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ABSTRACT

This paper describes the production of a
recombinant protein from the expression
system based on the methylotrophic yeast
Pichia pastoris. Efficient production of rat
high-mobility-group 1 (HMG1) protein was
obtained using the system. Two forms of
HMG1 were secreted into the culture medi-
um: a 24.5-kDa species corresponding to
the native HMG1 and a 32-kDa glycosylat-
ed derivative. Non-glycosylated recombi-
nant HMG1 was purified easily and shown
to possess the same DNA-binding proper-
ties as HMG1 purified from calf thymus.
Plasmid DNA complexed to the recombi-
nant HMG1 is taken up by a variety of
mammalian cells in culture. Transient ex-
pression of a luciferase reporter gene was
observed. Under selective conditions, stable
expression of a neomycin gene was estab-
lished as a result of integration into the
genome. HMG1-mediated gene delivery
was as efficient as calcium phosphate-medi-
ated transfection but without associated cell
damage. In addition, stable transfectants
obtained after selection for G418 resistance
usually integrated only one copy of the
transfected DNA in contrast to the high un-
predictable number obtained by the calcium
phosphate method. HMG1 transfection
complexes were not toxic to cultured cells,
even at high concentrations.

INTRODUCTION

High-mobility-group 1 (HMG1)
protein is an abundant, nonhistone,
chromosomal protein that is highly
conserved in all vertebrates (7). It has a
molecular weight of 24.5 kDa and is
capable of binding cruciform DNA
(3,5), negatively supercoiled plasmid
DNA (25) and single-stranded DNA
(16). Although the precise functional
roles of HMG1 have yet to be fully de-
fined, it has been implicated in replica-
tion and transcription (7). The protein
contains two homologous HMG boxes
rich in basic amino acids and an acidic
tail at the carboxyl terminus. HMG
boxes are highly conserved domains of
about 80 amino acids found in several
DNA-binding proteins, many of which
are transcription factors (15).

We are investigating the use of
HMG1 as a nonviral gene delivery
agent. The use of HMG1 in gene-trans-
fer complexes has been described in
two different modes. First, HMG1-
packaged plasmid DNA forms con-
densed complexes capable of transfect-
ing cells with high efficiency (6).
Second, HMG1 has been incorporated
into complexes with liposomes, Sendai
virus, erythrocyte membranes and plas-
mid DNA (17). These hybrid vesicles
fuse with and enter cells while the asso-
ciation of HMG1 with DNA is thought
to facilitate its packaging and transport
to the nucleus of nondividing cells.
These reports suggest that HMG1 pro-
tein could find further applications in
the generation of nonviral gene-deliv-
ery systems. 

The first requirement for the ex-
ploitation of HMG1 in gene-transfer
complexes was a ready source of the
protein. It is possible to extract HMG1
from tissues such as calf thymus (19).
However, this is a time-consuming and
complex process requiring large

amounts of starting tissue. Further-
more, HMG1 yields from this source
are heterogeneous in composition and
DNA-binding properties (28). Recom-
binant E. coli containing HMG1 cDNA
have generated only low yields of
HMG1 (20 µg/L), since this protein is
toxic to the bacteria and is rapidly de-
graded intracellularly (4). 

This paper reports the high-level
production, purification and characteri-
zation of secreted HMG1 recombinant
protein from Pichia pastoris and
demonstrates the ability to use the re-
combinant protein as a reliable, inex-
pensive method to introduce DNA into
cells. The methylotrophic yeast P. pas-
toris has been reported previously to
produce high levels of heterologous
proteins (10) including human serum
albumin (2), invertase (26), mouse epi-
dermal growth factor (9) and aprotinin
(27). One of the advantages of this eu-
karyotic expression system is the abili-
ty to secrete high levels of recombinant
protein into a protein-free growth medi-
um, facilitating protein purification. 

MATERIALS AND METHODS

Construction of an HMG1 Expres-
sion Plasmid—pPIC9-HMG1

A P. pastoris HMG1-producing ex-
pression vector, pPIC9-HMG1 (Figure
1A), was constructed by subcloning rat
HMG1 cDNA into the expression
vector pPIC9 (Invitrogen BV, NV Leek,
Holland), which contains an alpha F se-
cretion signal derived from Saccha-
romyces cerevisiae and a HIS gene for
selection of Pichia transformants. A
DNA fragment encoding rat HMG1
was amplified from the bacterial ex-
pression plasmid pT7-RNHMG1 (4) by
the polymerase chain reaction (PCR)
using Pfu DNA Polymerase (Strata-
gene, Cambridge, England, UK).
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Transformation of P. pastoris and
Selection of Integrants

