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SUMMARY

The 1nvention relates to a novel method allowing the

transport of DNA and/or other biologically active molecules
into the nucleus oif eukarvotic cells using electrical

current, independently from cell division and with low cell

mertality.
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METHOD FOR INTRODUCING NUCL: CIDS
ACTIVE MOLECULES INTO THE. EUS OF HIGHER EUKARYOTIC

CELLS USING ELECTRIC CURRENT

el e el e e i .

IC ACIDS AND OTHER BIOLOGILCALLY
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The invention relates to a novel method which allows the

transport of DNA and/or other biclogically active molecules

intc the nucleus of higher eukaryotic cells using electric

current, 1incdependently o©of cell division and with low cell

mortality. The invention further relates to a method which

-

reduces the time between transfection and cell analvysis,

and thus greatly accelerates the experments. Optimized

e

electrical pulses are described, which may be used for the

nuclear locealization of DNA and/cr other bicliogically

active molecules.

L+]

INVENTION

BACKGROUND OF TH]

Since the nucleus 1s the functional location of eukarvotic

DNA, external DNA has to enter the nucleus 1in order to be

transcribed. Conventional transfection methods only cause

transport of DNA through the c¢ell membrane into the
cytoplasm. Only because the nuclear envelope 1s temporarily

disintegrated during cell division of higher eukaryotes,

can the DNA enter the nucleus passively, so that 1its
encoded proteins can be expressed. Only very small DNA
molecules (oligonucleotides) are able to diffuse freely

through pores in the nuclear envelope. For the efficient

transfection of resting cells or of cells with low rates of

division conditions have to be provided which result in
larger DNA molecules being able to enter the nucleus in
sufficient quantities through the closed nuclear membrane.
The method described nere allows this in higher eukarvyotic

cells.
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PRIOR ART

Tt has long been known that DNA can be i1ntroduced from a

b Ny

buffer 1into cells with the help of electric current.

However, the experimental conditions described earlier are

limited to the transport of DNA 1into the cytoplasm of
higher eukarvyotic cells, so that the expression of

transfected DNA remains dependent on the disintegration of

P

the nuclear envelope during cell division. None c¢f the

Kncwn methods addresses the electrically targeted

| V!
1

DNA 1into tnhe nucleus of higher eukarvotic

. A system which 1s optimized for electrical nuclear

transport is not vet XKnown.

.

The development of electropcration 1is based on the

opservation that biliclogical membranes temporarily become

=
s

fect o©of short electrical’l

more prermeakble through the e:

pulses (Neumann & Rosenheck 7972). In 1976 Auer et al.

described the wuptake o¢f DNA 1in red blood cells through

electric current.

The first report of electroporation of cell line cells

dates from 1982 (Neumann et al.). A murine fibroblast cell

ilne was transfected using short pulses having a field

strength of 8 kV/cm and a duration of 5 us each, mostly in
a series of three pulses at intervals of three seconds. Two
weeks later, an analysis was conducted. No electrical

nuclear transport was observed.

By shorting of a transformer, Potter et al. (1984) also

generated a field strength of 8 kV/cm and used it for

transfection of cell 1line cells. However, the current was
limited tc a maximum of 0.9 A. Again, no electrical nuclear

transport was observed.

In the course of the development, increasingly ionger

discharges with lower voltages were used since a field
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strength of approx. 1 kV/cm appeared to be sufficient for
an optimal opening of the pores in the cell membrane (with

an average cell diameter of 10-20 wum). Thus, most of the

commercial devices for electroporation c¢f higher eukaryotic

cellis and the suprlied ©protoccls are optimized for

transfection with these fielid strengths.

Bertling et al., 1987), the kinetics of the

[ T—— |

In one case (

distribution of the DNA 1n cytoprlasm anrd nucleus was

fellowed in a dividing cell line. Apart from the increase

in the DNA concentration, no other attempt was made to

-
—

optimize the early uptake c¢f DNA inteo the nucleus. More

N iy

c 1T electrical

(1)

specifically, 1t was not investigat

parameters couid have an influencz2 on the distribution.

since 1986 patents have been apvlied for which relate to

electroporation as a method of transfecticn. Mainly they

cescribe device constructions and pulse forms. None

addresses the problem ¢f non-mitotic transport of DNA into

the nucleus.

us 4,750,100 to Bio-Rad Laboratories, Richmond, USA (1986)

describes a specific device construction providing a

maximum of 3000 V at a maximum of 125 A by condensor

discharge.

