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The transducing ability of the third helix of transcription factor
homeodomains is effectively mimicked by a biphenyl system
displaying guanidine groups. The biphenyl class of small mole-
cule carriers (SMoCs) can carry biomolecules into a wide variety
of cell types. A “combinatorial” approach to the synthesis of
SMoCs is described using sequential Pd° coupling chemistry to
assemble the molecules from highly functionalized building
blocks. SMoCs coupled to the DNA licensing repressor protein

Introduction

The homeoprotein transcription factors are internalized by and
secreted from cells and thus may participate in cell-cell signal-
ing." This ability to transfer between cells is mediated by the
homeodomain, specifically the third helix being responsible for
the internalization function with an adjacent sequence being
responsible for the secretion (Figure 1). The 16-amino-acid
peptide sequence (termed penetratin) derived from the third
helix is an efficient cell-penetrating peptide (CPP) and has
been used to carry a wide variety of biomolecules into cells. A
basic peptide from the HIV-1 transcription factor tat? has also
been used as a CPP and many other peptide CPP variants have
been reported.?*

In general, CPPs are not more than 30-35 amino acids®™® in
length. CPPs are able to transport a diverse range of mole-
cules, for example peptides, proteins and DNA, into cells.®'”
Although the bulk of the work on CPPs was carried out in
vitro, some notable successes have been achieved in vivo™ in-
cluding a remarkable rescue of purine nucleoside-deficient
mice with exogenously delivered protein."” We recently re-
ported on a small-molecule mimic of the third helix of a home-
odomain employing a biphenyl system as a rigid chemical scaf-
fold to display amino-acid side-chain functionality."" Use of
polyphenyl systems to mimic a-helices has been reported by
Hamilton"? and also Jacoby."® The rigidity of this chemical
scaffold is central to this approach as it allows mimicry of the
helical region in a compact molecular unit. In contrast, small
molecules are random coils in solution and may only show sec-
ondary structure in special solvents."*'™ These small-molecule
carriers (Figure 1), which we termed SMoCs, efficiently deliver
dye molecules and proteins into multiple cell types. The

ChemBioChem 2008, 9, 1787 - 1796

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

geminin can inhibit DNA replication in vitro. We conducted a
structure-activity investigation utilizing a range of SMoC-gemi-
nin conjugates and demonstrate that both electrostatic and
structural features are important for efficient uptake and func-
tional activity. The best analogue was more efficient than
either (Arg), or (Arg), linked to geminin. Effective inhibition of
DNA synthesis was achieved in fibroblasts and osteosarcoma
cell lines.

SMoCs have a low molecular weight (compared with CPPs), are
easy to conjugate to the cargo, and as reported here, straight-
forward to synthesize. Other groups have synthesized small
molecules containing guanidines, that are able to transport
cargoes inside cells but these are not conformationally
constrained."®"”

In order to conduct a wider range of biological studies, we
required access to analogues and larger quantities of SMoCs.
However, the previously reported synthesis for SMoCs"" was
linear, laborious and not suitable for large-scale preparations.
We report here an improved “combinatorial” convergent syn-
thesis allowing rapid assembly of analogues based on a bi-
phenyl scaffold. This new route allowed the synthesis of a
range of SMoC analogues, enabling the first meaningful struc-
ture-function study of these compounds. For simplicity, we
use the terminology 2G, 3G, and 4G to indicate a SMoC deriva-
tive with two, three or four guanidine groups.
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Figure 1. The antennapedia homeodomain showing the third helix (highlighted) utilized in the design of 4G-SMoC (top) and 2G-SMoC (bottom).

Results

Synthetic design

In principle, simple assembly of appropriately decorated ben-
zenes would allow access to a wide range of substituted
SMoCs (Scheme 1A). Recent developments in Pd® coupling
chemistry allow the retrosynthetic analysis shown. The new
convergent synthetic methodology is illustrated for 4G-SMoC
(Scheme 1B) and is dependent on the Suzuki-Miyaura® Pd°
coupling of fully alkylated polyphenols. This key step in the
synthesis allowed us to avoid the early yield-limiting step of
tetra-alkylation present in the previous reported method. We

could synthesize a range of analogues through combinatorial
assembly of different building blocks. We chose to generate
the amino linker function late in the synthesis through simple
reduction of a cyano group, avoiding tedious protection—de-
protection protocols. Again, we utilize Pd® chemistry to directly
couple the cyano group to a halobenzene allowing building
block assembly of biphenyl and linker.