Plasmid pPIC9-HMG1 was digested
with BglII (Life Technologies, Paisley,
Scotland, UK) to produce a linear DNA
molecule with ends homologous to the
5′ and 3′ termini of the alcohol oxidase
gene (AOX1), whose product is in-
volved in the first step of methanol me-
tabolism. Integration into the host yeast
cell AOX1 locus occurs by double
crossover recombination resulting in
the complete removal of the AOX1 cod-
ing region and, consequently, the loss
of the ability to utilize methanol effi-
ciently (8). The linearized DNA was
used to transform the P. pastoris strain
GS115 (his4) to the His+ phenotype by
the spheroplast method (8). Muts trans-
formants were identified by picking in-
dividual His+ transformants and patch-
ing onto a minimal methanol media
plate, then onto minimal glucose media
plates as described in the maufacturer’s
instructions (Invitrogen BV).

DNA Analysis

Successful expression of recombi-
nant proteins in P. pastoris often de-
pends upon the generation of recombi-
nant strains that contain multiple copies
of the gene integrated at the AOX1 lo-
cus (8). A DNA dot-blot analysis was
performed to select multicopy transfor-
mants (23).

The number of copies of HMG1 in-
tegrated into the Pichia genome was
determined essentially as described by
Clare et al. (8). Yeast DNA was pre-
pared in low-melting-point agarose
plugs using an adaptation of the sphero-
plast/lithium-dodecyl-sulphate proce-
dure (1). A one-third segment of each
plug was incubated in a final volume of
500 µL with 100 U of BglII, electro-
phoresed on an agarose gel (0.8%) and
then blotted onto a nylon membrane. A
gel-purified, 0.6-kb KpnI HIS4 frag-
ment was labeled with 32P[ATP] using
the random priming method (12) and
used as a probe for Southern analysis.
Following hybridization, the filter was
dried and exposed to an X-ray film, and
then the relative amounts of the probe
bound to the bands were determined by
a PhosphorImager (Molecular Dy-
namics, Sunnyvale, CA, USA).
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Figure 1. Construction of the vector for expression of HMG1 and generation of P. pastoris strains
that secrete HMG1 in medium. (A) The plasmid pPIC9-HMG1 was constructed by amplifying cDNA-
encoding HMG1 by PCR using primers that contain EcoRI and AvrII sites. This fragment was subcloned
into the pPIC9 vector to produce a fusion in frame with the α-factor secretion signal (S). The plasmid
map shows the AOX1 promoter and terminator upstream and downstream, respectively, of the HMG1
cDNA. (B) Southern blot analysis of genomic DNA from various Pichia His+/Muts clones. The DNA of
transformed Pichia His+/Muts clones was digested with BglII and the filter hybridized with a HIS4 probe.
lane M, 1-kb marker; lane 1, untransformed P. pastoris strain GS115; lane 2, DD8; lane 3, DD2; lane 4,
F10; lane 5, F11; lane 6, CC5; lane 7, D3; lane 8, G10; lane 9, A12. Two main bands are seen: a 2.7-kb
band, present in all lanes representing the mutant chromosomal his4 gene and a 6.4-kb band representing
the BglII fragment of the expression cassette. The bands are weak in lane 9 because of relatively low
yield of genomic DNA in the plug. Clones CC5, DD8 and DD2 are derived from a colony hybridization
blot not shown. (C) P. pastoris clones containing multiple integrations of HMG1 expression cassette
were grown in glycerol-containing media (BMGY) and were then resuspended in methanol-containing
media (BMMY) to induce expression from the AOX1 promoter. (a) 10 µL of BMGY media (uninduced)
were analyzed alongside (b) 10 µL of BMMY media (induced) from each of the selected clones. The gel
was stained with Coomassie blue. Lane M, low-molecular-weight protein markers (Bio-Rad); lanes 1a
and 1b, clone DD8; lanes 2a and 2b, clone DD2; lanes 3a and 3b, clone F10; lanes 4a and 4b, clone F11;
lanes 5a and 5b, clone CC5; lanes 6a and 6b, D3; lanes 7a and 7b, G10. Two species of protein (24.5 and
32 kDa) can be seen in each of the lanes derived from clones induced with BMMY.
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Protein Expression and Analysis

