6522 J. Med. Chem2006,49, 6522-6531
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To understand how chloroquin€Q) enhances transgene expression in polycation-based, nonviral gene
delivery systems, a number @fQ analogues with variations in the aliphatic amino side chain or in the
aromatic ring are synthesized and investigated. Our studies indicate that the aliphatic amino m@i@ty of

is essential to provide increased gene expression. Further, the enhancements are more dramatically affected
by changes to the aromatic ring and are positively correlated to the strength of intercalation between DNA
and theCQ analogues. Quinacrin@C), a CQ analogue with a fused acridinyl structure that can strongly
intercalate DNA, enhances transfection similarly@G® at a concentration 10 times lower, whi-(4-
pyridinyl)-N*,N!-diethyl-1,4-pentanediamin€p), a CQ analogue that has a weakly intercalating pyridinyl

ring, shows no effect on gene expression. Subtle change on the 7-substituent of the chloroquine aromatic
structure can also greatly affect the ability of (B analogues to enhance transgene expression. Transfection

in the presence oN*(7-trifluoromethyl-4-quinolinyl)N*,N*-diethyl-1,4-pentanediamin eCQ7a) shows
expression efficiency 10 times higher than in the presencé&®ht same concentration, while transfection

in the presence dfi*-(4-quinolinyl)-N*,N!-diethyl-1,4-pentanediamin€Q7b) does not reveal any enhancing
effects on expression. Through a number of comparative studiesG@tland its analogues, we conclude

that there are at least three mechanistic featur€@that lead to the enhancement in gene expression: (i)

pH buffering in endocytic vesicles, (ii) displacement of polycations from the nucleic acids in polyplexes,
and (iii) alteration of the biophysical properties of the released nucleic acid.

Introduction by inhibiting lysosomal enzyme degradatit#t° Such hypoth-
eses are supported by the observation that polyethylenimine
(PEI), which is known to buffer the pH in endosomes, does not
benefit from the presence &fQ.821 Noting thatCQ interacts

The intracellular transport of polycation/DNA complexes
(polyplexes) involves their cellular uptake, release from the

e s h DNA2 ohers have suggested (1Q may icrease
: 9 P » POYDIEXES o transfection efficiency by facilitating dissociation of DNA
must overcome several extra- and intracellular barriers. Prewousfrom polyplexes?

studies suggest that entrapment of polyplexes in the endocytic . .
99 P POyp y Here, we test postulates of various mechanismsCQf-

athway, and their resulting degradation in lysosomes, represents . . . o
2 majo?limpediment to tragnsf(gction efficier{%:;ﬁ P induced increases in gene expression by designing sevéral

Significant i . . ith iral analogues (Chart 1) and studying gene transfer in the presence
'gz' |I9an |ncr(?[ases n getr)le exp(;esilon V\QI many nonviral ¢ 1hege compounds. By correlating the chemical structures of
gene delivery sysiems are observed when c oroq@ (s CQ analogues to their contributions in gene transfer, information
present during the transfectién® We have also observed

! ; - . . on the role of CQ is obtained. We use the cyclodextrin-
increased transfection efficiency in the presenc€@fin our Q Y

i . lodexri aini veati CDP) for th containing polycation developed in our laboratories as the main
studies using cyclodex ”rl'lion aining polycations ( ) OrtNe transfection agent in these studies since it does not provide any
delivery of nucleic acid§-1* Although CQ has been widely

. .__cellular toxicity at the conditions employed. However, selected
used as a transfection enhancement reagent, the mechanis Y ploy

. . ) periments are conducted with other transfection reagents in
by Wh'_Ch cQ enhances_gene expression remain gnclear. order to confirm that the conclusions obtained are likely
CQ is a weak base with:s of 8.1 and 102 and is known  gppjicable to other transfection media. Although similar strueture
to buffer the luminal pH of endosomés:” The buffering property approaches have been previously applied to studying
activity of CQ could improve transfection efficiency by  the mechanism oEQ’s antimalarial activity?*2” this is so far
facilitating DNA release from the endocytic pathway (as it may  the first structure-property investigation oEQ in gene transfer.
generate swelling and destabilization of endosoiem)d/or

Results
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Chart 1. Chemical Structures of Chloroquine and Chloroquine Analogues
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. . . Table 1. Chloroquine and Chloroquine Analogue-Mediated Transfection
6
widely recognized as an agent buffering endosomal®pH of CDP/p-DNA in HepG2 and Hela Cels

which may reduce the degradation of polyplexes in acidic

endolysosomal environmer&2° The pH buffering capability cQ analo'?/lues Ic.e" RLU/ . cell V(:/ab'"ty
of CQ is largely due to its aliphatic amine side chains. To (concnyM) ne mg protein 06)
thoroughly investigate the mechanism of actionG as an g‘g‘?zoo) Seepgzz f-g ig; 128
enhancing agent in nonviral gene delivery, our strategy was to  c45(150) Hegez 4% 10P 89
study a family of CQ analogues having either side-chain CQ4b (150) HepG2 4.3 108 84
variations with fixed ring-structure (fixed intercalation capability CQ4c (150) HepG2 2.5¢ 107 64
with variable pH buffering capability) or ring-structure variations ~ €Q4d (200) HepG2 2.2¢107 74
with fixed side chain (fixed pH buffering capability with variable ggjf ((1128)) :gggg g'& 187 ;g
intercalation capability)CQ4a—f andCQO, CQ analogues with CQ7a(200) HepG2 1.7 10 61
fixed ring structure identical t€Q, were readily synthesized CQ7b (200) HepG2 2.% 10° 100
in a one-step substitution reaction between 4,7-dichloroquinoline  CP (200) HepG2 6.4« 10‘75 85
and the corresponding aliphatic amines (see Supporting Infor- Sg}éZO) 'l"_i‘zrl’gz i'z 186 1%2
mation)?® CQ analogues that contain 2-amino-5-diethylamino- ¢ (200 Hela 4.3 10P 82
pentane as the side chain (identicalG®) were prepared to CQ7a(200) Hela 6.7x 107 83
investigateCQ analogues with variable 7-substituents on the  CP(200) Hela 8.2« 10 101
quinoline ring CQ7ab) or with variable aromatic ring size CQO (200) Hela 2310 92

