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Purification of plasmids by triplex affinity interaction
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ABSTRACT Triple helix formation has been known for several decades and
. ) ) . triplex structures have been very well characterized (for reviews
Production of pharmaceutical grade plasmid DNAis an seel1,12). The best characterized triplex is formed between a
important issue in gene therapy. We developed a double-stranded homopurine-homopyrimidine helix and a
method for affinity purification of plasmids by triple single-stranded homopyrimidine strand. In this type of triple
helix interaction. This method is based on sequence- helix, the third homopyrimidine strand binds to the major grooge,
specific binding of an oligonucleotide immobilized on parallel to the homopurine strand of the Watson—Crick douBle
a large pore chromatography support to a target helix, via Hoogsteen hydrogen bonds. The third strand thyniine
sequence on the plasmid. Using design criteria derived (T) recognizes adenine-thymine (A-T) base pairs forming T-A-T
from thermodynamic data, we produced a 15mer target triplets and the protonated third strand cytosing (€cognizes S
sequence which binds strongly to the affinity support guanine-cytosine (G-C) base pairs forming C*Griplets. >
under mildly acidic conditions. Plasmid DNA was Several authors characterized the thermodynamics of trigjex
purified from clarified  Escherichia coli lysate by  formation for different sequences and pH valuési¢) and the =
incubation with the affinity beads at pH 5.0 and high influence of pH, buffer species and salt concentration on triplex
NaCl concentration. After extensive washing of the thermodynamicsi(,16). These studies found that for neutral
beads, purified plasmid DNA was eluted with alkaline slightly acidic buffer conditions triplex formation is enthalpicalf
buffer. The purified plasmid showed no RNA or cell driven and H bond formation is the major driving force. 2
DNA contamination in HPLC analysis and total protein The fact that the cytosines in the third strand have to:be
concentration was reduced considerably. Due to its protonated leads to a decrease in melting temper&tyeith =
mechanical stability and porosity this support can be increasing pH 13,14,16,17). Frequency and distribution of
used in a continuous affinity purification process, C-G-C triplets in the target sequence therefore have a string
which has a high potential for scale up. influence on pH dependence and stability of the triplex. The less
C-G-C triplets there are in a given sequence the higher Fthe
INTRODUCTION binding constant is at mildly acidic to neutral pH. On the other

hand, it was found that triplex formation occurs at pH values
Production of large amounts of pure plasmid DNA from bacterizbove the K, of free cytosines &, 4.8) (14,16,17) and that ©
cultures has become an important area of interest. While plasnfidG-C triplets increase the stability of pure T-A-T tnpleg
preparations have traditionally been used for many applicatiosgructures significantlyl(7).
in cloning and molecular genetic research, the use of ‘naked’ orMelting experlments at different salt concentrations furt@r
lipid-coated plasmid DNA for non-viral gene therafgyX) as  showed thal, increases with salt concentratidrb,(L7), which &
well as for DNA vaccinationd) has increased the requirementscan be attributed to cations shielding the coulombic repul@on
for such preparatlons with regard to both quality and quantitjpetween the sugar—phosphate backbones. 2
Plasmid purification is essentially aimed at eliminating cellular These findings strongly influence specificity and stnngencygof
components of the host organism, such as bacterial proteitigplex formation and, therefore, the design of possible target
lipids, lipopolysaccharides and nucleic acids, while avoiding theequences. Specificity in this context means a large destabilization
introduction of contaminants. Chromosomal DNA fragments andpon binding to a mismatching DNA sequence (large free ené&rgy
RNA are especially difficult to separate from plasmids due to theenalty) (8). Stringency, on the other hand, refers to a setﬁof
similarity in their physical and chemical structure. conditions in which perfect complexes between ligand and I|®te

