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ABSTRACT: Peptide−oligonucleotide conjugates (POCs) have
held promise as effective therapeutic agents in treating microbial
infections and human genetic diseases including cancers. In
clinical applications, POCs are especially useful to circumvent
cellular delivery and specificity problems of oligonucleotides. We
previously reported that nucleic acid phosphoramidation
reactions performed in aqueous solutions have the potential for
facile POC synthesis. Here, we carried out further studies to
significantly improve aqueous-phase two-step phosphoramida-
tion reaction yield. Optimized reactions were employed to
effectively synthesize POCs for delivery into human A549 cells.
We achieved optimization of aqueous-phase two-step phosphor-
amidation reaction and improved reaction yield by (1)
determining appropriate co-solutes and co-solute concentrations to acquire higher reaction yields, (2) exploring a different
nucleophilicity of imidazole and its derivatives to stabilize essential nucleic acid phosphorimidazolide intermediates prior to POC
formation, and (3) enhancing POC synthesis by increasing reactant nucleophilicity. The advanced two-step phosphoramidation
reaction was exploited to effectively conjugate a well-studied cell penetrating peptide, the Tat48−57 peptide, with oligonucleotides,
bridged by either no linkers or a disulfide-containing linker, to have the corresponding POC yields of 47−75%.
Phosphoramidation-synthesized POCs showed no cytotoxicity to human A549 cells at studied POC concentrations after 24
h inoculation and were successfully trafficked into the human A549 cell line as demonstrated by flow cytometry, fluorescent
microscopy, and confocal laser scanning microscopy study. The current report provides insight into aqueous-phase
phosphoramidation reactions, the knowledge of which was used to develop effective strategies for synthesizing POCs with crucial
applications including therapeutic agents for medicine.

■ INTRODUCTION

Extensive research endeavors have been devoted to exploring
the therapeutic potential of nucleic acids, including siRNA,
miRNA, catalytic RNA (ribozymes), aptamer oligonucleotides
(oligonucleotides with exquisite roles similar to protein
receptors), and antisense oligonucleotides.1−7 Theoretically,
when designed appropriately, nucleic acids delivered into
biological systems will participate in cellular activities, such as
RNA interference or gene silencing, to abolish specific gene
expression in cells and to attain more precise therapeutic
targeting than typical small molecule drugs. Nucleic acid-based
therapeutics have shown promise for treating a variety of
human genetic diseases and microbial infections. Recent
progress has resulted in some antisense oligonucleotides and
aptamer RNA reaching clinical applications, while a significant
number of clinical trials for siRNA are underway.1,3,5,6

The direct use of nucleic acids for treating diseases, however,
faces serious hurdles. Difficulties include cell specificity,
inefficient cellular uptake of nucleic acids, and inaccessibility
of nucleic acids to cell nuclei, due primarily to ineffective
translocation of nucleic acids across biological barriers after
administration.6,7 Consequently, successful use of nucleic acids
in clinical practice will not be achieved until there are better
strategies for targeted and efficient delivery of nucleic acids to
cells and tissues.4−7 The critical issue of efficient target delivery
for nucleic acids has been studied by many laboratories through
chemical modification of nucleic acids to improve stability and
cellular delivery properties of nucleic acids in vivo. Developed
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methods include conjugating cellular surface receptor-specific
ligands with various nucleic acid-containing nanocarriers or
covalently linking cellular surface receptor-specific ligands with
nucleic acids directly.7−11

The use of peptides as ligands to traffic nucleic acids across
the plasma membrane has been extensively investigated in the
development of effective nucleic acid-based therapeutic
agents.7,8,11,12 Conjugating nucleic acids such as oligonucleo-
tides with cell-penetrating peptides (CPPs) or cell-targeting
peptides (CTPs) to acquire peptide−oligonucleotide conju-
gates (POCs) has created appropriate designs to circumvent
cellular delivery or cell specificity problems inherited from
administrating only oligonucleotides in clinics.7,11,12 CPPs,
including the Tat, the Antennapedia, the CyLoP-1, and the
(KFF)3K peptides, are either protein-derived or artificially
developed short sequences (10−16 amino acids), and they are
able to spontaneously cross cellular barriers when provided in
extracellular media.8,12−18 The unique cell permeability proper-
ties of CPPs significantly improve the uptake efficiency of
oligonucleotides in POCs by cells and facilitate broader uses of
POCs in science and medicine.
POCs are primarily prepared by coupling peptides with

oligonucleotides after solid-phase synthesis (fragment coupling
strategy) or directly synthesized through stepwise solid-phase
reactions (online solid-phase synthesis).19 To achieve peptide−
oligonucleotide conjugations, current POC synthesis methods
typically require previous incorporations of additional function-
alities in peptides, oligonucleotides, or both. The requirement
to have additional functional groups renders these methods
inefficient, inconvenient, and not cost-effective for academia or
industry. The development of a facile approach to exploit
readily available functionalities, such as hydroxyl or phosphate
groups, in standard oligonucleotides in order to synthesize
POCs with high purity and yields is crucial to the advancement
of POC applications.
We previously demonstrated that aqueous-phase two-step

phosphoramidation reactions are an ideal strategy to synthesize
POCs without compromising oligonucleotide base-pairing
specificity, an essential criterion when administrating oligonu-
cleotides as therapeutic agents.20 The original two-step
phosphoramidation reaction easily accommodates multiple
active functionalities in peptides for POC synthesis; however,
it suffers from a drawback of relatively low POC yield, typically
ranging from 27% to 44%. Low POC yield in the original two-
step phosphoramidation reaction was ascribed to the interfering
presence of the co-solute urea, the instability of nucleic acid
phosphorimidazolide intermediates in aqueous solutions during
reactions, and peptide nucleophilicity.20

Here, we report further study of the two-step phosphor-
amidation reaction to glean essential information for improving
product yield and synthesizing POCs more effectively. We
successfully employed the optimized two-step phosphoramida-
tion reaction to effectively conjugate a well-studied CPP, the
TAT48−57 peptide,12,18 with DNA or RNA to produce
corresponding POC yields of 47−75%. Phosphoramidation-
synthesized POCs showed no cytotoxicity to human A549 cells
at studied POC concentrations after 24 h inoculation and were
successfully trafficked into the human A549 cell line as
demonstrated by flow cytometry, fluorescent microscopy, and
confocal laser scanning microscopy study. The following report
confirms that the optimized two-step aqueous-phase phosphor-
amidation reaction is a facile and effective approach to

synthesize bioactive POCs which can stimulate broader
applications of POCs in research and clinics.

■ MATERIALS AND METHODS
All reagent-grade chemicals were purchased from commercial
sources (Sigma-Aldrich, Acros, Alfa Aesar, Mallinckrodt Baker,
and Merck KGaA) except where noted, and were further
purified if necessary. Synthesis of 1 was reported previously.20

Procedures modified from a published method were used to
synthesize H2N-Gly-Gly-Gly-Gly-OH (tetraglycine; 3).21 Com-
pound 3 was also obtained from commercial sources (Acros
and TCI) to avoid the time-consuming organic synthesis. Five
peptides (Tat48−57, H2N-GRKKRRQRRR-CONH2; Tat47−57,
H 2N-YGRKKRRQRRR-CONH2 ; (KFF) 3K , H2N-
KFFKFFKFFK-CONH2; G(KFF)3K, H2N-GKFFKFFKFFK-
CONH2; C(KFF)3K, H2N-CKFFKFFKFFK-CONH2) were
purchased from Peptide 2.0 (Chantilly, VA, USA) and used
without further purification. 1H and 13C NMR spectra were
recorded using either a Varian 200 or 400 MHz spectrometer
(Varian, Inc., Palo Alto, CA, USA) at Kaohsiung Medical
University, Taiwan. NMR samples were prepared in CD3OD,
DMSO-d6, or CDCl3, and the chemical shifts of

1H signals were
given in parts per million downfield from TMS. 13C signals
were given in parts per million based on the internal standard of
each deuteriated solvent. ESI high-resolution mass spectra were
acquired from Department of Chemistry, National Sun Yat-Sen
University, Taiwan, on a Bruker APEX II Fourier-transfer mass
spectrometry (FT-MS; Bruker Daltonics Inc., Taiwan). FAB
high-resolution mass spectra were obtained from Department
of Chemistry, National Cheng Kung University, Taiwan, on a
JEOL JMS-700 instrument (JEOL Ltd., Tokyo, Japan).
Radiolabeled nucleic acid conjugates were analyzed by urea
polyacrylamide gel electrophoresis (urea-PAGE) or streptavidin
(SAv) gel shift assay in urea-PAGE, visualized and quantified by
an Amersham Typhoon PhosphorImager (GE Healthcare Bio-
Sciences AB, Uppsala, Sweden) at Kaohsiung Medical
University, Taiwan. Molecular mass of POCs was measured
by using an Autoflex III TOF/TOF analyzer (Bruker Daltonics,
Taiwan) available at Kaohsiung Medical University, Taiwan.
POC uptake by human A549 cells was analyzed by a BD
FACSCalibur cytometer (BD, Franklin Lakes, NJ, USA), a
Nikon ECLIPSE Ti−U Inverted microscope (Nikon, Shinjuku,
Tokyo, Japan) and a FluoView 1000 confocal laser scanning
microscope (Olympus, Tokyo, Japan). These instruments were
located at Kaohsiung Medical University, Taiwan.

Synthesis of the Diamino Derivatives of Tetraglycine
(7). {2-[2-(2-tert-Butoxycarbonylamino-acetylamino)-acety-
lamino]-acetylamino}-acetic Acid (4). Tetraglycine (3; 50 mg,
0.2 mmol) was dissolved in 16 mL of a dioxane/NaOH/water
(4:2:2) solution to which was slowly added di-tert-butyldicar-
bonate (355 mg, 1.6 mmol) within 3 min and reacted at rt for 2
h. The final reaction mixture was concentrated under reduced
pressure to give the white-colored solid 4 (70 mg, 95%). 1H
NMR (400 MHz) (DMSO-d6) δ: 8.32 (t, 1H, GIy4-NH), 8.26
(t, 1H, Gly3-NH), 7.33 (t, 1H, GIy2-NH), 7.05 (t, 1H, Gly1-
NH), 3.74 (d, 2H, Gly4α-H), 3.68 (d, 2H, Gly3α-H), 3.59 (d,
2H, Gly2α-H), 3.32 (d, 2H, Gly1α-H), 1.37 [s, 9H, CO2C-
(CH3)3].

13C NMR (DMSO-d6) δ: 171.2, 169.9, 169.3, 167.7,
155.9, 79.2, 78.2, 43.8, 43.4, 42.3, 42.1, 28.2. HRMS (ESI)
calculated for C13H22N4O7 Na, [M+Na]+ 369.1386 (calcd.),
369.1388 (found).