A key 1,4-dihalobenzene intermediate

We first prepared the dibromodimethoxybenzene™ 2

(Scheme 2) by bismetallation of veratrole and subsequent trap-

O
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Scheme 1. A) Synthetic design showing the combinatorial assembly of SMoC and linker groups, and B) detailed retrosynthesis of 4G-SMoC.
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Scheme 2. Synthesis of dibromocatechol 2. Reagents: a) BuLi, TMEDA, 2 h,
room temperature, then, Br,, —78°C then warm to room temperature (16 %).

ping by C,Br,Cl,, but obtained a low yield (16%). In addition,
there was no discrimination between the two halogens possi-
ble for the subsequent Pd° cross couplings. To overcome this
problem we decided to synthesize compound 3 (Scheme 3)
which contains two different halogens. The intermediate silyl
compound was obtained by one pot, sequential ortho metalla-
tions with TMSCl and C,Br,Cl, quenches.”®*" Trapping the
monolithiated veratrole before the second metallation was
much more efficient than utilizing the dilithio intermediate.
The bromotrimethylsilyl intermediate was then treated with
iodine monochloride in DCM to afford the iodobromo deriva-
tive 3. After cleavage of the methoxy groups with boron tribro-
mide, the bis-alkylation of the bromoiodocatechol with the
mesylate 4 proceeded in good yield (59%). In the first instance,
we used tert-butoxycarbonyl (Boc) as the protecting group.
Unfortunately, this was found to be unstable during the long
reaction time required to complete the bis-alkylation. There-
fore, we switched to the more stable benzyloxycarbonyl (Z)
protection.

Sequential Pd® coupling allows the synthesis of 4G-SMoC

The Cbz-protected iodobromo compound was engaged in a
microwave-promoted palladium-catalyzed monocyanation.”
This reaction was completed in 10 min at 140°C in DMA, with
Pd,dba,/dppf as the catalyst and Zn(CN), as the cyanide
source producing the bromocyano derivative 5 in good yield
(61%; Scheme 3, step d). The quantity of zinc cyanide was cru-
cial since the use of more than 0.5 equivalents resulted in the
formation of the dicyano compound. The Suzuki-Miyaura cou-
pling of 5 with the boronic ester 6 produced the polyalkylated
biphenol 7 in excellent yield (100%). The order in which these
two reactions were undertaken was critical. In fact, when we
attempted to do the coupling prior to the cyanation step, a
mixture of the desired product, bis-cross-coupling product and
deiodinated compound was obtained. The purification of this
mixture proved difficult, and the overall yield was much lower
(24-35% depending on the coupling conditions).

After deprotection of the Z groups with hydrogen bromide,
the resulting tetra-amino compound was guanidilated. Of the
guanidilating reagents® tested, only N,N-di-Boc-N'-trifluoro-
methanesulfonyl-guanidine (8)?* permitted the reaction to go
to completion. The intermediate tetra-amine had to be careful-
ly dried before reacting with 8; otherwise incomplete conver-
sion occurred. Reduction of the cyano moiety was performed
under atmospheric pressure of hydrogen, with Raney-Nickel as
a catalyst in the presence of ammonia.”” The benzylamine in-
termediate 9 was coupled to SPDP 10 under standard activat-
ed-ester conditions. Deprotection of the Boc-protected com-
pounds wusing a mixture of TFA/H,O/triisopropylsilane
(95:2.5:2.5), gave the tetraguanidine 11 ready for coupling to a

protein Cys-SH.
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Scheme 3. Synthesis of 4G-SMoC 11 Reagents: a) BuLi, TMEDA, Et,O, 1 h, room temperature, then, TMSCI, 16 h, room temperature; then BuLi, TMEDA, 2 h,
room temperature; then C,Br,Cl,, 1 h, —40°C; then warm to room temperature (89%); b) ICl, DCM, 2 h, —40°C (26%); c) BBr;, DCM, 16 h, room temperature;
then 4, DMF, Na,CO;, 24 h, 80°C (59%); d) Zn(CN),, Pd,dba;, dppf, Zn(OAc),, Zn, DMA, 140°C, 10 min, MW (61%); e) 6, PdCl,dppf, K;PO,, toluene, water, 18 h,
100°C (100%); f) HBr, DCM, 90 min, room temperature; then 8, Et;N, DCM, 16 h, room temperature (65%); g) Raney-Ni, NH,OH, THF, H,, 16 h (44%); h) 10,
DIEA, DCM, 16 h, room temperature (11 %); i) TFA/H,O/TIPS (95:2.5:2.5), 3 h, room temperature (100 %).
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The boronic ester 6 is the key intermediate in the synthesis
of different SMoC analogues. It was synthesized starting from
bromoveratrole 12 (Scheme 4). This compound, prepared ac-
cording to a known procedure,*® was treated with boron tri-
bromide and the resulting catechol alkylated with 4 to provide

