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Purpose. This study describes the soluble production, purification, and functional testing of an anti-

transferrin receptor single-chain antibody (OX26 scFv) using the yeast Saccharomyces cerevisiae.

Methods. The yeast secretion apparatus was optimized by modulating expression temperature, the

folding environment of the endoplasmic reticulum, and gene dosage. Secreted scFv was purified using

immobilized metal affinity chromatography, and tested for binding and internalization into the RBE4 rat

brain endothelial cell line.

Results. Secretion of OX26 scFv was optimal when expression was induced at 20-C. Co-overexpression

of heavy chain binding protein and protein disulfide isomerase elevated scFv expression levels by 10.4 T

0.3-fold. Optimization of scFv gene dosage increased secretion by 7.1 T 0.2-fold, but the overall benefits

of binding protein and protein disulfide isomerase overexpression were diminished. Purified OX26 scFv

yields of 0.5 mg/L secreted protein were achieved, and the scFv was actively internalized into RBE4 cells

with a pattern similar to that observed with intact OX26 monoclonal antibody.

Conclusions. The optimized S. cerevisiae expression system is amenable to production of soluble and

active brain targeting OX26 scFv, and the yeast-produced scFv has potential for the targeting and

delivery of small molecules, proteins, or drug carriers across the bloodYbrain barrier (BBB).
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INTRODUCTION

The bloodYbrain barrier (BBB) provides a formidable
obstacle for the delivery of brain therapeutics as it separates
the bloodstream from the brain parenchyma. The absence of
fenestrae and the presence of epithelial-like tight junctions
render the BBB impermeable to all molecules unless they are
small (<500 Da) and lipophilic (1). Even if a brain drug
possesses these characteristics, efflux transporters such as
P-glycoprotein (MDR1) and members of the multidrug
resistance-associated protein family (MRP) limit brain uptake
(2). Because of these BBB attributes, many small molecules
are excluded from the brain interior, and the rapidly expan-
ding collections of protein and gene medicines are almost
exclusively BBB-impermeable.

A BBB delivery strategy that has shown considerable
promise makes use of receptor-mediated transcytosis systems
such as the insulin and transferrin receptors that are present
at high levels in BBB endothelium such as those involving
the insulin and transferrin receptors (3,4). Appropriately
targeted antibodies that recognize extracellular epitopes of
the insulin and transferrin receptors can act as artificial

transporter substrates that are effectively transported across
the BBB and deposited into the brain interstitium via the
transendothelial route. Additionally, when conjugated to
drugs or drug carriers of various size and composition, the
BBB targeting antibodies mediate brain uptake of these
therapeutic cargos. As an example, noninvasive transport of
small molecules such as methotrexate has been achieved
using anti-transferrin receptor antibodies (5). Proteins such
as nerve growth factor (6), brain-derived neurotrophic factor
(7), and basic fibroblast growth factor (8) have also been
delivered to the brain after intravenous administration by
using an anti-transferrin receptor antibody. The latter two
cases promoted reduction in stroke volume in rat middle
cerebral artery occlusion models. In addition, liposomes (9)
and liposomes loaded with genes (10) have been delivered to
the brain in vivo using anti-transferrin receptor antibodies.
Gene-containing antibody-targeted liposomes have been
targeted to rat brain for restoration of tyrosine hydroxylase
activity in an experimental Parkinson’s disease model (11)
and have been targeted to primate brain using a humanized
anti-insulin receptor antibody (12). Finally, anti-transferrin
receptor conjugated nanoparticles have been produced (13).
Taken together, these results indicate the potential utility of
antibody-targeted transcytosis systems for noninvasive traf-
ficking of drugs into the brain.

Single-chain antibody (scFv) fragments consisting solely
of the heavy and light chain variable regions of an intact
antibody often retain much of their antigen binding affinity
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and specificity. As an alternative to intact monoclonal
antibodies, these fragments may have advantages for certain
applications such as immunotoxin targeting as a consequence
of their reduced size (õ30 kDa) and enhanced clearance
rates from the body. In addition, scFv fragments can be
readily produced in scalable cost-effective microbial systems
that include bacteria (14,15) and yeast (16,17). Like intact
antibodies, scFvs can be used to decorate drug-containing
particles as demonstrated by an anti-ErbB2 scFv that
promotes targeting and internalization of liposomes into
cancer cells (18).