(CP). CQ7ab and CP were synthesized via the substitution aHepG2 or Hela cells were transfected # h with CDP/pGL3-CV
reaction between 2-amino-5-diethylaminopentane and the cor-Polyplexes in the absence or presenceG@ or CQ analogues. Gene

expression was evaluated 48 h later by assaying the luciferase activity (in
responding 4-chloroquinaline derivatives or 4-bromopyridine, relative light units, RLU) of cell lysates. The viability of the cells was

respectively (see Supporting Information). assessed by measuring the total amount of recovered proteinChe
We utilized a linear, cyclodextrin-based polycation (CDP) analogue concentrations represented in the table are those which gave the

(Figure 1) to investigate the gene transfer effect€@fand its optimal increase in transfection efficiency. Transfection data @ihor
analogues. CDP is a new class of nontoxic and nonimmunogenicCQ anal_ogule? at various concentrations using HepG2 cells is provided in
polycation recently developed for use in nonviral gene Supporting Information.

delivery?-14.29-33 The plasmid pGL3-CV (pDNA), encoding the
luciferase gene under the control of the SV40 promoter, was
complexed with CDP at a charge ratio oft5to give complete
pDNA binding1° The polyplexes were added in the presence
of CQ analogues to cultured HepG2 or Hela cells. Transfection f -
efficiencies were determined by assaying for luciferase protein Information. ) L

activity and reported in relative light units (RLU) per milligram The observed luciferase activity increases from 4.30°

of total cellular protein. The concentrations®® and various ~ RLU/Mg protein in the absence &fQ to 1.6 x 10" RLU/mg
protein in the presence @@Q. When the tertiary amine side

chain of CQ was replaced either with a hydrocarbdd(4a)
or with a negatively charged carboxyl groug@4b), the
\#F)H OHC OR luciferase activities of transfected cells were roughly the same
. as that in the absence 61Q (Table 1).CQ4c, aCQ analogue

CQ analogues that resulted in optimal increase in transfection
efficiency in HepG2 cells are listed in Table 1. Transfection
efficiency increment at other concentrations @ or CQ
analogues in HepG2 cells can be found in the Supporting

OH s/\/N CHy ! pps;essing a tertiary amine, gnhances tran;fection to a degree
\é% O o) Y Nv\sa/ S|m|Ifar to CQ. Thesg obseryaﬂons show the |mportance of the
OHHO H; " terminal tertiary amine moiety ch?_Q for e_nhancmg p_o_lyplex
o O L transfection efficiency. However, increasing the basicity on the
HO side chain ofCQ by increasing the number of amine groups

Figure 1. Cyclodextrin polycation (CDP) used as nonviral gene (three amine groups i6Q4d and four amine groups i8Q4ef)
delivery vehicle. only results in slight increases in maximal luciferase activity
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Table 2. Summary of Flow Cytometry Analysis of Polyplex Uptake in the Absence or Preserc® @¢fnalogues

30 min 2h
pDNA or CQor % % mean % % mean
polyplexes CQ analogue negativ e positiv e fluores cence negativ e positiv e fluoresce nce
- - 99.2 0.8 4.1 99.7 0.3 3.45
pDNA - 99.3 0.7 4.0 98.9 11 5.48
polyplexes - 82.8 17.5 12.9 20.9 79.3 125.7
polyplexes CQ 85.5 11.9 10.0 325 67.7 79.3
polyplexes CQ7b 82.2 18.8 15.0 24.7 75.5 88.3
polyplexes CQ7a 85.4 14.8 9.2 35.0 65.2 78.1
polyplexes CP 87.4 12.8 7.6 24.0 76.2 109.0

20 -

when compared ta€CQ for HepG2 cells transfected in the %‘
presence of those analogues (Table 1). o
Dramatic changes in luciferase activity were observed for cells g
transfected in the presence®©f analogues with variable ring- E,
structures and with side chains identical @ (Table 1). |

Replacement of the 7-chloro &Q by a lipophilic trifluoro- g 8 |
methyl group CQ7a) results in an order of magnitude increase ;
in luciferase activity (1.6< 10’ RLU/mg protein forCQ to 1.7 3
!

4
x 10 RLU/mg protein forCQ7a). When the 7-substituent is
removed CQ7b), the capacity for enhancing transgene expres- 0
sion is completely lost. Transfection of polyplexes in the
presence o€P, aCQ analogue with a pyridinyl structure, also Treatment Time (h)
showed no increase in gene expression. Quinac),(aCQ ~4-CQ -B-CQ7a -A-CQ7b - CQ+polyplexes -B-CQ7a+polyplexes