Laboratory scale purification methods have generally relied care stable and imperfect complexes aret®)t Different authors "

the use of toxic chemicals (EtBr, phenol, CsCl) or animal-derivefibund free energy penalties for mismatches of from 2.5 to 4.0
enzymes (RNase), all of which might raise concerns aboutal/mol, resulting in a decrease in melting temperatures for
residues in the final product. Therefore, various new processasfect triplexes of 12 to >2C€ per mismatchl(7,18).
have been developed which rely on chromatographic unit There are few applications of triplex affinity isolation described
operations such as gel filtratior) (or ion exchange810). In  in the literature. Kumar and RustodBj used an oligonucleotide
view of the unmatched specificity of affinity purification linked to a solid support to isolate a loop-forming oligonucleotide
methods, we propose the use of triplex affinity interaction fopy triplex formation. Itcet al (20) isolated a linearized plasmid
downstream processing of plasmid DNA. containing a 45 bp T-C repeat with'ebitinylated oligonucleotide
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20mer. Very efficient enrichment was obtained at pH 5.0sequencing on an Applied Biosystems (Foster City, CA) Model
Recently, a plasmid purification method based on triplex affinit377 DNA Sequencer using both the M13 forward and M13
chromatography was investigatetilY and specific binding of reverse sequencing primers. Sequencing confirmed insertion of
supercoiled plasmid containing the target sequence to a colurtie complete target sequence, with the polypyrimidine strand
packed with oligonucleotide affinity beads was found. located in the R+ strand of pUC19.

In another study (T.Schluep and C.L.Cooney, submitted to
J. Chromatogr. Awe described the production of a large porepyrified plasmid preparations
affinity support in which the triplex-forming oligonucleotide ] o )
ligand is immobilized by its'send to Sephacryl S-1000 SF beadsAn E.coli DH5a' starter culture containing plasmid pTS2 was
(Pharmacia Biotech, Uppsala, Sweden) via a hydrophilic 16 ato@§own in 100 ml LB (20Qug/ml ampicillin) overnight at 37C in
spacer arm. In this paper we report the design and cloning of tA&00 ml shaker flask. An aliquot of 800 ml fresh LB was added
target sequence into the p|asm|d pUClg We further demonstré%the Overnlght culture and ]nCUbated under the same _Condltlons
binding of this plasmid to the affinity beads and triplex affinityin two 2 | shaker flasks until the @py reached 1.5. Lysis and

purification from clarified lysate. primary plasmid isolation were performed using a modified
alkaline lysis procedure as described befo. (Final purification
MATERIALS AND METHODS was performed on a Qiagen (Hilden, Germany) Megaprep arcg';on

exchange column according to the supplier's recommendatigns.
Luria broth (LB) was from Difco laboratories (Detroit, MI). Plasmid pTS2 was precipitated with isopropanol (0.7 vol) gnd
Escherichiacoli subcloning efficient DH& competent cells, resuspendedin 1 ml TE buffer (10 mM Tris, pH 8, 1 mM EDTA).
plasmid pUC19 and molecular weight marktndlll digest of  Plasmid concentration was determined with a Hewlett Packard
A phage DNA were from Gibco BRL (Gaithersburg, MD).(Waldbronn, Germany) 8452 diode array spectrophotometet at
Restriction endonucleaseSma and Ncd were from New 260 nm (1 Aeo= 50pg DNA/mI) and found to be 737g/ml. =
England Biolabs (Beverly, MA). All salts were analytical grade. For the control plasmid pUC19, Bcoli DH5a starter culture @

was grown in 40 ml LB (10Qg/ml ampicillin) at 37C for 8 h &
Affinity support in a 250 ml shaker flask. An aliquot of 1.5 | fresh LB was adc&d

to this starter culture and cultivated under the same conditiori in
A detailed report on the chemistry involved in production of th@yo 2 | and one 4 | shaker flasks until the averagegoi@ached g
affinity support is given elsewhere (T.Schluep and C.L.Cooney, 1. Plasmid pUC19 was then purified using a Qiagen Megaprep
submitted ta). Chromatogr. A In brief, we synthesized a novel kit according to the instructions of the manufacturer. pUC19 Was
cyanoethyl-protected glycolic acid methylester phosphoramiditgnen resuspended in 1 ml TE buffer and the plasmid concentration

