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Conjugation of a short peptide fragment from a bZIP pro-
tein to an oligoguanidinium tail results in a DNA-binding
miniprotein that selectively interacts with composite se-
quences containing the peptide-binding site next to an A/T-
rich tract. In addition to stabilizing the complex with the
target DNA, the oligoguanidinium unit also endows the
conjugate with cell internalization properties.

Transcription Factors (TFs) are specialized proteins that participate
in the regulation of gene expression by binding to key DNA regula-
tory sequences,' and thereby promoting or inhibiting the assembly of
the transcriptional complex.” According to this fundamental role,
alterations in the activity of TFs are at the origin of many diseases,
including cancer.’ In this context, there has been a great interest in
the development of synthetic miniproteins that can reproduce the
DNA recognition properties of natural TFs.*

It is known that efficient DNA recognition typically involves the
cooperative action of multiple protein domains,” and isolated mono-
meric modules of TFs usually fail to interact with their DNA targets.
This complicates the development of minimized synthetic versions
of natural TFs.® One of the most successful strategies to make minia-
ture DNA binding proteins consists of combining the DNA binding
domain or fragment of a natural TFs with a small molecule, such as
intercalators or minor groove binders.” Following this approach, our
group has shown that linking the basic regions of bZIP TFs, or single
units of zinc finger DNA binders to distamycin or bisbenzamidine
derivatives affords conjugates that display high affinity for specific
DNA sequences of up to nine base pairs.® On the other hand, a major
obstacle in translating these synthetic binders to a real cellular con-
text derives from their poor cellular uptake. In recent years, the
discovery of cell-penetrating peptides (CPPs) has opened new oppor-
tunities for transporting designed cargoes inside living cells.” While
most CPPs consist of arginine-rich peptidic sequences, non-peptidic
bicyclic guanidinium oligomers have also demonstrated good trans-
location properties.'® In addition to their potential transport applica-
tions, qualitative molecular modeling suggests that the periodicity of
hydrogen bond donors in these oligomers might fit that of the phos-
phate backbone in a double stranded DNA, thus favoring DNA
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recognition (Figure 1b).!" Therefore, we envisioned that these guani-
dinium oligomers could be used as electrostatic anchors for the
stabilization of the DNA complexes of TF fragments that otherwise
would not bind to their target site. Indeed, many DNA-binding pro-
teins make use of short oligocationic peptide tails to increase the
thermodynamic stabilization of their complexes with the DNA.'
Moreover, we expected that the resulting hybrids might be able to
cross cell membranes.
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Fig 1. (a) Oligoguanidines used in this study. (b) Structural proposal
of the interaction between an oligoguanidine and the DNA; view
along the DNA axis showing potential hydrogen bonds. (c) Cartoon
representation of a designed hybrid bound to the DNA. The se-
quences of the GCN4 basic region (br) and the target peptide (brC)
are also shown.

Herein, we report the synthesis, DNA binding and cell internaliza-
tion studies of conjugates between a protein fragment of a bZIP TF,
and bicyclic oligoguanidiums (Figure 1c). These studies revealed
that the presence of the guanidinium oligomer not only allows the
efficient DNA recognition by the peptidic unit, but also provides for
a sequence selective interaction in the DNA minor groove. In addi-
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tion, we demonstrate that, in contrast to the parent peptide, the oli-
goguanidinium conjugate is efficiently internalized by cells.

Our design is based o GCN4, an archetypical bZIP TF that specifi-
cally binds to AP1 (5-ATGA(c)TCAT-3") or ATF/CREB (5’-
ATGA(c/g)TCAT-3") sites."”” The DNA contact takes place through
the basic regions, which comprise ~20 N-terminal residues and fold
into a-helices only upon binding to their target DNA.' Isolated
basic regions are unable to interact with their DNA target site with
reasonable affinity. We synthesized a GCN4 fragment comprising
residues Asp226 to GIn248 (br)."> This core sequence was extended
with a cysteine residue at the C-terminus as nucleophilic handle for
the attachment of the oligoguanidium fragments.