Prior studies have indicated that an scFv (OX26)
against the rat transferrin receptor avidly binds the trans-
ferrin receptor and mediates brain uptake in vivo when
produced as a fusion to streptavidin (19). Such targeting and
therapeutic bifunctionality represents another advantage of
the scFv format. The targeting scFv can either be fused to
streptavidin and coupled to a biotinylated drug or drug
carrier, or instead scFv could be directly fused to a protein
therapeutic of interest. However, previous attempts to
produce the OX26 scFv have yielded mixed results. The
OX26 scFvYstreptavidin fusion protein has been produced in
Escherichia coli in the form of inclusion bodies, but it
required refolding (19). Attempts to produce soluble, secret-
ed OX26 scFv in the yeast Pichia pastoris yielded an scFv
product with incomplete leader sequence processing and
hyperglycosylation (20).

In order to overcome the OX26 expression problems
observed in E. coli (insoluble inclusion bodies) and P.

pastoris (incomplete processing and potentially immunogenic
glycosylation), this investigation examined the possibility of
producing OX26 scFv in the yeast Saccharomyces cerevisiae.
OX26 scFv was subcloned into a multipurpose expression
vector that has been repeatedly validated for single-chain
antibody expression (16,17). Optimization of the folding
environment of yeast by co-overexpressing chaperones and
foldases led to much-improved secretion of soluble OX26
scFv that was completely processed. OX26-mediated endo-
cytosis into a rat brain endothelial cell line confirmed the
activity of the purified protein. This S. cerevisiae production
system is therefore amenable to production of BBB targeting
scFv and offers an attractive alternative to the previously
described bacterial and P. pastoris systems.

MATERIALS AND METHODS

Yeast and Bacteria Strains

E. coli strains DH5a (Invitrogen, Carlsbad, CA, USA)
and XL1-Blue (Stratagene, La Jolla, CA, USA) were used
for plasmid construction. Plasmids were transformed into
S. cerevisiae strains BJ5464 (a ura3-52 trp1 leu2D1 his3D200
pep40HIS3 prb1D1.6R can1 GAL) (Yeast Genetic Stock
Center, Berkeley, CA USA) and YVH10 using the lithium
acetate method (21). Yeast strainYVH10 is BJ5464 contain-
ing an additional copy of the yeast protein disulfide
isomerase (yPDI) gene integrated in tandem with the
endogenous gene (22). Transformants were selected on
minimal SD medium (2% dextrose, 0.67% yeast nitrogen
base) buffered at pH 6.6 with 50 mM sodium phosphate and

containing either 1% casamino acids (lacking tryptophan and
uracil) or 2x SCAA amino acid supplement (190 mg/L Arg,
108 mg/L Met, 52 mg/L Tyr, 290 mg/L Ile, 440 mg/L Lys,
200 mg/L Phe, 1260 mg/L Glu, 400 mg/L Asp, 480 mg/L
Val, 220 mg/L Thr, 130 mg/L Gly, lacking leucine,
tryptophan, and uracil). 200 mg/L leucine, 20 mg/L trypto-
phan, and 20 mg/L uracil were supplemented when neces-
sary for proper auxotrophic selection. Yeast transformed
with linearized pITY-OX26 were selected using YPD medi-
um (1% yeast extract, 2% peptone, 2% dextrose) containing
varying levels of geneticin from 150 to 1,000 mg/L (Sigma, St.
Louis, MO, USA). Geneticin-resistant yeast clones were
screened for protein secretion levels, and the optimal
integrated strain was used for additional study. When
necessary, appropriate null plasmids were introduced into
yeast strains such that comparison of secretion levels
between strains could be made under identical growth and
induction conditions.