Us 5,869,326 (Genetronics, Inc., San Diego, USA, 1996)
describes a specific device construction, with which two,
three, or more pulses may be generated using two separate
power sources. However, US 5,869,326 does not show that

these pulses have an effect beyond the transport of DNA
into the cytoplasm.

Uus 6,008,038 and EP 0 866 123 Al (Eppendorf-Netheler-Hinz
GmbH, Hamburg, 1998) describe a device, with which short
pulses of 10-500 wus and max. 1.5 kV may be generated, but
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again do not indicate that certain conditions may result in

the transport of DNA into the nucleus.

The methods known at present do not allow the efficient

transport of DNA and/or other biological molecules into the

nucleus with low cell mortality.

Tt is therefore an cbject of the invention to provide a

.-‘-.-h—-'

method which allows the efficient transport of DNA and/or
cther biolcogical molecules into the nucleus with low cell

mortality.

L

It is a further okject ¢f the invention tc »rovide a method
g

prata
—

reatly reducing tne time between transfection and

O
subseqguent anelvsis of transfected cells.

The objects are solved by the subject-matter of the patent

claims.

-In the present applicaticn, specific electrical conditions

which mediate the efficient nuclear transport of DNA, and

discharges and currents resulting 1in a particularly low

cell mortality are described for the first time. Buffers

optimized  for low cell mortality, and experimental

procedures are described as well.

A

DESCRIPTION OF THE INVENTION

In the method described here, wvery high field strengths of
2 to 10 kV/cm are used to aid DNA and/or other biologically
active molecules 1in entering the nucleus independently of
cell division. These fi1eld strengths are substantially
higher than the ones generally used in electroporation, and
are also higher than the field strengths that are

sufficient for efficient opening of cell membrane pores (1

kV/cm in average, according to Lurguin, 1997).
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Therefore, the subject of the invention is a method for

introducing biologically active molecules into the nucleus

of eukaryotic cells using electric current, the

introduction 1into the nucleus being achieved by a pulse

having a field strength of 2-10 kV/cm, and a duration of at

least 10 wus, and a current of at least 1 A. The high
voltages used may result in the generation of pores in both

memoranes of the nuclear envelope, or the nuclear pore

complexes ma become more permeanle for molecules thus
3 7

-ty
f

enabling very efficient transport c

—~—

1 he Pbiclcgically
active molecules into the nucleus. The pulse

(/)

-~

-

18 reguired to

nieve a nuclesr

()

have a duration c¢f atct 1least 10 us to a

transport eiffect.

The ter “"biologically active molecule”, as used herein,

comprilses nucleic acids, peptides, prcteins,

polysaccharides, lipids, or combinations tThereof, provided

they demonstrate biclogical activity in the cell.

The introduction of nucleic acids, peptides, proteins,
and/or other biologically active molecules 1in the nucleus
may preferably be achieved by a pulse having a field

strength of 3-8 kV/cm, the duration of the pulse not

exceeding 200 wus 1n a preferred embodiment of the

invention. A voltage of 1-2 V over a cell results in an

efficient and reversible opening of the pores in the cell

membrane (Zimmermann et al., 1981). This corresponds to 1

kV/cm 1in 'avera.ge at a cellular diameter of 10-20 um. A
distinctively higher voltage should result in irreversible
membrane collapse, even at pulse durations of less than 1
ms (Zimmermann et al., 1981). However, this does not occur
using the method according to the present invention. In the
method according to the present invention it is especially
preferred to keep the pulse duration at a maximum of 200
us, which 1s short enough, that even at 2-10 kV/cmn,

preferably 3-8 kV/cm, no substantial irreversible membrane
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damage may occur, but at the same time long enough still to

achieve a nuclear transport effect.

ayy

In a preferred embodiment of the method, the pulse is

followed without interruption by a current flow of 1T A to

maximally 2.5 A with a duration of 1T ms to max. 50 ms.

The transfection using electric current 1s based on two

erfects: electrcroration of the cell membrane and

electrcpnoresis of DNA tnrough the resulting membrane

pores. The described electrcporation pulses comply with

toth conditions independently of their generation and their
.}_

M 1N Such & wavy, hat & wvoltage 1s present at the

Fy
O
H

pr—
P

s, which 1s sufficient to open the

=T
t
.
(D
T
L—I
|

veginning of

se
rores in the cell nz=mbrane of the resvective cell type, and

that the further ccocurse c¢if the pulse 1is sufficient for DNA

clectropnhoresis.