The peptide brC was synthesized following standard Fmoc solid
phase peptide synthesis protocols, and purified by HPLC. As elec-
trophilic coupling partners we chose the mesylates 1 and 2, featuring
either tetra- (Guy) or pentaguanidinium (Gus) units.'® Conjugation
between the peptide brC and the oligoguanidinium mesylates was
performed by heating the corresponding mixtures in phosphate
buffer (pH 10) at 40 °C for 14 h. The desired products, brC—-Guy and
brC-Gus, were isolated in moderate yields (45 % and 28%, respec-
tively), and identified by ESI-MS. As a control, we also synthesized
a conjugate containing an octaarginine instead of the oligoguanidini-
ums (brC—Ryg), obtained by incubating at rt the peptide brC with an
N-terminal bromoacetylated Gly,-Argg peptide (Scheme 1 and ESI).
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Scheme 1. Key steps in the synthesis of the conjugates of the basic
region of GCN4 (brC). Aba stands for p-aminobenzoic acid, and is
included as a chromophore for spectroscopic monitorization.

Following the synthesis of the oligoguanidinium and arginine conju-
gates, we studied their DNA binding properties by electrophoretic
mobility assays (EMSA) in polyacrylamide gel under non-
denaturing conditions, and using *’P-labelled oligonucleotides for
radioactive detection. Gratifyingly, incubation of brC—Gus with the
double-stranded oligo AP1™eA/T, which contains the AP1 half-site
required for peptide binging (TCAT) next to an A/T-rich site
(AATTT), gave rise to a new slow-migrating band, consistent with
the formation of a well-defined complex (Figure 2, panel Al).
Moreover, EMSA titrations demonstrated the high stability of the
resulting brC—Gus / AP1™A/T complex (K5 ~ 170 nM, see ESI).
The brC-Gu, analogue is also capable of forming discrete complex-
es with the composite target DNA, although in this case displaying
much weaker binding (Kp = 813 nM, see ESI). It is important to note
that the peptide brC itself binds the target DNA, under the same
conditions, with a very low affinity (~10 uM)."” Importantly, addi-
tional experiments with oligos containing mutations in the A/T-rich
site (AP1™emA/T, sequence: TCAT » GGCCG), or in the peptide
binding site (mAP1™¢A/T, sequence: CGGC « AATTT), showed
that neither brC-Guy nor brC—Gus give rise to retarded EMSA
bands (Figure 2, panels B1 and C1, and ESI). Remarkably, the oli-
goarginine control brC—Rg induces smeared bands with AP1"™A/T,

indicating the formation of a weak 1:1 complex and a number of ill-
defined complexes, possibly arising from non-specific electrostatic
interactions (Figure 2, panel A2)."® This effect is even more pro-
nounced in the case of the mutated oligo AP1"™emA/T, which gives
rise to heavily smeared bands in the gel (Figure 2, panel B2). As
expected, this control conjugate does not show new bands in the
presence of the mutated DNA mAP1"+A/T lacking the binding site
for the basic region. These data, and particularly the sequence selec-
tivity displayed by brC—Guy and brC—Gus, suggest that the oligo-
guanidine is not merely working as an electrostatic anchor, but it
might also be establishing some sequence-specific interactions,
likely through its (partial) insertion into the DNA minor groove.
Control experiments with two oligonucleotides containing one or
three G/C-base pairs as spacers between the peptide half-site and the
A/T-rich region, confirmed the selectivity of the interaction of brC—
Gug with the target site (see ESI).
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Fig 2. EMSA studies of the binding of brC—Gus and brC-Rg to
different dsDNA (Lanes 1-3 in all panels correspond to 0, 200 and
300 nM of the brC conjugate and = 50 nM of each DNA with a
small fraction (= 0.1%) of **P-labeled oligo for radioactive detection.
Samples were incubated for 30 min in 18 mM Tris (pH 7.0), 50 mM
KCl, 1.2 mM MgCl,, 0.5 mM EDTA, 9% glycerol, 0.11 mg/mL
BSA and 4.2% NP—40 at 20 °C. AP1™«A/T: 5'~ACGAACG TCAT +
AATTT CCTC-3'; mAP1™eA/T: 5~ACGAACG CGGC » AATTT
CCTC-3', AP1"™emA/T: 5~ACGAACG TCAT « GGCCG CCTC-3
(peptide binding site in italics, and minor groove binding site under-
lined; only one strand shown).

