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The small molecule carrier class of biomolecule
transporters, modeled on the third helix of the
Antennapedia homeodomain, has previously been
shown to transport active proteins into cells. Here,
we show an improved synthetic route to small
molecule carriers, including Molander chemistry
using trifluoroborate salts to improve the yield of
the Suzuki–Miyaura coupling step for the forma-
tion of the biphenyl backbone. The required boro-
nic acids could be formed by the reaction of a
2-(dimethylamino)ethyl ether-modified aryl Grig-
nard reagent with triisopropyl borate. The poten-
tial for the use of small molecule carriers as
oligonucleotide-transporting agents was also
explored by characterizing the interactions
between small molecule carriers and siRNA.
Molecular dynamics and NMR analysis indicated
that the small molecule carrier guanidines are sta-
bilized by p-cation interactions with the biphenyl
system, thus not only increasing the basicity or
pKa but also shielding the charge. The binding
affinities of various small molecule carriers for
siRNA were investigated using isothermal calorim-

etry and gel shift assays. Small molecule carrier-
mediated siRNA delivery to cultured fibroblasts is
demonstrated, showing that small molecule carri-
ers possess the ability to transport functional siR-
NA into cells. Knockdown of Cdc7 kinase, a target
for cancer, is achieved.
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The use of short interfering RNA (siRNA) to knockdown target
genes via the mechanism of RNA interference (RNAi) has received
much attention over the last decade owing to the wide-ranging
therapeutic implications of this technology. Indeed, the first clinical
trials of siRNA-based drugs have started to emerge in recent years,
with many more potential targets having been identified both in vi-
tro and in vivo (1,2). There are, however, major challenges to the
development of RNAi therapeutics, including degradation, specific-
ity, and delivery. To knockdown its target gene, the siRNA must
enter the cell and bind to a protein complex called the RNA-
induced silencing complex (RISC) (3). siRNA molecules are large and
highly negatively charged, rendering them unable to cross the lipid
bilayer of the cell membrane. Therefore, the development of a safe,
effective delivery agent for siRNA remains one of the biggest chal-
lenges in biological therapeutics.

Several types of delivery vectors have been successfully used to
transport RNA into cells, including liposomes (4), cationic polymers
(5), and cell-penetrating peptides (CPPs) (6–9). Among the CPPs that
have been shown to be successful in delivering siRNA are TAT, pe-
netratin, transportan, and polyarginine (8). Amphipathic CPPs, which
display both cationic and lipophilic residues in the same molecule,
have been shown to be particularly effective delivery agents, and sev-
eral successful synthetic amphipathic CPPs have been designed, such
as CADY (7,10) and MPG (9). Although the mechanism for CPP trans-
duction is yet to be fully revealed, it is thought that crucial steps
include binding to negatively charged cell-surface proteoglycans
(7,11,12), followed by endocytotic internalization, translocation (12),
and endosomal escape (13). The mechanism for internalization (14)
has been widely debated, and recent studies point to multiple mecha-
nisms operating (12, 15) with peptide structure playing a key role.
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p-Cation interactions were first described by Burley and Petsko in
1986 (16) when they observed that the side chains of cationic
amino acids such as lysine and arginine are preferentially located
near the p-electron cloud of aromatic amino acids such as phenylal-
anine, tyrosine, and tryptophan. It has been found that p-cation
interactions are very common in proteins, with one interaction per
77 residues on average. Arginine residues are more favored for
p-cation interactions than lysine, probably due to the guanidine
group on arginine being larger and less solvated, resulting in
greater van der Waals interactions with aromatic rings than that of
lysine, as well as the ability of guanidines to form hydrogen bonds
and p-cation interactions simultaneously, whereas the lysine side
chain can only participate in one type of binding at a time (17).

Previously, we reported on a class of small molecule carriers
(SMoCs) based on amphipathic CPPs that were capable of delivering
functional proteins into cells (Figure 1) (18). We hypothesize that as
SMoCs mimic guanidine-rich CPPs, possessing guanidinium cations
linked to a lipophilic biphenyl system (19), they may be able to inter-
nalize siRNA in the same way as amphipathic CPPs such as MPG.
The positively charged guanidinium cations also enable the forma-
tion of electrostatic complexes with siRNA as have been observed
for several cationic peptides (6,10,20). In this paper, we study the
potential for SMoCs to form non-covalent complexes with siRNA by
investigating the pKa of the SMoC guanidine groups, as well as
measuring the affinity of different SMoCs for siRNA. We also exam-
ine the intramolecular structure of the SMoCs and provide evidence
to indicate that the guanidine groups are stabilized by p-cation
interactions (Figure 1) (17). Moreover, we explore whether these
simple SMoCs may be used as siRNA delivery agents in vitro.