[({[({[(2-tert-Butoxycarbonylamino-ethylcarbamoyl)-
methyl]-carbamoyl}-methyl)-carbamoyl]-methyl}-carbamo-
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yl)-methyl]-carbamic Acid tert-Butyl Ester (6a). {2-[2-(2-tert-
Butoxycarbonylamino-acetylamino)-acetylamino]-acetylami-
no}-acetic acid (4; 70 mg, 0.20 mmol) was first sonicated to
completely dissolve in 20 mL DMF, followed by submerging
the reaction mix in an ice−water bath. EDC (40 mg, 0.40
mmol) and HOBt (65 mg, 0.4 mmol) were then added to the
reaction mixture to activate 4 for 15 min, followed by addition
of a solution of mono-t-Boc-ethylenediamine (5a; 80 mg, 0.50
mmol) and DIPEA (0.035 mL, 0.40 mmol) in 5 mL of DMF to
initiate the coupling reaction at rt for 6 h. Compound 5a was
previously synthesized according to similar reported procedures
for 5b synthesis.20 The final reaction solution was filtrated,
evaporated in vacuo, resuspended in 25% MeOH in DCM, and
loaded to a silica column for further purification. The products
were separated by eluting with mobile phases of 25% MeOH in
DCM to afford 6a (50 mg; 50%) as light yellowish solid. 1H
NMR (400 MHz) (DMSO-d6) δ : 8 .17 (t , 1H,
CONHCH2CH2), 8.10−8.04 (m, 2H, Gly1-NH, CH2CH2NH
CO2 C(CH3)3), 7.80 (t, 1H, Gly

4-NH), 6.99 (t, 1H, GIy3-NH),
6.80 (t, 1H, Gly2-NH), 3.74 (t, 4H, Gly4α-H, Gly1α-H), 3.66 (d,
2H, Gly3α-H), 3.58 (d, 2H, Gly2α-H), 3.08 (q, 2H,NHCH2),
2.98 (q, 2H, CH2NH), 1.37 [d, 18H, CO2C(CH3)3 ]. 13C
NMR (DMSO-d6) δ: 169.9, 169.4, 169.0, 168.8, 155.8, 155.6,
78.2, 77.7, 48.6, 43.3., 42.1, 42.1, 42.0, 40.1, 28.2, 28.2. HRMS
(ESI) calculated for C20H36N6O8 Na, [M+Na]+ 511.2492
(calcd.), 511.2490 (found).
[6-(2-{2-[2-(2-tert-Butoxycarbonylamino-acetylamino)-

acetylamino]-acetylamino}-acetylamino)-hexyl]-carbamic
Acid tert-Butyl Ester (6b). {2-[2-(2-tert-Butoxycarbonylamino-
acetylamino)-acetylamino]-acetylamino}-acetic acid (4; 100
mg, 0.29 mmol) was first sonicated to completely dissolve in
20 mL DMF, followed by immersing the reaction mix in an
ice−water bath. EDC (110 mg, 0.58 mmol) and HOBt (78 mg)
were initially added to the reaction mix to activate 4 for 15 min,
followed by addition of a solution of mono-t-Boc-hexanedi-
amine (5b; 63 mg, 0.29 mmol)20 and DIPEA (0.1 mL, 0.29
mmol) in 5 mL of DMF to commence the coupling reaction at
rt for 6 h. The final reaction mixture was filtrated, evaporated in
vacuo, redissolved in 10% MeOH in DCM, and loaded to a
silica column for further purification. The products were
separated by eluting with mobile phases of 10% MeOH in
DCM to afford 6b (85 mg; 54%) as a yellowish solid. 1H NMR
(400 MHz) (DMSO-d6) δ: 8.16 (t, 1H, CONHCH2CH2),
8.04−8.08 [m, 2H, Gly4-NH, NH CO2C(CH3)3], 7.70 (t, 1H,
Gly3-NH), 7.00 (t, 1H, Gly1-NH), 6.75 (t, 1H, GIy2-NH),, 3.75
(d, 2H, Gly1α-H), 3.72 (d, 2H, Gly4α-H), 3.65 (d, 2H, Gly3α-H),
3.58 (d, 2H, Gly2α-H), 3.03 (q, 2H, NHCH2), 2.88 (q, 2H,
CH2NH), 1.37 [d, 22H, CO2C(CH3)3, NHCH2CH2 ], 1.21−
1.23 (m, 4H, CH2).

13C NMR (DMSO-d6) δ: 169.9, 169.4,
169.0, 168.4, 155.9, 155.6, 78.2, 77.3, 43.3, 42.2., 42.1, 42.0,
38.9, 38.5, 29.5, 29.1, 28.3, 28.2, 26.1, 26.0. HRMS (ESI)
calculated for C24H44N6O8 Na, [M+Na]+ 567.3118 (calcd.),
567.3115 (found).
2-Amino-N-{[({[(2-amino-ethylcarbamoyl)-methyl]-carba-

moyl}-methyl)-carbamoyl]-methyl}-acetamide (7a).
[({[({[(2-tert-Butoxycarbonylamino-ethylcarbamoyl)-methyl]-
carbamoyl}-methyl)-carbamoyl]-methyl}-carbamoyl)-methyl]-
carbamic acid tert-butyl ester (6a; 50 mg, 0.12 mmol) was
dissolved in a TFA/DCM solution (1:1; 4 mL), stirred at 0 °C
for 1 h, and then reacted at rt for 1 h. The product was
evaporated under reduced pressure, washed by ether and
chloroform, sequentially, and again concentrated under reduced
pressure to remove ether and chloroform to give the yellow-

colored oil-like TFA salt of 7a. The obtained TFA salt of 7a was
further dissolved in 5 mL of a DCM/MeOH mixture (DCM/
MeOH = 1:1) and mixed with 10 equiv of Amberlyst A-21
(0.14 mg, 1.1 mmol) while rocking for 30 min.20 After filtering
to remove Amberlyst A-21, the filtrate of the reaction products
was concentrated under reduced pressure to give white solid 7a
(30 mg, 95%). 1H NMR (400 MHz) (DMSO-d6) δ: 8.65 (t,
1H, NHCH2CH2), 8.32 (t, 1H, Gly4-NH), 8.17 (t, 1H, GIy3-
NH), 8.06 (t, 1H, Gly2-NH), 7.80−8.02 (br, 4H, Gly1-NH2,
CH2CH2NH2), 3.85 (d, 2H, Gly4α-H), 3.77 (d, 2H, Gly3α-H),
3.71 (d, 2H, Gly2α-H), 3.62 (s, 2H, Gly1α-H), 3.30 (q, 2H,
CH2NH), 2.85 (q, 2H, NHCH2).

13C NMR (DMSO-d6) δ:
169.6, 169.1, 168.8, 166.4, 42.0, 42.0., 42.0, 39.0, 38.5, 36.3.
HRMS (ESI) calculated for C10H21N6O4, [M+H]+ 289.1624
(calcd.), 289.1626 (found).

2-Amino-N-{[({[(6-amino-hexylcarbamoyl)-methyl]-carba-
moyl}-methyl)-carbamoyl]-methyl}-acetamide (7b). [6-(2-
{2-[2-(2-tert-Butoxycarbonylamino-acetylamino)-acetylamino]-
acetylamino}-acetylamino)-hexyl]-carbamic acid tert-butyl ester
(6b; 60 mg, 0.11 mmol) was dissolved in a TFA/DCM solution
(1:1; 4 mL), stirred at 0 °C for 1 h, and then reacted at rt for 1
h. The product was evaporated under reduced pressure, washed
by ether and chloroform, sequentially, and again concentrated
under reduced pressure to remove ether and chloroform to
obtain the brown oil-like TFA salt of 7b. The acquired TFA salt
of 7b (0.52 g, 0.88 mmol) was further dissolved in 5 mL of
DCM/MeOH mixture (DCM/MeOH = 1:1) and mixed with
10 equiv of Amberlyst A-21 (0.14 mg, 1.1 mmol) while rocking
for 30 min.20 After filtering to remove Amberlyst A-21, the
filtrate of the reaction products was concentrated under
reduced pressure to afford white solid 7b (50 mg, 95%). 1H
NMR (400 MHz) (DMSO-d6) δ: 8.68 (t, 1H, NHCH2CH2),
8.33 (t, 1H, Gly4-NH), 8.13 (t, 1H, Gly3-NH), 7.84−8.08 (br,
4H, GIy1-NH2, CH2CH2NH2), 7.79 (t, 1H, Gly

2-NH), 3.84 (d,
2H, Gly4α-H), 3.75 (d, 2H, Gly3α-H), 3.66 (d, 2H, Gly2α-H),
3.62 (s, 2H, Gly1α-H), 3.04 (q, 2H, CH2NH), 2.76 (t, 2H,
CH2NH2), 1.18−1.60 (m, 8H, CH2).

13C NMR (DMSO-d6) δ:
169.0, 168.9, 168.5, 166.5, 42.1, 42.5, 42.0, 40.2, 38.8, 38.4,
28.9, 27.0,25.8,25.5. HRMS (ESI) calculated for C14H29N6O4,
[M+H]+ 345.2250 (calcd.), 345.2251 (found).

Synthesis of a N-Maleoyl Amino Acid Succinimidyl
Ester, AMAS (9). (2,5-Dioxo-2,5-dihydro-pyrrol-1-yl)-acetic
acid 2,5-dioxo-pyrrolidin-1-yl ester (9) was synthesized from
(2,5-dioxo-2,5-dihydro-pyrrol-1-yl)-acetic acid (8) which was
prepared by a previously reported method.22 The acquired 8
(69 mg, 0.45 mmol) and NHS (103 mg, 0.89 mmol) were first
dissolved in THF (10 mL), followed by dropwise addition of
DCC (184 mg, 0.89 mmol) in THF (10 mL) while stirring.
After overnight reaction at rt, the mixture was quenched by
addition of three drops of glacial acetic acid and stirring for 1 h
and filtered to remove suspension. The acquired filtrate was
concentrated under reduced pressure, washed by EtOH twice,
resuspended in 2-propanol (30 mL) while stirring for 1 h, and
filtered to separate the suspension from its filtrate. The final
solid was washed by 2-propanol and dried to afford a white-
colored 9 (96 mg; 86%). 1H NMR (400 MHz) (DMSO-d6) δ:
7.20 (s, 2H, CHCH), 4.73 (s, 2H, CH2), 2.81 (s 4H, CH2CH2)
13C NMR (DMSO-d6) δ: 169.7, 169.7, 164.4, 135.1, 36.3, 25.4.
HRMS (ESI) calculated for C10H8N2O6Na, [M+Na]+ 275.0280
(calcd.), 275.0279 (found).