0 0
- ) ZNH 0 ) ZNHT
a
— = ZNH — > ZNH
\o \/\O \/\O
Br
12

Br
13 6

Scheme 4. Synthesis of boronic ester 6. Reagents: a) BBr;, DCM, 16 h, room temperature;
then 4, DMF, Cs,CO;, 2 h, 100°C (45 %); b) bispinacolatodiborane, PdCl,dppf, KOAc,

DMSO, 80°C, 72 h (30%).

13. Cesium carbonate was used instead of sodium carbonate
(used for the synthesis of 5). This speeded up considerably the
bis-alkylation reaction, which was performed in 2 h instead of
the 16 h required previously. Compound 13 was then engaged
in a palladium-catalyzed borylation®” to afford 6. With a flexi-
ble modular synthesis now in place, we applied this methodol-
ogy to the synthesis of a range of different SMoC analogues.

Changing the order of the Pd° couplings gives different
substitution patterns

To explore the influence of the position of the guanidine side
chains, we prepared compounds 18, 20, 23, and 26. These bis-
guanidilated biphenyl analogues were synthesized from the
same starting material, namely the commercially available bro-
moiodoanisole 14 (Scheme 5). Cleavage of the methoxy group
followed by the alkylation of the resulting phenol afforded 15
in good vyield (60%). An advantage of this methodology is
that, according to the order of the synthetic transformation,
mono-cyanation or mono-Suzuki coupling, we could obtain
four different analogues. Mono-cyanation, performed under
the same conditions as for 4G-SMoC, afforded 16 in good yield
(75%). In this case, we were able to use commercially available
2- and 3-hydroxyphenylboronic acids. Thus, Suzuki cross cou-
pling and subsequent alkylation of the phenol intermediates
enabled us to prepare 17 (54%) and 19 (62 %), respectively.
After introducing the Boc-protected guanidines, the cyano
groups were reduced affording free amines which were cou-
pled with the disulfide linker. Final deprotection of the guani-
dines produced 18 and 20. On the other hand, mono-Suzuki
couplings performed on 15 using the two previously described
hydroxyphenylboronic acids afforded the corresponding phe-
nols, which were then alkylated to give 21 (54%) and 24
(52%). These substrates were engaged in the cyanation reac-
tion. In this case, the temperature could be raised to 160°C,
since there was no risk of dicyanation, and 22 (76 %) and 25
(84%) were therefore obtained in better yield. The final com-
pounds 23 and 26 were prepared using the same protocol
(Scheme 3). Unfortunately, the hydrogenation conditions used
previously did not give the desired amino intermediate in sat-
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isfactory yield (<20%). To increase this yield, we investigated

several reduction conditions. The best result was obtained

with a mixed catalyst Pd°~Raney nickel under hydrogen pres-

sure.”® The vyield-limiting step was coupling of the amino

group with the linker. This is probably due to the partial de-
composition of the sensitive disulfide bond during
purification. Further development of linker technolo-
gy is underway in our laboratory.

0 Analogues exploring other structural features

Mono-phenyl analogue: We synthesized the mono-
phenyl analogue 28 (Scheme 6) in order to evaluate
its efficiency to deliver a cargo in comparison with
the biphenyl analogues. This would allow us to
assess the contribution of the biphenyl structure. Cy-
anation and subsequent guanidylation of 13 provid-
ed 27. This compound was coupled to the linker after reduc-
tion to the amino group by hydrogenation. Deprotection of
the guanidines afforded the 2G-monophenyl-SMoC 28.