Materials and Methods

Synthetic chemistry
Starting materials were either commercially available or synthesized
according to methods reported in the literature. 1H and 13C NMR
spectra were recorded on a Bruker AMX-300 or a Bruker AMX-500
spectrometer (Bruker BioSpin GmbH, Rheinstetten, Germany). Chemi-
cal shifts are reported as p.p.m. relative to TMS internal standard.
Mass spectra were recorded on a Fisons VG70-SE spectrometer (EI,
FAB) or an Agilent 6100 Series LC-mass spectrometer using a C-18

or C-4 column. Microwave reactions were carried out using a CEM
Discover microwave (CEM Corporation, Matthews, NC, USA). Pol-
yarginine peptides were obtained from Peptide Protein Research,
Hampshire, UK. siRNA sequences were purchased from Dharmacon
RNAi Technologies (Thermo Fisher Scientific, Dharmacon Products,
Lafayette, CO, USA). The sequences used were glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) sense 5¢ UGG UUU ACA UGU
UCC AAU AUU 3¢ and antisense 5¢ Phosphate U AUU GGA ACA
UGU AAA ACC UU 3¢; CDC7 sense 5¢ GCU CAG CAG GAA AGG
UGU UUU 3¢ and antisense 5¢ AAC ACC UUU CCU GCU GAG CUU.

Molecular dynamics
Molecular dynamics simulations were run for compounds 14, 18,
19, and 20 in the YASARA (21) software and using the AMBER99
force field with default parameters. The starting structures were
contained in a simulation cell which extended 5 � larger than the
SMoC structure along each axis in vacuo, the default pH was set
to 7.0, and the structures were minimized under the AMBER99
force field (22) starting at 298 K for 1 pseconds. The simulation
substep time was set to 1 fseconds, and the intramolecular forces
were recalculated every two substeps and the temperature was
controlled by velocity rescaling. A 5-nseconds simulation was per-
formed for each structure, after which snapshots were taken and
analyzed in the DS VISUALIZER software (Accelrys Inc, San Diego, CA,
USA). No atoms were kept frozen during the simulations.

NMR study
The SMoC compounds were dissolved in 0.5 mL deuterium oxide to a
final concentration of around 10 mg ⁄ mL; 100 mM NaOH was added
in small aliquots (5-30 lL) and the pH of the solution measured in the
NMR tube using a microelectrode attached to a pH meter. NMR spec-
tra were recorded using a 400-MHz Bruker spectrometer at 20 �C.

Gel shifts
A concentration of 1.7 nmol GAPDH siRNA (Dharmacon RNAi Tech-
nologies) was mixed in RNAse-free water with varying concentra-
tions of either SMoC, tetra-arginine, or octa-arginine in the molar
ratios of 1 ⁄ 1, 1 ⁄ 5, 1 ⁄ 10, 1 ⁄ 20, and 1 ⁄ 50. The complexes were
incubated for 30 min at room temperature. The samples were
diluted with loading buffer containing 95% formaldehyde, 0.025%
SDS, 0.025% bromophenol blue, 0.025% xylene cyanol FF, 0.025%
ethidium bromide, and 0.5 mM EDTA (Thermo Fisher Scientific,
Fermentas Products, Lafayette, CO, USA) and analyzed by gel elec-
trophoresis on a 1% agarose gel in a running buffer containing
6.7% formaldehyde, 0.04 M 3-morpholinopropane-1-sulfonic acid,

Figure 1: Illustration of the p-cation effect for a biphenyl small
molecule carrier molecule.

Figure 2: Boronic acid synthesis. Reagents: (a) bis[2-(N,N-dim-
ethylamino)ethyl] ether, iPrMgCl, THF, 10–15 �C, 24 h; (b) trimethyl
borate, THF, room temperature, 1 h (40%).
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0.01 M sodium acetate, and 0.001 M EDTA. The gels were analyzed
by UV illumination, and the ethidium bromide-stained bands were
quantified using the IMAGEJ software (http://rsb.info.nih.gov/ij/). The
EtBr intensities were plotted, a dose–response curve was fitted,
and EC50 values were calculated using the ORIGIN software.

Isothermal calorimetry (ITC)
6G-SMoC at a concentration of 250 lM was loaded into the syringe
of a Microcal VP-ITC calorimeter (450 lL), and the cell (1.8 mL)

Figure 3: Conversion of boronic ester to trifluoroborate salt.
Reagents: (a) aqueous potassium bifluoride, MeOH, room tempera-
ture, 3 h (88%).