analogue having an acridine ring structure, enhances transfectiorfFigure 2. Uptake and intracellular accumulation 6fQ and CQ
to a similar degree a€Q but at one-tenth the concentration. analogues in HepG2 cells (0.1 mM) in the presence or absence of
QC is more toxic tharCQ; a concentration 0®C higher than polyplexes. Fluoresce_nce of cell lysates was useq to eyaluate the
50 uM leads to complete cell death. intracellular concentration €Q analogues at various time points after
To study if there is cell-line dependency in the structure- initial exposure.
related gene-expression enhancement capability observed withtreated with naked pDNA is about the same as that of untreated
CQ and CQ analogues, we also investigated transfections by cells (Table 2). Cells exposed to complexes of labeled pDNA
CDP/pDNA polyplexes in other cells in the presenceC8), and CDP displayed increases in mean cellular fluorescence,
CQ7a, and CP. The variation of expression levels in the indicating that polyplexes were internalized by cells. Similar
presence of these reagents is very similar to that observed inobservations of internalization have been reported elseviliére.
the transfection of HepG2 cells (HelLa cells, Table 1; BHK and At both 30 min and 2 h, cells exposed to polyplexes revealed
A2780 cells, Supporting InformationEQ7a gave an order of  significant uptake regardless of the presence or absenc&of
magnitude increase in luciferase activity (6<710" RLU/mg or CQ analogues. 1219% of cells at 30 min and 6575% of
protein) compared t€Q (4.3 x 10° RLU/mg protein) in HeLa cells & 2 h contained detectable levels of fluorescently labeled
cells (Table 1) as well as in BHK and A2780 cells (see pDNA (% positive, Table 2; FACS plots are provided in
Supporting Information) and gave almost 3 orders of magnitude Supporting Information). The presence@® or CQ analogues
increase in luciferase activity oveZP (8.2 x 10* RLU/mg gave slightly reduced uptake relative to the case of polyplexes
protein) in HelLa cells (Table 1). Interestingly, reducing the alone. Also, the fluorescence distribution pattern was very
overall basicity onCQ’s side chain by replacing the aromatic similar at both 30 min ah 2 h for cells transfected in the
amino group with an oxygenCQO) resulted in an order of  presence and absence@® or CQ analogues. Although cells
magnitude decrease of luciferase activity (2.3.0° RLU/mg transfected in the presence@QEC gave a similar percentage of
protein) (Table 1). positive cells and similar mean fluorescence as cells transfected
To confirm that increases in transfection efficiency were due in the presence of otheCQ analogues, the values may not
to interactions amon@Q analogues, cells, and polyplexes, as reflect actual polyplex uptake becaud€ is itself fluorescent
opposed to extracellular interactions betwé€&p analogues and  at the wavelengths used for the FACS analysis (data not shown).
unpackaged pDNA, transfection experiments were carried out Uptake and Intracellular Concentration of CQ Analogues.
with pDNA alone (naked pDNA). In the absence of a polycation CQ can penetrate the cell membrane and accumulate in acidic
vector, cells transfected with pDNA in the presenceGf) cellular compartments, especially in lysosomes, in a time-
analogues (0.1 mM) did not show significant levels of gene dependent mannérThe concentration of£Q in HepG2 cells
expression. In all cases, luciferase activity was below that (as measured by its fluorescence in cell lysates) increased as a
observed with polyplexes in the absenceC) analogues (see  function of treatment time and reached nearly 12 mM following
Supporting Information). 4 h of treatment with 10@M CQ (Figure 2).CQ accumulated
Cellular Uptake Of Polyplexes in the Presence of CQ in HepG2 cells with a cell-to-medium concentration ratio of
Analogues.Flow cytometry analysis was used to give a relative ~100. Relative taCQ, CQ7aachieved a more rapid intracellular
measure of pDNA uptake into cells (Table 2). pDNA was accumulation and reached a concentration of 11 mM in cells
labeled with Alexa-fluor-488, condensed into particles with only 30 min after exposure to 100V CQ7a (Figure 2). Beyond
CDP, and exposed to HepG2 cells for 30 min2oh in the this time, the intracellular concentration €fQ7a remained
presence and absence@® or CQ analogues. Cells were then  steady throughout 14 h uptake study. The achieved intracel-
analyzed by fluorescence-activated cell sorting (FACS). Uptake lular concentrations of botBQ andCQ7a noticeably exceeded
of naked pDNA was minimal, as the mean fluorescence of cells their concentrations in the surrounding medium.
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Figure 3. Intracellular buffering activity ofCQ and CQ analogues

(0.1 mM) in the transfection of polyplexes containing of CDP and a

pH sensitive, SNARF-4F-labeled oligonucleotide in HeLa cells. Figure 4. Electrophoretic mobility of pDNA in the presence 60,
CQ7a, or CQ7b on an agarose gel electrophoresis.

The uptake ofCQ or CQ7a into HepG2 cells was also
investigated in the presence of CDP/pDNA polyplexes. Both electrostatic interaction between the cationic side chain and the
CQ andCQ7aexhibited strong uptake; after 4 h, intracellular phosphate anions along the DNA backb&hEor the examina-
concentrations were 1315 mM, slightly higher than their  tions of CQ analogue interaction with nucleic acids (and/or
concentrations in the absence of polyplexes (Figure 2). When polyplexes), we focused on a smaller set of molecules for further
the substituent at the 7-position @Q was removed, the  study: CQ, CQ7a (shows strong effects on transfection and
resulting CQ analogue €CQ7b) showed a lower tendency to  strong interactions with DNA), andCP (not effective in
accumulate in cells. The maximum intracellular concentration increasing transfection; a single-ring structure that should limit
of CQ7bwas around 2 mM afte4 h treatment, about five times  interaction with DNA).
lower than that ofCQ or CQ7a These uptake analyses The interaction of pDNA andCQ or CQ analogues was
demonstrate that the transmembrane capabilit¢@fand its analyzed by studying the retardation of pPDNA movement on a
analogues is closely related to the substituent at the 7-positiongel in the presence of these small molecules. The pDNA was
of the quinoleic ring. The trifluoromethyl group is a strong incubated in the presence 6fQ analogues at various concen-
electron-withdrawing, lipophilic group, ar@Q7athat contained  trations and then subjected to gel electrophoresis (Figure 4).
this group showed fast cell-membrane penetration and intra- The band from pDNA treated witEQ7a at 100u«M showed
cellular accumulation relative tGQ. essentially the same pattern as the untreated control, indicating

The observed concentrations are averages for the entire celthat CQ7a had little effect on the mobility of pDNA at this
volume. When taken into cellsCQ analogues that accept concentration. The pDNA treated withQ7a at a one-order-
protons at the relevant pH are likely found at much greater of-magnitude higher concentration (1 mM) showed slightly
concentrations in vesicles of the endocytic pathw@g@ is retarded movement while the migration of the pDNA was
believed to accumulate in such vesicles as a result of its completely prohibited when treated witBQ7a at 10 mM
intravesicular protonatidil and its interactions with vesicle  (Figure 4). In contrastCQ7b had little effect on pDNA
membranes? retardation across the same concentration range-(@nM).