Linker position: To investigate the influence of the position
of the linker, we synthesized 31 and 33 starting from the com-
mercially available bromocyanophenol 29 (Scheme 7). This
compound already contains the cyano moiety allowing us to
shorten considerably the synthesis. Compound 29 was alkylat-
ed by using the cesium carbonate procedure (68%). The result-
ing alkylated compound was then engaged in a Suzuki cross-
coupling reaction with 2- or 3-hydroxyphenylboronic acids,
providing 30 (80%) and 32 (95 %), respectively, after alkylation
of the intermediate phenols. The guanidines and the linker
were then introduced as previously described yielding 31 and
33 after final deprotection.

Increasing number of guanidine substituents: In order to eval-
uate the influence of the number of guanidine groups we also
considered that it would be interesting to synthesize the 3G-
SMoC analogue 35 (Scheme 7). Alkylation of 29 and coupling
of the resulting compound with boronic ester 6 afforded 34 in
excellent yield (93%). The 3G-SMoC 35 was then obtained
using the same procedure as before. The synthesis of this com-
pound was shorter and more efficient than that of the other
SMoC analogues, making it a good candidate for future study.

The biphenyl group is necessary for significant cellular
uptake

To determine the ability of SMoCs to carry biomolecules into
cells, we utilized live confocal microscopy and fluorescence ac-
tivated cell sorting (FACS) analysis. SMoCs were coupled with
the nuclear protein geminin,®” a repressor of origin licensing,
through a disulfide bond. For these studies geminin was la-
beled with the dye Alexa Fluor 488 (g*). Live confocal micros-
copy images for four representative SMoC-geminin-Alexa
Fluor analogues, 11-g* 28-g* 33-g* and 35-g* are shown
(Figures 2A-D and Figure S1 in the Supporting Information).
Cellular uptake was studied in two cell lines, WI-38 human dip-
loid fibroblasts (HDF) and human osteosarcoma cells (U20S).
When U20S cells were treated with the fluorescent tagged
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Scheme 5. Synthesis of 2G-SMoCs, compounds 18, 20, 23, and 26. Reagents: a) BBr;, DCM, 16 h, room temperature; b) 4, DMF, Cs,CO;, 4 h, 80°C (60%);

¢) Zn(CN),, Pd,dba;, dppf, Zn(OAc),, Zn, DMA, 10 min, MW; d) 2- or 3-hydroxyphenylboronic acid, PdCl,dppf, K;PO,, toluene, water, 18 h, 100°C; e) HBr, DCM,
90 min, room temperature; then 8, Et;N, DCM, 16 h, room temperature; f) Raney-Ni, NH,OH, THF, H,, 16 h; then 10, DIEA, DCM, 16 h, room temperature;

g) Raney-Ni, Pd/C, NH,OH, dioxane, water, H, (5 atm), 16 h; then 10, DIEA, DCM, 16 h, room temperature; h) HCO,H, 2 h, 50°C.

proteins, the highest uptake was detected when the cells were
incubated with the 4G-SMoC-protein 11-g* (Figure 2D) and
the lowest when treated with the 2G-SMoC-protein 28-g*. In
the case of WI-38 HDF, the difference in uptake was not obvi-
ous by this method, but a preferential perinuclear and nuclear
localization was observed when geminin was linked to com-
pounds 35-g* and 11-g* containing three and four guanidines,
respectively (Figure S1). These data suggested a role for elec-
trostatic forces in the efficiency of the delivery and cargo local-
ization. In both cell lines, poor uptake was detected when the
cells were incubated with the mono-phenyl compound 28-g*
and this compound was not used in further studies.

ChemBioChem 2008, 9, 1787 - 1796
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Flow cytometry shows that SMoC-geminin conjugates enter
cells

Live microscopy provided qualitative information on the sub-
cellular localization and uptake efficiency of internalized
SMoC-geminin conjugates. We turned to FACS analysis to
assess the relative amounts of cellular uptake and the percent-
age of cells internalizing SMoC-geminin. Cell populations were
analyzed by FACS after treatment with different SMoC ana-
logues conjugated to geminin labeled with Alexa Fluor 488.
The percentage of fluorescent cells obtained from this experi-
ment were analyzed for both cell lines (Figure 3, gray bars).
Cells treated with labeled geminin conjugated to SMoC show a
clear shift in the FACS profile towards higher fluorescence
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Scheme 6. Single phenyl unit bis-guanidine compound 28. Reagents:

a) Zn(CN),, Pd,dbas, dppf, Zn(OAc),, Zn, DMA, 160°C, 10 min, MW (72%);

b) HBr, DCM, 90 min, room temperature; then 8, Et;N, DCM,16 h, room tem-
perature (45%); c) Raney-Ni, NH,OH, THF, H,, 16 h (28 %); d) 10, DIEA, DCM,
16 h, room temperature (20%); e) TFA/H,O/TIPS (95:2.5:2.5), 3 h, room tem-
perature (100 %).