This compound was added in the final cycle of the synthesis of tig@termined by spectrophotometer at 260 nm to beu§0l.
triplex-forming ligand oligonucleotide, CT TCT TTC CTC

TTT-3, on an automated, phosphoramidite-based DNA synthesiz o

After treatment with TMA the oligo was cleaved off the column%rlarnclecj lysate
and deprotected by standard procedures. The restitiagdoxylic  Escherichiacoli DH5a cultures transformed with pTS2 wer
acid functionalized oligonucleotide was reacted with 3-aminogrown in 100 ml LB (10Qug/ml ampicillin) overnight at 37C in =
1,2-propanediol in the presence of carbodiimide (DEC) to yield 500 ml shaker flask. Cells were harvested by centrifugatiol® at
the glycol-15mer, a stable precursor of the reactive aldehyde-15m@000g and 4 C for 15 min and resuspended in 4 ml 50 mM Tris,
Sephacryl S-1000 SF beads were functionalized with adipic acgitH 8, 1 mM EDTA. Cells were lysed by addition of 4 ml 200 mKi
dihydrazide by the cyanotransfer methdg) (Glycol-15merwas NaOH, 1% SDS and incubation for 5 min at room temperate.
cleaved oxidatively by sodium periodate to give aldehyde-15mdhen 4 ml chilled 3 M potassium acetate, pH 5.5, was addedzand
and coupled to the Sephacryl hydrazide beads by reductitlee lysate was centrifuged for 30 min at 20 @@&thd £C. The <
amination in the presence of NaCNBHhis procedure was supernatant was recentrifuged for 10 min under the sdme
optimized to give an affinity support with up to 4.9 nmolconditions to give 12 ml clarified lysate. S
immobilized ligand/ml beads.
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Triplex affinity purification of plasmids
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Plasmid construction A sample of 0.8 ml triplex affinity beads was equilibrated with

Plasmid pTS2 was constructed by insertion of the polypurineand suspended in binding buffer (0.2 M sodium acetate—ac%tic
polypyrimidine target sequence in the multiple cloning site oécid, 2 M sodium chloride) with different pH values between 45
pUC19 using standard molecular biology protoceB.(Thetwo and 5.5 to give a total volume of 1.5 ml. The plasmid (3pteh2
5'-phosphorylated oligonucleotide 21mers €f&A TGG AGA 1 vol) was diluted with 2 vol 0.3 M sodium acetate—acetic acid,
AGA AAG GAG AAA-3") and d(5TTT CTC CTT TCT TCT 3 M sodium chloride to give the same salt concentration and pH
CCA TGG-3) were custom manufactured by Gibco BRL andas the binding buffer. For clarified lysate, 1 ml lysate was mixed
annealed to form a double strand containiNga cutting site not ~ with 2 ml 0.3 M acetate buffer, 3 M sodium chloride, pH 4.5, to
presentin pUC19. This annealed oligo was inserted blunt endedjive a pH of 5.0. In one case the pH of the clarified lysate was first
into the Sma cloning site of pUC19Escherichiacoli DH5a  adjusted to a value of 4.5 with glacial acetic acid before addition
competent cells were transformed with the ligation mix anaf the high salt buffer. The plasmid was then allowed to bind to
plated on LB plates containing 1Q@/ml ampicillin. Clones the affinity beads for 2 h at room temperature with moderate
containing the plasmid with the target sequence were identifiedhaking on a spinning wheel. The bead suspension was then
by restriction analysis wittNcd and Smd. The identity and added to a column (¥ 50 mm) and packed under gravity. The
orientation of the insert were confirmed by fluorescent DNAbeads were washed with 9 ml loading buffer until no material was
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seen in UV absorption scans of 1 ml wash fractions. Gravity flow Prasmia & Plagmid

elution was performed by addition of elution buffer (1 M Tris,

0.5 mM EDTA, pH 9) with collection of 0.3 ml fractions. Plasmid

content and purity of fractions collected was determined by ion Adsorption Desorption

exchange HPLC (Fig2B and Tablel) and agarose gel
electrophoresis (Fig).