One of the motivations of our investigation on the uptake of CQ at 100uM and 1 mM did not retard pDNA, but did so
CQ andCQ analogues was to elucidate the role of endocytic slightly at 10 mM.
vesicle buffering byCQ in gene transfer. To assist in this study, DNA Displacement from Polyplexes by CQ, CQ7a, or
we synthesized an addition@lQ analogue,CQO (where an CQ7b. Interactions betwee@Q and pDNA could destabilize
oxygen replaces the aniline amino group at the 4 position of the association between the plasmid and cationic delivery
chloroquine), in order to examine a compound that has lessvectors® To assess the stability of CDP/pDNA polyplexes
ability to buffer the pH of endocytic compartments. againstCQ analogues, solutions of polyplexes were allowed to

To evaluate the actual intracellular buffering activityGHO mix with CQ analogues for 30 min and then were filtered to
and othelCQ analogues, we employed the method of Kulkarni remove intact polyplexes. The unpackaged pDNA in the filtrate
et al.3 where polyplexes labeled with the pH-sensitive fluo- was measured by a fluorescence method (Figur€®)awas
rophore SNARF-4F were administered to cells and used to able to displace 40% of total condensed pDNA at a concentra-
evaluate the local pH environment of polyplexes within tion as low as 500«M. 40—50% of the pDNA was found in
individual cells. The data collected provide a direct measurement the filtrate forCQ7a concentrations of 50aM to 10mM, and
of the buffering activity of CQ analogues within live cells  over 70% of pDNA was displaced with@Q7a concentration
(Figure 3). Using this techniqueCQ and CQ7a (0.1 mM) of 20 mM. CQ displayed weaker ability to displace pDNA than
displayed strong buffering activity relative to the absence of CQ7a. The pDNA displaced from the polyplexes W§Q
any CQ analoguesCQO displayed mild buffering activity, gradually increased from 10% with 5@0/1 CQ to roughly 50%
while CP exhibited none. with 20 mM CQ. With CQ7b concentrations of 2.5 mM or

Interaction of CQ Analogues with pDNA. Electrophoretic lower, less than 3% of the pDNA was detected in the filtrate.
Mobility of pDNA in the Presence of CQ Analogues.lt is The displaced pDNA gradually increased from 10% to about
known thatCQ can bind DNAZ237Previous work has indicated ~ 30% when polyplexes were treated with 5 mM to 20 mM of
that CQ exists as a doubly protonated cation in dilute aqueous CQ7b, respectively (Figure 5).
solutions at physiological pf,and its binding to DNA is related The comet assay is a standard method of evaluating DNA
to insertion of its quinoleic moiety into DNA base pairs and to damage® In this assay, cells are gently lysed, embedded in
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Figure 5. DNA displacement from polyplexes I§§Q, CQ7a, or CQ7b 0 1 2 3 4

after incubating CDP/pDNA polyplexes with various concentrations

of CQ, CQ7a, or CQ7b followed by the filtration to remove intact _ _ c«neniraﬂonofdtnlmjne °"°'°9"e_ e

polyplexes and the quantification of the displaced DNA in the filtrate. Figure 7. PicoGreen dye exclusion from pDNA in the presence of
CQ analogues.
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Figure 6. Agarose gel electrophoresis of the FITC-labeled nucleic acid s 0 A

collected from Hela cells transfected with CDP/FH@ligonucleotide x DNA DNA DNA DNA DNA

polyplexes in the presence 6Q, CQ7a, andCQO. +€Q  +CQ7a +CQO +CP
(204 mM m05mM m25mM]|

an agarose gel on a glass slide or coverslip, and exposed to _ o
electrophoresis. Only damaged cellular DNA is reduced to a Figure 8. In vitro transcription in the presence &fQ analogues.
size that permits migration within the gel, and this damaged Solutions of pDNA andCQ analogues were subjected to in vitro
DNA will generate a characteristic “comet” pattern upon transcription, and mRNA transcripts were qugntlfled by absorption at

ge . . . P P 260 nm and normalized against the transcription in the absern€®of
subsequent intragel labeling of nucleic acids by a fluorescent

marker. The size and fluorescence i_ntensity of t_he comet reflectSenhancements in dye exclusion with increasing concentration.
the extent of DNA damage. By this method, individual cells Dye exclusion was-30% for 0.5 or 1 mMCQ7a and rose to
may be V|s.u.ally eyaluated for DNA damage. . almost 100% at 4 mM. Dye exclusion wa23% for CQ (0.5

We modified this assay to produce an aggregate separation,. | mM) and~17% for CQO (0.5 or 1 mM), with slightly

and visualization of Fhe delivered and u_npgc_kaged nuclel_c aC|ds.greater exclusion foEQ/CQO at 4 mM. PicoGreen was not
Rather than evaluating samples on an individual-cell basis, cells

? ! ; excluded from DNA byCP.
are collected by centrifugation, lysed, embedded in an agarose Interactions between pDNA ar@Q analogues may render
gel, and subjected to electrophoresis in order to generate a P 9 y

relative measure of DNA unpackaging for a particular sample. _p[_)_NA less acce55|b_|e to_enzymes suqh as polymerases_ that
We transfected cells using nucleic acids conjugated with a initiate gene expression. To evaluate this hypothesis, solutions

fluorescent marker rather than adding a fluorescent label afterOf le\_IA. and CQ. analo_gue_s were sgbjgctgd to in vitro
transcription. Relative to in vitro transcription in the absence

electrophoresis. Thus, we are able to distinguish exogenous . . .
(delivefed) nucleic acids from cellular DNA.gThe unpagcked of CQ a_nalog_ues, PDNA retained at Ieas_t 75% of its transcript
oligonucleotide measured by this assay is that which migrates pr_oductlon withCQ analogue concentrations of up to .2'5 mM
through the agarose gel to the same extent as in the case 0§F|gure 8). However, small decrea_ses In transcription were
direct gel loading of the oligonucleotide observed a£Q analogue concentrations were increased. The
Hela cells were transfected in the presenc€Qfanalogues ?ﬁ:%g;?ggingﬁgv\;ﬁ(x:%'gna‘r':’;é (g gszrr\llg(:h\fvt\?eg'((elzif?efct
and examined by the modified comet assay (Figure 6). Unlike . . A
was recorded witlCP. The correlation between dye exclusion

the behavior ofCQ and CQ7a in displacing pDNA from ! ) .
polyplexes (Figure 4). samples transfected with ey 24 B (e TR R RS e L e
analogues generate less unpackaged (migrating) DNA thanpDNA andCQ analogues.

samples transfected witho@Q analogues or samples trans-
fected in the presence @QO.