In a preferrad emccodiment of the present invention, field

|

strengths of 2-10 kV/cm are used for 10-200 wus at the

beginning of the pulse for the transport of DNA and/or
other biclogically active molecules through the cell
mémbrane into the nucleus, the subsequent electrophoresis
taking place under conventional conditions.

-~

Through the short duration of the strong pulse and the low

strength and/or short duration of the subsequent current

flow, the transfection with electrical nuclear transport is
optimized for a high survival rate of the cells despite the
very high initial voltages. At the same time, a fine tuning
can be performed depending on the type of primary cells. As

the short and very high current pulse may contribute to the

electrophoresis of DNA, 1t may also allow that the

subsequent current flow may be strongly reduced or

completely omitted for a few cell types .
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In a'preferred version, a cuvette filled with buffer, cells

and nucleic acids (and possibly other biologically active

molecules) 1is exposed to a short impulse (with a length of
10-200 us) with a field strength of 2-10 kV/cm, followed by

a current of max. 2.5 A for up to 50 ms.

Tn a more preferred version, a cuvette filled with buffer,

cells and nucleic acids (and possibly other bioclogically
active molecules) 1is exposed to a short 1mpulse (with a

length of 10-100 wus) with a £fieid strength cf 3-8 kV/cm,

follecwed by a current of max. Z,2 A for up to 30 ms.
As this transfecticn methcd 1s independent o1 cell

division, dividing cells as welli as resting or primary

cells with low divisicn activity may be transfected.

Tn an embodiment of the irvention, primary cells, such as

peripheral human blood cellis, preferably being T cells, B
cells, or pluripotent precursor cells oif human blocd, are
transtected.

In another preferred embodiment, the eukaryotic cells

comprise embryonic cells of neurons from humans, rats, mice

or chicken.

Another preferred embodiment comprises human bone marrow

cells.

The eukaryotic cells transfected with the method according

tc the invention may be used for diagnostic methods, and

for preparing a drug for ex vivo gene therapy.

The transfection efficiency may be increased with dividing

primary cells and cell lines, since the DNA does not need

to stay in the cytoplasm until cell division, where 1t may

be degraded, and since the cells that have not undergone
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cell division at the time of the analysis may be analyzed

as well.

Furthermore, an analysis 1is possible shortly after the

transfection already, resuiting 1n a significant

g

acceleration of the experimencs. In transfection

experiments with expression vectors, an analysis may be
performed as soon as  approx. 20 hours after the
transfection, depending on the promotor and the expressed

protein. Due o the shor: stay of the transfected DNA 1In

the cytoplasm, the DNA will hardly be exposed to the erfect

¥ nucleases.

With electrical nuclear trzanspcrt, higher amounts o©if DNA

may be *transported into the nucleus of dividing cells than

may Dbe expected due to c=11 division alone. Both

substantially increase the likelihood of integration of

complete expression casseties.

The term *“electrical nuclear transport” describes the

transport of biclogically active molecules into the nucleus
of higher eukaryotic cells, which is caused 1independently

of cell division and by electric current.

Preferably, the biologically active molecule, that 1s meant

to enter the nucleus, comprises a nucleic acid,

particularly DNA, cor includes at least one nucleic acid

portion.

The nucleic acids may Dbe present 1in a complex or 1in
association with peptides, proteins, polysaccharides,
lipids or combinations or derivatives of these molecules.
The molecules which are complexed or associated with the
nucleic acids aid the integration of the transferred
nucleic acid into the genome of the cell, the intranuclear
localization or retention, the association with the

chromatin, or the regulation of expression.
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In a preferred embodiment, the molecules complexed with the

nucleic acid and being used for the integration of the

transferred nucleic acid into the genome of the cell are
selected from the group comprising retroviral 1integrases,

orokaryotic transposases, euvkaryotic transposases, saguence

specific recombinases, topoiscmerases, F. coli recA, E.

coli recE, E. colil recT, phage A red o, phage A red R and

phage A terminase.