Circular dichroism is particularly suited to detect the interaction of
bZIP peptides with DNA, because their binding is coupled to the
folding of the basic region into an a-helix '* Thus, incubation of a 5
uM solution of brC-Gus with one equivalent of the oligonucleotide
AP1™eA/T resulted in a large increase of the negative band at 222
nm, which correlates with the expected o-helix folding (Figure 3,
left), and is in agreement with the high affinity displayed by this
conjugate in the EMSA experiments. There is also an increase in the
intensity of the negative band at 222 nm in the presence of the
AP1"emA/T dsDNA , albeit lower than with AP1"+A/T, while this
increase is not observed with the DNA lacking the cognate peptide-
binding site (mAP1™+A/T) (see the ESI). Importantly, in addition to
the folding of the peptide chain, CD experiments revealed a note-
worthy distortion of the DNA upon formation of the complex with
the brC—Gus conjugate, as evidenced by the changes in the charac-
teristic bands of the B-DNA at 245 and 275 nm (Figure 3, left and
ESI). In contrast, the brC—Rg conjugate did not induce any change
in the CD spectral region of the DNA, but there is folding of the
peptide chain (Figure 3, right, and ESI). Interestingly, control CD
experiments with the pentaguanidinium 3 also show a decrease in the
intensity of the band at 275 nm (figure 3, left). All of these results
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suggest that the interaction of the guanidinium pentamer in brC—
Gus with the DNA is intimate, and induces perturbations in the
winding of the DNA helix, perhaps because of a shielding in the
electrostatic repulsions between adjacent phosphates by the oligoca-
tionic tail 2
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Fig 3. Circular dichroism of 5 uM solutions of brC—Gus and brC—
Rg in absence of DNA (dashed lines), and in the presence of 1 equiv
of AP1™eA/T (solid lines). The contribution of the parent DNA to
the CD spectrum of the complexes has been subtracted. Samples
contained 5 uM of corresponding dsDNA (when present) and 5 uM
of peptides in 10 mM phosphate buffer (pH 7.5) and 100 mM of
NaCl at 20 °C.

Taken together, these results indicate that the oligoguanidine hy-
brids, particularly brC—Gus, interacts efficiently with specific DNA
sequences containing the AP1 half site (TCAT) adjacent to an A/T-
rich region. The interaction is stronger and more selective than with
the hybrid brC-Rg, despite the fact that this conjugate contains more
guanidinium groups. The high affinity and selectivity displayed by
brC—Gus suggests that the rigid structure of the bicyclic guanidini-
um scaffolds might be especially appropriate for complementing the
DNA surface. While the preliminary molecular modeling suggested
an interaction with the DNA phosphodiester backbone (Figure 1b),
this would imply similar binding to different DNAs as long as they
have the peptide-binding site. However, the experimental results
indicate that AP1"sA/T gives rise to more stable complexes than
AP1™emA/T. Since it is known that many DNA binders interact
with A/T-rich sites by inserting guanidinium or amidinium groups in
the DNA minor groove,”' we hypothesized that the binding prefer-
ence of our conjugates for DNAs featuring A/T-rich tracts might
result from the insertion of some of the guanidinium moieties into
the minor grove of these sequences.

Competition assays show that the water-soluble pentaguanidine 3 is
capable of displacing a fluorescent bisbenzamidine probe from the
A/T-rich minor groove of ds-oligos (see the ESI). > Not surprisingly,
this displacement is highly dependent on the ionic strength of the
medium, so that a low salt buffer containing 30 mM of NaCl induced
the formation of more stable complexes (Kp =~ 9 nM), whereas in-
creasing the concentration of NaCl to 100 mM results in a marked
decrease in the affinity (Kp = 140 nM). These results suggest that the
pentaguanidine 3 binds to dsDNAs containing A/T-rich tracts
through partial insertion of a number of bicyclic units in the minor
groove and simultaneous formation of salt bridges between the
terminal units and the phosphodiester backbone. This mechanism
would account for the sequence selectivity observed with the conju-
gate, as well as for the high influence of the ionic force.