PicoGreen experiences significant fluorescence enhancemen
upon intercalation in nucleic acids, such that its exclusion  Chloroquine CQ) can enhance the transfection efficiency
indicates inaccessibility of the nucleic acids to intercalatfon. in many nonviral, polycation-based gene delivery vectors, but
This characteristic was used to evaluate the relative accessibilitythe mechanisms by which this occurs are not well established.
of pDNA in the presence o€Q analogues. Polyplexes were In this study, we contribute to the understanding¢j-related
incubated with various concentrations©@ analogues, com-  enhancements in gene expression by synthesizing and investi-
bined with solutions of PicoGreen, and evaluated for fluores- gating a number o£Q analogues whose structures are designed
cence intensity (Figure 7€Q7a, CQ, andCQO demonstrated  specifically to probe hypothesized mechanisms, i.e., pH buffer-

Piscussion
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ing of endocytic vesicles, displacement of polycations from lular buffering byCQ andCQ7ais functionally similar, so the
DNA, etc. This is so far the first systematic study to correlate buffering hypothesis does not explain the significant increase
the CQ structure with its function during gene transfer. in transfection efficiency in all the four cell lines tested when
As shown by the data in Table 1, a side chain with at least CQ is replaced withCQ7a (HepG2 and Hela, Table 1; BHK
one basic amino moiety is essential for the capability of these and A2780, see Supporting Information) When poly-lysine
small molecules to enhance transfecti@@(and CQ4c—f vs (PLL)/pDNA complexes were transfected wi@Q or CQ7a
CQ4a and CQ4b). CQ4a and CQ4b, the CQ analogues that  in HepG2 cells, results similar to those of CDP were obtained
lack side-chain amino groups, show no effects on gene transfer.(see Supporting Information). The significantly enhanced gene
However, the effects of the side-chain amino group alone are expression observed witBQ7a compared toCQ cannot be
not entirely responsible foEQ’s activity because transfection ~ simply ascribed to the buffering effect. Compounds such as
is not enhanced by some of tl¥) analogues containing this ~ monensin, methylamine, spermine, and ammonium chloride are
group CQ7b andCP) or by an aliphatic amine alorfe. known to buffer endocytic vesicles but do not contribute to
CQ analogues bearing more than two amino moieties transfection efficiency, and these data provide additional
(CQ4d—f) are more basic thaBQ. Expression levels in the evidence that buffering activity is not a sufficient condition for
presence of thos8Q analogues are essentially the same as with improved transfection.
CQ or in the presence of @Q analogue with only two amino CQ, CQ7a, andQC all confer significant gains in transfection
moieties CQ4c). These results indicate that the level of basicity efficiency. However, the dramatic variations in their perfor-
exceeding that o€Q does not enhance the gene transfection. mance suggest that their effects on transfection efficiency could
The aromatic ring structure &Q contributes to its function ~ be related to their interactions with DNA. Parker et al. have
in nonviral gene transfer (Table 1GP, a pyridinyl-basedCQ demonstrated thaQ can bind to both DNA and RNA in vitro,
analogue, does not increase gene expression at all, ®lile an interaction which can alter the biological and physical
an acridine-base@Q analogue with three fused aromatic rings, properties of the DNAS Interactions between DNA an@Q
enhances the transfection at an optimal concentration 20 analogues are strongly associated with the aromatic structures
10 times lower than the optimal concentrationQQ. of those ligands. Because of its acridinyl fused aromatic
Dramatic effects on gene expression occur with changes in structure,QC exhibits strong interactions with DN??,and_this
the 7-substituent of th€Q aromatic ring (while maintaining ~ Molecule is a potent enhancer of gene transfer at relatively low
the side chain 0€Q). When the 7-Cl group o€Q is replaced concentration (Table 1). The single aromatic nng)ﬁfrender.s.
with a proton CQ7b), the CQ analogue is not able to enhance this molecule unable to bind DNA as effectively as its multiring

gene expression. If a trifluoromethyl group@7a) is used in- analogues (Figure 7), consistent with the fact thRtdoes not
stead of the 7-Cl group, the transfection enhancement is mark-€nhance gene transfer (Table 1).
edly improved relative to the enhancement®§ (Table 1). In addition to ring structure, the electron-withdrawing char-

The presence of th€Q analogues does not significantly ~acter of the substituent at the 7-position can affect the strength