L 1
!

arred enpcodiment, the mole

In a particularly pre: 2les
complexed or associated with the nucleic acid and bDeing
used for the 1ntranuclieer retention or the asscciliaticn waith
the cnrcomatin comprise domalins o©of the #RV protein ERNA-
These domains include aminoacids 38-54 and/ocxr 72-84, cr 70-
89, and/or 328-365 of the EBNA-1 prctein (Marechal et zl.,

19299) .

A buffar suitable for the uvse 1n the methoed according ©o
the invention 1S “buffer 17 having  the tollowing
composition: (.42 mM Ca(NO3),; 5.36 mM KC1; (C.417 mM MgSOQOq4;
103 M NaCl; 2Z22.8 mM NaHCOs3; 5.€64 mM Na,HPO4; 11.7T mM d(+) -

glucose; 3.25 uM glutathione; 20 mM Hepes; pH 7.3.

e
b

For introduction of nucleic acids into the nucleus o:

eukaryvotic cells, the following protocol may be carried

out: 1 x 10° - 1 x 10’ cells and up to 10 upug DNA are

incubated 1in 100 wul buffer 1 1n a cuvette with 2 mm
electrode spacing for 10 min at room temperature, and are

then transfected according to conditions according to the

e

invention. Immediately aftfterwards, the cells are rinsed out

of the cuvette with 400 ul cell culture medium without
serum, and are incubated for 10 min at 37 °C. Then, the
cells are plated in cell culture medium (with serum) with a

temperature of 37 °C.

For example, electrical nuclear transport of proteins may

take place according to the following protocol: Up to 10 ug
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protein in 100 ul suitable buffer are transfected into 1 x
10° - 1 x 10’ cells according to the conditions of the

invention. Immediately afterwards, the cells are rinsed out

of the cuvette with 400 ul cell culture medium without

serum, and incubated for 10 min at 37 °C. Then, the cells

are plated 1in cell culture medium (with serum) with a
temperature of 37 °C, and are analyzed after an incubation

1

pericd of up to € h.

Suitable cuvettes are f{or examp.e those with an electrode
C

]..._}

— = > ) : e : ’ 35 ’ b : 3 C iutfrs I 4 '_:_ ] pae ] -.:-...LC:I.
spacing of 2 mm cr 1 mm such &s ommercially avails

cuvettes fcr the electroporaticn ¢i prokarvctes.

The used aobreviaticns have the following meaning according

to the 1nvantion:

Apart from  the abbreviations listed in the Duden

aictionary, the folliowing ablicreviations were used:

FACS flurorescence activated cell sorting
FCS - fetel calf serum

H | hour

KV kilcovolts

Ms millisecond

US microsecond

PBMC peripheral mononuclear blood cells
PE phycoerythrin

FIGURES

The 1invention 1s described further by the following

figures:

Figures 1(a) and 1(b) show the transfection efficiency of T

et

helper cells relative to the field strength at a pulse with

a duration of 40 wus (a), and in relation to the pulse

duration at 5 kV/cm (b).
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Figures 2 (a) and (b) show the transfection efficiency of T
helper cells after a pulse of 5 kV/cm for 40 us, followed

without a interruption bky a current flow of different

strengths and durations.

Figure 3 shows the FACScar;lg analysis of PBMC transfected
with = the H-2K* expression vector. The ceils were
subsequently incubated with the digoxigenin-coupled anti-A-
2KX antibody and then with the Cy5-coupled anti-digoxigenin
ar:-.tibody, as well &as with a phycoerythrin (PE)-coupled
ant1-CD4 antibody for identification of the T helper cells,
ard were analyzed by flow cytometry. The number of dead
ceiis was determined by propidiuam iodide ‘steaining
(unstained flucrescence channel FL3) (SSC= side. scacter;

FSC= forward scatter).