Synthesis of the Thiol-Containing Biotin Derivative
(13). 5-(2-Oxo-hexahydro-thieno[3,4-d]imidazol-4-yl)-penta-
noic acid (2-{2-[5-(2-oxo-hexahydro-thieno[3,4-d]imidazol-
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4-yl)-pentanoylamino]-ethyldisulfanyl}-ethyl)-amide (12). 5-
(2-Oxo-hexahydro-thieno[3,4-d]imidazol-4-yl)-pentanoic acid
2,5-dioxo-pyrrolidin-1-yl ester (11; 0.19 g, 0.55 mmol) was
synthesized from 10 according to our previously published
method20 and was completely dissolved in DMF (7 mL) with
gentle warming. After slowly cooling the 11 solution to rt
without recurring precipitation, it was mixed with an aqueous
solution (1 mL) containing cystamine dihydrochloride (0.068
g, 0.30 mmol) and Et3N (0.14 g, 1.38 mmol) with stirring. The
reaction proceeded at rt overnight with stirring and the reaction
products were concentrated in vacuo. The remaining solid was
redissolved in 2-propanol (20 mL) with gentle heating, cooled
down to room temperature, and reprecipitated at 4 °C
overnight. The obtained white solid was recovered from the
glassware, washed with cold 2-propanol and air-dried to give 12
(0.14 g; 82.1%). 1H NMR (400 MHz) (DMSO) δ: 8.01 (s, 2H,
CONH), 6.54 (s, 2H, CONH), 6.39 (s, 2H, CONH), 4.31 (t,
2H, CHN), 4.15 (t, 2H, CHN), 3.11 (dd, 2H, CHS), 2.85 (d,
2H, CHHS), 2.78 (t, 4H, CH2S), 2.58 (d, 2H, CHHS), 2.09 (t,
4H, CH2CO), 1.31−1.61 (m, 12H). 13C NMR (100.67 MHz)
(DMSO) δ: 172.26, 162.74, 61.04, 59.21, 55.43, 41.10, 37.88,
37.31, 35.15, 28.11, 25.23. HRMS (ESI) calculated for
C24H40N6O4S4Na, [M+Na]+ 627.1891 (calcd.), 627.1893
(found).
5-(2-Oxo-hexahydro-thieno[3,4-d]imidazol-4-yl)-penta-

noic acid (2-mercapto-ethyl)-amide (13). 5-(2-Oxo-hexahy-
dro-thieno[3,4-d]imidazol-4-yl)-pentanoic acid (2-{2-[5-(2-
oxo-hexahydro-thieno[3,4-d]imidazol-4-yl)-pentanoylamino]-
ethyldisulfanyl}-ethyl)-amide (12; 0.14 g, 0.23 mmol) was
completely dissolved in DMF (8 mL) with gentle warming.
After cooling, the 12 solution to rt without recurring
precipitation, DL-dithiothreitol (DTT; 0.11 g, 0.68 mmol) and
Et3N (0.002 g, 0.02 mmol) were added to the solution with
stirring. Additional DTT (0.11 g, 0.68 mmol) was replenished
to the reaction mixture 1 h later. The reaction proceeded at rt
for 2 more hours, followed by evaporation in vacuo. The
remaining solid was washed by DCM (10 mL) three times and
concentrated under reduced pressure to give white-colored 13
(0.07 g; 52.7%). 1H NMR (400 MHz) (DMSO) δ: 7.98 (s, 1H,
CONH), 6.45 (s, 1H, CONH), 6.38 (s, 1H, CONH), 4.32 (t,
1H, CHN), 4.14 (t, 1H, CHN), 3.19 (t, 2H, CH2SH), 3.11 (dd,
1H, CHS), 2.83 (d, 1H, CHHS), 2.58 (d, 1H, CHHS), 2.37 (t,
1H, SH), 1.32−1.61 (m, 6H). 13C NMR (100.67 MHz)
(DMSO) δ: 172.38, 162.81, 61.07, 59.23, 55.44, 42.04, 35.14,
28.21, 28.03, 25.25, 23.52. HRMS (FAB) calculated for
C17H30O5N5SNa, [M+Na]+ 439.5112 (calcd.), 439.1865
(found).
Nucleic Acid Preparation and Radiolabeling. The 3′

primer (5′-TACCCCTTGGGGATACCACC-3′), a single-
stranded DNA, was purchased from Purigo Biotech, Inc.,
Taiwan, and used without purification. The TW171−17 RNA
(5′-GGGAUCGUCAGUGCAUU-3′) was purchased from
Bioneer (Daejeon, South Korea) and also used without
purification. The 5′ GMP-primed TW17 RNA (87-mer; 5′-
GGGAUCGUCAGUGCAUUGAGAAGUGCAGUGUCUUG-
CGCUGGGUUCGAGCGGUCCGUGGUGCUGGC-
CCGGUGGUAUCCCCAAGGGGUA-3′) was prepared as
previously described.23 The TW17 RNA body-labeled with32P
and the 3′ primer DNA 32P-labeled at the 5′-end were prepared
according to the previously reported procedures.20,23

Optimization of Two-Step Nucleic Acid Phosphor-
amidation Reactions. The optimized two-step phosphor-
amidation reaction for RNA was carried out by dissolving the

GMP-primed TW17 RNA (0.32 nmol) and EDC (4.17 μmol)
in 4 μL 4(5)-methylimidazole-Triton X-100 buffer [0.1 M 4(5)-
methylimidazole, 15% Triton X-100, pH 6.0] and activating at
rt for 90 min. The resulting 5′-phosphorimidazolide RNA was
purified by ethanol precipitation and resuspended in 5.5 μL of
EPPS-Triton X-100 buffer (100 mM EPPS, 15% Triton X-100,
2 mM EDTA, pH 7.5). One microliter of 1 (187.2 mM in
DMF) was then added to the 5′-phosphorimidazolide RNA
solution to allow a phosphoramidation reaction at 41 °C for 3
h.
For the single-stranded 3′-primer DNA, the optimized two-

step phosphoramidation reaction was performed by dissolving
the single-stranded DNA (0.32 nmol) and EDC (4.17 μmol) in
4 μL of 4(5)-methylimidazole buffer [0.1 M 4(5)-methyl-
imidazole, pH 6.0] and activating at rt for 90 min. Similarly, the
resulting 5′-phosphorimidazolide DNA was purified by ethanol
precipitation and redissolved in 5.5 μL of EPPS buffer (100
mM EPPS, 2 mM EDTA, pH 7.5). A solution of 1 (1 μL; 187.2
mM in DMF) was later added to the 5′-phosphorimidazolide
DNA solution to allow a phosphoramidation reaction at 55 °C
for 3 h. No co-solute was used in the two-step phosphor-
amidation reaction of the single-stranded DNA to attain higher
reaction yield.
All resulting nucleic acid−substrate conjugates were purified

twice by ethanol precipitation, analyzed by urea-PAGE and SAv
gel shift assay (8% urea-PAGE for the TW17 RNA, and 20%
urea-PAGE for single-stranded DNA), visualized, and quanti-
fied by an Amersham Typhoon PhosphorImager to determine
reaction yield.

Nucleic Acid-Tetraglycine Derivative Conjugate Prep-
aration. The phosphoramidation reactions between the TW17
RNA and 6a/6b adhered to the optimized two-step
phosphoramidation reaction stated above but with 1 replaced
by the same concentration of 6a/6b. The phosphoramidation
reactions between the 3′ primer DNA and 6a/6b was also
carried out by following the previously optimized two-step
phosphoramidation reaction for single-stranded DNA but with
the same concentration of 6a/6b substituting for 1. The
synthesized nucleic acid-tetraglycine derivative conjugates were
purified twice by ethanol precipitation, analyzed by 8% (the
TW17 RNA) or 20% (the 3′ primer DNA) urea-PAGE to
separate reaction products, visualized and quantified by an
Amersham Typhoon PhosphorImager.

Two-Step Phosphoramidation Reactions for Syn-
thesis of Nucleic Acid−Tat48−57 Peptide Conjugates.
The single-stranded 3′-primer DNA was conjugated with the
Tat48−57 peptide according to the optimized two-step
phosphoramidation reaction described previously but with the
following modifications. First, the scale of the reaction was
increased five times to acquire the sufficient conjugates for
subsequent ex vivo studies. In addition, the pH of the
conjugation reaction between the 5′-phosphorimidazolide
DNA and the Tat48−57 peptide was increased to 8.0 achieved
by addition of concentrated EPPS buffer (600 mM EPPS, 5
mM EDTA, pH 8.0) to attain higher yield. Finally, only 20 mM
of the Tat48−57 peptide was required in the coupling reaction to
have the best yield.
For RNA-Tat48−57 conjugates, preparation also followed the

optimized two-step RNA phosphoramidation reaction but with
following modifications: (1) Only 20 mM of the Tat48−57
peptide was required in conjugation reactions, and (2)
concentrated EPPS-Triton X-100 buffer (600 mM EPPS, 15%
Triton X-100, 5 mM EDTA, pH 7.5) was added to the
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conjugation reaction between the 5′-phosphorimidazolide RNA
and the Tat48−57 peptide to retain the buffering capacity.
The synthesized nucleic acid-Tat48−57 conjugates were also

purified twice by ethanol precipitation, analyzed by 8% (the
TW17 RNA) or 20% (the 3′ primer DNA and the TW171−17
RNA) urea-PAGE, visualized and quantified by an Amersham
Typhoon PhosphorImager.
Two-Step Phosphoramidation Reactions for Syn-

thesis of Nucleic Acid−Cystamine Conjugates. Similar
optimized two-step phosphoramidation reactions were applied
when preparing nucleic acid−cystamine conjugates and are
described below. The RNA−cystamine conjugate synthesis was
carried out by dissolving the GMP-primed TW171−17 RNA
(0.32 nmol) and EDC (4.17 μmol) in 4 μL of 4(5)-
methylimidazole-Triton X-100 buffer and activating at rt for
90 min. The resulting 5′-phosphorimidazolide RNA was
purified by ethanol precipitation and then resuspended in 5.5
μL of concentrated EPPS-Triton X-100 buffer with the addition
of 1 μL of cystamine (187.2 mM in water) to allow a reaction at
41 °C for 3 h.
For the single-stranded 3′-primer DNA, the cystamine

conjugate was prepared by dissolving the DNA (1.59 nmol)
and EDC (26 μmol) in 20 μL 4(5)-methylimidazole buffer and
activating at rt for 90 min. The resulting 5′-phosphorimidazo-
lide DNA was purified by ethanol precipitation, redissolved in
27.5 μL of concentrated EPPS buffer. Five microliters of
cystamine (187.2 mM in DEPC water) was then added to the
5′-phosphorimidazolide DNA solution to allow reaction at 55
°C for 3 h. Again, no co-solute was used in the two-step
phosphoramidation reaction of the single-stranded DNA to
attain higher reaction yield.
The products of the conjugation reactions between cyst-

amine and nucleic acids were separated by 20% urea-PAGE,
visualized and quantified by an Amersham Typhoon
PhosphorImager to determine reaction yield.
Optimization of AMAS (9) Reactions to Effectively