affect the uptake of polyplexes by cells (Table 2), and the Of binding betweerCQ analogues and DNA? This effect is
intracellular concentrations &Q andCQ7aare similarat4h  demonstrated by gel retardation of pDNA at various concentra-
(Figure 2). Apparently, the differences in transfection enhance- tions of CQ, CQ7a, andCQ7b (Figure 4).CQ7a shows the
ment betweerCQ and CQ7a are not due to differences in  Strongest interaction with pDNA, displaying some retardation
uptake of either the DNA or th€Q and CQ7a However, of pDNA electrophoresis at 1 mM and essentially complete
CQ7b demonstrates that the lipophilic or the electron-withdraw- retardation at 10 mMCQ7b shows a weaker interaction with
ing character of the 7-substituent can contribute to the uptake PDNA, as pDNA mobility did not change in the presence of
of aCQ analogue, providing an explanation for the lack of effect CQ7b over a wide range of concentrations. The strength of
on transfection efficiency bfQ7b and possiblyCP. Direct interaction betweer€Q and pDNA is likely intermediate to
uptake measurements 6% would be helpful, but the absor-  those ofCQ7a and CQ7b sinceCQ slightly retarded pDNA
bance spectra ofEP (and CQO) do not allow their cellular ~ €lectrophoresis at 10 mM.
uptake to be measured using the method employed for other pDNA must be dissociated from polycations in order to
CQ analogues. achieve gene expression. We have shown that CDP/pDNA
The results obtained witlcQ, CQ7a, and CQO show a polyplexes do not reach the nucleus of transfected cells but
correlation between enhancements in transfection efficiency anddeliver unpackaged pDNA to both the cytoplasm and cell
buffering of the pH experienced by polyplexes within cells nucleus® It is likely that gene transfer is improved with
(Figure 3).CQO interacts with nucleic acids in a manner similar enhanced intracellular unpackagittgThe presence ofCQ
to CQ (Figure 7) but displays reduced buffering activity (Figure analogues can destabilize polyplexes, generating unpackaged
3) and does not enhance transfection efficiency (Tabl€®). pDNA (Figure 5). The ability to displace pDNA from CDP
analogues without a side chain amino gro@8éa,b) should decreases in the order 8QQ7a, CQ, andCQ7b, corresponding
have reduced pH-buffering activity, and they do not reveal the to the order of pDNA binding strengths displayed in the gel
enhancement in gene expression that is seen with variantsretardation assay.
containing one or more side chain amino group®( CQ4c— Cells exposed to solutions of pDNA ai@Q analogues do
f) (Table 1). Together, these results support the hypothesis thatnot show gene expression (see Supporting Information), sug-
CQ’s pH-buffering of endocytic vesicles is a necessary but not gesting that extracellular interactions between pDNA @@
sufficient condition for enhancing transfection efficiency. analogues do not play a significant role in transfection. Although
While buffering of the endocytic vesicles appears to be cells may be exposed to relatively low concentration<f
necessary for transfection enhancements, it does not provide aanalogues during transfection, the concentrations within cells
complete explanation of howQ increases transfection ef- are found to be much higher (Figure 2). FoQ and CQ7a,
ficiency. The results from varying both the side chain and the these concentrations are sufficient to disrupt polyplexes (Figure
aromatic ring structures (Table 1) suggest @@t achieves its 5). The average cellular concentrations@® analogues are
overall effect through multiple mechanisms. Also, the intracel- likely less than the concentrations found in vesicles of the
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Figure 9. Proposed mechanism for the enhancement of transgene expressif@ lynonviral gene delivery: accumulated intracellular high

concentrations o€Q in the endocytic pathway (1) leading to enhanced unpackaging of delivered DNA, (2) buffering the pH of endocytic vesicles;

(3) altering the trafficking, processing, or degradation of the DNA within cells.

endocytic pathway, as acidic intracellular compartments tend electrostatic interaction between anionic phosphate groups of

to accumulate weakly basic compounds sucB@s!’4+44 The
pH-partitioning may contribute to this effett*>but data suggest

pDNA and cationic amino side chains @fQ7a) (Figure 4).
When bound byCQ, pDNA could achieve improved gene

that such accumulation occurs to a greater extent than wouldtransfer due to changes in its intracellular processing or its rate

be predicted by pH-partitioning alor& Colombo and Bertini
have proposed th&Q accumulates in lysosomes due to pH-
partitioning as well as its interactions with the lysosomal
membrané? Thus, it is likely thatCQ analogues accumulated
in the endocytic pathway at or above 10 mM can destabilize
polyplexes and unpack pDNA from polyplexes.

The biological and physical properties of DNA can be altered
when it is bound byCQ.3® CQ7a, which displays stronger
binding affinity for DNA thanCQ, can be expected to have
similar or greater effects on altering the properties of DNA.
Beyond their activity in displacing DNA from polyplexeSQ
andCQ7a appear to interact directly with nucleic acids, even

of intracellular degradatiofr:*8 The pDNA can be transcribed
in the presence o£Q analogues, although increasing concen-
trations of CQ analogues lead to declining levels of mRNA
transcripts (Figure 8). Reduced accessibility of pDNA to
transcription-initiating polymerases may imply reduced pDNA
accessibility to degradative enzymes, but efforts to evaluate
DNAse protection byCQ analogues were inconclusive due to
difficulty in purifying pDNA from CQ analogues after DNAse
exposure (data not shown).

CQ7agreatly enhances gene expression dv€xin all the
four cell lines we studied (Table 1 and Supporting Information),
an effect that is not explained by its intracellular buffering effect

when those nucleic acids have been delivered to cells (Figuresalone. The observed higher luciferase activity from transfection

4, 6-8). Results from the modified comet assay (Figure 6)
suggest tha€CQ and CQ7a may be associated with the DNA
that has been released from the polyplexes (lack of mobility in

in the presence o€Q7a is likely due to additional features
such as greater displacement of polycations (Figure 5) and
stronger interactions with intracellular nucleic acids that may

the gel suggests that a cationic entity is bound to the DNA that protect and traffic more of the intact nucleic acid into the nucleus

has been released from the polyplexes wik¥p and CQ7a
are utilized in the transfection). Strong binding by numerous
CQ7amolecules could alter the physical properties of pDNA

(Figures 4, 6-8).
In summary, a structurefunction study among CQ and its
analogues in nonviral, polycation-based gene delivery is carried

and reduce the overall negative charge of its backbone (viaout for the first time. It is demonstrated that the tertiary amino
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moiety of CQ is important to enhancing gene expression. Essential Medium (HepG2) or Dulbecco’s Modified Eagle’s
Further, changes in the aromatic ring of CQ significantly affect Medium (HeLa), with 2 mM I-glutamine, 1.5 g/L sodium bicarbon-
its ability to increase gene expression. A CQ analogue with a ate, 0.1 mM nonesse_ntial amino acids_,, 1.0 mM sodium pyruvate,
three fused aromatic ring structur®C) shows much higher and 10% fetal boylne serum. Medla and supplements were
cytotoxicity than CQ and can enhance transfection similarly to purcr}asedd from G'bC% BR(;‘ (qulthersbhurg, '\//'D)' Cellls vlvere
CQ at a concentration 10 times lower. A CQ analogue with fanstected in serum-reduced medium with CDP/PDNA polyplexes