We finally carried out preliminary cell internalization tests using
Vero cells and tetramethylrhodamine (TMR) derivatives of the
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GCN4 basic region, TMR-brC, and its conjugates TMR-brC—Rg
and TMR-brC-Gus (see the ESI). Thus, while TMR-brC is essen-
tially not internalized (Figure 4A), the two conjugates led to a clear
increase in the intracellular fluorescence (Figures 4B and 4C). The
conjugates, which are not significantly cytotoxic (see the ESI), ap-
pear to be trapped in endocytic vesicles (Figures 4D-F). The future
use of these compounds as genetic tools might require the incorpora-
tion of groups that could favor their endosomal escape and subse-
quent translocation into the nucleus. *

-
Fig 4. Fluorescence microscopy images of Vero cells incubated for
45 min at 37 °C. Top: Micrographs taken at 400X, ISO 400. (A) 5
uM of TMR-brC. (B) 5 uM of TMR-brC—Rg. (C) 5 uM of TMR~
brC-Gus. Bottom: 5 uM of TMR-brC—Gus and co-staining with

2.5 uM of DAPI. at 1000X, ISO 400. (D) Red channel. (E) Blue
channel. (F) Overlay of D and E.

Conclusions

In conclusion, tethering oligoguanidinium fragments to monomeric
basic regions of a bZIP protein allows recovery of its interaction to a
DNA consensus site, provided it is adjacent to A/T rich tracts. This
A/T selectivity stems from the intrinsic preference of the oligoguan-
idinium moiety to bind these sequences, most probably through
insertion of some of its bicyclic units in the minor groove, while the
others act as electrostatic phosphate clamps. The oligoguanidinium
appendage, in addition to promote DNA binding, allows an efficient
cellular uptake.

Acknowledgements

We are thankful for the support given by the Spanish grants
SAF2013-41943-R and CTQ2012-31341, the Xunta de Galicia
GRC2013-041, the ERDF and the European Research Council (Ad-
vanced Grant 340055). M.LS. and J.M. thank the Spanish MCINN

for their PhD fellowships.

Notes and references

¢ Departamento de Quimica Organica and Centro Singular de Investiga-
cion en Quimica Bioloxica e Materiais Moleculares (CIQUS). Univer-
sidade de Santiago de Compostela, 15782 Santiago de Compostela.
Spain.

® Institute of Chemical Research of Catalonia (ICIQ), Avda. Paisos Cata-
lans 16, 43007 Tarragona, Spain.
Information available:  See

Electronic ~ Supplementary (ESI)

DOI: 10.1039/c000000x

1 (a) D. S. Latchman, Eukaryotic Transcription Factors, Elsevier,
London 2004; R. J. White, Gene Transcription: Mechanism and Con-



10

ChemComm

trol, Oxford, 2001; (b) C. W. Garvie and C. Wolberger, Mol. Cell,
2001, 8, 937.

(@) N. M. Luscombe, S. E. Austin, H. M. Berman and J. M. Thornton,
Genome Biol., 2000, 1, 1; (b) M. Ptashne, A Genetic Switch, Cell
Press & Blackwell Science, 1992.

(a) J. E. Darnell, Nature Rev. Cancer, 2002, 2, 740; (b) A. T. Look,
Science, 1997, 278, 1059; (c¢) P. Brennan, R. Donev and S. Hewama-
na, Mol. Biosyst., 2008, 4, 909.

(a) M. E. Vazquez, A. M. Caamaiio and J. L. Mascarefias, Chem. Soc.
Rev., 2003, 32, 338; (b) J. W. Hgjfeldt, A. R. Van Dyke and A. K.
Mapp, Chem. Soc. Rev., 2011, 40, 4286.

(a) H. C. Nelson, Curr. Opin. Genet. Dev., 1995, 5, 180; (b) R.
Moretti and A. Z. Ansari, Biochimie, 2008, 90, 1015; (¢) D. J. Segal,
C. F. Barbas III, Curr. Opin. Chem. Biol., 2000, 4, 34.