Conjugate Nucleic Acids with the C(KFF)3K Peptide. The
heterobifunctional 9 served as the linker to conjugate
cystamine-modified nucleic acids with peptides (Scheme S1).
Before having 9 react with cystamine-modified nucleic acids
and peptides, each reaction was optimized by using one of the
model compounds 11 and 13 to attain the highest yield. The
optimization reactions are briefly described below.
For the reaction between a cystamine-modified nucleic acid

and 9, 11 with an activated carboxyl group was substituted for
9. The substitution simplified the acylation reaction allowing
the determination of the appropriate condition to provide the
highest yield as stated below. The cystamine-modified 3′ primer
DNA (900 pmol) was dissolved in 22.5 μL of concentrated
EPPS-7.3 buffer (600 mM EPPS, pH 7.3) to produce 40 μM of
the DNA solution in a microfuge tube. After addition of 11
solution (9 μL; 0.01−1 M in DMF), the microfuge tube was
wrapped with aluminum foil, and reacted at rt with rocking for
1.5 h. The resulting 3′ primer DNA-11 conjugates were purified
twice by ethanol precipitation, analyzed by 20% urea-PAGE,
visualized and quantified by an Amersham Typhoon
PhosphorImager to determine reaction yield.
The conjugation of the 9-modified 3′ primer DNA with 13

was studied to determine optimal conditions for the Michael
addition reaction between the 9-modified nucleic acids and
cysteine-containing peptides and to attain high yield (Scheme
S1; Supporting Information). The reaction optimization is
briefly described below. Assuming no DNA loss during ethanol

precipitation, the acquired 9-modified 3′ primer DNA reaction
mixture (0.9 nmol) was dissolved in 50 μL of concentrated
EPPS-7.3 buffer, followed by the slow addition of 50 μL of 13
solution (36−3600 μM in DMF), and reacted at rt with rocking
for 16 h. The acquired 3′ primer DNA-13 conjugates were
purified twice by ethanol precipitation, analyzed by 20% urea-
PAGE, visualized and quantified by an Amersham Typhoon
PhosphorImager to determine reaction yield.

Synthesis of Nucleic Acid−C(KFF)3K Peptide Con-
jugates Using the Cystamine-9 Linker. All nucleic acid−
C(KFF)3K peptide conjugates were prepared by following the
optimized AMAS (9) reactions described previously and briefly
stated below. The TW171−17 RNA- C(KFF)3K peptide
conjugate synthesis was initiated by dissolving the previously
prepared cystamine-modified TW171−17 RNA (0.22 nmol) in
5.55 μL of concentrated EPPS-7.3 buffer to yield a 40 μM RNA
solution. After addition of 22 μL of 9 (10 mM in DMSO) to
the RNA solution, the microfuge tube containing the RNA
reaction mixture was wrapped with aluminum foil and reacted
at rt with rocking for 1.5 h. The 9-modified RNA was purified
by standard ethanol precipitation to remove excess 9, and was
redissolved in 50 μL of concentrated EPPS-7.3 buffer. A
solution of C(KFF)3K solution (50 μL; 4.4 nmol) was then
slowly added to the 9-modified RNA solution and reacted at rt
with rocking for 16 h (Scheme S1).
For DNA conjugates, the cystamine-modified 3′ primer DNA

(0.9 nmol) was dissolved in 22.5 μL of concentrated EPPS-7.3
buffer to produce a 40 μM DNA solution in a microfuge tube.
A solution of 9 (90 μL; 10 mM in DMSO) was added to the
DNA solution and followed by wrapping the reaction mixture-
containing microfuge tube with aluminum foil and rocking the
reaction mixture at rt for 1.5 h. The reaction products were
purified twice by ethanol precipitation to remove excess 9. The
obtained 9-modified 3′ primer DNA (∼0.9 nmol) was
redissolved in 50 μL of concentrated EPPS-7.3 buffer, followed
by slow addition of 50 μL of the C(KFF)3K peptide solution
(18 nmol in DEPC water), and reacted at rt with rocking for 16
h (Scheme S1). The obtained nucleic acid−C(KFF)3K peptide
conjugate was purified twice by ethanol precipitation, analyzed
by 20% urea-PAGE, visualized and quantified by an Amersham
Typhoon PhosphorImager to obtain reaction yield.

MALDI-TOF MS for POC Characterizations. Prior to
MALDI-TOF analysis, each POC sample was purified by urea-
PAGE and desalted by passing through a Sephadex G-10 (GE
Healthcare Life Sciences, Taipei, Taiwan). MALDI-TOF mass
spectra were recorded on an Autoflex III TOF/TOF analyzer
(Bruker Daltonics, Taiwan). Each MALDI-TOF sample was
prepared by mixing a purified POC (100 pmol in 0.5 μL water)
with the MALDI-TOF matrix solution (0.5 μL), deposited on a
target plate and allowed to dry before the POC mass
measurement. A fresh MALDI-TOF matrix solution was
prepared daily by adopting a volume ratio of 1:2:1 for 2,3,4-
trihydroxyacetophenone (0.2 M in 50% acetonitrile), 2,4,6-
trihydroxyacetophenone (0.2 M in 50% acetonitrile), and
ammonium citrate (0.3 M), respectively.

Cell Culture. Cells of A549, a human lung carcinoma cell
line, were maintained in Ham’s F12K (Biowest, France) and
supplemented with 10% fetal bovine serum (FBS; Hyclone,
USA), 1% penicillin−streptomycin−amphotercin (PSA; Bio-
logical Industries, Israel), and 1% L-glutamine solution
(Biological Industries, Israel).

Cytotoxicity Assays. The viability of mammalian cells in
the presence of POCs was determined by the methylthiazolete-
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trazolium (MTT) conversion assay described previously.24

A549 cells were cultured in 96 well plates (2 × 104 cells/well;
0.1 mL medium/well), washed, and maintained in medium
containing serum overnight prior to assay. After inoculation
with 0−10 μM of the 3′ primer, DNA- Tat48−57 peptide
conjugate, cells were maintained at 37 °C for 24 h and further
incubated with MTT (0.5 mg/mL) at 37 °C for 4 h. By the end
of MTT incubation, the medium was removed and the
insoluble formazan product was dissolved by adding DMSO
(100 μL/well) with thoroughly mixing. MTT conversion was
determined by colorimetric analysis at 570 nm. Each experi-
ment was performed in triplicate; the reported result was mean
of triplicate experiments ± SD.
Fluorescent Labeling of DNA and Its Conjugation

with the Tat48−57 Peptide. In order to detect the uptake of
DNA in POCs by mammalian cells using flow cytometry,
fluorescent microscopy, and confocal laser scanning micros-
copy, the DNA was required to be labeled with fluorophores
before conjugating with the Tat48−57 peptide for POC synthesis.
Fluorescent labeling of DNA was achieved by a DNA
depurination method25 and briefly described below. DNA
depurination was accomplished by resuspension of the 3′
primer DNA (1−10 mg) in 0.2 N HCl (10 mL) and allowed to
react at 37 °C for 90 min. The depurinated DNA solution was
diluted with 40 mL of ethylenediamine buffer (650 mM, pH
7.6) and reacted at 37 °C for 3 h. The solution of the imine-
containing DNA was further reacted with freshly prepared
NaBH4 (0.1 M in water, 4 mL) at rt for 30 min. The acquired
diamino-derivatized DNA sample was purified by adding 1 mL
of lithium perchlorate (2% in acetone) to precipitate the DNA,
washing the DNA with acetone twice and air−drying. After
redissolving the diamino-derivatized DNA in carbonate buffer
(0.1 M, pH 9.0; 20 μL), a solution of fluorescein isothiocyanate
(FITC; 2.57 mM in DMSO, 20 μL) was slowly added to the
DNA solution and reacted in the dark for 12 h. The reaction
products were precipitated by ethanol and further purified by
20% urea-PAGE to obtain the FITC-labeled 3′ primer DNA.
The FITC-labeled DNA was conjugated with the Tat48−57
peptide according to the optimized zero-linker two-step
phosphoramidation reaction described in this study. The
POC, the FITC-labeled 3′ primer DNA- Tat48−57 peptide
conjugate, was again purified by 20% urea-PAGE in which the
migration of the FITC-labeled POC was visualized by an
Amersham Typhoon PhosphorImager with the settings of the
excitation wavelength at 488 nm and the emission wavelength
at 525 nm for fluorescein detection. It is noted that the FITC-
labeled Tat48−57 peptide was also prepared according to a
previously described method.20

Flow Cytometry. A549 cells were seeded into a 12-well
plate (2 × 105 cells in 1 mL medium per well) and cultured
overnight. The medium in the overnight cultures was removed,
replenished with a fresh medium containing 0 or 5 μM of the
FITC-labeled Tat48−57 peptide or 3′ primer DNA−Tat48−57
peptide conjugate, and further maintained at 37 °C for 24 h.
The peptide/POC-containing medium was discarded after
incubation in which the cells were washed by PBS once and
detached from the plate surface by treating with trypsin
(trypsin−EDTA 1×, 0.5 mL per well; Biowest, France) for 3−5
min. The trypsinized cells were resuspended in the medium
(0.5 mL) and centrifuged at 700 rcf for 4 min. After removal of
the supernatants, the cells were resuspended in ice-cold PBS (1
mL) and subjected to another round of centrifugation (700 rcf
for 4 min). The final cell pellets were again resuspended in ice-

cold PBS (1 mL), transferred to Falcon tubes (BD Bioscience,
San Jose, CA, USA) and placed on ice in the dark before each
analysis. Each experiment was performed in triplicate; in each
case, the fluorescence of at least 10 000 viable cells was
measured by using a BD FACSCalibur cytometer (BD, Franklin
Lakes, NJ, USA).

Confocal Laser Scanning Microscopy and Fluorescent
Microscopy. A549 cells were seeded in an 8-well Lab-Tek
coverglass chamber (0.3 mL medium per well; Nalge Nunc,
Rochester, NY, USA) with an appropriate density of 1 × 104

cells per well and incubated for 24 h before the experiment.
The medium in the overnight cultures was removed,
replenished with a fresh medium containing 0 or 5 μM of
the FITC-labeled Tat48−57 peptide or 3′ primer DNA−Tat48−57
peptide conjugate, and further maintained at 37 °C for 24 h.
The peptide/POC-containing medium was discarded after
incubation, followed by washing the cells with PBS three times
before confocal imaging analysis. The pictures were obtained
using a FluoView 1000 confocal laser scanning microscope
(Olympus, Tokyo, Japan). All images were acquired using living
and nonfixed cells. Each experiment was performed in triplicate.
Experimental procedures similar to those described above were
used in fluorescent microscopy analysis.