Secretion and Overexpression Plasmids

Two centromere-based (CEN) low copy plasmids having
different auxotrophic markers, pRS314-GALOX26 (TRP1)
and pRS316-GALOX26 (URA3), were constructed for all
plasmid-based expression studies and are uniformly referred
to in the text as pRS-GALOX26. Briefly, the pRS-316
backbone, GAL1-10 promoter, and alpha factor 30 untrans-
lated region were excised from pRS-GALT-LWHI (23) using
the restriction enzymes EagI and BglII. An oligonucleotide
was inserted to add an EcoRI site downstream of the EagI
site. Subsequently, the OX26 scFv open reading frame was
excised from pOPE-OX26 (19) as an EcoRI to BglII
fragment and ligated into the modified pRS-GALT backbone
to produce pRS316-GALOX26. The final construct com-
prised of galactose inducible GAL1-10 promoter, synthetic
prepro leader sequence, OX26 scFv open reading frame,
c-myc epitope, six histidine epitope, and alpha factor
untranslated region. The full expression cassette of pRS316-
GALOX26 was then excised with KpnI and SacI and ligated
to the pRS-314 backbone to produce pRS314-GALOX26.
The plasmid pITY-OX26 was constructed for chromosomal
integration. The OX26 expression cassette was excised from
pRS316-GALOX26 and ligated into the pITY backbone (24)
using KpnI and SacI restriction sites. The plasmid was
linearized by digestion with MfeI prior to yeast transforma-
tion to promote integration into the Ty d sites of the yeast
chromosome (24). The removal of a kex2p protease cleavage
site near the carboxy terminus of the OX26 scFv (R261G)
was performed using the Quikchangei site-directed muta-
genesis kit (Stratagene, La Jolla, CA).

Constitutive rat protein disulfide isomerase (rPDI) over-
expression was obtained by transformation of the 2m plasmid
pMAL5.1 (25) into BJ5464 yeast. The molecular chaperone,
heavy chain binding protein (BiP), was overexpressed using
the galactose-inducible CEN-based plasmids pGAL-Kar2Leu
(LEU2) or pMR1341 (URA3) (26). Yeast PDI was overex-
pressed in the pITY-OX26 integrated yeast strains using
pCT37 (27). Null plasmids, pRS-314 (TRP1), pRS-315
(LEU2), and pRS-316 (URA3) (28) were used as control
plasmids. The antifluorescein single-chain antibody 4-4-20
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was produced using the pRS-GAL4420 plasmid previously
described (17).

Secretion Studies

Yeast were inoculated into 3 mL SD medium at an
initial cell density corresponding to an OD600 of 0.1 and
grown for 84 h at 30-C. Cells were collected by centrifugation
and resuspended in an SG induction medium that is identical
to SD except that 2% galactose replaces dextrose as the
carbon source. Bovine serum albumin (1 mg/mL) was added
to prevent protein adsorption losses. Secretion continued for
72 h at 20-C unless otherwise indicated. OD600 cell density
measurements were recorded, and the cell-free supernatant
was collected for Western blot analysis.

Culture supernatant was resolved by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) with
a 4% stacking gel and a 12.5% separating gel. Resolved
proteins were electrophoretically transferred to a 0.2-mm
nitrocellulose membrane (Bio-Rad, Hercules, CA, USA)
using an XCell transfer apparatus (Novex, San Diego, CA,
USA). Membranes were blocked overnight at 4-C in a
solution of 50 g/L nonfat milk, 8 g/L NaCl, and 0.1% Tween
20, buffered to pH 7.6 with 20 mM Tris. The blocked
membranes were probed with 1 mg/mL 9E10 anti c-myc
antibody (Covance, Berkeley, CA) followed by an antimouse
IgG horse radish peroxidase conjugate (Sigma). ScFv was
detected using enhanced chemiluminescence and exposure to
autoradiography film (ECL Hyperfilm, Amersham, Piscat-
away, NJ) for varying exposure times. The intensity of each
band relative to the background was determined using NIH
ImageJ software. The slopes of the intensity-vs.-exposure
time curve in the unsaturated, linear range were proportional
to protein concentration in the respective samples and were
used for relative comparisons in secretion level.