A small number of cells from the ap-
propriate clones were inoculated in 50
mL of buffered complex glycerol medi-
um (BMGY; per L: 10 g of yeast ex-
tract, 20 g of peptone, 13.4 g of yeast
nitrogen base, 400 µg of biotin, 10 mL
of glycerol and 100 mL of 1 M potassi-
um phosphate buffer, pH 6.0, in a 250-
mL baffled flask. The cells were incu-
bated at 30°C with vigorous shaking
(300 rpm) for 2 days until the A600 was
between 5 and 10. After harvesting by
centrifugation, the cells were resus-
pended in 20 mL of buffered complex
methanol media (BMMY; same com-
position as BMGY medium except that
5 mL of methanol per L were substitut-
ed for glycerol). Yeast cultures were
then returned to the shaker for one ad-
ditional day. At the end of this period,
the yeast cells were harvested, and 10
µL of the supernatant were analyzed on
a 10% sodium dodecyl sulfate (SDS)
polyacrylamide gel stained with Coo-
massie blue or by immunoblotting
with chicken polyclonal anti-rat
HMG1. The protein concentration was
determined by the Bradford assay (Bio-
Rad, Herts, England, UK) using bovine
serum albumin (BSA) as the standard
or spectroscopically using the extinc-
tion coefficient value of 33 000 M/cm
(18).

Proteins were transferred from SDS-
polyacrylamide gel electrophoresis
(PAGE) gels to Immobilon filters
(Millipore, Bedford, MA, USA) using a
Semi-Dry Blot Apparatus (Biometra,
Goettingen, Germany). The filter was
blocked overnight in TBSN (50 mM
Tris-HCl, pH 8.0, 150 mM NaCl, 0.1%
Nonidet P-40 [NP40]) and 1% BSA.
HMG1 was detected using a chicken
polyclonal affinity-purified antibody
raised against a deletion mutant of rat
HMG1 containing the two HMG boxes
(residues 1–176) (11). The secondary
antibody was an alkaline phosphatase-
conjugated goat anti-chicken IgG anti-
body (Sigma Chemical, Poole, Eng-
land, UK).

Large-Scale Purification of HMG1

Pichia-produced HMG1 was puri-
fied from 250 mL BMMY medium af-
ter growth of P. pastoris at 30°C with

vigorous shaking (300 rpm) for 16 h.
The culture supernatant was clarified
by centrifugation and acidified with
concentrated acetic acid to pH 4.0. Af-
ter filtration through a 0.45-µm pore-
sized filter, the medium was applied (at
2 mL/min) in 30-mL batches to a 1-mL
HiTrap SP Pre-Packed Column (Phar-
macia Biotech, St. Albans, UK) equili-
brated in 50 mM sodium acetate (pH
4.0). After each loading step, total pro-
tein was eluted with 5 mL of 1 M NaCl
in 50 mM sodium acetate (pH 4.0). The
elution buffer was then changed to
Concanavalin A (Con A) buffer (20
mM Tris-HCl, pH 7.5, 0.5 M NaCl, 1
mM CaCl2, 1 mM MnCl2 and 1 mM
dithiothreitol [DTT]) using PD-10
Columns (Pharmacia Biotech). The
protein was applied (2 mL/min) to a
C10/10 Chromatography Column filled
with 5 mL Con A CL-4B Sepharose

(both from Pharmacia Biotech) equili-
brated in Con A buffer. The flow-
through was concentrated, and the
buffer was changed to Q buffer (50 mM
HEPES, pH 7.9, 20 mM NaCl, 1 mM
DTT and 0.2 mM phenazine methosul-
fate [PMSF]). The glycosylated form of
the HMG1 can be recovered from the
Con A using 0.1 M sodium acetate (pH
3.5). Non-glycosylated recombinant
HMG1 was finally purified on a 1-mL
HiTrap Q Column (Pharmacia Biotech)
equilibrated in Q buffer and then eluted
using a gradient from 20 mM to 1 M
NaCl in Q buffer, collecting the frac-
tions between 0.4 and 0.6 M NaCl. The
protein was stored in F buffer (100 mM
HEPES, pH 7.9, 100 mM NaCl, 0.5
mM EDTA, 5% glycerol, 1 mM DTT
and 0.2 mM PMSF) at -20°C. There is
no loss of activity of HMG1 upon re-
peated freezing and thawing. HMG1
was purified from calf thymus using the
protocol described previously (19),
with an additional purification step on
the HiTrap Q column to remove traces
of degraded protein as described previ-
ously.

DNA Binding Assays

Gel retardation of HMG1-plasmid
DNA complexes was carried out essen-
tially as described by Sheflin et al. (24)
but with a few minor alterations. The
electrophoretic mobility of HMG1-
plasmid DNA complexes was assessed

by analyzing complexes containing 0.6
µg of plasmid pGL2 (Promega, South-
ampton, England, UK) with a range of
HMG1 concentrations (0.02–0.8 µg/
µL) in complex buffer (10× = 0.1 M
Tris-HCl, pH 8.0 and 1.5 M NaCl) in a
reaction volume of 45 µL. The mixture
was incubated at room temperature
(RT) for 30 min. Loading dye contain-
ing 0.25% Bromophenol Blue, 20% Fi-
coll and 0.1 M EDTA was then added
(1/10 vol), and the samples were loaded
onto a 1% agarose gel and electro-
phoresed for 2–4 h at 6 V/cm in 1×
TBE buffer (0.09 M Tris-borate, 2 mM
EDTA), stained with 0.5 µg/mL of
ethidium bromide (EtdBr) for 45 min
and then photographed.