values compared to the controls; this reveals that all SMoC-
conjugated proteins can enter into the cells. Approximately
100% of U20S cells show uptake of SMoCs while for WI-38
cells the value is between 75 and 90% (Figure 3, gray bars).
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Uptake efficiency is critically dependent on SMoC structure

The relative efficiency of uptake was assessed by comparing
the intensity of the fluorescence values for the different SMoCs
in the two cell lines WI-38 and U20S.

The first six bars of the chart shown (Figure 3, colored bars)
represent the uptake obtained by using the bis-guanidines
(18, 20, 23, 26, 31, and 33) as carrier, the seventh and eighth
bars represent the data for the tris-guanidine compound 35
and the tetra-guanidine compound 11, respectively. It is clear
that the SMoCs bearing three or four guanidines are more effi-
cient carriers than those with two guanidines. Closer inspec-
tion of the relative fluorescence data for the bis-guanidines re-
veals some subtle differences. The compounds 18, 31 and 20,
33 display the guanidine side chains in the same orientation,
however, the linker is in a different position. The efficiency was
higher when the linker was para relative to the guanidine side
chain. Moreover, when the guanidine side chain is ortho to the
linker (compounds 23 and 26) we observed a decrease in the
ability to carry the cargo inside the cells. From these data we
conclude that the position of the linker is influential in deter-
mining the efficiency of the molecule. Steric hindrance by the
cargo might obstruct the interaction of the carrier with the cell
membrane during the uptake. An alternative explanation
would be that the linker or cargo disrupts the spatial arrange-
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Scheme 7. Synthesis of 2G-SMoCs 31 and 33 and 3G-SMoC 35 with linker in meta position to the phenyl ring. Reagents: a) 4, DMF, Na,COs, 15 h, 80°C; b) 2-
or 3-hydroxyphenylboronic acid, PdCl,dppf, K;PO,, toluene, water, 18 h, 100 °C; then 4, DMF, Cs,CO;, 4 h, 80°C; c) 6, PdCl,dppf, K;PO,, toluene, water, 18 h,
100°C; d) HBr, DCM, 1.5 h, room temperature; then 8, Et;N, DCM,16 h, room temperature; €) Raney-Ni, NH,OH, THF, H,, 16 h; f) 10, DIEA, DCM, 16 h, room

temperature; g) TFA/H,O/TIPS (95:2.5:2.5), 3 h, room temperature.
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Figure 2. Live microscopy visualisation of delivery of SMoC analogues coupled to geminin labelled with Alexa
Fluor 488 in human U20S osteosarcoma cells. Final concentrations of geminin 10 um. Scale bars are 10 um.

ment of the guanidines preventing optimal binding to the cell.
The similar efficiency of compounds 18, 20, 23, and 26 indi-
cate that the position of the guanidines on the aromatic ring
does not have a significant influence on the ability to deliver
cargo. In the bis-guanidines compounds 31 and 33 exhibit
greater than 50 % relative uptake.
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Comparison of 4G-SMoC-gemi-
nin 11-g* with (Arg),-SS—gemi-
nin and (Arg)g-SS—geminin

In order to compare the efficien-
cies of our SMoC transporters

with arginine containing
peptides,® (Arg),Cys-Alexa
Fluor 488-geminin and

(Arg)gCys-Alexa Fluor 488-gemi-
nin were prepared by standard
peptide synthesis and coupling
of (Arg),Cys-SSPyr to Alexa
Fluor 488-labelled geminin ex-
actly as for 4G-SMoC. However,
we found that the (Arg), Alexa
Fluor 488-geminin  conjugates
were significantly more adher-
ent to the purification columns
than the 4G-SMoC-Alexa
Fluor 488-geminin  conjugates.
For this reason extensive purifi-
cation of the (Arg), conjugates
was avoided and they were
compared with 4G-SMoC-Alexa
Fluor 488-geminin prepared in
an identical fashion. The FACS
data for the uptake of 4G-SMoC-
Alexa Fluor 488-geminin 11-g*
compared to (Arg),Cys—geminin
and (Arg)sCys—geminin is shown
in Figure 4. All the conjugates
allow some degree of cellular
uptake, perhaps surprisingly
both the Arg-containing pep-
tides appear to be quite similar
NH in their ability to internalize the
Alexa Fluor 488—geminin conju-

g gate. In contrast 4G-SMoC-Alexa
© s (D Fluor 488-geminin  11-g* s
1-g* taken up by a higher proportion

of cells and with greater relative
fluorescence.