■ RESULTS
General Considerations in Optimizing the Aqueous-

Phase Two-Step Phosphoramidation Reactions for POC
Synthesis. We envisioned that three aspects of two-step
nucleic acid phosphoramidation reactions critical to POC
synthesis could be modified to increase product yields (Scheme
1). First, inert co-solutes such as Tween 20 and Triton X-100
were substituted for urea (8 M in the original reactions)20 in
phosphoramidation reactions to ensure co-solutes would carry
out their proposed roles of denaturing nucleic acids without
participating in nucleophilic substitution reactions. Our
previous study has revealed that using urea as a co-solute
could lead to less than optimal reaction yield. Second, we
sought to attain higher POC yields by modestly increasing the
nucleophilicity of the imidazole moiety. Appropriately stabiliz-
ing phosphorimidazolide intermediates would extend their half-
lives in aqueous solutions while not deterring subsequent
nucleophilic substitution reaction with peptides. Third, POC
yields could be further improved by chemically modifying
peptides to increase peptide nucleophilicity. We adopted these
three strategies to improve the aqueous-phase two-step
phosphoramidation reactions and present the results in the
following sections.

Identification of an Appropriate Co-Solute and
Concentration to Facilitate POC Synthesis. We exploited
previously synthesized 1 (Scheme 1) as the nucleophile in
aqueous-phase two-step phosphoramidation reactions to
optimize conjugation with nucleic acids. First, we substituted
one of five different co-solutes (Triton X-100, Tween 20, PEG-
6000, PEG-8000, and glycerol) for urea in the phosphor-
amidation reactions while varying co-solute concentrations
from 0% to 33% (w/v) to identify appropriate co-solutes and
concentrations for DNA and RNA conjugation with the
nucleophile 1. These co-solutes were chosen because each of
their structures only contains the hydroxyl functionality, which
is unlikely to deprotonate and participate in phosphoramidation
reactions as nucleophiles at neutral pH. The TW17 RNA (87-
mer nt) clearly favored 15% Triton X-100 in the phosphor-
amidation reactions to have the best yield (Figure 1A). The 3′
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primer DNA (20-mer nt), however, had the best yield when no
co-solutes were included in the phosphoramidation reactions
(Figure 1B). Acquiring better yield with no co-solutes in DNA
phosphoramidation reactions is consistent with previous
findings20 and likely reflects short single-stranded DNA, such
as the 3′ primer DNA, having less of a tendency to fold into
secondary structures which would interfere in phosphoramida-
tion reactions. Having co-solute concentrations higher than
32.5% in two-step phosphoramidation reactions might promote
product formation as implicated in Figure 1B, but this is an
impractical approach as reaction mixtures became too thick to
handle.
Survey of Imidazole Derivatives with Potential to

Enhancing POC Formation. After determining optimal co-
solute conditions in the two-step phosphoramidation reactions
for nucleic acids, we substituted one of six imidazole derivatives
(2a−f; Figure S1) for imidazole in reactions. All the imidazole
derivatives have electron-donating substitutions in the aromatic
ring which presumably strengthens phosphoramidate bonds
and improves stability of the key phosphorimidazolide
intermediates in water (boxed in b in Scheme 1). Results of
the studied two-step phosphoramidation reactions in the

presence of these imidazole derivatives, however, indicated
that only 2d [4(5)-methylimidazole); Scheme 1] could
substantially increase product yields for both DNA and RNA
conjugation (Figure 2). The ability of compound 2d as the only
imidazole derivative to enhance product formation suggests
that not only the nucleophilicity in the imidazole ring but also
the steric hindrance imposed on the nucleophilic N in the
imidazole moiety determine product yield in phosphoramida-
tion reactions. Increasing nucleophilicity in the imidazole ring is
a double-edged sword approach; it could stabilize the
phosphoramidate bond in a phosphorimidazolide intermediate
so effectively as to deter subsequent nucleophilic substitution
required to attain desired products. We are currently
synthesizing imidazole derivatives based on 2d to further
improve two-step phosphoramidation reaction yield.

Increase of Peptide Nucleophilicity to Promote POC
Synthesis. We explored the relationship between peptide
nucleophilicity and phosphoramidation yield. We previously
demonstrated that diamino nucleophiles provided higher

Scheme 1. Strategies to Optimize Aqueous-Phase Two-Step
Phosphoramidation Reactions for Conjugating Nucleic Acid
with Nucleophiles, Such as Peptides, to Synthesize Peptide−
Oligonucleotide Conjugates (POCs)a

aDashed boxes indicate the approaches to improve the reaction yields.
Each bold, superscripted, lower-case letter represents the specific
method to explore reaction conditions to achieve best reaction yields.
These methods include the following: a, identifying an appropriate co-
solute and concentration; b, investigating imidazole derivatives to
stabilize phosphorimidazolide intermediates and facilitate subsequent
phosphoramidation reactions; c, increasing numbers of nucleophilic
functionalities in nucleophiles which were peptides in this study.
Compound 1 was one of the model nucleophiles in this study.
Compound 2d was identified as the best imidazole derivative for POC
synthesis revealed by the results noted in the text.

Figure 1. Effects of co-solutes on yields of aqueous-phase two-step
phosphoramidation reactions when conjugating 1 with (A) the 32P-
labeled TW17 RNA or (B) the 32P-labeled single-stranded 3′ primer
DNA. (A) The studied co-solutes included the following: 1, urea; 2,
Tween 20; 3, Triton X-100; 4, PEG 6000; 5, PEG 8000; 6, glycerol.
Each co-solute had a concentration of 15% (w/v) in both buffers for
the phosphoramidation reactions. The reaction products were purified
by ethanol precipitation, analyzed by 8% urea-PAGE, visualized and
quantified by an Amersham Typhoon PhosphorImager. a, unreacted
TW17 RNA; b, TW17 RNA-1 conjugate. (B) The relationship of co-
solute concentrations and DNA-1 conjugate yields for each studied co-
solute. The data were quantified by results from several urea-PAGE
analyses similar to that in (A). Each data point is determined by
calculating the average of the yields from triplicate experiments
accompanied with the standard deviation represented as a vertical bar.
The studied co-solutes in the phosphoramidation reactions were urea
(closed square, ■), Tween 20 (closed triangle, ▲), Triton X-100
(open circle, ○), PEG 6000 (closed diamond, ⧫), PEG 8000 (closed
circle, ●), and glycerol (open square, □).
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product yield in significantly shorter reaction time than
monoamino nucleophile 1 in phosphoramidation reaction.20

We thus reasoned that using modified peptides carrying
additional amino groups would improve peptide nucleophilicity
and further increase phosphoramidation reaction yields. Since
we previously synthesized tetraglycine (3)20 and it is also
commercially available, we decided to use 3 as the starting
material to yield two of its amino derivatives, the novel peptides
7a and 7b, each carrying an additional amino group appended
on two or six carbon linkers (Scheme 2).
Synthesis of 7a and 7b started with Boc protection of 3 to

give 4. The Boc-protected 4 was initially acylated with 5a/5b
following our previous method for similar reactions in synthesis
of 3 (EDC and Et3N in DMF). Unexpectedly, the desired 6a/
6b was not produced after the reactions and their formations
were not improved when DMAP was included in the reactions.
We eventually adopted standard peptide coupling conditions26

using EDC, HOBt, and DIPEA as reagents for the reactions and
successfully synthesized 6a and 6b. Boc deprotection of 6a and
6b (TFA in DCM) and subsequent TFA removal by Amberlyst
A-2120 finally led to effective synthesis of the required 7a and
7b.
The successful synthesis of 7a and 7b allowed study of the

two-step phosphoramidation reaction using 7a and 7b as the
nucleophiles in the optimized reaction conditions. As expected,
7a and 7b were better nucleophiles than 1 and 3 when coupled
with either the 3′ primer DNA or the TW17 RNA to give
higher reaction yield (Figure 3). Increasing the extent of amino
functionality in the nucleophiles could contribute to higher
yields in two-step phosphoramidation reactions. The results

encouraged us to exploit the optimized two-step phosphor-
amidation reaction to synthesize POCs other than nucleic acid-
3 conjugates because typical peptides usually have more amino
groups than 7a and 7b. However, before employing the
optimized two-step phosphoramidation reactions for synthesis

Figure 2. Influence of imidazole nucleophilicity on yields of two-step phosphoramidation reactions when conjugating 1 with (A) the 32P-labeled
TW17 RNA or (B) the 32P-labeled single-stranded 3′ primer DNA. Either imidazole or one of its derivatives (2a−f, Figure S1) was individually
incorporated into a phosphoramidation reaction. The reaction product was purified by ethanol precipitation, analyzed by 8% urea-PAGE for the
RNA-1 conjugate and 20% urea-PAGE for the DNA-1 conjugate, visualized and quantified by an Amersham Typhoon PhosphorImager. a, unreacted
TW17 RNA; b, TW17 RNA-1 conjugate; c, unreacted 3′ primer DNA; d, 3′ primer DNA-1 conjugate.

Scheme 2. Synthesis of the Tetraglycine Derivatives 7a

aReaction conditions: a, Di-t-Boc, NaOH/H2O/dioxane; b, (1) EDC,
HOBt, (2) 5a/5b, DIPEA, DMF; c, (1) TFA, DCM, (2) Amberlyst A-
21, MeOH/DCM.
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of bioactive POCs, we desired to further increase POC yields
by carrying out the reactions for DNA at higher temperatures.
Effects of Higher Temperatures on DNA Phosphor-

amidation Reactions. We previously concluded that RNA
phosphoramidation reactions at 41 °C is the optimal reaction
temperature because it balances reaction yield and RNA
degradation at higher temperatures.20 DNA, on the other hand,
is far more chemically stable than RNA. Therefore, we
investigated whether we could substantially improve yields of
two-step DNA phosphoramidation reactions when performed
above 41 °C (Figure S2). Indeed, we observed a steady increase

of product yields when having two-step phosphoramidation
reactions at temperatures higher than 45 °C. DNA in the two-
step phosphoramidation reactions, however, suffered from
significant degradation at reaction temperatures above 55 °C.
We, therefore, determined that 55 °C was the optimal
temperature for two-step DNA phosphoramidation reactions
and was used subsequently.