ScFv Purification and Characterization

Yeast strain YVH10 was transformed with pRS314-
GALOX26 R261G and pMR1341 plasmids. Fifty milliliters
of yeast culture was grown for 72 h at 30-C in SD-SCAA and
scFv secretion was induced in SG-SCAA for 72 h at 20-C.
After centrifugation to remove yeast cells, the culture super-
natant was dialyzed against phosphate-buffered saline (PBS;
8.0 g/L NaCl, 0.2 g/L KCl, 1.44 g/L Na2HPO4, 0.24 g/L
KH2PO4, pH 8.0). The scFv was purified from the dialyzed
supernatant by employing a Ni-NTA (Qiagen, Valencia, CA,
USA) affinity column as previously described (29). The
purified OX26 R261G scFv was resolved on a 12.5% SDS-
PAGE and stained with Coomassie blue. ScFv concentration
was estimated by comparing the scFv band intensity with a
series of carbonic anhydrase (31 kDa) standards of known
concentration.

The molecular weight of intact OX26 R261G was
measured by using matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF, Bruker
Biflex III) (Proteomics Facility, University of Wiscon-
sinYMadison Biotechnology Center). Prior to mass spectrom-
etry, purified OX26 R261G was desalted with a Zeba desalt
spin column (Pierce, Rockford, IL, USA). For peptide
mapping studies, purified OX26 R261G was resolved on a

12.5% SDS-PAGE gel and stained with Coomassie blue. The
scFv band was extracted, digested with trypsin, and analyzed
by MALDI-TOF mass spectrometry (Proteomics Facility,
University of WisconsinYMadison Biotechnology Center).
ExPASy Proteomics software (http://www.expasy.org) was
used to identify the amino acid sequences corresponding to
the assigned masses of the peptide fragments. For N-terminal
sequencing, purified OX26 R261G was electrophoresed
(SDS-PAGE) and transferred to a PVDF membrane (Bio-
Rad). The N-terminal sequencing was subsequently per-
formed on a Beckman-Coulter LF3000G protein sequencer
using the Edman degradation method (Protein and Nucleic
Acid Facility, Medical College of Wisconsin, Milwaukee,
WI, USA). The glycosylation status of OX26 R261G
was evaluated by incubating purified scFv with glycosidases:
PNGase F or EndoHf (New England Biolabs, Ipswich,
MA, USA) at 37-C for 2 h and jack bean a-mannosidase
(Sigma) at 25-C for 2 h. After treatment with glycosidase,
the protein was analyzed by Western blotting as described
above.

RBE4 Cell Culture

RBE4, a rat brain endothelial cell line, was a kind gift
from Dr. Françoise Roux (30). RBE4 cells were grown on
collagen type I-coated (Sigma) tissue culture flasks and in
complete growth medium containing 45% Alpha Minimum
Essential Medium (a-MEM), 45% Ham’s F10 medium, 10%
fetal calf serum (FCS) (Invitrogen), 100 mg/L streptomycin,
100,000 units/L penicillin G, 0.3 g/L geneticin (Invitrogen),
and 1 mg/L basic fibroblast growth factor (bFGF) (Roche
Diagnostics, Indianapolis, IN, USA). RBE4 cells were
grown to about 80% confluency on collagen type I-coated
(Sigma) 24-well culture plates for immunofluorescent label-
ing experiments.

Immunofluorescence

OX26 R261G scFv and 4-4-20 scFv were purified as
described above. For immunofluorescent labeling of RBE4
cells, about 80% confluent RBE4 cultures were blocked with
40% goat serum (Sigma-Aldrich, St. Louis, MO) in PBS
containing calcium and magnesium (PBSCM: 0.15 M NaCl,
1.9 mM NaH2PO4, 8.1 mM Na2HPO4, pH 7.4, 1 mM CaCl2,
0.5 mM MgCl2) for 30 min at 4-C. OX26 and 4-4-20 scFv
were preincubated with 10 mg/mL 9E10 (Covance, Berkeley,
CA, USA) at 1:1 (v/v) ratio for 1 h at room temperature to
form artificial dimers of scFv (31). This procedure yields an
scFv labeling concentration of 2.4 mg/mL. RBE4 cells were
washed three times with ice cold PBSCM after blocking and
then incubated with OX26 scFv artificial dimer, 4-4-20 scFv
artificial dimer, OX26 monoclonal antibody (10 mg/mL;
Serotec, Raleigh, NC, USA), or mouse IgG2a isotype control
(10 mg/mL, Sigma-Aldrich) for 1 h at 4-C. RBE4 cells were
washed after the primary labeling and then incubated with
antimouse IgG phycoerythrin conjugate (Sigma-Aldrich) for
30 min at 4-C. After extensive washing, RBE4 cells were
either fixed immediately with 4% paraformaldehyde for 10
min on ice (4-C sample) or fixed after further incubation at
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37-C for 30 min to allow internalization (37-C sample). The
samples were then examined by fluorescence microscopy
(Olympus IX70 fluorescence microscope).