Inhibition of DNA synthesis
correlates with the cellular
uptake efficiency

To assess the ability of different SMoCs to deliver a functional
protein, we treated WI-38 HDF and U20S cells with these carri-
ers coupled with geminin (termed X-g). Geminin is a 23.5 kDa
protein that blocks DNA replication. For this application we
used a N-terminal-truncated form of geminin (ANg) which is
not degraded during the cell cycle.™™ We then studied how
cellular replication was affected by measuring the incorpora-
tion of BrdU (Figure 5). The 2G-SMoC-geminin 33-ANg and
3G-SMoC-geminin 35-ANg showed significant inhibition of
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Figure 3. FACS analysis histogram of FACS profile of live WI-38 and U20S cells treated by SMoC analogues coupled with labeled geminin-Alexa Fluor 488
(g*). The color bars represent the mean fluorescence and the gray bars the percentage of labeled cells. Final concentrations of geminin 10 pum.
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Figure 4. Facs analysis of WI-38 treated with 10 um (Arg),-g*, (Arg)s-g* and
11-g*.
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Figure 5. Evaluation of the inhibition of cell replication of live WI-38 (blue)
and U20S cells (purple) treated by SMoC analogues coupled with AN-gemi-
nin (AN-g). Final concentrations of AN-geminin 10 pum.

DNA synthesis only for the WI-38 cell line. In contrast, 4G-
SMoC-geminin 11-ANg was able to inhibit at least 85% of the
DNA replication in both cell lines.

Discussion

We prepared SMoC analogues using a “combinatorial”’, modu-
lar synthetic approach employing sequential Pd® couplings as
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key steps for the synthesis of SMoC analogues. In particular
the versatile Suzuki-Miyaura"® coupling reaction allowed the
assembly of highly functionalized building blocks into a range
of late-stage intermediates suitable for further manipulation
into the SMoC-protein reactive reagents. By changing the iden-
tity of the building block it is now possible to synthesize a
large range of SMoC molecules using this chemistry. Coupling
the SMoC reagents to the geminin protein enabled us to iden-
tify some of the molecular features required for an efficient
transporter. A clear influence of electrostatic forces was indicat-
ed as an increase in the number of guanidines led to increased
uptake and improved functional activity. The biphenyl struc-
ture is necessary but the positioning of the guanidine side
chains on this structure does not appear to be critical, albeit
that the highly flexible side chains employed here may not ad-
equately address this question. Is there an absolute require-
ment for a helical display arrangement? Clearly not as many
unstructured small peptides have activity, though our mole-
cules can mimic a helix (as in antennapedia homeodomain, for
example). Does, however, the rigid “scaffold” confer better ac-
tivity and are our compounds more efficient per kD as trans-
porters as a result? We have provided additional comparison
data here to suggest that they are more efficient than the
simple (Arg), and (Arg); peptides. Our small molecules have
other properties (such as increased lipophilicity) which may
contribute to the transduction effect. The positioning of the
linker-cargo relative to the guanidine side chain influenced ac-
tivity. Steric hindrance of the cargo might interfere with the
binding of the guanidines to the negatively charged phospho-
lipids/glycolproteins on the cell surface. A more subtle effect
on the conformation of the displayed guanidines cannot be
discounted at this stage. Although there was no reason to
assume that delivery of functional protein would correlate with
our FACS and microsopy data we found similar results. We also
observed that there was a greater uptake in the WI-38 cell line
than in the U20S, probably accounting for the requirement for
the most efficient transporter (4G-SMoC) to enable inhibition
of DNA synthesis in the osteosarcoma cells.
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It is instructive to compare our molecules with those of the
other nonpeptidic transporters: only the glycoside based trans-
porters of Tor*® have any degree of structural rigidity. Peptoid-
based"® or guanidine peptide nucleic acids®" do not, neither
do the sorbitol-based transporters,"” which unusually confer
mitochondrial subcellular localization. If we contrast these
agents with our SMoCs then we can see that the biphenyl is a
rigid scaffold system with increased lipophilic character. Fur-
ther studies will be required to elucidate the relative contribu-
tion of spatial orientation of side chains and lipophilicity. The
data presented here allow access to a wide range of SMoC
structures and contributes to the optimization of SMoCs for
the delivery of protein cargoes.