Impurities V

Plasmid Spacer Ligand

w. target

Melting temperature experiments

Spacer Ligand w_’;’:‘gi:t
Plasmid preparations were bound to the affinity beads in loadingf .~ v ﬂ -
buffer with a pH of 5.0 for 2 h at room temperature and the column

packed and washed with loading buffer as described above. The
column was subsequently incubated for 30 min &C30y
submersion in a water bath. After this period the column was

removed from the water bath and quickly washed with 1 ml impurties "\

Ioadlng buffer at the same temperature. This procedure was thue—E]ure 1. Principle of triplex affinity purification of plasmids. Adsorption and ¥
repeated at8C temperature increments up td;mT.he CO'!Jmn washing is performed under moderately acidic conditions and high sit
was then cooled to room temperature and eluted with elution buffefoncentration. Desorption is achieved by shifting to alkaline buffer. 53
Fractions collected were analyzed by anion exchange HPLC.

peo

@
range triplexes are stabilized due to protonation of the N3 posiﬁon
Agarose gel electrophoresis of cytidine (K5 4.8) to form C-G-€ triplets. High sodium S

. . hloride is added to the adsorption buffer as it stabilizes triplex
Agarose gels were run in a QSH unit from I1BI (New Haven, CTS b pe

e i d red - ific bindi f protei cell
coupled to a Pharmacia (Piscataway, NJ) EPS 200 power sup[‘a_&{qma on anc TeCLICes Non-speciiic dinding of proteins of &

. ; i A to support, ligate or ligand. Washing is done with Iar§e
Electrophoresis of 1% agarose (Sigma Chemical Co., St Louig,mes of adsorption buffer. Desorption is achieved by shifting

MO) gels was carried out in TAE (40 mM Tris base, 20 MMy, gikaline pH. Similar conditions have been used by differént

sodium acetate, 2 mM EDTA, pH 8.3) at 65 V for 1 h.5 ihors for optimal triplex formatiog©.21). Thi nbe
Electrophoresis gels were stained for 1 h with ethidium bromic§u fs 0" Opi fiplex formatiod(,21). This process can be;

X - ; ._performed in a packed column, as a batch adsorption progess,
é%gsp%{gg}sﬁgﬁ%gf/ r;?érrl];/v(llt:gjwater and then visualize(o\ed by transfer to a column for washing and elution (as hére)

or by continuous affinity recycle extraction (CARE). CARE w%s
_ _ shown to offer a high degree of purification, good recovery yiéld
Total protein analysis and a high potential for scale up). S

Total protein content of clarified lysates was measured using the )
Pierce BCA assay (Rockford, IL), which is not sensitive to thdarget sequence design

high SDS levels present. Total protein concentration in ripleyginq thermodynamic data from various authors, as mentioned in
affinity-purified plasmid samples was measured by the E?r.adfOfae Introduction, we designed a 15mer polypurine target sequence,
assay (Bl_oRad, Rlchmond, CA), which has good sensitivity &y nca AGA AAG GAG AAA-3', to provide strong triplex =
low protein concentrations. formation under the chosen buffer conditions while beifig

) _ selective towards the.coli K12 genome. After adding a unique
HPLC analysis of plasmid DNA Ncd cutting site to the target sequence for easier detectiow of

HPLC analysis was carried out using a Beckman (Fullerton, CAP'TECt clones, the plasmid pTS2 was constructed by insertic of
System Gold Programmable Solvent Module 126, a System Gdf€ target sequence into pUC19. A homology search on pUE19
Diode Array Detector Module 168, a Hitachi AS 400 Autosamplep/iowved that it contained a 9mer homologous sequeReé\G S
and System Gold Software (V 8.10) running on a PC. Aniol?AC AAA-3') at position 215. This gave us the possibility to
exchange analysis of plasmids was performed on a colunfxplore stringent binding conditions for pTS2 by using pUC1%as