Duplex and four-way junction DNA
molecules were obtained by annealing
the appropriate oligonucleotides, one of
which was labeled with 32P using T4
polynucleotide kinase, and were puri-
fied by gel electrophoresis (3). Junction
z is composed of four strands of 30 nu-
cleotides each. As controls for struc-
ture-specific binding, we used linear
duplex DNAs az and bz, with the same
sequences of the junction (13). DNA
binding buffer (12 µL of final volume)
contained 8% Ficoll, 200 mM NaCl, 10
mM HEPES, pH 7.9, 0.05% NP40, 0.5
mM DTT. To these components, syn-
thetic four-way junction DNAs or lin-
ear duplex DNAs and purified polypep-
tides (final concentrations are indicated
in the figure legends) were added in
various combinations. After incubation
for 5 min on ice, 10-µL samples were
applied to vertical 6.5% polyacryl-
amide gels in 0.5× TBE and electro-
phoresed at 11 V/cm at RT. The gel was
then dried and autoradiographed.

Transfection of Cells with Recombi-
nant HMG1-DNA Complexes

The plasmid pGL2 control that en-
codes American Firefly Luciferase un-
der the control of a simian virus 40
(SV40) promoter and enhancer was
used as a reporter gene. Yeast medium
containing HMG1 was changed to 50
mM Tris-HCl, pH 7.5, 200 mM NaCl
using 10 DG columns (Bio-Rad) and
concentrated up using a Centricon-10
concentrator (Amicon, Gloucestershire,
England, UK). DNA-HMG1 complex-
es were prepared by mixing 5 µg of
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DNA with 300 µg of the nonpurified
recombinant HMG1. Serum-free
OPTIMEM Medium (Life Technolo-
gies) was then added to give a final vol-
ume of 200 µL. Five micrograms of
naked pGL2 plasmid DNA were mixed
with OPTIMEM and used as a control to
indicate any transfection mediated by
the presence of HMG1. Caco-2 cells
were plated in six-well plates (Falcon;
Corning Costar, Cambridge, MA,
USA) at a density of 2 × 105 cells per
well and incubated for 12 h to approxi-
mately 50% confluent. The medium
was removed, the cells were washed
with phosphate-buffered saline (PBS)
and resuspended in 800 µL of OPTI-
MEM medium before addition of
DNA-HMG1 complexes or plasmid
DNA alone. After 4 h, wells were
washed with PBS to remove complex-
es, and 2 mL Dulbecco’s modified Ea-
gle medium (DMEM) containing 20%
fetal calf serum (FCS) were added.

Forty-eight hours after the application
of transfection complexes, the cells
were again washed with PBS, and then
200 µL of Reporter Lysis Buffer
(Promega) were added. The cells were
scraped from the plates, and a 20-µL
aliquot of the lysate was mixed with
100 µL of Luciferase Assay Reagent
(Promega). The levels of luciferase ac-
tivity were measured on a Model
LB9501N Luminometer (EG&G
Berthold, Oak Ridge, TN, USA).

Plasmid pSfiSVneo (22) was used to
transfect cells for selection of stable
transfectants. DNA/HMG1 complexes
were prepared by mixing plasmid DNA
at 0.4 µg/µL in H2O with 2 vol of the
homogeneous non-glycosylated HMG1
at 4 µg/µL in 50 mM Tris-HCl, pH 7.5,
200 mM NaCl. The mixture was al-
lowed to stand at RT for 15 min before
transfection. Complex formation was
checked by DNA mobility retardation
on 0.8% agarose gels. CHO dhfr- cells

were maintained in alpha minimum es-
sential medium (MEM) with nucleo-
sides and nucleotides (Sigma Chemi-
cal), supplemented with 10% FCS
(Biological Industries, Kibbutz Beit
Haemek, Israel), 500 mg/mL gen-
tamycin and 40 U/mL of nystatin (both
from Life Technologies). The day be-
fore transfection, cells were plated at 5
× 105 cells/dish in 35-mm dishes.
HMG1-mediated transfection was per-
formed by adding 6 µL of DNA/HMG1
complex (corresponding to 800 ng of
DNA and 1.6 µg of protein) to each
well containing 2 mL of growth medi-
um supplemented with 10% FCS and
10 mM CaCl2. Sixteen hours later, the
growth medium was changed, and 2
days after transfection, cells were
passed into 60-mm dishes where selec-
tive medium containing 900 µg/mL of
G418 (Life Technologies) was added.
Resistant colonies appeared after
15–20 days. For comparison, cells were