Figure 4: New synthetic route to 4G-small molecule carrier. Reagents: (a) 4, PdCl2dppfÆCH2Cl2, Et3N, iPrOH ⁄ H2O, 82 �C, 18 h (79%); (b) 30%
HBr in acetic acid, DCM, room temperature, 1 h; (c) N,N¢-Di-Boc-1H-pyrazole-1-carboxamidine, DIEA, DCM, room temperature, 18 h (71% over
two steps); (d) CoCl2Æ6H2O, NaBH4, MeOH, room temperature, 1 h (60%); (e) 2,5-dioxopyrrolidine-1-yl-3-(pyridine-2-yldisulfanyl)propanoate, DIEA,
DCM, room temperature, 18 h (57%); (f) TFA ⁄ m-cresol, DCM, room temperature, 3 h (82%); (g) dithiothreitol, H2O; (h) ammonium acetate, air.

Exploring the Interaction Between siRNA and the SMoC Biomolecule Transporters

Chem Biol Drug Des 2012; 79: 9–21 11



was filled with human GAPDH siRNA (Dharmacon RNAi Technolo-
gies) at a concentration of 3.5 lM. A total of 37 injections of 8 lL
each were made at 4-min intervals to ensure total saturation of the

siRNA. The binding curve was plotted using ORIGIN 6.0 (Microcal)
and the binding constants were calculated.

Cell culture and cell cycle analysis
IMR90 (ATCC# CCL-186), a diploid primary human fibroblast adher-
ent cell line derived from fetal lung tissue, was obtained from LGC
Standards (Middlesex, UK) at population doubling (PD) 12. All cul-
ture passages and population doublings were recorded, and experi-
ments were performed with IMR90 cells under a PD of 22. IMR90
cells were cultured at 37 �C with 5% CO2 in DMEM (Invitrogen,
Paisley, UK) supplemented with 10% defined FCS (Invitrogen),
100 U ⁄ mL penicillin, and 100 lg ⁄ mL streptomycin.

Immunoblotting
For Western blot analysis, cells were harvested and whole-cell
extract (WCE) was prepared in modified RIPA lysis buffer (50 mM

Tris–HCl, 300 mM NaCl, 1% NP40, 0.5% sodium deoxycholate, 0.1%
SDS, 1 mM EDTA, and protease inhibitors). After sonication of
lysates for 10 seconds, protein concentration was determined using
the DC Bio-Rad protein assay kit (Bio-Rad, Hemel Hempstead, UK).
Forty micrograms of total protein was loaded in each lane and sepa-
rated by 4–20% SDS-PAGE. Protein was transferred from polyacryl-
amide gels onto PVDF membranes (Bio-Rad) by semi-dry
electroblotting. Blocking, antibody incubations, and washing steps
were performed as described (23). Antibodies used for immunoblot-
ting included p21WAF1 from BD Biosciences (Oxford, UK), p53 (Ab-6)
from Merck (Beeston, UK), Cdc7 from MBL International (Woburn,
MA, USA), b-actin from Sigma (Gillingham, UK), and Mcm2 phospho-
Ser-40 ⁄ 41 from Bethyl Laboratories (Montgomery, TX, USA). Affinity-
purified rabbit polyclonal antibodies for activator of S-phase kinase
(ASK - a cell cycle kinase which binds cdc7) were generated by Euro-
gentec (Seraing, Belgium) following the manufacturer's protocol.

Immunofluorescence
The transfection efficiency of SMoC compared with Lipofectamine
2000 was determined with fluorescein-conjugated non-specific siR-
NA-transfected cells (FO) (BLOCK-iT Transfection Optimization kit;
Invitrogen) using a Leica TCS SP confocal fluorescence microscope.
IMR-90 fibroblasts grown on coverslips were treated for 24 h with
complexes of 4G SMoC (40 lg ⁄ mL, 35 lM) and either 10 nM FO,
100 nM FO, or 100 nM FO without SMoC. After the treatment, cells
were washed in PBS and fixed in 3.7% paraformaldehyde. Follow-
ing fixation, cells were treated with 0.1% Triton X in PBS, blocked
with 1% BSA in PBS for 1 h and mounted directly, or first stained
with AlexaFluor 546 Phalloidin according to the manufacturer's
instructions (Invitrogen) and then mounted in Vectashield mounting
medium (Vector Laboratories, Peterborough, UK) with 1.5 lg ⁄ mL
4¢,6-diamidino-2-phenylindole (DAPI) to visualize DNA.