L/192/3191

(4.6x 100 mm) packed with Poros 20 QE (Perseptive Biosyster,control plasmid. %
Framingham, MA) as described befat€)( Mobile phase A was o S N
10 mM Tris, pH 8, 1 mM EDTA and mobile phase B was 10 mMcharacterization of affinity binding N

Tris, pH 8,1 mM EDTA, 2 M NaCl. Salt concentration was 0.5 Mp
for 2 min, followed by a linear gradient from 0.5 to 2 M over
5 min and was finally held at 2 M for 2 min. The flow rate wa
2 ml/min and absorbance was monitored at 260 nm Zkig.

roduction of the large pore affinity support is briefly described
in Materials and Methods. A detailed report on the immobilization
Schemistry is published elsewhere (T.Schluep and C.L.Cooney,
submitted tal. Chromatogr. A Free hydrazide groupsp2.9)
are present on the affinity support, which might raise concerns
RESULTS about ion exchange properties of the affinity support at acidic pH.
o : - P Non-specific binding of plasmid DNA to the affinity beads was
Principle of triplex affinity purification therefore measured by incubation of hydrazide functionalized beads
The procedure is schematically illustrated in Figirdn the  (2.38umol hydrazides/ml beads, no immobilized oligonucleotides)
adsorption stage, triplex formation occurs between the targefth preparations of purified pUC19, as shown in TdbM/hile
sequence on the plasmid and the immobilized polypyrimidinat pH 4.5 weak non-specific binding of plasmid to the support was
oligonucleotide at moderately acidic pH (4.5-5.5). In this pHseen, no non-specific binding was detected at pH 5.0.
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Table 1. Triplex binding experiments with various plasmid preparations A B
Beads Plasmid  pH Plasmid  Plasmid Yield (%) * *
loaded eluted
(1) (1g)
Hydrazidé puUC19 4.5 51.5 0.6 1.2
Hydrazide pUC19 5.0 51.5 0.0 0.0
Affinity®  pTS2 45 36.2 22.4 62.0
Affinity puCl9 45 42.7 16.8 39.4 01 2 3 45 6 789 01235 4606073809
Affinity ~ pTS2 5.0 34.7 135 38.8 time (min) time (min)
Affinity puUC19 5.0 52.4 5.4 10.3
- Figure 2. (A) HPLC analysis of clarified lysate (RNase-digeste).H{PLC
Affinit TS2 . 7 . 24.
ity pTS 55 39 99 8 analysis of plasmid DNA (pTS2) after triplex afflnlty purmcatlon The arrowg
Affinity puC19 55 50.6 8.6 16.9 indicates the plasmid peak. The drift in baseline is due to an increase in galt
. concentration.
Affinity Lysate 5.0 4.8 1.8 36.6
Affinity Lysate 45 5.0¢ 1.4 27.8