POC Synthesis by the Optimized Two-Step Phosphor-
amidation Reactions Using the Zero Linker Approach.
We first employed the developed two-step phosphoramidation
reactions to directly conjugate nucleic acids with a well-studied

Figure 3. Phosphoramidation yield influenced by the nucleophilicity of nucleophiles when reacting with (A) the 32P-labeled 17-mer TW171−17 RNA
and (B) the 32P-labeled single-stranded 3′ primer DNA. Each nucleophile (1, 3, 7a, or 7b) was conjugated with the nucleic acids according to the
two-step phosphoramidation reactions optimized in this study. The reaction products were purified by ethanol precipitation, analyzed by 20% urea-
PAGE, visualized and quantified by an Amersham Typhoon PhosphorImager. a, unreacted TW171−17 RNA; b, TW171−17 RNA-3 conjugate; c,
TW171−17 RNA-7a (or 7b) conjugate; d, TW171−17 RNA-1 conjugate; e, unreacted 3′ primer DNA; f, 3′ primer DNA-3 conjugate; g, 3′ primer
DNA-7a (or 7b) conjugate; h, 3′ primer DNA-1 conjugate.

Figure 4. Autoradiogram of nucleic acids 1 (3′ primer DNA), 2 (two-step phosphoramidation reaction between the 3′ primer DNA and the Tat48−57
peptide), 3 (TW17 RNA), 4 (two-step phosphoramidation reaction between the TW17 RNA and 200 mM of the Tat48−57 peptide), and 5 (two-step
phosphoramidation reaction between the TW17 RNA and 20 mM of the Tat48−57 peptide) analyzed by 8% urea−PAGE for the TW17 RNA samples
and 20% urea−PAGE for the 3′ primer DNA samples, visualized and quantified by an Amersham Typhoon PhosphorImager. The arrows indicate
migrations of a, 3′ primer DNA; b, 3′ primer DNA−Tat48−57 peptide conjugate; c, TW17 RNA; d, TW17 RNA−Tat48−57 peptide conjugate.
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CPP, the Tat48−57 peptide,12,18 in the presence of no linking
molecules between them, the zero linker approach. The
Tat48−57 peptide was used to serve the purpose of a vector to
traffic DNA into mammalian cells validated by subsequent
biological analysis. The Tat48−57 peptide has 9 nucleophilic
amino groups (3 primary amino and 6 secondary amino
groups) in each molecule. Since increasing numbers of
nucleophilic functionalities in nucleophiles was likely to
enhance POC yields (Figure 3), we reasoned that using the
Tat48−57 peptide as the nucleophile could decrease the molar
ratios of nucleophiles to nucleic acids well below 585, the
required ratio for 1 and 3 as the nucleophiles, while retaining
similar reaction yields in the optimized two-step phosphor-
amidation reactions.
As expected, the optimized two-step phosphoramidation

reactions by the zero linker approach only required 62.5 as ratio
of Tat48−57 peptide to nucleic acids to achieve a 47% yield for
the 3′ primer DNA−Tat48−57 peptide conjugate and a 75% yield
for the TW 17 RNA−Tat48−57 peptide conjugate (Figure 4 and

Table 1). Figure 4 also clearly indicates that only a nucleic acid
molecule was covalently linked to the Tat48−57 peptide even
though the Tat48−57 peptide has 9 nucleophilic functionalities
for phosphoramidation reactions. In addition, multiple
nucleophilic functionalities in the Tat48−57 peptide suggested
that each amino group in the Tat48−57 peptide has the potential
to engage in a phosphoramidation reaction to contribute to the
observed POC in Figure 4. Interestingly, the product
complexity did not seem to be an issue, because we observed
significantly lower POC yields in the same phosphoramidation
reactions when replacing the Tat48−57 peptide, which has
glycine in the N-terminus, with the Tat47−57 peptide, which has
tyrosine in the N-terminus (Figure S3). Similar preference for
glycine in the N terminus was also observed when an E. coli
CPP, the (KFF)3K peptide, and its derivatives were
phosphoramidated with the 3′ primer DNA (Figure S3).
These results implicated the N-terminus amino group in a
peptide as the primary nucleophile in phosphoramidation
reactions and its reactivity strongly affected by steric hindrance

Table 1. Survey of Aqueous-Phase Two-Step Nucleic Acid Phosphoramidation Reactions for Identifying the Optimal Reaction
Condition to Give the Best Reaction Yields and to Be Exploited for POC Synthesisa

DNAb/RNAc,d co-solute imidazole and derivatives nucleophile temperature (°C) yield (%)

RNAc N/A imidazole 1 41 25%
RNAc urea, 15% (w/v) imidazole 1 41 18%
RNAc Tween 20, 15% (w/v) imidazole 1 41 30%
RNAc Triton X-100, 15% (w/v) imidazole 1 41 33%
RNAc PEG 6000, 15% (w/v) imidazole 1 41 32%
RNAc PEG 8000, 15% (w/v) imidazole 1 41 31%
RNAc glycerol, 15% (w/v) imidazole 1 41 30%
DNAb N/A imidazole 1 41 27%
DNAb N/A 2a 1 41 21%
DNAb N/A 2b 1 41 26%
DNAb N/A 2c 1 41 18%
DNAb N/A 2d 1 41 28%
DNAb N/A 2e 1 41 26%
DNAb N/A 2f 1 41 22%
RNAc Triton X-100, 15% (w/v) 2a 1 41 36%
RNAc Triton X-100, 15% (w/v) 2b 1 41 19%
RNAc Triton X-100, 15% (w/v) 2c 1 41 15%
RNAc Triton X-100, 15% (w/v) 2d 1 41 42%
RNAc Triton X-100, 15% (w/v) 2e 1 41 30%
RNAc Triton X-100, 15% (w/v) 2f 1 41 33%
RNAc Triton X-100, 15% (w/v) 2d 3 41 54%
RNAc Triton X-100, 15% (w/v) 2d 7a 41 64%
RNAc Triton X-100, 15% (w/v) 2d 7b 41 61%
DNAb N/A 2d 3 41 50%
DNAb N/A 2d 7a 41 61%
DNAb N/A 2d 7b 41 54%
DNAb N/A 2d 1 45 31%
DNAb N/A 2d 1 50 33%
DNAb N/A 2d 1 55 37%
DNAb N/A 2d 1 60 37%
DNAb N/A 2d Tat48−57 peptide 55 47%
RNAc Triton X-100, 15% (w/v) 2d Tat48−57 peptide 41 75%
DNAb N/A 2d cystamine 55 72%
RNAc Triton X-100, 15% (w/v) 2d cystamine 41 60%
DNAb N/A 2d cystamine, C(KFF)3K peptidee 55 59%
RNAd Triton X-100, 15% (w/v) 2d cystamine, the C(KFF)3K peptidee 41 75%

aIt is noted that only the most important results from the co-solute effect study have been provided. The yields for the optimized two-step
phosphoramidation reactions and for POC synthesis are bolded. b3′ primer DNA. cTW17 RNA. dTW171−17 RNA.

eConjugated to the nucleic acids
by Michael addition.
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imposed by the side chain of the N-terminus amino acid
residue. The N-terminus glycine in a peptide emerges as the
best nucleophile in phosphoramidation reactions because very
limited steric hindrance would be enacted by the hydrogen
atom, the side chain of glycine. The preference of glycine over
other amino acids in the N-terminus of peptides for
phosphoramidation-prepared POC formation is also consistent
with the properties of 2d [4(5)-methylimidazole)] to give the
best phosphoramidation yield (Figure 2). Consequently,
despite the presence of primary and secondary amino groups
in typical peptides, the N-terminus amino group is clearly the
best nucleophile to participate in nucleophilic substitution
reactions with nucleic acid phosphorimidazolides. The N-
terminus amino group of a peptide as the favorite nucleophile
in nucleic acid phosphoramidation attains more specific
reactions and produces relatively structurally uniform POC
conjugates. Moreover, glycine in the N-terminus of peptides
should be the choice for synthesis of phosphoramidation-
prepared POCs because it has the least steric hindrance among
amino acids.
We characterized the acquired POCs by MALDI-TOF MS to

determine the molecular mass. We initially wondered whether
the molecular mass of a phosphoramidation-prepared POC
could be measured by more sensitive positive-mode MALDI-
TOF MS. Adopting positive-mode MALDI-TOF MS required
the use of acidic MALDI-TOF matrices, reported to be
detrimental to phosphoramidate bonds in DNA during analysis
and lead to DNA degradation.27 Therefore, we performed a
control experiment prior to positive-mode MALDI-TOF MS
analysis by incubating the gel-purified 3′ primer DNA−Tat48−57
peptide conjugate in an acidic MALDI-TOF matrix solution
composed of 2,3,4-trihydroxyacetophenone, 2,4,6-trihydroxya-
cetophenone, and ammonium citrate for 3 h. We were pleased
to observe that the phosphoramidate bond linking the 3′
primer DNA and the Tat48−57 peptide was significantly inert in
the MALDI-TOF matrix solution because only 5% of the
phosphoramidation-prepared POC were hydrolyzed at the end
of incubation (Figure S4).
The molecular mass of the 3′ DNA primer−Tat48−57 peptide

conjugate was ultimately confirmed by MALDI-TOF MS ([M
+H]+ = 7416.096; Table 1 and Supporting Information). We,
however, were not able to determine the molecular mass of the
TW17 RNA−Tat48−57 peptide conjugate because the TW17
RNA was synthesized by in vitro transcription of T7 RNA
polymerase to render a heterogeneous molecular mass of the
RNA.28 In addition, the size of the TW17 RNA−Tat48−57
peptide conjugate (∼30 kD) prevents an accurate measurement
of the molecular mass by MALDI-TOF MS.
Optimizing the Two-Step Phosphoramidation Reac-

tions for Synthesis of POCs Containing the Cystamine-9
Linker. We synthesized POCs by using cystamine in two-step
phosphoramidation reactions in order to introduce a cystamine-
9 linker in nucleic acids for subsequent peptide coupling
reactions. The cystamine-9 linker was harnessed for two
purposes: (1) the disulfide linkage in cystamine potentially
reduced in vivo to release oligonucleotides from POCs which
could be essential for oligonucleotides to more specifically
silence target genes in biological systems, and (2) the
maleimide group in 9 to perform the more effective Michael
addition reaction which would lower ratios of peptides to
nucleic acids in POC synthesis. Reducing ratios of peptide to
nucleic acids in synthesis of phosphoramidation-prepared
POCs has important economic significance, as fewer peptides

will be wasted during POC synthesis. We were thus motivated
to pursue the cystamine-9 linker strategy for more effective
POC synthesis.
To achieve synthesis of the cystamine-9 linker-included

POCs, we decided to synthesize 9, a N-maleoyl amino acid
succinimidyl ester. In addition, we desired to develop a method
for general synthesis of N-maleoyl amino acid succinimidyl
esters for POC synthesis in the future. We succeeded in
synthesizing 9 (Scheme 3) by adopting a reported procedure to

acquire 822 and following up a NHS ester formation reaction to
give the desired 9 with good yield. We are improving the
method for synthesis of 9 and developing a more universal
approach to synthesize other useful N-maleoyl amino acid
succinimidyl esters.
When applying 9 for POC synthesis, we soon realized the

importance of optimizing the conjugation reactions involving
both functionalities in 9, i.e., acylation and Michael addition
reactions to relieve the cost burden when purchasing peptides
from commercial vendors. Therefore, we synthesized 11 and 13
(Scheme 4) as model compounds to optimize the reactions of 9

for more effective conjugation of nucleic acids with peptides.
The reasons for using 11 and 13 to determine optimal reaction
conditions of 9 for POC synthesis were that these compounds
have appropriate functionalities to engage in one of the
conjugation reactions. In addition, both compounds have biotin
tags to separate reaction products from reactants by SAv gel
shift assay23 in case of an inability to separate nucleic acid
samples by urea-PAGE. Synthesis of 11 was reported by us
previously.20 Starting from 11, a facile acylation reaction
successfully produced 12 (82%), which was subsequently
reduced in the presence of DTT to give the desired 13 (53%).