RNA interference
CDC7 expression was inhibited with double-stranded RNA oligo for
CDC7 synthesized by Ambion (Warrington, UK) in complex with
Lipofectamine 2000 (Invitrogen) as described previously (24) or with
4G SMoC. Briefly, IMR90 cells were seeded at a density to reach

Figure 5: Synthesis of simple small molecule carrier compounds
for the determination of guanidine pKa. Reagents: (a) phenol,
Cs2CO3, acetone, 17 h, 65 �C (70%); (b) 2-,3-, or 2,2¢- hydroxybiphe-
nol, Cs2CO3, acetone, 17 h, 65 �C (15: 35%; 16: 93%; 17: 100%);
(c) 30% HBr in acetic acid, DCM, 3 h, room temperature; (d) N,N¢-
Di-Boc-1H-pyrazole-1-carboxamidine, DIPEA, MeCN, 48 h, room
temperature (13a: 45%; 15a: 51%; 16a: 26%; 17a: 40%); (e)
TFA ⁄TIPS ⁄ H2O, 4 h, room temperature (100%).
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50% confluence on the day of transfection. The transient transfec-
tions were performed using 10 nM of CDC7 siRNA duplex for 72 h.
siRNAs were complexed with transfection reagent in serum-free
and antibiotic-free culture medium. Selective silencing of the corre-
sponding gene was confirmed by qRT-PCR and Western blotting.

RNA extraction and qRT-PCR
To evaluate the efficiency of transfection with CDC7 siRNA using
SMoC compared with Lipofectamine 2000, CDC7 mRNA levels were
determined by qRT-PCR as described earlier (24). Briefly, total RNA
was isolated using a PureLink Micro-to-Midi kit (Invitrogen) accord-
ing to the manufacturer's instructions. Reverse transcription reac-
tions using 40 ng of total RNA in a final reaction volume of 20 lL
were performed in one step using SuperScript III Platinum SYBR
Green One Step qRT-PCR Kit (Invitrogen). Relative quantitative data
were obtained using the comparative Ct method with Realplex soft-
ware according to the manufacturer's protocol (Eppendorf, Heidel-
berg, Germany). Glyceraldehyde-3-phosphate dehydrogenase was
used to normalize each of the extracts for amplifiable human DNA.

Primers were provided by Eurofins MWG Operon (Ebersberg, Ger-
many). Cycle conditions are available upon request.

Results and Discussion

Improved SMoC synthetic route to 4G-SMoC
Previously, we described the synthesis of a phenyl boronic ester
that acts as a key intermediate in the SMoC synthetic pathway
(18). The boronic ester takes part in a Suzuki–Miyaura coupling
which generates the biphenyl backbone of the SMoC structure,
linked via ether bonds to Z-protected amine groups. As an alterna-
tive to the boronic ester, we investigated the formation of the
equivalent boronic acid from the aryl bromide 1 using a Grignard
reagent with 2-(dimethylamino)ethyl ether followed by quenching
with trimethyl borate to yield the boronic acid 2 (Figure 2). As
described by Wang et al. (25), the organic ligand moderates the
reactivity of the aryl Grignard reagent in this reaction, reducing pos-
sible side reactions. Careful control of the reaction temperature
was required to obtain a synthetically useful yield of 40%.

Figure 6: 6G-small molecule carrier synthesis. Reagents: (a) PdCl2dppf, K3PO4, toluene, water, 100 �C 3 h; (b) PdCl2dppf, K3PO4, toluene,
water, 100 �C overnight (48% over two steps); (c) 30% HBr in acetic acid, DCM, room temperature; (d) N, N-di-boc-N¢-trifluoromethanesulfo-
nyl-guanidine, DIPEA, DCM, room temperature, overnight (54% over two steps); (e) TFA ⁄TIPS ⁄ H2O, 4 h, room temperature (100%).
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In addition, the potassium trifluoroborate salt was synthesized
(Figure 3). Trifluoroborate salts, developed by Molander et al.
(26,27), are extremely stable to air and moisture, allowing large-
scale synthesis of this key intermediate for long-term storage. The
pinacolboronate ester 3 synthesized previously was treated with
potassium bifluoride in methanol, resulting in an 88% yield of the
salt 4, which is precipitated from the reaction mixture and is easily
isolated by filtration and washing with organic solvents. Suzuki
reactions with this salt and the alkylated nitrile 5 gave cleaner con-
version to the biphenyl 6 with less of the deboronated side product
that was difficult to separate from the desired product.

A problematic step in the original SMoC synthesis was the addition
of Boc-protected guanidine groups using the expensive N,N-di-Boc-
N¢-trifluoromethanesulfonyl-guanidine reagent, which resulted in
modest yields. To improve this step, a less expensive and more
stable guanidinylation reagent was used, N,N¢-Di-Boc-1H-pyrazole-
1-carboxamidine. Thus following the removal of the CBz groups
using HBr in acetic acid, the use of this reagent increased the yield
of guanidinylation from �65% to over 70% of 7 at a much reduced
cost of materials.