RESULTS

Cloning of OX26 scFv into S. cerevisiae Expression System

The open reading frame encoding the OX26 scFv was
transferred from the bacterial pOPE-OX26 expression vector
(19) into the pRS-GAL series of scFv expression vectors (17)
to create pRS-GALOX26 as described in detail in Materials
and Methods. The resulting low copy number plasmid
controls scFv expression with the galactose-inducible
GAL1-10 promoter. A synthetic prepro leader sequence
directs scFv entry into and processing through the yeast
secretory pathway (29,32). Carboxy-terminal c-myc and six
histidine epitopes are present for detection and purification
purposes, respectively. Subsequently, the entire expression
cassette was shuttled to the d vector system (pITY-OX26)
that allows for chromosomal integration and tuning of gene
copy number (24).

Optimization of OX26 scFv Secretion Levels

S. cerevisiae harboring the pRS-GALOX26 expression
plasmid were used to secrete OX26 scFv to the culture
medium. First, the temperature at which protein expression
was induced was varied from 20 to 37-C. Induction at 20-C
served to increase OX26 secretion by 4.5 T 0.2-fold vs. the
37-C condition (Fig. 1). Next, the folding environment of the
endoplasmic reticulum was modified with the goal of further
increasing the level of OX26 secretion at 20-C. Upon
overexpression of the heavy chain binding protein chaperone,
BiP, OX26 secretion was increased 3.6 T 0.4-fold (Fig. 2).
Overexpression of yeast protein disulfide isomerase (PDI)
through use of the YVH10 yeast strain (Materials and
Methods) yielded a similar increase of 4.3 T 1.0-fold. Over-

expression of rat PDI resulted in a more modest increase of
1.8 T 0.3-fold. Co-overexpression of both BiP and yeast PDI
yielded a 10-fold improvement in the secretion levels of
OX26 compared with the wild-type control yeast strains
(Fig. 2).

The induction temperature study was repeated for the
BiP and PDI co-overexpression system to ensure that 20-C
was still the optimal condition for the engineered yeast strain.
As Fig. 3 indicates, cooverexpression of BiP and PDI further
exacerbated the observed differences in secretion level. The
difference in expression level between 20 and 37-C increased
from 4.5 T 0.2- (Fig. 1) to 21.0 T 0.6-fold for the coover-
expression system (Fig. 3). In addition, Western blotting
indicated that the 20-C product is completely processed
yielding a single scFv band of an expected õ30 kDa size. In
contrast, õ50% of the OX26 produced at 37-C retains the
pro region that is normally cleaved by the kex2p protease in
the Golgi apparatus, and this larger species is represented by
the upper, slower migrating band (Fig. 3).

Since the pRS-GALOX26 system results in approxi-
mately 1Y2 gene copies per cell on average, the gene dosage

Fig. 1. Relative OX26 scFv secretion levels under different induction

temperatures. The secretion levels were normalized to the 37-C
induction condition. All secretion levels were normalized for cell

density (OD600), and representative triplicate Western blot data are

given below corresponding plotted data. Absolute secretion levels

are detailed in Table I.

Fig. 2. Effects of BiP and PDI overexpression on OX26 scFv

secretion levels. Secretion levels were normalized to those found

for wild-type (W.T.) yeast strains producing OX26 scFv without BiP

or yPDI overexpression. The secretion induction temperature was

20-C. BiP: heavy chain binding protein; rPDI: rat protein disulfide

isomerase; yPDI: yeast protein disulfide isomerase.