. . * . - .
Figure 4 1is a FACScan anralysis of the electrical nuclear

transport in primary (dividing) endothelial cells from
human umbilical cord (HUVEC), transfected by a 70 us pulse
of 5 kv/cm, followed by a current flow of 2.2 A for 10 ms.
The cells were subsequently incubated with the digoxigenin-
coupled anti-H-2K¥ antibody and then with the Cyb5-coupled
anti-digoxigenin antibody, as well as with propidium iodide
(unstained fluorescence channels FL2 and FL3), and were

analyzed by flow cytometry (FACScan) (SSC= side scatter:

FSC= forward scatter).

p 4
Figure 5 1s a FACScan analysis of the electrical nuclear

transport 1n a cell 1line (HelLa) 3 hours after it was
transfected by a 100 us pulse of-4 kV/cm with an H-2K*®
expression vector. After 4 hours’, the cells were
subsequently incubated with the digoxigenin—coupled anti-H-
2KF antibody and then with the Cy5-coupled anti-digoxigenin
antibody, as well as with propidium 1i1odide (unstained
fluorescence channels FLZ2 and FL3), and were analyzed by
flow cytometry (FACScaS) (SSC= side scatter; FSC= forward

scatter).

Trademark*
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Figure 6 shows the electrical nuclear transport of a

transcription activator protein (HPV 18-E2Z2) by means of the

analysis of its effect on a reporter construct (pCi8Splluc)

in HelLa cells. The measurement was performed 6 hours after
protein and plasmid were introduced into the cells by a 100

us pulse of 4 kV/cm.

Figure 7 shows two diagrams of flcw cytometric measurements
cof the electrical nuclear transport o©of DNA-iac-repressor

complexes into CHC c¢=2l1lis 5 <+ hLours after they were

transfected with the DNA-rrotein complex by a 70 us pulse

af 5 kV/cm followed without interruvticn by a current flow

of 2.2 A and o0 ms.

low cvitcometric measurements

Figure 8 snows two diagrams O:

of the electrical nuclear transoocrt of peptide-DNA

1

ccmplexes into CHC and Kb6Z cells. The ccmplexes were

introduced intoc the CHO cells by a pulse of 5 kV/cm for 70

=
us, followed by a current fiow of 2.2 A for 40 ms, and into

the K562 cells by a pulse of 5 kV/cm for 100 us, followed
by a current flow of 5 A for 10 ms. The analysis was

performed four hours after the transfection.

(L
N

EXAMPL

The following examples 1llustrate the invention, but are

not to be conceived as to be limiting.

Example 1

Electrical nuclear transport 1in relation to the field

_— A——

strength and the pulse duration

Freshly prepared unstimulated (non dividing) mononuclear

cells from peripheral human blood (PBMC) were transfected

with a vector coding for the heavy chain of the murine MHC

class I protein H-2K*. 1 x 10° cells together with 10 wug
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vector DNA in buffer 1 were transferred at room temperature

into a cuvette with 2 mm electrode spacing, and were

transfected under the described conditions. Immedlately

afterwards, the cells were rinsed out of the cuvette with

500 wl RPMI medium (without fetai calf serum, FCS),

incubated for 10 min at 37 °C, and were then transferred to

a culture dish with prewarmed medium (with PFCS). After 5 h

incubaticn, the cells were subseguently incukated with the

digoxigenin—coupled.zmmti%H*ZKk antibody and then with tThe
Cy5-coupled anti-digexygenin antibody, as well as with a

Y

vhyccerythrain (PE} -coupled anti1-Ch4 antibody for

“dentification of the T helper cells, and were analyzed by

flow cvytometryv (FACScan). The number of dead cells was

determined by propvidium i1odide staining.

,..1

rigure 1 shows the transfection ei:

~
=
-

iciency of T  helper

ells in relation tc the field strengtnh at a pulse duration

(]

0

f 40 wus (a), and in relation to the pulse duration at 5

- kV/cm (o).

Example 2

Increase of the efficiency o©of the electrical nuclear

i dr—t=—-

transport by a current flow following the pulse

Fréshly prepared unstimulated PBMC were transfected with an
H-2K* expression vector as described in example 1. A pulse
of 5 kV/cm for 40 us was followed without interruption by a
current flow of different strengths and duration. After 5 h
incubation the cells were analyzed as in example 1, and the

g

transfection efficiency of T helper cells was determined

(Fig. 2).

Examgleli

Transfection of PBMC

Freshly prepared unstimulated PBMC were, as described in
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example 1, transfected with an H-2K" expression vector by a

40 us pulse of 5 kV/cm, followed by a current flow cf 2.2 A

for 20 ms, and were anaiyzed as 1n example 1.

e

Fig. 3 shows the analysis of the portion of transtected

cells in the CD4-positive and the CD4-negative fractions cof

+he PBMC. 36 & of the CD4" cells and 19 % of the CD4 cells

cf the mortality

express the transfected DNA. Three fourth

S
ra-e of 25 % are due to the transfection procedure.