Finally, the reduction of the nitrile 7 to produce a primary amine
for the attachment of diverse linkers was another low-yielding step
from our previous route. The previous synthesis that used Raney

nickel ⁄ H2 resulted in 40–50% yields. Reduction using sodium boro-
hydride catalyzed by cobalt chloride increased the yield of this step
to �60% of 8 (28,29). Amide coupling with the thiopyridylpropionic
acid O-succinimide ester gave the desired thiopyridyl intermediate 9

and deprotection with TFA provided 10. Synthesis of the disulfide
11 was easily accomplished in a two-step procedure with dithio-
threitol (DTT) and then aerial oxidation.

The final optimized synthesis of 4G-SMoC is therefore shown in
Figure 4. This improved method has enabled us for the first time to
synthesize 4G-SMoC on a >200 mg scale.

Synthesis of simple SMoC analogs
The simple 1G- or 2G-SMoC derivatives were synthesized (Figure 5)
using similar methods to those described earlier. Thus, simple alkyl-
ation utilizing the Cbz-protected mesylate 12 gave access to the
simple monophenyl 13 and biphenyl 15–17 intermediates. Gua-
nidylation and deprotection utilizing the aforementioned new
reagent method gave 14 and 18–20. These compounds were syn-
thesized from commercially available mono- or biphenyl starting
materials, eliminating the Suzuki coupling step.

6G-SMoC terphenyl analog synthesis
To maximize binding to siRNA, a new SMoC was synthesized with
six guanidine groups attached to a triphenyl ring structure. The

A B

CD

Figure 7: Snapshots of a molecular dynamics simulation of sim-
ple small molecule carrier (SMoC)-like molecules containing one
or two guanidine side chains. In a simple 2G-SMoC molecule (A),
T-shaped p-cation interactions form between the side chains and
their opposite rings. This is also the case when one side chain is
removed (B). For a monophenyl structure with one side chain (C), no
interaction is present, whereas the addition of a second ring meta
to the side chain (D) promotes a parallel p-cation interaction onto
the adjacent ring.

Figure 8: Change in small molecule carrier NMR spectrum as
the pH of the solution is increased. Expanded section of NMR spec-
trum of 18 showing the two triplets corresponding to the four ethyl
protons at varying pH values. The CH2 adjacent to the guanidine
group (peak at �3.3 p.p.m.) becomes less shielded at higher pH
values, resulting in a shift in the NMR peak, whereas the other
peak (3.97) remains static.

Gooding et al.
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6G-SMoC was synthesized (Figure 6) starting from the alkylated bro-
moiodocatechol synthesized previously (18) via coupling with the
boronic ester, separation of the mono-22 and dicoupled product 21,
and second coupling of the monocoupled product. This was fol-
lowed by the deprotection of the Z-protecting groups and subse-
quent guanidinylation (30) to give 23. Final removal of the Boc
groups gave 24.

Molecular dynamics
To gain more information about the structural conformation of the
SMoC compounds, some simple SMoC-like structures were analyzed
using the molecular dynamics software YASARA under the AMBER99
force field (Figure 7). It was found that in the case of a 2G-SMoC,
possessing two guanidine side chains at the ortho position to the
biphenyl bond, the guanidine groups form 'T-shaped' p-cation inter-
actions with the opposite ring. This p-cation interaction is also
seen in a 1G-SMoC structure with one guanidine side chain ortho
to the biphenyl bond. However, when the side chain is moved to
the meta position, the carbon chain is not long enough to allow
interaction with the opposite ring, and a weaker 'parallel' p-cation
interaction is seen between the guanidine and the adjacent ring.
When only a single phenyl ring is present, no interaction occurs,
suggesting that the electron density of one ring is insufficient to
promote a p-cation interaction. These results suggest that the
SMoC guanidinium ions may be stabilized by the presence of an
additional phenyl ring (Figure 1), thus allowing stronger electrostatic
interactions with siRNA. A movie of the molecular dynamics simula-
tion is presented in the Supporting Information.

NMR pKa study
To investigate the strength of the proposed p-cation interaction,
NMR was used to determine the pKa of SMoC guanidine groups

by directly measuring the change in chemical shift of the adjacent
methylene hydrogens (31,32). A change in the pKa of the guani-
dine would be expected if a p-cation interaction was present
(31).