Fig. 3. Effects of induction temperature on secretion levels of OX26

scFv from yeast strains cooverexpressing BiP and yPDI. Secretion

levels were normalized to those found during 37-C induction.
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was tuned using the pITY-OX26 plasmid with the goal of
increasing OX26 secretion. The pITY-OX26 system results in
chromosomal integration of the OX26 gene at Ty d sites in
the yeast chromosome (24). The number of gene copies
inserted roughly correlates with the geneticin resistance of
the transformed yeast clone (24). In this way, as assessed by
geneticin resistance, yeast clones harboring varying numbers
of integrated copies were evaluated for OX26 scFv secretion
levels. Twenty-one clones were tested by Western blotting
and the highest secreting clone produced 7.1 T 0.2 times the
scFv as the nonintegrating pRS-GALOX26 plasmid system
(Fig. 4). However, in contrast to the nonintegrating system,
cooverexpression of BiP and PDI resulted in only small (1.4 T
0.2) increases in scFv production. These limited increases
yielded a final yeast strain having OX26 secretion levels
equivalent to that found for the plasmid system with BiP and
PDI cooverexpression (Fig. 4).

In addition to removing the pro region from the OX26
scFv, the yeast kex2p protease can cleave recombinant
proteins at lysineYarginine sites. The OX26 scFv has such a
site at the carboxy terminus immediately preceding the c-myc
epitope (R261 (19)). This site was mutated from arginine to
glycine (R261G) to prevent any carboxy-terminal proteolytic
degradation mediated by the kex2p protease. This modifica-
tion led to a 1.4 T 0.1-fold increase in scFv production as
determined by labeling of the carboxy-terminal c-myc

epitope. Table I presents a summary of the secretion
optimization study indicating the substantial improvement
in scFv yield.

Purification of OX26 scFv

The optimal yeast strain consisting of pRS-GALOX26
(R261G) with BiP and yeast PDI overexpression was used
for secretion and batch purification of scFv. Expression was

induced at 20-C for 3 days and 50 mL of the cell-free
supernatant was used for scFv purification. After dialysis of
the yeast supernatant, the scFv was purified using the
carboxy-terminal six histidine epitope and nickel-NTA col-
umn chromatography (Materials and Methods). The purifi-
cation process enriched the scFv to nearly 50% of the total
protein (Fig. 5A, lane 4), and the purified yield was
determined to be 0.5 mg/L (Table I). The second major
protein species is an endogenous yeast protein that is
regularly copurified from supernatants generated by yeast
that are producing other scFvs or green fluorescent protein
(data not shown).

Analysis of the purified protein indicated that the OX26
R261G scFv was full-length and that both the amino- and
carboxy-termini were intact. The molecular weight of the
purified scFv as determined by MALDI-TOF mass spec-
trometry was 29,586 (compared with the calculated theoret-
ical molecular weight of 29,730). Mass spectrometry peptide
mapping studies identified multiple tryptic peptides that were
predicted to be present in the mature OX26 scFv based on
the known amino acid sequence (data not shown). One of the
tryptic peptides included the full carboxy-terminal six histi-
dine epitope, confirming the presence of an intact carboxy
terminus for the purified OX26 scFv. As indicated by the
single OX26 band present on both the Coomassie-stained
gel and Western blot (Fig. 5A, B), the N-terminus of the
scFv was fully processed with complete removal of the pro

Fig. 4. Comparison of OX26 scFv secretion levels between plasmid-

based and chromosomal integration-based expression systems and

the effects of BiP and yPDI (pCT37) overexpression. Secretion levels

were normalized to that of the plasmid-based wild-type yeast system

(no BiP or yPDI cooverexpression). Induction temperature was

20-C. Statistical significance of the increases in secretion generated

by the integration system with BiP and PDI cooverexpression (**) vs.

the integration system alone (*) was determined by the statistical t

test as p < 0.001.

Table I. Results of OX26 scFv Secretion Optimization

Expression system

Induction

temperature

(-C) BiP PDI R261G

Secretion

Level

(2g/L)a

pRS-GALOX26 37 j j j 8

pRS-GALOX26 20 j j j 35

pRS-GALOX26 20 + + j 360

pITY-OX26 20 j j j 250

pITY-OX26 20 + + j 350

pRS-GALOX26 20 + + + 500

a Secretion levels were calculated using relative secretion data from

Figs. 1Y 4 and the known purified yield of 500 2g/L.