L
)3
:
d
b
D
[~

Electrical nuclear TANSpor: ie! Srimary (dividing)

endothealial cells from human umb’iical cord (HUVEC;

As described in exampie 1, HUVEC were trensiectea with an
H-2K 7

followed by a current flow of 2.2 A for 70 ms, and atter 4

p

expression vector by a se of 5 kV/cm,

hours subsequently incubated with digoxigenin-coup.ied anti-

H-2K* antibody and then with the CyS5-coupled anti-

digoxigenin antibody, as well as with propidium lodide, and

were analyzed by flow cytometry (FACScan).

As shown in Figure 4, 58 % of the cells express the

transfected DNA with a mortality of 32%. If DNA would have

reached the cytoplasm by transfecticon in 100 % of the cells

——
—

having a division period of 24 h, and if no regeneration

period after the transfection was considered, DNA could
have reached the nucleus by disintegration of the nuclear

envelope in max. 16 % of the cells.

Example 5

Electrical nuclear transport in a cell line (Hela)

As described in example 4, HelLa cells were transfected by a

100 us pulse of 4 kV/cm and analyzed after 3 hours. As
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shown in Figure 5, 28% of the cells express the transfected

R

ODNA would have reached

[ |

DNA, and the mortality was 5.5 %. If

the cytoplasm by transfection in 100 % of the cells having

a division period of 24 h, and 1f no regeneration period

p— |

atter the transfection was considerec, DNA could have

the nuclear

1y

reached the nucleus by disintegratiocon o3

envelope in max. 12.5 % of the cells after 3 h.

-

E3
o
(1)
=
|_.J
(D
%)

Transfection efficlency oI varicus unstimulated primary
1

ls and -ell l1ines

PBRMC, other primary <=ells or cell line cells were

1 x 10°
transfected according to the procedure described 1n example
L

WitTh various expression vectors, and with the settings

described in examp-2 1. In the subsegquently performed flow
cytometric anaiyslis (FACScan), the various subpopulations

oy

were 1cdentified by specific antibodies. In the following

table 1, the mean transfection efficiencies are listed. For

the analysis of the transfection of CD34" precursor cells,

2.5-5 x 10° PBMC were transfected. A first analysis of the

transfection efficiencies was performed after 3.5 h, since

during this time span no cells or only a few cells in cell

lines have undergone division. Values marked with an

asterix (*) were also determined 3 days after transfection,

and were as high as the 24 h values.

Example 7/

wlectrical nuclear transport of HPVI8-EZ protein in Hela

b, A S A s s o oy

cells

| S——

The electrical nuclear transport of proteins can be

demonstrated for example by the concomitant transfection of
transcription activator proteins and reporter constructs,

the expression of which may be turned on by the binding of
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the activator molecules 1n the nucleus. Thus, HelLa cells

were transfected with the vector pCl18Splluc, a plasmid

containing four binding sites for the papilloma virus

o

transcription activator HPV18-EZ upstream of the promctor

sequence as well as a luminescence reporter sequence, and

with purified HPV18-EZ protein. At room temperature 1 X 10°
cells were transferred to a cuvette togetner witnh 200 ng

vector DNA and 8 ng protein in buffer, and transtected with

2 100 us pulse of 4 kV/cm. After 6 h ircukation at 37 °C

and 5 % CO, the cells were analyzed by mesasuring the

relative luminescence activity.

Y

n

f,—l..

o o L . —— = ’_:
& VECUOr DNA wo

8

Figure © shows the cotranstecticn cf t
the protein, the pregaration withoult protein representing
the control value. After cotransfection witn & ng protein,

& clear increase of the luminescence activity was observed

compared toc the controls, demconstrating that the

—
L)

transcription activator has reached the nucleus, and has
resulted in an expression of the reporter segquence.
Therefore, the methocd according to the invention alliows the

y [

introduction of proteins 1nto the nucleus of eukarvectic

cells too.