Experimental Section

Protein expression and coupling to xG-SMoC and Alexa
Fluor 488: Geminin and ANg were expressed and purified as de-
scribed.?? We conjugated geminin with Alexa Fluor 488 using the
Molecular Probes Protein Labelling kit, according to the manufac-
turer's protocol (Invitrogen). Coupling reactions of proteins with
the different SMoCs have been described.” The efficiency of cou-
pling was assessed by spectrophotometric quantification of pyri-
dine-2-thione at 343 nm and by monitoring the release of sulfhydr-
yl groups by using Ellman’s Reagent (Pierce, Rockford, IL, USA) ac-
cording to Pierce protocol 22582.

Preparation of (Arg),Cys-geminin conjugates: Both (Arg),-Cys-
SSPy and (Arg)sCys-SSPy were prepared by standard Fmoc peptide
synthesis (Peptide Protein Research, Hampshire, UK) and coupled
to Alexa Fluor 488-labelled geminin as described," but without
the final purification step.

Cell culture: Human U20S and WI-38 HDF, were cultured in DMEM
supplemented with FCS (10%), penicillin (100 UmL™") and strepto-
mycin (0.1 mgmL™").

Confocal microscopy: For detection of different xG-SMoC-gemi-
nin—-Alexa Fluor 488 uptake into live cells, exponentially growing
cells (WI-38 HDF and U20S) were cultured on glass coverslips. Cells
were washed in PBS and incubated with fresh medium containing
XxG-SMoC-geminin-Alexa Fluor 488 (10 um). Coverslips were
washed extensively in PBS, placed in a plate containing medium
without Red Phenol (Gibco) and observed by live confocal fluores-
cence microscopy (MP-UV, Leica Microsystems GmbH, Wetzlar, Ger-
many) by using 40x and 63x water immersion objectives. In
order to obtain similar fluorescence intensities, WI-38 and U20S
cells required incubation with the protein conjugate for 1 and 5 h,
respectively.

Fluorescence detection by FACS analysis: Cells were seeded in 6-
well plates and incubated with xG-SMoC—-geminin-Alexa Fluor 488
(10 um) for 3 (WI-38 cells) or 5h (U20S cells). Cells were then
washed extensively with PBS, trypsinized for 5—10 min, resuspend-
ed in medium, washed again in cold PBS and immediately ana-
lyzed by Flow Cytometry (FACSCalibur). A total of 10000 cells per
sample were counted. The mean fluorescence intensity of xG-
SMoC-geminin-Alexa Fluor488-treated cell populations was com-
pared with untreated control cells and cells incubated with Alexa
Fluor 488 or geminin—Alexa Fluor 488 only.

Cell proliferation assay: To assess whether AN-geminin retains its
ability to inhibit DNA replication in cycling cells when coupled
with xG-SMoC, xG-SMoC-AN-geminin (10 pm) was added to WI-38
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and U20S and replenished every 24 h, for a total 72 h treatment.
71 h after the initial treatment, cells were pulse-labelled for 1 h
with BrdU (10 um), then fixed with paraformaldehyde (4%), and
treated as described." Confocal fluorescence microscopy was per-
formed on a Leica TCS DMRE confocal microscope.

Abbrevations

Boc=tert-butoxy carbonyl, CPP=cell-penetrating protein, DCM =
dichloromethane, DIEA =N,N-diisopropylethylamine, DMA = N,N-di-
methylacetamide, DMF =dimethylformamide, DMSO =dimethyl-
sulfoxide, DMEM =Dulbecco’s Modified Eagle Medium, dppf=1,1"-
bis(diphenylphosphanyl)ferrocene, = FACS =fluorescence-activated
cell sorting, Fmoc =9-fluorenylmethoxycarbonyl, HDF =human dip-
loid fibroblasts, MS=methanesulfonyl, MW =microwave, PBS=
phosphate-buffered saline, SMoC = small-molecule carrier, Su=suc-

cinimidyl, Tf=trifluoromethanesulfonyl, TIPS =triisopropylsilane,
TMEDA =N,N,N',N'-tetramethylethylenediamine, Z=Dbenzyloxy
carbonyl.
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