transfected in parallel with the same
amount of DNA per plate (800 ng) and
2 µg Lipofectin (Life Technologies)
following the manufacturer’s instruc-
tions or by calcium phosphate co-pre-
cipitation (14). Colonies were fixed and
stained with crystal violet before scor-
ing; alternatively, colonies were indi-
vidually transferred to 96-well plates
and expanded for Southern blot analy-
sis.

Genomic DNA was extracted from
each G418-resistant clone according to
Miller et al. (21) and cleaved with
HindIII and NcoI or alternatively, with
either BamHI or XbaI (enzymes all
from Promega). As quantitative stan-
dards, exactly 3 µg of each HindIII/
NcoI-digested sample were loaded onto
a 1% agarose gel along with known
amounts of plasmid pSfiSVneo digest-
ed with the same enzymes. In parallel,
0.5–3 µg from each BamHI- and XbaI-
digested sample were loaded onto 0.8%
gels. After electrophoresis, DNA was
blotted onto nylon Biodyne B mem-
branes (Pall BioSupport, Port Washing-
ton, NY, USA). The 916-bp fragment
from the HindIII/NcoI-digested pS-
fiSVneo plasmid was radioactively la-
beled according to the multi-prime
technique. Hybridization was per-
formed as described by Meinkoth and
Wahl (20); autoradiography was carried
out at -80°C with an intensifying

screen. The band intensity from the
HindIII/NcoI-digested DNA was mea-
sured using a Computing Densi-
tometer (Molecular Dynamics), and
the copy number per genome of inte-
grated plasmids was calculated by
comparison to the band intensity of the
quantitative standards.

RESULTS

Construction of pPIC9-HMG1 and
Identification of Pichia Clones with
a High Copy Number of Integrated
pPIC9-HMG1 DNA

The plasmid pPIC9-HMG1 (Figure
1A) was made by PCR-subcloning the
rat HMG1 cDNA into the P. pastoris
expression vector pPIC9 in frame with
the alpha F protein secretion signal of
S. cerevisiae. P. pastoris strain GS115
(his4) was transformed with the BglII
fragment of plasmid pPIC9-HMG1.
Transformed clones were selected for
their ability to grow in the absence of
histidine and further screened for inte-
gration into the AOX1 locus by their in-
ability to utilize methanol efficiently
(Muts). The initial transformation effi-
ciency to Muts was approximately
24%. DNA dot-blot analysis of these
clones probed with HMG1 cDNA (re-
sults not shown) indicated that approxi-
mately 5% of the Muts transformants
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Figure 2. Purification of recombinant HMG1. Lanes a: Coomassie-stained SDS-PAGE; lanes b: West-
ern blot of a parallel gel stained with chicken affinity-purified anti-HMG1 antibodies and an alkaline
phosphatase-conjugated goat anti-chicken secondary antibody. Lane 1, extract of methanol-induced P.
pastoris cells transformed with pPIC9; lane 2, extract of methanol-induced P. pastoris cells transformed
with pPIC9-HMG1; lane 3, media of induced P. pastoris cells transformed with pPIC9; lane 4, media of
induced P. pastoris transformed with pPIC9-HMG1; lane 5, fraction eluted from HiTrap SP Column;
lane 6, flow-through of the Con A column; lane 7, fraction eluted from the Con A column; lane 8, frac-
tion eluted from the HiTrap Q Column; lane 9, HMG1 purified from calf thymus. The irregular run of
lane 4 is due to the acidity of medium in the sample. Western blot analysis of media obtained from pPIC9
is not shown. 
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contained multiple insertions of the
pPIC9-HMG1 BglII fragment.

To determine the number of copies
of the HMG1 expression cassette, in-
serted P. pastoris His+ Muts chromoso-
mal DNA was digested with BglII and
analyzed by Southern hybridization us-
ing a gel-purified HIS4 probe (Figure
1B). The number of copies inserted was
determined on a PhosphorImager by
the relative intensity of bands represent-
ing the single-copy, mutant chromoso-
mal his4 gene (2.7 kb) and the HIS4
gene in the integrated expression cas-
sette containing HMG1 (6.4 kb). In a
single-copy insertion event, the two
bands were of the same intensity (lane
9). Multiple insertions ranging from 2
(lane 8) to 6 (lane 2) copies were de-
tected. Additional high-molecular-
weight bands were seen on two separate
occasions with some of the clones
(lanes 2, 4, 5, 7 and 8) and could be ex-
plained by the loss of BglII sites rather
than incomplete restriction endonucle-
ase digestion as reported previously (8).