- S . S as described previously, in the presencecqi or CQ analogues
one pyridinyl aromatic ring@P) gives lower cytotoxicity than at various conpcentratio)r/1$. P @ Q 9

CQ but has no effect on gene transfer. Variation at the 7-position £y cell transfection and luciferase assay, cells were plated at 5
of CQ dramatically changes its ability to enhance transfection. » 10 cells/well in 24-well plates 24 h in advance. Immediately
Transfection with a 7-trifluoromethyl CQ analogu€Q@7a) prior to transfection, cells were rinsed once with PBS (pH 7.4),
shows luciferase activity an order of magnitude higher than and 200uL of Opti-MEM (Gibco) was added to each well. pGL3-
transfection with the same concentration (0.2 mM) of CQ, while CV (1 ug, 5uL of a 0.2ug/uL solution in DNAse-free water) was
transfection is not affected in the presence of a 7-hydro CQ mixed with an equal volume of polymer solution (& of 24.9
analogue CQ7b). The fused aromatic ring structure (acridinyl M@/mL freshly prepared CDP solution in DNAse-free water) to
ring) in QC and the strong electron-withdrawing group (triflu-  91Ve @ charge ratio 5/—. An Opti-MEM solution (185.L) and
oromethyl) inCQ7aendow these molecules with higher binding an appropriate amount dIQ (or CQ analogues) in L. of Opti-

- - . MEM solution were mixed with CDP/pDNA complexes (140)
affinity to DNA. The stronger intercalato€Q7a, has a higher to give a final volume of 20@L. These solutions were immediately

tendency than CQ to competitively displace the polycation from ransferred to each well. Aftet h of incubation (37°C, 5% CQ),
CDP/pDNA polyplexes at a concentration that is achievable the media in each well was replaced with 1 mL of culture media.
within cells after several hours’ treatment. Finally, CQ and After another 44 h, the media was removed by aspiration. Cells
CQ7a appear to interact directly with nucleic acids in cells.  were washed twice with PBS (pH 7.4) before addition of 100
Our study suggests that the mechanisms of CQ action are atof 1x cell culture lysis buffer (Promega). Cell lysates were analyzed
least 3-fold (Figure 9). One, intracellular accumulation of CQ for luciferase activity with luciferase assay reagent (Promega). Light
drives its concentration to a point where it is able to facilitate Units were measured in duplicate with a luminometer (Monolight

unpackaging of nucleic acids from the polyplexes. CQ ac- 2010. Analytical Luminescence Laboratory, San Diego, CA).
cumulates in cells to concentrations greatly exceeding that in D€termination of cell viability and total protein concentration
the extracellular medium; and it reaches still higher concentra- was conducted by a modified Lowry protein assay. The amount of
tions in the vesicles of thé endocytic pathway where internalized protein in cell lysates obtained 48 h after transfection was used as
! y . a measure of cell viability. Protein levels of transfected cells were
polyplexes are also delivered. Second, consistent with numerousgetermined by the DC Protein Assay (Bio-Rad, Hercules, CA) and
literature reports, CQ buffers the vesicles of the endocytic normalized with protein levels of cells transfected with naked DNA.
pathway, helping delivered nucleic acids escape from theseA protein standard curve was run with various concentrations of
vesicles and/or avoid lysosomal degradation. Third, intracellular bovine 1gG (Bio-Rad) in cell culture lysis buffer.
interactions between CQ and unpackaged nucleic acids con- Uptake of Polyplexes in the Absence or Presence of CQ
tribute to enhanced gene expression. CQ can hind to theAnaloguespDNA was prepared for fluorophore binding by reacting
delivered DNA via interaction with DNA bases and through With Label-IT Amine (Mirus, Madison, WI). Aftel h at 37°C,

it : ; i the amine-terminated DNA was recovered by precipitation with
electrostatic interaction with anionic phosphate groups. These . ; :
interactions lead to changes in thepbiolggical gandpphysical ethanol and then incubated overnight with Alexa-fluor-488 NHS

- fthe deli d lei d ‘blv altering thei ester (Molecular Probes, Eugene, OR). The labeled DNA was
properties of the delivered nucleic acids, possibly altering their , yified by precipitation with ethanol. The percentage of pDNA