Fig. 5. Purification of OX26 R261G scFv using optimized secretion

system with BiP and yPDI cooverexpression and 20-C induction.

OX26 R261G scFv was purified using immobilized nickel agarose.

(A) Coomassie-stained SDS-PAGE gel of purification products.

(B) Western blot using anti-c-myc antibody. For both (A) and (B),

lane 1: culture supernatant; lane 2: column flow-through; lanes 3 Y 6:

successive column elution fractions. Arrow indicates OX26 R261G

scFv. Double arrow indicates general yeast supernatant protein that

copurifies on nickel resin. Molecular masses are given in kDa to the

left of each panel.
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region. N-terminal amino acid sequencing of the purified
OX26 scFv further confirmed that the amino-terminus of
the protein was correctly processed to its predicted mature
form with complete removal of the pro region. Finally, the
purified protein was treated with glycosidases and examined
by Western blot (PNGase F and EndoHf for N-linked
glycans, and a-mannosidase for removal of mannose residues
from either N- or O-linked glycans). Neither N- nor O-
glycosylation was detected as the untreated and glycosidase-
treated scFv exhibited identical gel migration patterns (data
not shown).

Functional Testing of OX26 scFv

To confirm that the yeast-produced OX26 scFv was
active, the purified scFv was used for functional assays of cell
surface binding and internalization. Live rat brain endothelial
cells (RBE4 cell line) were probed with OX26 at 4-C to
promote cell surface labeling of the transferrin receptor. The
intact OX26 monoclonal antibody and the purified OX26
scFv labeled the surface of living RBE4 cells, whereas an
irrelevant scFv against fluorescein (4-4-20) yielded no
labeling (compare Fig. 6B, E, and H). Isotype control
monoclonal antibody IgG2a also yielded no cell surface
labeling (data not shown). When RBE4 cells were labeled
at 4-C and then shifted to 37-C for 30 min, the OX26
monoclonal and OX26 scFv antibodies were internalized into
punctate intracellular compartments indicative of endocytot-
ic processing, whereas the control 4-4-20 scFv did not bind or
internalize (Fig. 6C, F, I).

DISCUSSION

In this study, the OX26 scFv against the rat transferrin
receptor was produced in S. cerevisiae at purified yields of 0.5
mg/L by using an optimal combination of gene dosage and
manipulation of the yeast endoplasmic reticulum. BiP and
PDI co-overexpression substantially increased the expression
level, while 20-C production temperatures further enhanced
expression. The scFv was secreted to the yeast supernatant as
a soluble product that was fully processed to the expected
uniform size. The purified scFv was proven active, and
performed similarly to the MAb in terms of brain endothelial
cell surface binding and internalization via the transferrin
receptor transport system.

Previous studies have indicated that the OX26 scFv and
OX26 scFvYstreptavidin fusion were produced in the form of
insoluble inclusion bodies in bacteria (19). The scFv product
required denaturation of the inclusion bodies and protein
refolding to produce active scFv protein. These processes
increase the difficulty of scFv production and do not
guarantee that the refolded scFv will be active. In contrast,
the scFv produced by S. cerevisiae in this investigation is
secreted in an active form to the yeast culture medium.
Unlike the situation with bacterial expression systems, the
eukaryotic quality control apparatus helps to ensure that high
fidelity product, rather than large protein aggregates, is
secreted (33). This beneficial yeast attribute is demonstrated
by the effective cell labeling and internalization observed
with the OX26 scFv without any requirement for denatur-
ation and refolding.

Fig. 6. OX26 scFv activity demonstrated by immunofluorescent labeling of and

internalization into RBE4 cells. RBE4 cells were labeled by OX26 monoclonal antibody

(A YC), purified OX26 scFv as artificial dimer (DYF), or purified irrelevant 4-4-20 scFv as

artificial dimer (GYI), followed by phycoerythrin-conjugated secondary antibody at 4-C.