Scheme 3. Synthesis of the N-Maleoyl Amino Acid
Succinimidyl Ester 9a

aReaction conditions: a, (1) glycine, glacial AcOH, 16 h (2) reflux, 8
h; b, NHS, DCC, THF, 16 h.

Scheme 4. Synthesis of 13, a Thiol Derivative of Biotina

aReaction conditions: a, NHS, DCC, pyridine, DMF, 24 h; b,
cystamine, Et3N, DMF/H2O, 16 h; c, DTT, Et3N, DMF, 3 h.
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We first used 11 to optimize the acylation reaction between
the cystamine-modified 3′ primer DNA and 9. The 3′ primer
DNA was initially conjugated with cystamine according to the
optimized two-step phosphoramidation reaction reported in
this study with a yield of 72% (Figure 5A and Table 1). When
reacting the cystamine-modified 3′ primer DNA with 11, we
were delighted to observe that the 32P-labeled 3′ primer DNA
and its structure-modified derivatives were well separated in
urea-PAGE so that the potentially ambiguous SAv gel shift
assay was not required. Moreover, the results from the reactions
of cystamine-modified 3′ primer DNA with various concen-
trations of 11 clearly indicated that a value of 1000 for the
molar ratio of 11 to the 3′ primer DNA gave the best yield for
the acylation reaction and was adopted for the similar reaction
between the cystamine-modified 3′ primer DNA and 9. The
acquired 9-cystamine-modified 3′ primer DNA was employed
to react with a series of 13 concentrations and to identify the

appropriate molar ratio of 13 to nucleic acids for attaining the
best yield in the Michael addition reaction (Figure 5A). A value
of 20 for the molar ratio of 13 to the 9-cystamine-modified 3′
primer DNA was sufficient to provide the best yield for the
studied Michael addition reaction and was determined to be the
optimal condition for POC synthesis.
The optimized reactions for 9 were successfully applied to

conjugating nucleic acids with the C(KFF)3K peptide, the
derivative of a previously reported synthetic CPP (KFF)3K
peptide,17 to obtain the corresponding POCs with excellent
yields (59−75%; Figure 5B and Table 1). It is noted that we
used a shorter version of TW17 RNA, TW171−17 RNA, in order
to measure the molecular mass of the desired RNA POC,
TW171−17 RNA−C(KFF)3K peptide conjugate, subsequently
by MALDI-TOF MS. As expected, the identity of each
synthesized POCs was successfully characterized by MALDI-
TOF MS to determine the molecular mass (Table 1 and

Figure 5. Optimization of the reactions involving AMAS (9) and synthesis of POCs in the presence of the cystamine-9 linker. (A) The reactions of 9
were optimized by using 11 and 13. The 32P-labeled single-stranded 3′ primer DNA (a) was first coupled with cystamine to acquire the DNA−
cystamine conjugate (Chart S1; Supporting Information) (b). The DNA−cystamine conjugate was subsequently reacted with various molar
equivalents of 11 to determine the appropriate molar equivalent able to give the best yield of the DNA−cystamine−11 conjugate (Chart S1;
Supporting Information) (c). A molar equivalent of 1000 was adopted to react the DNA−cystamine conjugate with 9 to yield the DNA−cystamine−
9 conjugate (Chart S1; Supporting Information) (c), which was later coupled with various molar equivalents of 13. It was determined that the molar
equivalent of 20 was sufficient to have the best yield of the DNA−cystamine−9−13 conjugate (Chart S1; Supporting Information) (d). Each
reaction product was purified by ethanol precipitation, analyzed by 20% urea−PAGE, visualized, and quantified by an Amersham Typhoon
PhosphorImager. a, the unreacted 3′ primer DNA; b, the 3′ primer DNA−cystamine conjugate; c, the 3′ primer DNA-cystamine-11 (or -9)
conjugate; d, the 3′ primer DNA-9-13 conjugate. (B) The cystamine-9 linker-prepared POCs were synthesized by the optimized reaction conditions
developed in Figure 5A. The nucleic acids in the autoradiogram contains 1 (the 3′ primer DNA), 2 (the cystamine-modified 3′ primer DNA
preparation reaction), 3 (the 3′ primer DNA-C(KFF)3K peptide conjugate preparation reaction), 4 (the 17-mer TW171−17 RNA), 5 (the cystamine-
modified TW171−17 RNA preparation reaction), and 6 (the TW171−17 RNA−C(KFF)3K peptide conjugate preparation reaction). The arrows
indicate migrations of e, the 3′ primer DNA or TW171−17 RNA; f, the cystamine-modified oligonucleotides; g, the 3′ primer DNA−C(KFF)3K
peptide conjugate; h, the TW171−17 RNA−C(KFF)3K peptide conjugate.
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Supporting Information). The two-step phosphoramidation
reactions for POC synthesis in the presence of the cystamine-9
linker demonstrated advantages over POC synthesis by the
phosphoramidation reactions performed with the zero linker
approach. The incorporation of the cystamine-9 linker in POC
synthesis offers both higher reaction yields (Figures 4 and 5B)
and a lower demand for peptides in POC synthesis (20 as the
molar ratio of peptide to oligonucleotide in this reaction) than
the zero linker strategy for POC synthesis. We expect that the
use of linkers similar to the cystamine-9 bridge will have more
leverage for future POC synthesis.
Cytotoxicity of Phosphoramidation-Prepared POCs to

a Human Cell Line.We understood that the phosphoramidate
linkage has to exhibit low to no toxicity to human beings before
phosphoramidation-prepared POCs would be administrated in
clinical applications. Therefore, we exploited the two-step
phosphoramidation reactions using the zero linker approach to
synthesize more of the POC, the 3′ primer DNA−Tat48−57
peptide conjugate (Figure 4), and to study toxicity of the POC
to human A549 cells. We chose the zero linker approach rather
than using the cystamine-9 linker strategy to synthesize POC
for the toxicity study because we want to focus only on the
toxic effects of the introduced phosphoramidate bond in the 3′
primer DNA−Tat48−57 peptide conjugate. We were satisfied to
find that the inoculated 3′ primer DNA−Tat48−57 peptide
conjugate with concentrations up to 10 μM showed no toxicity
to human A549 cells after 24 h inoculation (Figure 6).

Therefore, there is no detectable toxicity of phosphoramidate
linkages in POCs to human cells in these studied concen-
trations after 24 h inoculation, and we validated the potentially
safe use of phosphoramidation-prepared POC as therapeutic
agents for treating human diseases.
Uptake of Phosphoramidation-Prepared POCs by a

Human Cell Line. We had already shown that phosphor-
amidate bonds in POCs had no toxicity to human A549 cells
after 24 h inoculation (Figure 6). The potential evidence of
human safety of phosphoramidate linkages in POCs
encouraged us to carry out additional studies to explicate
effects of phosphoramidate bonds on the cellular permeability
ability of CPPs in phosphoramidation-prepared POCs. We
again used the 3′ primer DNA−Tat48−57 peptide conjugate as
the model POC to study the uptake of POCs by human A549
cells. To unambiguously demonstrate uptake of the 3′ primer

DNA by human A549 cells, we labeled the 3′ primer DNA with
the fluorophore FITC by a depurination method25 before the
DNA was conjugated with the Tat48−57 peptide by the two-step
phosphoramidation reaction developed in this study. Acquis-
ition of the FITC-labeled 3′ primer DNA−Tat48−57 peptide
conjugate allowed us to study permeability of the POC into
human A549 cells by flow cytometry, fluorescent microscopy,
and confocal laser scanning microscopy.
The results from flow cytometry analysis clearly showed that

the FITC-labeled 3′ primer DNA−Tat48−57 peptide conjugate
was significantly taken up by human A549 cells after 24 h
inoculation of the POC (Figure 7). In addition, the association
of the FITC-labeled 3′ primer DNA−Tat48−57 peptide
conjugate with A549 cells was revealed by fluorescent
microscopy studies which indicated colocalization of fluo-
rescence signals with intact A549 cells (Figure S5). Finally, we
performed confocal laser scanning microscopy to determine
whether the observed fluorescence signals were contributed by
the FITC-labeled 3′ primer DNA−Tat48−57 peptide conjugate
trafficked inside A549 cells or by the FITC-labeled POC
adsorbed on the cell membrane. Consistent with our
expectation, the results from the confocal laser scanning
microscopy study unequivocally demonstrated that the FITC-
labeled 3′ primer DNA−Tat48−57 peptide conjugate was taken
up by A549 cells rather than merely adsorbed on the cell
membrane after 24 h inoculation (Figure 7). The results of
these biological uptake studies support the premise that a
phosphoramidate bond does not alter cellular permeability
activity of CPPs in phosphoramidation-prepared POCs and
would not have a negative impact on cellular delivery and
targeting of phosphoramidation-prepared POCs when admin-
istrated as therapeutic agents in the clinic.