(a) A. Jiménez, E. Pazos, B. Martinez-Albardonedo, J. L. Mascarefias
and M. E. Vazquez, Angew. Chem., Int. Ed., 2012, 51, 8825; (b) J.
Mosquera, A. Jiménez, V. I. Dodero, M. E. Vazquez and J. L. Masca-
refias, Nat. Commun., 2013, 4, 1874; (c) J. Mosquera, M. 1. Sanchez,
M. E. Véazquez and J. L. Mascarefias, Chem. Commun., 2014, 50,
10975.

(a) J. Mosquera, J. Rodriguez, M. E. Vazquez and J. L. Mascareiias,
ChemBioChem, 2014, 15, 1092; (b) A. M. Pyle, E. C. Long and J. K.
Barton, J. Am. Chem. Soc., 1989, 111, 4520; (c) E. Pazos, J. Mos-
quera, M. E. Vazquez and J. L. Mascarefias, ChemBioChem, 2011,
12, 1958.

(a) M. 1. Sanchez, O. Vazquez, M. E. Vazquez and J. L. Mascarefias,
Chem. Eur. J., 2013, 19, 9923; (b) M. E. Vazquez, A. M. Caamaiio,
J. Martinez-Costas, L. Castedo and J. L. Mascarefias, Angew. Chem.
Int. Ed., 2001, 40, 4723; (¢) J. B. Blanco, V. 1. Dodero, M. E.
Vazquez, M. Mosquera, L. Castedo and J. L. Mascarefias, Angew.
Chem. Int. Ed., 2006, 45, 8210; (d) J. B. Blanco, M. E. Vazquez, J.
Martinez-Costas, L. Castedo and J. L. Mascarefias, Chem. Biol.,
2003, 10, 713; (e) J. B. Blanco, O. Vazquez, J. Martinez-Costas, L.
Castedo and J. L. Mascarefias, Chem. Eur. J., 2005, 11, 4171; (f) J.
Rodriguez, J. Mosquera, O. Vazquez, M. E. Vazquez and J. L. Mas-
carefias, Chem. Commun., 2014, 50, 2258; (h) M. 1. Sanchez, J. Mos-
quera, M. E. Vazquez and José L. Mascarefias, Angew. Chem. Int.
Ed., 2014, 53,9917.

(a) M. C. Morris, S. Deshayes, F. Heitz and G. Divita, Biol. Cell
2012, 100, 201; (b) F. Madani, S. Lindberg, U. Langel, S. Futaki and
A. Gréaslund, J. Biophys., 2011, 2011, 1; (c¢) S. Trabulo, A. L. Cardo-
so, M. Mano and M. C. P. de Lima, Pharmaceuticals, 2010, 3, 961;
(d) A. Kerkis, M. A. F. Hayashi, T. Yamane and I. Kerkis, TBMB,
2006, 58, 7; (d) 1. Nakase, T. Takeuchi, G. Tanaka, and S. Futaki,
Adv. Drug Deliv. Rev., 2008, 60, 598.

(@) M. M. Fretz, N. A. Penning, S. Al-Taei, S. Futaki, T. Takeuchi, I.
Nakase, G. Storm, and A. T. Jones, Biochem. J., 2007, 403, 335; (b)
E. I. Geihe, C. B. Cooley, J. R. Simon, M. K. Kiesewetter, J. A. Ed-
ward, R. P. Hickerson, R. L. Kaspar, J. L. Hedrick, R. M. Waymouth
and P. A. Wender, Proc. Natl. Acad. Sci. USA, 2012, 109, 13171; (¢)
O. Vazquez, J. B. Blanco, M. E. Vazquez, J. Martinez-Costas, L.
Castedo and J. L. Mascarenas, ChemBioChem., 2008, 9, 2822.

11

12

13

14

15

16

17

18

19

20

21

22

23

(a) S. Komeda, T. Moulaei, K. K. Woods, M. Chikuma, N. P. Farrell,
and L. D. Williams, J. Am. Chem. Soc., 2006, 128, 16092; (b) S. M.
West, R. Rohs, R. S. Mann and B. Honig, J. Biomol. Struct. Dynam-
ics, 2010, 27, 861; (¢) T. Haack, M. W. Peczuh, X. Salvatella, J.
Sanchez-Quesada, J. de Mendoza, A. D. Hamilton and E. Giralt, J.
Am. Chem. Soc., 1999, 121, 11813.