For each compound, the change in ionization state of the guanidine
groups was measured using NMR by titrating each compound with
sodium hydroxide and recording the 1H chemical shifts of the CH2

protons adjacent to the guanidine group against the pH of the
solution (Figure 8). The pKa of the guanidine group is given by the
Henderson–Hasselbalch equation (33):

pKa = pH þ log
[BH + ]

[B]

Deprotonation of the guanidine is expected to have a significant
effect on the chemical shift of the protons on the adjacent methy-
lene group because of the change in electron density around the
nitrogen atom, resulting in increased shielding of the CH2 protons.
The chemical shift of the charged form (dB+) may be determined
by measuring the chemical shift at a low pH. For these com-
pounds, the chemical shift was found to be at its maximum below
pH 10. Likewise, at very high pH (pH 14), the chemical shift of
the deprotonated guanidine groups may be measured (dB). Thus,
the chemical shift at a given pH (dA) is representative of the pro-
portion of groups that are protonated at a given time. Therefore,
the equation may be expressed in terms of change in chemical
shift:

pKa = pHþ log
dA� dB
dBþ � dA

Hence, by plotting the log of the ratio between the charged and
uncharged forms expressed as chemical shifts against the pH of

Figure 9: Hill plots to calculate small molecule carrier pKa values. The log of the ratio of uncharged to charged species expressed in
terms of chemical shift plotted against the pH of the solution to find the pKa value as the y-intercept.
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the solution (Figure 9), the pKa may be calculated from the y-inter-
cept of the linear trend line.

The results of these experiments (Table 1) show that the 2G-SMoC
with the biphenyl substituted at the ortho position to the biphenyl
bond, 18, has the highest pKa (13.33), suggesting that the guani-
dine groups in this compound benefit from the greatest stabiliza-
tion. The monophenyl compound, 14 (12.86), has the lowest pKa
and the closest to free arginine (12.48) (34), suggesting that very
little stabilization is available to the guanidinium ion. These results
also show that substitution position is also important for stabiliza-
tion, because the meta-substituted compound, 19, has a lower pKa
(13.09) than the ortho-substituted compound 20 (13.26). These
results suggest that the biphenyl system can provide some stabiliza-
tion to the positively charged guanidinium ion. The energy of this
stabilization may be calculated by comparing the pKa values of the
monophenyl compound, 20, and the mono-substituted biphenyl
compound 19 using the equation:

DDG0
pKa ¼ 2:303RTDpKa

This gives a free energy of stabilization of )2.3 kJ ⁄ mol for each
guanidine group compared with the monophenyl compound, for
which it was assumed that there is very little p-cation stabilization,
owing to its low pKa. This value is the increase in the free energy
of the guanidine group gained by the addition of a phenyl ring to
the monophenyl compound 14.

ITC of 6G-SMoC indicates a high enthalpic
contribution to binding
To calculate the strength of the interactions between SMoC and
siRNA, ITC was used to measure the heat evolved when small
aliquots of 6G-SMoC, 24, were injected into a solution of a stan-
dard 21-bp siRNA (Figure 10). A binding constant (K) of 87.3 lM

was calculated with a binding stoichiometry of 4.4:1 (SMoC ⁄ siRNA).
Binding was dominated by enthalpic contributions ()1646 Kcal ⁄ mol)
with a minor or negligible entropic contribution. This is consistent
with electrostatic (charge) interactions between the guanidines and
the phosphate groups on the siRNA dominating binding.

Gel shift studies on siRNA show that SMoCs
can effectively complex with siRNA duplexes
The interactions of 4G- and 6G-SMoC compounds with siRNA were
analyzed by gel electrophoresis of SMoC ⁄ siRNA complexes at differ-
ent molar ratios. Tetra- and octa-arginine peptides were also tested
to establish the relative binding affinity of SMoCs compared with
these established cell delivery peptides. As shown in Figure 11, all

Figure 10: 6G-small molecule carrier (SMoC) isothermal calo-
rimetry (ITC) binding curve. Above: ITC data for the titration of 6G-
SMoC against human GAPD siRNA. Each spike represents the heat
evolved upon a single 8-lL injection of 250 lM 6G-SMoC, 24, into
the calorimeter cell containing 3.5 lM GAPD siRNA. Below: The ORI-

GIN software was used to fit the ITC data to a binding curve and
calculate the binding parameters.

Table 1: pKa values calculated from the y-intercepts from
Figure 3

Compound no. Structure pKa

14 12.86

18 13.33

19 13.09

20 13.26

Gooding et al.
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SMoCs and peptides were able to fully shield the siRNA negative
charges at ratios <20:1. As the observable band on the gel is pro-
portional to the free siRNA concentration, we utilized this value to
provide a convenient graphical representation of the relative affini-
ties and to calculate the approximate binding constants of the ana-
logs. The ethidium bromide (EtBr) fluorescence of each band was
quantified, and the data were plotted as dose–response curves
(Figure 12). 6G-SMoC, 24, had a slightly lower binding affinity than
4G SMoC, 10, (EC50 of 110 lM compared with 70 lM) and 4G-
SMoC had a higher affinity than R4 (EC50 of 70 lM compared with
120 lM). However, R8 had a higher affinity (3 lM) than any of the
SMoCs. The disulfide variant (4G-SMoCS)2, 11, has the same bind-
ing affinity as the monomer form, probably due to reduction of the

disulfide bond in the gel running buffer. 4G-SMoC, 10, binds with a
higher affinity than the polyarginine peptide R4, indicating an ability
to complex with siRNA more efficiently or to shield the negative
charges more effectively. This may be attributed to the increased
pKa of the SMoC guanidine groups as a result of the p-cation
effect as described previously.