intracellular processing or slowing their degradation. labeling was determined to be 3.3 wt % by measuring the
. . fluorescence intensity of labeled DNAgcitation 488 NM; Lemission
Experimental Section 535 nm) using a Spectrafluor Plus plate reader (Tecan, Durham,
Chloroquine CQ), quinocrine QC), and other chemicals  NC) and comparing with a standard curve.
reagents used in this study were purchased from Sigma-Aldrich Labeled pDNA was condensed with CDP prior to being
(St. Louis, MO) and used without further purification unless administered to HepG2 cells at a concentratiopds DNA/mL
otherwise indicated. NMR spectra were collected on Varian 300 culture medium (same concentration as in gene transfection study).
MHz and Inova 500 MHz spectrometefsCyclodextrin polymer Uptake was terminated at 30 min and at 2 h. Cells were treated
(CDP) containing two positively charged amidine groups in each with 0.25% trypsin, washed with phosphate-buffered saline and
repeat with weight average molecular weightt,§ of 6000 Da was Hanks balanced salt solution, and analyzed by fluorescence-
synthesized and used for condensing DNA or oligonucleotide in activated cell sorting (FACS).
this study!%!! Each repeat unit contains two positively charged Uptake and Intracellular Accumulation of CQ, CQ7a, and
amidine groups that can efficiently bind and condense DNA in CQ7b. HepG2 cells (2x 10° cells) were incubated at 3T in 2
plasmid (pDNA) or oligonucleotide forrif. mL of Opti-MEM (pH 7.4) with or without CDP/pDNA (20 nmol/3
General Procedure for the Synthesis of CQ Analogues. CQ pmol) in the presence of 100M of CQ, CQ7a, or CQ7b. After
analogues with alkylamino side chains and 7-chloroquinoline incubation in a humidified atmosphere (3T, 5% CQ) for
structure CQ4a—f and CQO) were synthesized via substitution  scheduled time, the medium was removed; cells were washed three
reaction of an appropriate amine and 4,7-dichloroquinoline (see times with cold PBS containing 100M of correspondingCQ
Supporting Information)CQ analogues with aromatic ring-size and  analogue, washed three more times with cold PBS, and then lysed
ring-substituent variations were synthesized similarly using an by 20 min incubation in 1 mL of & cell culture lysis buffer. The
appropriate quinoline or pyridine derivative as starting materials lysates was diluted with 1 mL of NaOH (0.1 N), and 80 of
(see Supporting Information). such solution was analyzed on a Spectrafluor Plus plate reader
Cell Culture and Transfection Experiments. The DNA plasmid (Tecan) at excitation wavelength of 360 nm and emission wave-
pGL3-CV (Promega, Madison, WI) containing the firefly luciferase length of 465 nm. The resulting fluorescence results were converted
gene under the control of the SV40 promoter was amplifiedEby  to concentrations of£Q or CQ analogues using a standard curve.
coli strain DH% and was then purified using the Ultramobius 1000 The cellular concentration &Q or CQ analogues was calculated
plasmid kit (Novagen, San Diego, CA). HepG2 and HelLa cells assuming a cell volume of & 1076 yL.8
were purchased from the ATCC (Rockville, MD). Cells were Intracellular Buffering Activity of CQ Analogues. The activity
cultured according to recommended procedures using Minimum of CDP in buffering the pH environment of intracellular polyplexes
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was evaluated using the method of Kulkarni e&tolyplexes were uL of PicoGreen solution. The fluorescenc&,fitation 488 nm,
prepared by mixing CDP and a 21-base RNA phosphorothioate Aemission 535 nm) of the resulting solutions was evaluated with a
oligonucleotide (5GACGUAAACGGCCACAAGUUC-3) labeled Spectrafluor Plus plate reader (Tecan, Durham, NC). The percentage
at the 5 position with the pH-sensitive fluorophore SNARF-4F  dye exclusion was calculated from the ratiBr(a — Fsampid/(Fona
(Molecular Probes, Carlsbad, C®)HeLa cells were treated with — Fu20)), WhereFpna is the fluorescence of a sample of DNA
the polyplexes and imaged using an inverted Zeiss LSM 510 META alone (no polycation)sampieiS the sample fluorescence, aRgho
confocal microscope with a 63oil objective (NA 1.4). Excitation is the fluorescence of a blank (control) sample.
of the SNARF fluorophore was achieved with the 543 nm line of In Vitro Transcription in the Presence of Chloroquine
the He—-Ne laser line supplied with the microscope. After passing Analogues.An in vitro transcription assay was used to evaluate
through a variable confocal pinhole, the SNARF-4F emission was the transcription accessibility pDNA in the presence @
collected by the META detector in distinct wavelength bins of-569  analogues. The plasmid pT7-luc contains the firefly luciferase gene
601 nm and 633687 nm. Using a standard curve, the relative under the control of the T7 promoter. This plasmid was amplified
intensity of individual signals across these bins was used to evaluateby E. coli strain DH% and purified using the Ultramobius 1000
the pH environment of the corresponding intracellular polyplexes. plasmid kit. The MAXIscript T7 kit (Ambion, Austin, TX) was
Electrophoretic Mobility of pDNA in the Presence of CQ used to produce firefly luciferase mRNA from mixtures of pT7-
Analogues.Each polycation was examined for its ability to bind luc andCQ analogues. Following the reaction, pT7-luc was digested
pDNA through gel electrophoresis experiments as previously using the TURBO DNase supplied with the kit. The RNA reaction
described:1°pGL3-CV (5uL of a 0.2ug/uL solution in DNAse- product was purified by ammonium acetate/ethanol precipitation,
free water) was mixed with an appropriate amoun€af, CQ7a, resuspended in di®, and quantified by absorbance at 260 nm.
or CQ7b. Each solution was incubated for approximately 10 min. Yields were normalized using reactions conducted in the absence
Loading buffer (5uL) was added to each sample, followed by an of CQ analogues.
appropriate volume of Borax buffer (0.025 M, pH 8.4) to give a
final volume of 25uL for each sample. 10L of such mixture was
transferred into each well of a 0.5% agarose geld®f ethidium
bromide/100 mL TAE buffer (40 mM Tris-acetate, 1 mM EDTA))
and electrophoresed.
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Supporting Information Available: Detailed synthesis and
Displacement of DNA from Polyplexes by CQ Analogues. characterization of chloroquine analogues, in vitro transfection of
PGL3-CV (29, 0.6 pmol) in 1uL of DI water was complexed CDP/pDNA in the presence of chloroquine and chloroquine
with CDP (24ug, 4 nmol) in 10uL. The solution was diluted by analogues in HepG2, Hela, and A2780 and BHK cells, transfection
adding 8QuL of PBS and kept for 30 min at 2&. After a further ~ Of naked pDNA in the presence of CQ and CQ analogues,
30 min at 25°C, each solution was passed through a Pall Life transfection of polylysine/pDNA in the presence of chloroguine
Science Supor Membrane (100 nm) presoaked and rinsed with a@nd_chloroquine analogue, fluorescence-activated cell sorting
solution containing the equivalent concentration of @@ ana- (FACS) histogram of the time-dependent uptake of polyplexes in
logues. An amount of 4@L of the filtrate was mixed with 4@ the absence or presence of CQ analogues, and UV analysis of the
of 5.64M 4,6-diamidino-2-phenylindole, dihydrochloride (DAPI). ~ interaction between DNA and CQ or CQ analogues. This material
The amount of unpackaged DNA was determined from the IS available free of charge via the Internet at http://pubs.acs.org.
fluorescence intensitied dygitation 350 NM; Aemission465 nm) of the

DAPI-containing filtrate solutiod. The percentage of pDNA References
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intensity of the filtrate containing dissociated pDNA.
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