Protein Production and Western
Blot Analysis

The single-copy insertion clone A12
did not secrete protein detectable on
PAGE gels by Coomassie blue staining
or silver staining. Selected clones con-
taining multiple integrations of the ex-
pression cassette were grown in the
presence and absence of methanol, and
the supernatants were analyzed by
PAGE. The methanol medium con-
tained two secreted protein species with
molecular weights of approximately
24.5 and 32 kDa; no bands were seen in
the absence of methanol (Figure 1C).

Western blot analysis showed that
both protein species are recognized by
the chicken anti-rat HMG1 antibody
(Figure 2, lane 4b). The 32-kDa species
contains large amounts of glycans,
while the 24.5-kDa species appears to
be devoid of glycans (results not
shown). Incubation of the proteins from
the yeast supernatant with N-Glycosi-
dase F resulted in the disappearance of
the larger protein and in the increase of
the protein co-migrating with mam-
malian HMG1 (results not shown).
Thus, the larger protein species repre-
sents a glycosylated form of Pichia-
produced HMG1.
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Figure 3. DNA binding properties of recombinant HMG1. (A) Binding to supercoiled plasmid DNA.
Plasmid pGL2 (0.6 µg per lane) was incubated with increasing amounts of recombinant HMG1. Control
lane C1 contained only the pGL2 plasmid, while control lane C2 contained 790 µg of BSA (indicating
that the subsequent retardation is not just due to the presence of a protein). The DNA used contained neg-
atively supercoiled DNA (S) and nicked circular (N). (B) Binding to four-way junction DNA. Various
amounts of HMG1 (lane 1, 10 ng; lane 2, 50 ng; lane 3, 250 ng) were added to binding buffer containing
1.5 nM labeled cruciform DNA z. The faster-migrating band (F) is the free-junction DNA, the slower is
the protein-junction DNA complex (C1). The faintly visible band C2 is a complex of one DNA molecule
with two protein molecules. (C) Structure specificity of binding. To the binding buffer containing 1.5 nM
of labeled cruciform DNA we added: 100 nM (lane 1) or 10 nM (lane 2) of unlabeled linear duplexes az
and bz, respectively (lane 2 was loaded unevenly, with less material), and 10 nM (lane 4) or 100 nM (lane
5) of unlabeled four-way junction z. No unlabeled linear or cruciform DNA was added to lane 3. Then we
added purified recombinant HMG1 to each sample for a final concentration of 2 µg/mL. In lane C, we
applied a control sample where no HMG1 was added. In either experiment, the samples were incubated
for 5 min and assayed by electrophoresis. 
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Figure 4. DNA transfecting activity of recombinant HMG1. (A) Transient expression of luciferase in transfected cells. 5 µg of the luciferase reporter gene
plasmid pGL2 were complexed with 300 µg of the recombinant HMG1 in the presence of the OPTIMEM and then added to 50% confluent Caco-2 cells for 48 h.
Cellular protein was harvested and assayed for luciferase enzymatic activity using a luminometer—relative light units (RLU). The values obtained were then
standardized per mg of total protein. Each column represents the mean of 3 observations, and error bars represent the standard deviation about the mean. DNA
alone was used as a control for the transfection. (B) Representative petri dishes from one stable transfection of CHO dhfr- were photographed after colony-fix-
ing and staining with crystal violet. Transfections were performed with 800 ng of pSfiSVneo plasmid and lipofectin (left), calcium phosphate (middle) or non-
glycosylated, purified HMG1 (right) as described in Materials and Methods. (C) Frequency distribution of integrated plasmid copy number. Dark columns:
HMG1-transfected clones; light columns: calcium phosphate-transfected clones. (D) Southern blot analysis of genomic DNA from selected G418-resistant
colonies. DNA samples were cleaved with either BamHI (upper) or XbaI (lower). Lanes 1–18, clones from HMG1-mediated transfection; lanes 19–32, clones
from calcium phosphate-mediated transfection. Two of the calcium phosphate transfected clones were analyzed separately and are not shown here. Bars at the
side of each panel indicate the position of the markers (12, 10, 8 and 6 kb, respectively).
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Purification of Pichia-Produced
HMG1