Confocal analysis of SMoC-mediated siRNA
uptake
To determine whether siRNA ⁄ SMoC complexes are taken up by cells,
the simple SMoCs described earlier were complexed with a fluores-
cently tagged siRNA oligo at concentrations of either 10 or 100 nM

and incubated with IMR-90 cells, a diploid human fibroblast adherent
cell strain derived from fetal lung tissue, for 24 h. Upon examination
under confocal microscopy, only the 4G-SMoC compound 10 showed
significant uptake (others not shown). For compound 10, the fluores-
cent oligo was observed in the cytoplasm in a punctate distribution
for both concentrations, showing that uptake occurs into vesicles,
possibly endosomes formed via an endocytotic pathway (Figure 13).

siRNA ⁄ SMoC gene and protein knockdown
To determine whether SMoCs are capable of transporting siRNA
into cells, IMR-90 cells were transfected with SMoC or Lipofecta-
mine complexed with a double-stranded RNA oligo targeted at
Cdc7, a cell cycle kinase that has been identified as a new cancer
therapeutic target (35). Cancer cells establish only a limited number
of DNA replication forks under Cdc7 rate-limiting conditions, caus-
ing fork stalling and collapse during an abortive S phase and trig-
gering apoptotic cell death. Tumor cell specificity comes from
normal cells avoiding lethal S-phase progression in the presence of
low Cdc7 kinase levels by eliciting a p53-dependent replication ori-
gin activation checkpoint response that arrests the cells at the
G1 ⁄ S boundary (24). Seventy-two hours after the treatment, IMR90

Figure 11: siRNA gel shift assay. Glyceraldehyde-3-phosphate
dehydrogenase siRNA was mixed with small molecule carrier
(SMoC) compounds or a polyarginine peptide (R4, R8) at the ratios
shown with a running buffer containing ethidium bromide and run
on a 1% agarose gel. The gels were visualized under UV illumina-
tion. SMoCs alone gave no signal (not shown).

Figure 12: Binding curves derived from gel shift assay data. The EtBr bands were quantified, and the band intensity was plotted to pro-
duce binding curves for each of the compounds with siRNA. The EC50 and Hill coefficient (p) values of each compound are shown, giving a
relative indication of the binding affinity of each compound to siRNA.
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cells were harvested, and CDC7 mRNA knockdown was monitored
by qRT-PCR. For each compound tested, the CDC7 mRNA level was
determined relative to control cells treated only with Lipofectamine
or SMoC. Different concentrations of 4G-SMoC 10 were tested in
conjunction with 10 nM CDC7-siRNA, and a final concentration of
35 lM was found to result in a CDC7 knockdown efficiency of 61%
comparable with that achieved with Lipofectamine 2000 (80%
knockdown as determined by qRT-PCR). These results were similar
to the CDC7 knockdown achieved with Lipofectamine plus CDC7-
siRNA, which reduced mRNA levels by 80% (Figure 14A). The
transfection experiments utilized 40 lg ⁄ mL of SMoC (35 lM) with
10–100 nM of siRNA. A ratio of at least 350:1. The ratio of charges
is 42 (negative charges on the siRNA phosphates) to 4 (guanidine
groups on the SMoC) or �10:1 Thus, the ratio of charges is 35
(positive) to 1 and the complexes are positively charged.

RNAi against CDC7, mediated through 4G-SMoC or Lipofectamine,
caused an accumulation of IMR90 cells with G1 DNA content and a
concomitant reduction in the S-phase fraction, while the fraction of
cells with <2C DNA content was negligible, indicating that the
Cdc7-depleted cells remained viable (Figure 14B). We recently
demonstrated the triggering of an origin activation checkpoint in
Cdc7-depleted IMR90 cells (24). Consistent with this study, Western
blotting of extracts prepared from IMR90 cells treated with com-
plexes of 4G-SMoC, 10, and CDC7-siRNA showed that phosphoryla-
tion of the replication initiation factor Mcm2 at the Cdc7-dependent
phosphor-site Ser-40 ⁄ 41 was markedly reduced when Cdc7 kinase
and its regulatory subunit ASK were downregulated. In keeping
with the activation of the origin activation checkpoint in the Cdc7-
depleted cells, we also noted p53 stabilization and increased levels
of the cyclin dependent kinase (CDK) inhibitor protein p21 (Fig-