Example 8

Electrical nuclear transport of antibodies

An electrical nuclear transport of antibodies may be
obtained for example by the following setup. 1 x 10° HelLa
cells were transfected with an antibody directed .against
the nucleus-specific protein complex ND10 in 100 ul buffer
solution at room temperature with a 10 us pulse of 4 kV/cm,

-~

followed without interruption by a current flow of 5 A and

10 ms. Immediately after delivery of the pulse, the cells
were rinsed out of the cuvette with 400 ul cell culture
medium without serum, and were 1incubated for 10 min at

37 °C. The cells were plated in 37 °C warm cell culture
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medium (with serum), and were incubated for 5 h at 37 °C
and 5 % CO;. Then - they were fixed in

formaldehyde/glutaraldehyde, permeabilized with  Traiton
X106, incubated with a FITC-labeled antibody specific for

the anti-ND10 antibody, and analyzed by fluorescence

M1Croscopy.

Example 9

Electrical nuclear transport of DNA-protein complexes in
CHO cells - -

The electrica. nuclear transport of DNA-protein compiexes
may be shown for example by the repression of expression of
transfected reporter plasmid-repressor complexes. For tnis
purpose, CEO cells were transfected with a vector
(pSpe(LacO)1—H2Kk) having a lac-operator sequence between
the promotor and the H2K* marker sequence tc which lac
recressor molecules have been bound. Concomitantly the
cells were contransfected with the vector pMACS4.1 coding
for human CD4 and not containing a lac-operator sequence,
so that 1lac repressor molecules cannot bind to it
specifically. 1 x 10° cells were incubated with 1 ug H2K*
expression vector DNA with lacO sequence and 1 ug CbD4
expression vector DNA without lacO sequence in buffer at
room temperature with 200 ng lac repressbr protein. for 30
min, transferred to a cuvette, and transfected with a pulse
of 5 kV/cm for 70 us, followed by a current flow of 2.2 A
for 60 ms. After incubation for 5.5 h at 37 °C and 5 % CO,,
the cells were trypsinized, stained and analyzed by flow
cytom'etry for expression of the respective .markers. H2K*
expression was analyzed by incubation with Cy5 coupled
anti-H~-2K* antibody, and CD4 expression was analyzed by
incubation with phycoerythrin (PE) coupled anti-CD4
antibody. '

Trademark®
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The results of two experiments shown 1n Figure 7/

demonstrate the expression of the marker sequence after

transfection of the DNA-protein complexes with and without
pound lac represscr. With specifically bound lac repressor

(H2X* expression vector with lacO sequence, plasmid 1), a

clear repression of the E2K* expression compared to the
control without lac raspressor can be seen, whereas without

specific lac repressor binding (CD4 expression vector

without lacO-segquence, plasmid 7) no repression cf the CD4
expression occurred. This shows that the DNA-protein

complex has reach the nucleus ard that tne revressor

e
e
—

2d
orotein has resulted 1n a suppression oOi the expression oOf

the marker secuence. Therefore, the methoc according Toe tne

}

ok

invention also allows the intrcduction o©i DNA-proteln

complexes into the nucleus of eukaryotic ceils.

Example 10

[ -

Flectrical nuclear transport of peptide-DCNA-complexes

The nuclear transport of peptide-DNA complexes may Dbe

P

demonstrated for example by a repression oI the expression

of a reporter plasmid by binding of PNA (peptide nucleic

Bl

acid) to a PNA-binding sequence Dbetween promotcor and
reporter cassette of a reporter plasmid prior to
transfection. 1 wug H-2K" expression vector were 1ncubated
in 10 mM Tris, 1TmM EDTA with 25 uM PNA peptide (low

concentration), or 50 uM PNA peptide (high concentration)

for 15 min. at 65 °C. The expression vector was used 1n two

variations, with and without specific PNA-binding seguence,

also, unspecific PNA peptides (peptide 1) and specifically

binding FNA peptides (peptide 2) were used. Specific PNA

binding resulted in the labelling of a restriction site,

and was verified by respective restriction analysis. The

used PNA peptides had the following DNA binding sequence:
ﬁ&b—CCTTTCTCCCTTC4peptide (peptide 1) or NH,-CTCTTCCTTTTTC-

peptide (peptide 2). The mere peptide portion had the
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following sequence: NH,-GKPTADDQHSTPPKKKRKVED-COOH. For

transfection of K562 cells, a peptide portion with the

following sequence was used: NH;~

GKPSEDDEATADSQHSTPPKKKRKVED-COOH. After the incubation, the

complexes were transfected by a pulse of 5 kV/cm for 70 us,

foliowed by a current flow of 2.2 A for 40 ms in CHO cells,

and by a pulse of 5 kV/cm for 100 us, followed by a current
6f 5 A for 10 ms in K562 cells. After incubation for 4 h at
37 °C and 5 % COs;, the cells were stained with CYE coupled
anti-H-2X" antibodv, and were analyzed for H-2K® exprassion
oy fliow cvtometry.