One of the clones, F11, was used to
produce HMG1 that was purified to
homogeneity by a three-step procedure
(Figure 2). In the first step, the medium
was acidified, and total secreted protein
was recovered and concentrated by
binding to a cationic high capacity col-
umn (Figure 2, lane 5). The two differ-
ent-sized HMG1 species were eluted in
the same fraction of a salt gradient. In
the second step, the glycosylated form
of recombinant HMG1 was removed by
affinity chromatography on Con A,
while the non-glycosylated form was
recovered in the flow-through (Figure
2, lane 6). The glycosylated form of the
protein was eluted from the column at a
low pH (Figure 2, lane 7). At this stage,
recombinant HMG1 was still contami-
nated with traces of heterogeneous
degradation products (Figure 2, lane 6).
In the third step, full-length recombi-
nant HMG1 was purified to homogene-
ity on the anionic column (HiTrap Q),
but only the complete protein, by
means of its acidic tail, can bind to this
support (Figure 2, lane 8). This princi-
ple was also adopted in the final step of
HMG1 purification from calf thymus.
Recombinant HMG1 and thymus-puri-
fied HMG1 showed the same elution
profile, dissociating from the resin at
approximately 0.5 M NaCl (data not
shown). The total yield of recombinant,
purified, non-glycosylated HMG1 was
about 50 mg/L of BMMY medium. 

DNA Binding

The ability of secreted recombinant,
non-purified HMG1 to bind plasmid
DNA was monitored by a gel-retarda-
tion assay (Figure 3A). The electropho-
retic migration pattern was characteris-
tic of HMG1-plasmid DNA complexes
because it retarded the mobility of neg-
atively supercoiled DNA more than the
nicked circular form (24). At a ratio of
approximately 7000:1 (mol:mol) of
HMG1 to DNA, all the supercoiled
DNA seemed to have been retarded,
and therefore complexes made in this
ratio were used to transfect tissue-cul-
tured cells. 

The binding of cruciform DNA is
characteristic of native HMG1 (3,5).

The purified Pichia-produced HMG1
bound specifically to four-way junc-
tions created by the annealing of 32P-
labeled oligonucleotides and not to lin-
ear DNA structures formed by the same
oligonucleotides. This can be seen by
the presence of the HMG1-junction
DNA complex bands C1 and C2 mi-
grating slower than free-junction DNA
band F (Figure 3B). This binding was
completed by unlabeled cruciform
DNA but not by linear DNA (Figure
3C). The cruciform-binding activity of
Pichia-produced HMG1 was identical
to that of HMG1 purified from thymus
(Figure 3B). The purified glycosylated
form of the protein also bound cruci-
form DNA in a similar manner (results
not shown ).

Transient and Stable Transfection of
Mammalian Cells

HMG1 and pGL2 plasmid DNA
were mixed in a ratio of 7000:1 (mol:
mol) and 60:1 (wt:wt) and used to
transfect Caco-2 cells (Figure 4A). Re-
markably, even cells treated with very
high levels of HMG1 alone or HMG1/
DNA complexes (up to 2 mg/mL) do
not show any trace of damage, as deter-
mined by trypan blue exclusion or lac-
tate dehydrogenase release (results not
shown).

CHO dhfr- cells were transfected
with complexes between HMG1 and
plasmid pSfiSVneo, carrying the neo-
mycin resistance gene (neoR) under the
control of the SV40 early promoter.
G418-resistant colonies were generated
from cells treated with HMG1/DNA
complexes, whereas parallel transfec-
tions with DNA alone yielded no
colonies. The number of colonies ob-
tained varied in different experiments,
but was generally comparable to con-
trol transfections performed by calcium
phosphate co-precipitation. Lipofection
was about ten times more efficient
(Figure 4B).

Genomic DNA extracted from se-
lected G418-resistant clones from both
HMG1- and calcium phosphate-medi-
ated transfections was analyzed by
Southern blot. To determine the num-
ber of integrated expression units (both
concatenized and discrete plasmids),
genomic DNA was cleaved with Hind-
III plus NcoI, which excise a 916-bp
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fragment from the neoR cDNA region,
and probed with the same fragment.
Densitometric analysis of the resulting
916-bp bands (results not shown) al-
lowed us to calculate the copy number
of the integrated plasmid (Figure 4C).
While most of the HMG1-transfected
clones (9/18) displayed one integrated
copy per genome and contained, at
most, 6 copies, the frequency distribu-
tion was more widely spread for calci-
um phosphate-transfected clones, with
only 4/16 clones containing one copy
and one clone reaching 21 copies.

Genomic DNA extracted from the
clones was also digested separately
with BamHI and XbaI (sites that are not
present on the pSfiSVneo plasmid).
This enabled us to determine the num-
ber of integration events (Figure 4D).
Seventeen out of 18 HMG1-transfected
clones showed a single integration site,
while one had two sites (verified by the
presence of two bands in lane 15 on the

XbaI blot); 6/14 calcium phosphate-
transfected clones, on the other hand,
showed more than one integration site.