A

B

Figure 13: Intracellular delivery of fluorochrome-labeled siRNA (FO) by 4G-small molecule carrier (SMoC). (A) IMR-90 human diploid fibro-
blasts were cultured on coverslips and treated for 24 h with 100 nM FO (FO[high]) or complexes of 10, 4G-SMoC (40 lg ⁄ mL, 35 lM) and either
10 nM FO (FO[low]) or 100 nM FO (FO[high]). (B) IMR-90 cells treated with 100 nM FO (FO[high]) in complex with 10, SMoC and stained with DAPI
and AlexaFluor 546 Phalloidin after fixation with paraformaldehyde.
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ure 14C). Taken together, these data demonstrate that SMoCs are
capable of mediating the uptake of siRNAs into cultured human
cells without altering their biological activity. Note that 6G-SMoC,
24, was also tested for siRNA transfection but did not result in sig-
nificant knockdown (data not shown).

Conclusions

The SMoC class of compounds, modeled on amphipathic CPPs, have
previously been shown to transport active proteins as well as con-
jugated dyes into a variety of cell types (18). Here, we have
improved the synthetic route to the SMoC compounds, including the
use of Molander chemistry in the form of a stable trifluoroborate
intermediate that can be used to easily build new, varied SMoC-like
structures, as well as the optimization of some of the previously
difficult steps to increase the scale of the synthesis.

We have also shown in this study that SMoCs show potential as
siRNA transfection agents. One surprise from this study is that the
most effective delivery and knockdown were achieved with the 4G-
SMoC, compound 10 where the thiopyridyl group is commonly
regarded as a reactive protein thiol reagent. An improvement in
CPP delivery has been noted for some cysteine-containing peptides
(36) where dimerization or oligimerization is indicated. In addition,
enhancement of internalization has been noted for CPPs containing
cysteines conjugated with the 2-nitropyridyl group (37). An interac-
tion with cell-surface thiols was suggested for this observation, and

we speculate that compound 10 may also interact with cell-surface
thiols to promote internalization.

siRNA delivery remains a significant challenge in biological thera-
peutics, and an effective transfection agent will open up a vast
array of possibilities in the treatment for many diseases by specifi-
cally targeting the underlying genetic malfunctions. The standard in
vitro transfection agent Lipofectamine is demonstrably toxic, by sev-
eral measures (38) indicating the need for further research in this
area. Cell-penetrating peptides show a great deal of promise as
transfection agents, and many studies have successfully introduced
siRNA into cells using both covalently and non-covalently linked
CPPs (8). As CPP mimics, it is therefore likely that SMoCs will also
possess this ability to act as siRNA delivery vectors, possessing
positively charged guanidine groups that allow the formation of
electrostatic complexes with siRNA and are also essential for suc-
cessful passage across the cell membrane. Our MD and NMR stud-
ies indicate that the guanidinium ions on the SMoC side chains are
stabilized by p-cation. The potential impact of p-cation effects has
also been advanced for the Arg–Trp interaction in the penetratin
CPP (39). We probed the affinity of the SMoC–siRNA interaction
using two methods ITC (the gold standard for evaluating binding
interactions) and simple gel shift analysis. These were in good
agreement indicating binding affinities in the range 70–110 lM.
The polyarginine peptide R8 had an affinity of 30 lM. The optimal
binding affinity for SMoC ⁄ siRNA delivery remains to be determined.
As we show here, SMoCs can deliver biologically active siRNA into
cultured human cells and achieved RNAi knockdown with a similar

A C

B

Figure 14: CDC7 knockdown phenotype in IMR90 cells after small molecule carrier (SMoC)-mediated uptake of CDC7-siRNA. (A) IMR-90
fibroblasts were treated for 72 h with complexes of either Lipofectamine 2000 or 4G-SMoC 10, with CDC7-siRNA. Lipofectamine 2000 and
10 alone were used as controls. Knockdown of CDC7 transcript levels was confirmed by qRT-PCR relative to Lipofectamine only and 10, only
treatment. (B) DNA content of Lipofectamine-treated cells (Lipofec), 10-treated cells, and cells treated with complexes of Lipofectamine and
CDC7-siRNA (L + siRNA) or 10 and CDC7-siRNA (10 + siRNA). (C) Whole-cell extracts prepared from Lipofec, 10-treated, L + siRNA, and
10 + siRNA cells were analyzed by immunoblotting with the indicated antibodies (b-actin – loading control).
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magnitude to the widely used Lipofectamine reagent. Further opti-
mization of SMoCs to increase the uptake of SMoC ⁄ siRNA com-
plexes will be reported in due course.
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