAC-3' 2.9x10°| 3.7 5-GGCGCT-3'(U121-127)
(L86-80)

5-ATTTTCTCCTT-3' 57x10°%| 1.8 5'-GTGCGGTA-3
(L112-102) (L93-86)

K, and ny are the apparent association constant and Hill coefficient determined from
concentration-dependent DNase I footprinting studies, respectively. The binding site

positions on the upper and lower strands are abbreviated as U and L, respectively.
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Table 2. Cleavage fragments most frequently detected in MALDI-TOF
experiments with DNA duplexes and bound CLB-peptide conjugate.

Mass | Cleavage fragments Proposed cleavage
mechanism
998 Gu T A Depyrimidination of T4;
5 CHsJ\P\'\P\I\OPoaH 3 (Na")
1442 T Az Gy G dr Depurination of As
5 CH3\I\P\|\P\L PJ\F’\}\OH 3 (Na")
1598 Tz Tis Tia Tz Co Depurination of Ajgand

5 HOaPO\l\le\ F’J‘ F’\I\ F’\I\ OPO:H 3" (Ng*) depyrimidination of T,

1732 T Az G3 Gy A dr Depurination of Gg
5 CH3\|\P\|‘F’\I\P\|\ F’J\F’J\ OH 3
1948 Tie A Tir Te Tie Ta Depyrimidination of C»4 and
5 HOSPO\I\ \}\ J\P\]‘ \I‘PJ\OPOaH ¥ (Na" | depurination of Gy,
2033 Tia T Co Tz Cos Cyy dr Depyrimidination of Tqgand Tos

5 HOgPOJ\PJ\ pJ\ p\l\p J\pJ\ p\l\ OH3  (Na')

2337 G As G5 A1 As Ag Ag Depurination of Gz and
N HO3P°\I‘PJ‘PJ\P\}\ P\}‘F’\}\P\}\OPOH CORN depyrimidination of T11
2643 Ay Gy G As G A Ay A Depyrimidination of Tyand
¥ HOSPO\}\PJ‘P\}‘ F’\I‘F’J‘PJ‘ P\}\P\}‘OPOaH ¥ (Na") depurination of A4
2944 Tis Ag Tz Tis Tie T Cy Ty Copdr Depurination of G44 and

SHO\l\PJ\ \|\ J\PJ\PJ\ \l\F’\l\ \|\ J\OP03 depyrimidination of Co4

5'-T1- Az- G3- G4~ As- Ge- As- Ag- Ag- A1g-T11-A15-C13-3’ 5'-A1- Az- G3- G4~ As- Gg- As- Ag- Ag- A1p-T11-A12-C13-3
3'-A26-T25-Coa-Co3-T22-C1-Too-T19-T1g~ T17-A16-T15-G14-5’ 3'-T26-T25-Cos~ Coz- T22-Co1-Too-T19-T1g-T17-A16-T15-G14-5’
Duplex U4A-L4T Duplex XU4A-XL4T

For details of MALDI-TOF mass fragments, see Figures 4, panels A-H and

Supporting Information, Tables [Ia]-[Id].
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Entry Peptide/conjugate [DNA] AH AS AG TAS Ka
(mM) (mM) (kcal/mol) (cal/mol) (kcal/mol) (kcal/mol) (MY
1 HyM-10(0.15) 0.0033 -50.5 -140 -8.8 -41.7 2.9x10°
2 HyQ-10(0.15) 0.01 -74.4 -221 -8.6 -65.9 1.9x10°
3 HyH-10 (0.05) 0.0033 -51.2 -142 -8.8 -42.3 2.9x10°
4 HyS-10 (0.15) 0.006 -31.2 -74.5 9.0 -22.2 4.2x10°
la CLB-HyM-10(0.15) 0.005 -25.4 -56.3 -8.6 -17.8 2x10°
2a | CLB-HyQ-10(0.15) 0.007 -46.0 -126 8.3 375 1.2x10°
3a CLB-HyH-10(0.15) 0.005 -30.4 -75 -8.0 -22.4 7.7x10°
4a | CLB-HyS-10(0.15) 0.005 -26.6 -63.1 7.8 -18.8 5.3x10°
Netropsin -11.2 +5 -12.7
Distamycin A -18.5 -20 -12.6

Peptides HyM-10, HyQ-10, HyH-10, HyS-10 and corresponding CLB-peptide conjugates
were titrated against oligonucleotide duplex (U4A-L4T) employing isothermal titration

calorimetry. Netropsin and distamycin A were titrated versus copolymer duplex

poly[d(A-T)]*poly[d(A-T)] using batch calorimetry.22

The amino acid sequence of the peptides are:
Met-Hyp-Arg-Lys-(Py)s-Lys-Arg-NH,
GIn-Hyp-Arg-Lys-(Py)s-Lys-Arg-NH,
His-Hyp-Arg-Lys-(Py)s-Lys-Arg-NH,
Ser-Hyp-Arg-Lys-(Py)s-Lys-Arg-NH,

(HyM-10)
(HyQ-10)
(HyH-10)
(HyS-10)

Conjugation of chlorambucil to the N-terminal of these peptides afforded corresponding

CLB-peptide conjugates.
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Legends

Figure 1. Plots comparing the susceptibility of 158-mer (upper strand) and 135-mer
(lower strand) of pBR322 DNA fragment to cleavage induced by CLB-peptide
conjugates, or by DNase I (footprinting) in the presence of peptides: A, CLB-NR6; B,
CLB-HyM-10; C, peptide HyM-10; D, CLB-HyQ-10; E, peptide HyQ-10. The vertical
dotted lines in Figure 1 C and Figure 1E denote the positions of interstrand bidentate
interactions between peptide moieties and bases of DNA. F, G: Representative
cleavage of the pBR322 DNA fragment induced by CLB-HyM-10 and CLB-HyQ-10
at 900 nM and 1800 nM, respectively.