■ DISCUSSION
We have significantly improved reaction yields of two-step
nucleic acid phosphoramidation by studying the contribution of
three crucial factors, co-solute effect, imidazole nucleophilicity
and structure, and the advantage of multiple nucleophilic
functionalities in nucleophiles (Figures 1−3, Scheme 1, and
Table 1). Moreover, we successfully employed the zero linker
strategy of the optimized two-step phosphoramidation
reactions to effectively conjugate a well-studied CPP
TAT48−57 peptide with DNA or RNA with corresponding
POC yields of 47−75% (Figure 4, Table 1, and Scheme 5). We
also developed a more effective phosphoramidation method for
DNA/RNA POC synthesis by exploiting a cystamine-9 linker
to acquire corresponding POC yields of 59−75% (Figure 5,
Table 1, and Scheme 5). The phosphoramidation-synthesized
DNA POC, 3′ primer DNA−Tat48−57 peptide conjugate,
showed no cytotoxicity to human A549 cells at POC
concentrations up to 10 μM after 24 h inoculation and
established the potentially safe use of phosphoramidation-
synthesized POCs in clinical applications (Figure 6). In
addition, the FITC-labeled 3′ primer DNA−Tat48−57 peptide
conjugate was successfully trafficked into the human A549 cell
line as demonstrated by studies of flow cytometry, fluorescent
microscopy, and confocal laser scanning microscopy (Figures 7
and S5). These results provide evidence that the presence of
phosphoramidate bonds in CPP-containing POCs will not
impair the cell permeability of CPPs in POCs and suggests the
potential development of target-delivered therapeutic reagents
based on nucleic acid phosphoramidation reactions. The
current study corroborates the assertion that the advanced

Figure 6. Undetectable cytotoxicity of phosphoramidation-prepared
POCs to human A549 cells after 24 h inoculation. Human A549 cells
were incubated with increased concentrations of the phosphoramida-
tion-prepared POC, the 3′ primer DNA−Tat48−57 peptide conjugate
(0−10 μM). After 24 h inoculation, cell viability for each sample
containing a specified POC concentration was determined by the
MTT assay.
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aqueous-phase two-step phosphoramidation reactions are an
efficient and effective approach to synthesize bioactive POCs.
The use of urea and other co-solutes in phosphoramidation

reactions deserves additional discussion to explicate their roles.
The current study clearly demonstrates that urea could not
carry out its expected function of denaturing nucleic acids to
confer higher product yields for phosphoramidation reactions.
Instead, urea caused reduction of reaction yield because of
direct participation of urea in nucleophilic substitution
preventing the desired product formation (Figure 1).20 We
had reached a similar conclusion on DNA phosphoramidation
reactions but had observed the beneficial presence of urea in
RNA phosphoramidation reactions previously.20 The discrep-
ancy of the effect of urea in RNA phosphoramidation reactions
is attributed to the shortcomings of the SAv gel shift assay used
in the previous study. A standard SAv gel shift assay relies on
strong interaction between biotin and SAv to separate biotin-
tagged from non-biotin-tagged biomacromolecules. Unfortu-
nately, in previously studied nucleic acid phosphoramidation

reactions, SAv-retarded nucleic acids co-migrated with poly-
merized nucleic acids, byproducts of the phosphoramidation
reactions,29 and were indistinguishable in the standard SAv gel
shift assay. The co-migration resulted in an overestimation of
the desired RNA reaction products (Ko and Wang, unpublished
results). We had carefully optimized the concentrations and
ratios of EDC to nucleic acids to significantly suppress the
unwanted polymerization of nucleic acids (less than 5%) in not
only the two-step phosphoramidation reactions reported in this
study, but also the one-step phosphoramidation versions
(Wang et al., manuscript in preparation). The more accurate
determination of the phosphoramidation reaction yield was
attained by analysis of urea-PAGE, which depends solely on the
size and the charge of nucleic acids to achieve separation and
unambiguously resolved the molecular difference of reactants
and phosphoramidation products, resulting in more faithful
calculations of product formation. Therefore, urea-PAGE was a
major analytical method employed in the current study.
Consequently, inclusion of urea as co-solute in any nucleic

Figure 7. Uptake of phosphoramidation-prepared POCs by human A549 cells. Human A549 cells were inoculated with 5 μM of the FITC-labeled
Tat48−57 peptide or the phosphoramidation-prepared POC, the FITC-labeled 3′ primer DNA−Tat48−57 peptide conjugate, for 24 h and followed by
analysis with flow cytometry and confocal laser scanning microscopy. For flow cytometry, cells were washed and harvested with trypsin/EDTA
before analysis. A549 cells for the confocal laser scanning microscopy study were washed three times with PBS and analyzed immediately. The
studied A549 cell samples included: A, cells not treated with either the Tat48−57 peptide or the 3′ primer DNA−Tat48−57 peptide conjugate; B, cells
incubated with the FITC-labeled Tat48−57 peptide for 24 h; C, cells incubated with the FITC-labeled 3′ primer DNA−Tat48−57 peptide conjugate for
24 h. PC, phase contrast.

Scheme 5. Optimized Aqueous-Phase Two-Step Phosphoramidation Reactions for POC Synthesis
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acid phosphoramidation reactions should be avoided, as urea
has a negative impact on the reactions by reducing the yield of
the desired product. On the contrary, more inert and hydroxyl
group-based co-solutes such as Triton X-100 will perform the
anticipated function of RNA denaturation and deliver higher
product yield in phosphoramidation reactions (Figure 1A).
In addition to the effects of co-solutes in phosphoramidation

reactions, the chemoselectivity of nucleic acids toward specific
primary amino groups of peptides in the zero linker approach
of the phosphoramidation reactions is significant (Figure S3).
Specifically, we observed that nucleic acids in zero-linker two-
step phosphoramidation reactions primarily reacted with the α-
amino group in N-terminus glycine residue of a peptide and
only one nucleic acid was conjugated to each peptide molecule.
This phenomenon came as a pleasant surprise, as we were
initially concerned about the multiple nucleophilic function-
alities in a typical peptide and their potential to engage in
phosphoramidation reactions. We anticipated that it would be
unlikely to have specific phosphoramidation reactions for
controllable POC synthesis and expected undesirable compli-
cated structures of POC products which might impede the use
of phosphoramidation reactions for synthesis of POCs as
therapeutic agents or scientific tools. Therefore, it was very
exciting to find that the phosphorimidazolide intermediates of
nucleic acids had chemoselectivity and preferred to react with
the N-terminal α-amino group and with glycine in the N-
terminus of a peptide.
The chemoselective property of the phosphoramidation

reactions between nucleic acids and peptides is intriguing
because the basicity of the primary amino group in the side
chain of lysine (pKa = 10.54),30 which is one of the major
components in the peptides in this study, is higher than that of
the α-amino group in glycine (pKa = 9.78).30 When considering
the basicity and nucleophilicity of the primary amino groups in
glycine and lysine, we would predict that the phosphorimida-
zolide intermediates of nucleic acids are more likely to react
with the ε-amino group of lysine than with the α-amino group
of glycine in these peptides. In addition, multiple primary
amino groups in the peptides would also implicate that
conjugations of nucleic acids with a peptide by zero-linker two-
step phosphoramidation reactions should produce complicated
structural variations of POC products because of the likelihood
of multiple nucleic acid conjugations with each peptide.
Fortunately, the ε-amino groups of lysine in the peptides did

not demonstrate appreciably reactivity with the phosphor-
imidazolide intermediates of nucleic acids, and each peptide
was only conjugated with one molecule of nucleic acid (Figure
4). We speculate that the ε-amino groups of lysine in the
peptides might have been buried in the interior of three-
dimensional peptide structures and were unavailable for
phosphoramidation reactions. NMR analysis and computational
studies of these peptide structures in water are required to
provide essential information on the steric environments of
these primary amino groups in the peptides and their
relationship to the chemoselectivity of nucleic acid phosphor-
amidation reactions.
The achievement of only one nucleic acid unit conjugated

with each peptide molecule in zero-linker two-step phosphor-
amidation reactions provided relatively uniform and predictable
POC structures and could be explained by a strong electrostatic
attraction between nucleic acids and peptides. Nucleic acids are
well-known polyelectrolytes laden with negatively charged
phosphate groups at a physiological pH. On the other hand,

the CPPs studied here all have ample lysine or lysine and
arginine residues in their structures to contribute high positive
charge density in the peptides at neutral pH. Consequently,
when the α-amino group in the N-terminal glycine of a CPP
underwent a phosphoramidation reaction with a nucleic acid,
the phosphoramidate bond brought these oppositely charged
components in close proximity to enact strong electrostatic
forces between the CPP and the nucleic acid. Extensive
electrostatic forces from CPP−nucleic acid interactions would
immediately shield other primary amino groups in the CPP
from having further phosphoramidation reactions and attain a
single nucleic acid conjugation in each CPP. In fact, the
electrostatic attractive forces between nucleic acids and CPPs
were so strong that even boiling the nucleic acid−CPP
complexes for minutes in the presence of 8 M urea did not
completely remove CPPs from nucleic acids as revealed by
standard urea-PAGE (Su and Wang, unpublished results).
Moreover, the sizes of nucleic acids (6037 amu for the 3′
primer DNA, 5440 amu for the TW171−17 RNA, and ∼28 000
amu for the TW17 RNA) are far larger than those of CPPs
(1396 amu for the Tat48−57 peptide and 1517 amu for the
C(KFF)3K peptide) so that a nucleic acid molecule could
adsorb and exclude each CPP from contacting a second nucleic
acid. Similarly, strong electrostatic attraction between the
Tat48−57 peptide and nucleic acids could play a prominent role
to enhance POC formation observed in Figure 4.
Using a nucleic acid-CPP bridge similar to the cystamine-9

linker further alleviates the potential complexity problem of
POC products synthesized by phosphoramidation reactions.
The use of molecular bridges such as the cystamine-9 linker for
POCs synthesized by phosphoramidation reactions took
advantage of a more defined conjugation reaction between
nucleic acids and CPPs, which was achieved by the more
specific Michael addition reaction between the thiol group in
CPPs and the maleimide moiety in phosphoramidation-
modified nucleic acids. Maleimides have specific reactivity for
thiol groups in the pH range 6.5−7.5.31 The other benefit of
introducing molecular bridges analogous to the cystamine-9
linker is a significantly reduced requirement for the amount of
CPP for effective POC synthesis (Figure 5B), which again
could be attributed to effectiveness of the Michael addition
reaction. The outstanding properties of Michael addition to
convey more effective and chemospecific reactions and to
deliver more structure-defined POC products justify the
preferred choice of adopting the maleimide-containing bridges
for POCs synthesized by aqueous-phase two-step phosphor-
amidation reactions.
In summary, this study significantly improved the aqueous-

phase two-step phosphoramidation reactions and demonstrated
the potential of either zero linker or linkers containing
maleimide moieties of phosphoramidation reactions for
effective and efficient POC synthesis. In addition, chemo-
selectivity of the advanced two-step nucleic acid phosphor-
amidation reactions supports the synthesis of POCs with
expected structures, which is essential to evaluating POC
functions in clinical applications. Furthermore, the versatility of
phosphoramidation reactions enables us to append diverse
functional groups to nucleic acids for subsequent reactions and
further facilitate POC synthesis. Finally, the advanced nucleic
acid phosphoramidation reaction is not restricted to POC
synthesis for acquiring nucleic acid-based therapeutic agents
useful in clinic. It can be exploited to conjugate nucleic acids
with various tag molecules invaluable in research. For example,
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we had developed a facile and low-cost universal fluorescent
labeling method for DNA and RNA based on the advanced
two-step phosphoramidation reaction (Wang et al., manuscript
in preparation). We expect broader applications of nucleic acid
phosphoramidation reactions in research and in clinic in the
future.
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