Tigure &8 shows the effect of specific Dpinding and
unspecific interacticn of PNA peptice witn vector DNA on

the expression of a regorter construct, and therewith the

peptide-~DNA complex having reached the nuclieus. Therefore,
e

‘ne method according to the i1nvention also alicws the

—

o~

gt
-
——

introduction of peptide-DNA complexes 1nto the nucleus oo

eukzaryetic cells.

TABLE 1
Cell type Conditions %+ atter %+ after
3.5 h 24 h

PBMC

CD4" (Ty cells) 1000V 40us/2.2A 30 - 60 35 - 70%
30ms

CD8" (T cells) 1000V 70us/2.2A 20 - 70 35 - 75%
10ms

CD14" (monocytes) 1000V 70us/1.0A 30 - 50 10 - 20
Tms

CD19" (B cells) 800V 70us/2.0A 10 - 40 10 — 50%*
30ms

CD34" (stem cells) 1000V 70us/2.2A 40 - 60 40 - 50

10ms
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Umbilical cord

HUVEC 800V 70us/2.0A
10ms

Embryon_c chicken

cells

Neurons 80CV 40us/0.1A
Tms

Fibrcblasts 1000V 5Cus/0.1A
1ms

Cell Llines

Hela 1000V 40us/2.2A
Tms

C=EO0 1000V 50us/1.6A
1 0me

60 - 70

30

\/

30

80 -

50

950

BN A —— A L S Y s e
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CLAIMS

A method for introducing biologically active molecules into the nucleus of
higher eukaryotic cells using electric current, the introduétion into the nucleus
of primary cells independently of cell division being achieved by a pulse
having a field strength of 2-10 kV/cm and a duration of at least 10 us and a

current of at least 1 A.

The method according to claim 1, wherein the field strength of the pulse 1s 3-8
kV/cm.

The method according to claim 1 or 2, wherein the pulse has a duration of

max. 200 us.

The method according to any one of claims 1 to 3, wherein the pulse is
followed without interruption by a current flow of 1 A to max. 2.5 A with a

duration of 1 ms to max. 50 ms.

The method according to any one of claims 1 to 4, Whérein the biologically

active molecule comprises a nucleic acid.

The method according to claim 5, wherein the nucleic acid is present in
complex or 1n association with peptides, proteins, polysaccharides, lipids, or

combinations thereof.

The method according to claim 6, wherein the molecules complexed or
associated with the nucleic acid are used for the integration of the transferred
nucleic acid in the genome of the cell, the intranuclear localization or
retention, the association with the chromatin, or the regulation of the

EXpression.

The method according to claim 6, wherein the molecules complexed with the
nucleic acid which are used for the integration of the transferred nucleic acid

in the genome of the cell are selected from the group comprising retroviral
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Integrases, prokaryotic transposases, eukaryotic transposases, sequence-

specific recombinases, topoisomerases, £. coli recA, E. coli recE, E. coli recT,

phage A red a, phage A red 3 and phage A terminase.

9) The method according to claim 6, wherein the molecules complexed or

associated with the nucleic acid which are used for the intranuclear retention

or the association with chromatin comprise domains of the EBV protein

EBNA-1I.

10) The method according to any one of claims 1 to 9, wherein the eukaryotic

cells are peripheral human blood cells.

11) The method according to any one of claims 1 to 9, wherein the eukaryotic

cells are pluripotent precursor cells of human blood.

12) The method according to any one of claims 1 to 9, wherein the eukaryotic

cells are embryonic cells selected from the group consisting of human, rat and

mouse cells.

13) The method according to any one of claims 1 to 9, wherein the eukaryotic

cells are chicken neurons. -

14) The method according to any one of claims 1 to 9, wherein the eukaryotic

cells are human bone marrow cells.
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Fig. 1

Electrical nuclear transport in relation to the field strength and
the pulse duration
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Fig. 2

Increase of the efficiency of the electrical nuclear transport by
a current flow following the puise
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Hel.a Cells
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Fig. 6

relative luminagscence
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