Figure 2. Autoradiographs showing cleavage of 158-mer (left panels) and 135-mer
(right panels) of pBR322 DNA fragment induced by DNase I (footprinting) in the
presence of peptide HyM-10 (upper panels), or induced by incubating with conjugate
CLB-HyM-10 in 5 mM sodium cacodylate buffer (pH 6.5) at 37°C for 30 min (lower
panels).

Figure 3. Panel A: CD spectrum for the titration of duplex U4A-L4T versus peptide
HyM-10 at peptide concentrations of 0.5, 1.0, 2.2, 2.4, 2.6, 2.8, 3.0, 3.2, 3.4, 4.0, 5.0,
7.0 uM at 37°C. Panel B: Corresponding CD difference spectra with the contribution
of free duplex and peptide HyM-10 subtracted. Panel C: Titration of U4A-L4T versus
conjugate CLB-HyM-10 at conjugate concentrations of 0.5, 1.0, 1.5, 1.8, 2.1, 2.2, 2.3,
24, 25, 26, 2.7, 2.8, 3.0, 3.5, 4.0, 5.0 uM at 37°C. Panel D: Corresponding

difference spectra with the contribution of free duplex and conjugate CLB-HyM-10

subtracted. Panel E: Job’s plots of AB-X versus mole fraction ligand at 322 nm (X =
mole fraction ligand) for the titration of duplex U4A-L4T versus different ligands.
The stoichiometry of ligands HyM-10, HyQ-10, CLB-HyM-10, and CLB-HyQ-10

binding to duplex U4A-L4T is determined to be 3:1, 3:1, 2:1, 2:1, respectively.
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Figure 4. Major cleavage fragments induced by conjugates CLB-HyM-10, (panel A)
and CLB-HyQ-10 (panel B) on the oligonucleotide duplex U4A-L4T; major cleavage
fragments induced by conjugates CLB-HyM-10, (panel C) and by CLB-HyQ-10
(panel D) on the oligonucleotide duplex XU4A-XL4T as detected by MALDI-TOF
mass spectroscopy; representative MALDI-TOF mass peaks of major cleavage
fragments induced by conjugates CLB-HyM-10, (panel E) and CLB-HyQ-10 (panel F)
on the oligonucleotide duplex U4A-L4T. The sequences of the upper and lower
strands of duplexes U4A-L4T and XU4A-XL4T are shown in Table 2.

Figure 5A. Proposed stepwise cleavage of duplex U4A-L4T induced by
chlorambucil-peptide conjugate CLB-HyM-10 via an initial monomeric binding,
followed by a dimeric binding mode, resulting in the generation of fragmental strands
from opposite strands. Figure 5B, Proposed stepwise cleavage of duplex U4A-L4T
induced by conjugate CLB-HyQ-10 via a similar dimeric binding mode. Before DNA
cleavage, the peptide moieties of the conjugate first interact with the DNA minor
groove via monodentate, interstrand bidentate, ionic and hydrophobic interactions
(non-covalent interactions not shown). Figure 5C. Proposed stepwise cleavage
mechanism of duplex XU4A-XL4T induced by chlorambucil-peptide conjugate
CLB-HyM-10. Figure 5D. Proposed stepwise cleavage mechanism of duplex
XU4A-XLAT induced by conjugate CLB-HyQ-10. X, M, Q, Py, Py and dr represent
residues of  chlorambucil, methionine, glutamine, hydroxyproline,
4-amino-1-methylpyrrole-2-carboxylic acid, and deoxyribose, respectively. Position
of DNA cleavage is proposed to locate near the CLB moiety and is denoted by the red
arrow sign |. The underlined base indicates where depurination or depyrimidination
has occurred. The found mass of the cleaved fragments from MALDI-TOF
experiments are as shown in brackets.

Figure 6A. ITC curves for titration of decapeptides HyM-10, HyQ-10, CLB-HyM-10
38
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and CLB-HyQ-10 into the U4A-L4T duplex at 25°C. For each experiment the top
panel represents the raw heat of binding generated with successive additions of
peptide, and in the bottom panel the integrated heat is plotted versus peptide/DNA
molar ratio. Data acquisition and analysis were performed using nonlinear
least-squares fitting algorithm software (Microcal Origin 7.1).

Figure 6B. Plot of enthalpy (AH) versus entropy (7AS) from ITC of HyM-10, HyQ-10,
CLB-HyM-10 and CLB-HyQ-10 added to the U4A-L4T duplex at 25°C (298 K).
Figure 6C. Plot of enthalpy (AH) versus entropy (7AS) from ITC of HyM-10 [1],
HyQ-10 [2], HyH-10 [3], HyS-10 [4], CLB-HyM-10 [la], CLB-HyQ-10 [2a],
CLB-HyH-10 [3a], CLB-HyS-10 [4a] added to the U4A-L4T duplex at 25°C (298 K).
Figure 6D. Three-dimensional plot of AH, TAS, AG from titration of peptides and
CLB-peptide conjugates into the U4A-L4T duplex. The short vertical projection plane
(in green) corresponds to AG magnitudes preserved around -7.9 kcal/mol. The figure

represents a view of the ‘cube’ from below.
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