(a) J. A. Feng, R. C. Johnson, and R. E. Dickerson, Science, 1994,
263, 348; (b) A. Toth-Petroczy, 1. Simon, M. Fuxreiter, and Y. Levy,
J. Am. Chem. Soc., 2009, 131, 15084; (¢) C. Crane-Robinson, A. I.
Dragan, and P. L. Privalov, Trends Biochem. Sci., 2006, 31, 547.

(a) T. E. Ellenberger, C. J. Brandl, K. Struhl and S. C. Harrison, Cel/
1992, 71, 1223; (b) P. Koénig and T. J. Richmond, J. Mol. Biol., 1993,
233, 139; (¢) W. Keller, P. Konig and T. J. Richmond, J. Mol. Biol.,
1995, 254, 657.

M. A. Weiss, T. Ellenberger, C. R. Wobbe, J. P. Lee, S. C. Harrison
and K. Struhl, Nature, 1990, 347, 575.

(@) R. V. Talanian, C. J. McKnight and P. S. Kim, Science, 1990,
249, 769; (b) R. V. Talanian, C. J. McKnight, R. Rutkowski and P. S.
Kim, Biochemistry, 1992, 31, 6871; (c¢) M. Ueno, A. Murakami, K.
Makino and T. Morii, J. Am. Chem. Soc., 1993, 115, 12575; (d) B.
Cuenoud and A. Schepartz, Science, 1993, 259, 510.

(a) J. Fernandez-Carneado, M. V. Gool, V. Martos, S. Castel, P.
Prados, J. de Mendoza and E. Giralt, J. Am. Chem. Soc., 2005, 127,
869; (b) F. Kielar, A. Congreve, G. Law, E. J. New, D. Parker, K.
Wong, P. Castrefio and J. de Mendoza Chem. Commun., 2008, 2435.
(c) P. Breccia, M. V. Gool, R. Pérez-Fernandez, S. Martin-
Santamaria, F. Gago, P. Prados and J. de Mendoza, J. Am. Chem.
Soc., 2003, 125, 8270; (d) J. Valero, M. V. Gool, R. Pérez-
Fernandez, P. Castrefio, J. Sanchez-Quesada, P. Prados and J. de
Mendoza, Org. Biomol. Chem., 2012, 10, 5417.

M. Zhang, B. Wu, H. Zhao and J. W. Taylor, J. Pept. Sci., 2002, 8,
125.

(a) E. K. Liebler and U. Diederichsen, Org. Lett., 2004, 6, 2893; (b)
0. Vazquez, M. E. Vazquez, J. B. Blanco-Canosa, L. Castedo, and J.
L. Mascarenas, Angew. Chem. Int. Ed., 2007, 46, 6886.

(a) G. Holzwarth and P. Doty, J. Am. Chem. Soc., 1965, 87, 218; (b)
Y. Aizawa, Y. Sugiura, and T. Morii, Biochemistry, 1999, 38, 1626.
(a) R. Nagarajan, W. Liu, J. Kumar, S. K. Tripathy, F. F. Bruno, and
L. A. Samuelson, Macromolecules, 2001, 34, 3921; (b) J. T. Bokma,
W. C. Johnson and J. Blok, Biopolymers, 1987, 26, 893.

E. Fonfria-Subiros, F. Acosta-Reyes, N. Saperas, J. Pous, J. Subirana
and J. Campos, PLoS ONE, 2012, 7, €37120.

(a) O. Vazquez, M. 1. Sanchez, J. Martinez-Costas, M. E. Vazquez
and J. L. Mascareiias, Org. Lett., 2010, 12, 216. (b) M. 1. Sanchez, O.
Vazquez, J. Martinez-Costas, M. E. Vazquez and J. L. Mascareiias,
Chem. Sci., 2012, 3, 2383; (¢) M. 1. Sanchez, O. Vazquez, M. E.
Vazquez and J. L. Mascarefas, Chem. Commun, 2011, 47, 11107.

V. Torchilin, Biomedical Eng., 2006, 8, 343.

Page 4 of 4