y wouy pepeoju

Affinity purification of plasmid pTS2 from clarified lysate

All plasmid preparations, except the lysates, were previously purified by conventionphe results described so far were obtained with p|aS®Id
methods. Conditions were as described in Materials and Methods.
. preparations purified by conventional methods. Due to its high
:I'isegqc"ssfphacry' hydrazide beads without oligonucieotide @B hydrazides! e cificity, it is desirable to apply affinity purification early if)
b0.8 ml Sephacryl affinity beads (4.9 nmol oligo/ml beads). downstream processing of plasmid DNA. We therefore investigated
cAmount of plasmid in the lysate was determined by RNase digestion, precipitatidfPleX affinity purification of plasmid pTS2 from clarified Iysaté
with ethanol and HPLC analysis of the resuspended plasmid. Clarified lysate ofE.coli cells was mixed with acetate buffer tg
dTotal supercoiled + denaturated sc plasmid. give a pH of 5.0 or 4.5 in 2 M NaCl (Materials and Methods).
Incubation, washing and elution were performed as described
before. Results of two binding experiments at pH 5.0 and 4. 5§are
shown in Tabld. Similar binding at both pH values and recoveg/
Accessibility of pTS2 to the ligands on the large pore affinityof up to 37% of the loaded plasmid was measured.
support was determined by residence time distribution experimentHPLC analysis of clarified lysate showed a large, broad p%ak
with a column (1x 31.4 cm) packed with non-functionalized of high molecular weight RNA overlapping with the plasmi@
Sephacryl S-1000 SF. Injections of acetone and clarified lysaBNA (data not shown), which is characteristic of the Porffs
preparations of plasmid pUC18, which is the same size as pT&alumn employed1(0). For a better representation, we therefdike
(2.7 kb, 1.8x 1P Da), showed that 34% of the ligands aredigested a sample of clarified lysate with RNase Au@nl, 1 h
expected to be accessible to the plasmid. at 37C). HPLC analysis of RNase-digested lysate (2&)
In order to explore binding conditions for pTS2 versus pUC18howed a large RNA contamination at early elution times md
we performed binding experiments at different pH values usinfyrther contamination, most likely cell DNA, which partlall
purified plasmid preparations. Taldlsummarizes the results of overlapped with the plasmid DNA. Plasmid DNA purified
a series of binding experiments. Binding decreased with increasitigplex affinity showed only one major peak on HPLC analygjs
pH for both plasmids over the pH range 4.5-5.5 with pTSgFig. 2B). The small peak which elutes shortly after pTS2 in tEe
binding more strongly to the affinity beads than pUC19. Thesgalt gradient was previously identified as denatured supercotled
results indicate that triplex affinity purification is best performedplasmid (L0). In gel electrophoresis, triplex affinity-purified-
at pH 5.0, combining good triplex formation with minimal plasmid appeared predominantly as supercoiled plasmid E@A
non-specific binding to the affinity support. and no RNA or cell DNA contamination was detectable @)ig. &
To further explore stringent binding conditions for pTS2 versus Total protein concentration in the clarified lysate wasm!ml B
pUC19 we performed triplex melting experiments. Plasmidgg38 which corresponds to 28g/ug plasmid. Total protein in the®
pTS2, 47ug pUC19) were incubated and washed under standatriplex affinity purified plasmid fraction was 18/ml (0.68ug/ug
conditions at room temperature and pH 5.0. Temperature waksmid), which corresponds to a >100-fold reduction per ml and
then increased in°& increments up to 7€ and unbound to a 43-fold reduction perg plasmid.
plasmid washed out of the column at each temperature with
binding buffer. Upon addition of elution buffer, 21@ plasmid pjscussioN
pTS2 and 0.8ug pUC19 were released from the beads. This
indicates that while some plasmid was released at increaskexdhe present paper we describe the use of a novel large pore affinity
temperature, both triplexes, the 15mer and the 9mer, Tiave support for the purification of plasmid DNA by triplex affinity
close to or higher than 7Q. Therefore, while pTS2 bound more interaction. Due to its high mechanical stability and protection of the
strongly to the affinity beads under all conditions, it was noligand inside macropores this support can be used in a continuous
possible to find stringent binding conditions for pTS2 versusffinity recycle extraction process (CARE, in progregs).(Unlike
pUC19 by varying either temperature or pH. affinity chromatographic method81), CARE can easily deal with

LSOLIY
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other authors report the contraB0), pointing to the possibility
that preferential binding might be a function of the target
sequence or target position in the plasmid.

In conclusion, triplex affinity purification shows a high
potential for downstream processing of plasmid DNA. It is
especially suited to production of pharmaceutical grade plasmid
preparations as no toxic chemicals or animal-derived enzymes are
necessary. Future work will focus on integration of the triplex
affinity principle into a continuous affinity purification process
which can be easily scaled up. Combination of such a process

oF with classical purification steps will hopefully result in a large
scale production process for pharmaceutical grade plasmid DNA.
sC
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