Similar results were obtained with
3T3 mouse fibroblasts, HeLa cells and
human 129 cells (not shown), suggest-
ing that a wide range of mammalian
cell lines may be amenable to HMG1-
mediated transfection.

DISCUSSION

We report here the high-level pro-
duction and purification of HMG1
from the yeast P. pastoris and demon-
strate the ability of recombinant HMG1
to mediate gene transfer and expression
in tissue-cultured cells. 

The production of HMG1 was de-
pendant upon the multiple insertion of
the linearized expression cassette
pPIC9-HMG1 into the yeast genome
since HMG1 was only expressed from

multicopy recombinants and not from
single-copy transformants, such as
A12. The whole process from sub-
cloning the HMG1 cDNA into the
pPIC9 vector to production could be
achieved within a six-week period. The
mechanism by which multiple copies
of the expression cassette are integrated
in the genome in the correct orientation
is thought to occur by recirculation of
the BglII fragment of the pPIC9-HMG1
cassette in vivo followed by repeated
single crossover events at the site of the
initial gene replacement (8).

Recombinant HMG1 from Pichia
consisted of a native-sized form of
HMG1 (24.5 kDa) and a glycosylated
derivative (32 kDa). The P. pastoris
glycosylation mechanism resembles
that of higher eukaryotes since it pro-
ceeds by the N-linked addition of
oligosaccharides of the high-mannose
type (10). HMG1 has two potential
sites for N-linked glycosylation: amino
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acid positions 46–48, NFS and 143–
145, NNT. Treatment with N-Glycosi-
dase F caused a shift in the size of the
32-kDa species to that of the native
form, indicating that HMG1 was glyco-
sylated with the high mannose-type
oligosaccharide. The presence of both
glycosylated and non-glycosylated
HMG1 species, in approximately a 2:3
ratio, suggests that the glycosylation
process at one or both of these sites in
the endoplasmic reticulum is inefficient
or that the glycosylation mechanism is
overwhelmed by the amount of HMG1.
The glycosylated form was removed by
affinity-binding to a column-bound
lectin, enabling the separation of the
non-glycosylated form to homogeneity. 

DNA binding assays showed that
both the purified non-glycosylated and
glycosylated recombinant HMG1 se-
lectively bound to the synthetic cruci-
form DNA but not to linear DNA du-
plex molecules of identical sequence.

They were also shown to interact more
effectively with negatively supercoiled
DNA than with nicked circular DNA.
These observations are characteristic of
HMG1 (5,24) and indicate that the re-
combinant HMG1 is fully active and
properly folded.

We have demonstrated that com-
plexes consisting of Pichia-produced
recombinant HMG1 and exogenous
DNA can be used to transfect a variety
of cultured mammalian cells. Both
transient expression and expression as a
result of stable integration into the cell
genome were observed. The purified
glycosylated form of the protein was
not used for transfection; we have
found that the purified glycosylated
protein forms aggregates when trying
to complex with DNA. These aggre-
gates may form as a result of interac-
tions between the sugar moieties.
HMG1-mediated gene delivery has
several advantages over other methods

of transfection. In contrast to calcium
phosphate and electroporation, cells
subjected to HMG1-mediated transfec-
tion are not damaged in any way, and
there is no need to alter conditions be-
tween different cell lines. In addition,
we have shown that HMG1-mediated
transfections promote one or few
copies of the exogenous DNA to inte-
grate into the genome compared to the
calcium phosphate method in which
large, unpredictable numbers are usual-
ly integrated. This property makes
HMG1 useful for transfecting plasmid
constructs that have been used to study
gene regulation where integration of a
single copy is important. The mecha-
nism by which HMG1 translocates
through the plasma membrane is not
known, although it probably interacts
with negatively charged polysaccha-
rides on the cell surface (L. Falciola,
unpublished results). In conjunction
with its extremely low immunogenici-



ty, these features make HMG1 an at-
tractive agent for gene delivery in vivo.

We now have a convenient source of
HMG1 and a system to design and pro-
duce genetically modified derivatives
of HMG1 to further study and possibly
to enhance its transfection ability.
HMG1 secretion is, to our knowledge,
the first reported production of a func-
tional recombinant DNA-binding pro-
tein by P. pastoris, which indicates that
this system is likely to be amenable to
other DNA-binding proteins including
transcription factors. The production of
HMG1 from P. pastoris provides an
abundant, inexpensive source of this bi-
ologically important protein which will
be valuable not only as a transfecting
agent, but also in determining its struc-
tural features and physiological role. 
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