The cells were then fixed and imaged (4-C samples), or incubated at 37- for 30 min to

allow internalization prior to fixation and imaging (37-C samples). Phase contrast images

and 4-C sample images correspond to the same microscope field, whereas 37-C images

originate from a different sample. Scale bar: 50 2m.
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Western blotting, molecular weight determination, pep-
tide mapping, and N-terminal sequencing indicated that the
scFv produced using the optimized S. cerevisiae expression
system was the expected full-length protein having complete-
ly processed signal peptide. In contrast, attempts to produce
the same scFv in P. pastoris resulted in partial retention of
the a-factor pro region. In addition, the P. pastoris-produced
scFv was heterogeneously glycosylated as a result of the
a-factor pro region having three endogenous N-glycosylation
sites. Yeast glycosylation patterns are potentially immuno-
genic and therefore such heterogeneous glycosylation is
undesirable. Optimization of medium pH helped reduce,
but did not fully eliminate, the unprocessed and glycosylated
scFv material (20). Importantly, the pro region employed
here is a synthetic pro region that is based on the a-factor pro
region, but lacks the N-linked glycosylation sites. Thus as
expected, the purified scFv was not N-glycosylated because
both the scFv and leader sequence lack putative N-linked
glycosylation sites. In addition, O-linked glycosylation of the
purified scFv was not detected. Although the synthetic pro
region lacks glycosylation, it retains the necessary character-
istics for protein processing through the secretory pathway
and was shown to mediate the same expression levels of
human epidermal growth factor when compared with the
native a-factor leader (32). This synthetic pro region has also
been used in the expression of other scFvs (16,17), single-
chain T-cell receptors (23), GFP (29), and G-protein coupled
receptors (34).

The optimization of the yeast protein folding environ-
ment was successful in raising scFv secretion levels by
approximately 10-fold. BiP was originally identified in
association with antibody heavy chains and acts as a protein
folding chaperone by binding to exposed hydrophobic
patches (35). On the other hand, protein disulfide isomerase
can act in the formation of disulfide linkages and in the
isomerization of nonnative disulfide bonds (36). Single-chain
antibodies have an inherent insolubility as a result of the
removal of the antibody constant regions that leaves newly
solvent-exposed regions on the variable chains (14). In
addition, scFvs have two disulfide bonds, one in each of the
variable light and heavy chains. Cooverexpression of BiP and
PDI also increases the expression of other scFvs in yeast (17).
The increased expression of OX26 scFv is likely a result of
PDI isomerase activity and the ability of BiP to prevent
premature aggregation and degradation by the yeast quality
control apparatus (17). OX26 scFv seems particularly prone
to aggregation as indicated by both the aforementioned
bacterial expression studies and the benefits of BiP and
PDI overexpression in this study.

Liposomes decorated with OX26 MAb have been
successfully transported across an in vitro model of the
BBB consisting of confluent RBE4 cell monolayers (9). In
addition, as Fig. 6 demonstrates, the unconjugated OX26
MAb can mediate internalization of RBE4 cells into putative
endosomal compartments. OX26 scFv performs similarly to
the MAb in terms of qualitative labeling intensity at similar
labeling concentrations (10 mg/mL for MAb, and 2.4 mg/mL
for scFv). The bacterially produced OX26 scFvYstreptavidin
fusion also performed similarly to the MAb in vivo (19); this
indicates that the scFv could be a viable brain targeting and
transport moiety.

The facile expression of soluble and active OX26 scFv
using the methods described here has several potential
implications. First, this particular scFv targets the transferrin
receptor transcytosis system as a surrogate ligand that allows
transport into brain endothelial cells in vitro and across the
BBB endothelium in vivo. In addition, the brain targeting
and delivery attributes of OX26 scFv could allow for
effective targeting of drug-loaded liposomes or nanoparticles
to the brain microvasculature. Also, recombinant expression
of scFvYprotein therapeutic fusions may be possible given
that an OX26 scFvYgreen fluorescent protein fusion has been
secreted using this system (E.V. Shusta, unpublished results).
Such bifunctional protein molecules would have the potential
for noninvasive brain uptake with the OX26 scFv mediating
BBB transport and the fused protein cargo inducing phar-
macological responses in brain tissue. Finally, the optimized
yeast expression system could likely be used for production
of other scFvs identified for their targeting and delivery
attributes.
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