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Abstract

Single chain (scFv) antibodies are used as aYnity reagents for diagnostics, therapeutics, and proteomic analyses. The antibody dis-
covery platform we use to identify novel antigen binders involves discovery, characterization, and production. The discovery and char-
acterization components have previously been characterized but in order to fully utilize the capabilities of aYnity reagents from our
yeast surface display library, eVorts were focused on developing a production component to obtain puriWed, soluble, and active scFvs.
Instead of optimizing conditions to achieve maximum yield, eVorts were focused on using a system that could quickly and easily pro-
duce and process hundreds of scFv antibodies. Heterologous protein expression in Saccharomyces cerevisiae, Pichia pastoris, and Esch-
erichia coli were evaluated for their ability to rapidly, eYcaciously, and consistently produce scFv antibodies for use in downstream
proteomic applications. Following puriWcation, the binding activity of several scFv antibodies were quantiWed using a novel Biacore
assay. All three systems produced soluble scFv antibodies which ranged in activity from 0 to 99%. scFv antibody yields from Saccharo-
myces, Pichia, and E. coli were 1.5–4.2, 0.4–7.3, and 0.63–16.4 mg L¡1 culture, respectively. For our purposes, expression in E. coli
proved to be the quickest and most consistent way to obtain and characterize puriWed scFv for downstream applications. The E. coli
expression system was subsequently used to study three scFv variants engineered to determine structure–function relationships.
  2005 Elsevier Inc. All rights reserved.
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Antibodies are used for many research, diagnostic,
and therapeutic applications. Regardless of the antibody
format, scFv,2 Fab, or IgG, the ability to produce the
aYnity reagent easily in an active puriWed form is essen-

tial. Feldhaus et al. [1] described the identiWcation of
novel antigen binding clones from a human single chain
antibody library expressed on the surface of Saccharo-
myces cerevisiae. Solution-based magnetic column
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enrichment and FACS-based selection of antigen bind-
ing populations identiWed clones encoding antigen-spe-
ciWc scFv. This approach exploits the quantitative
properties and high resolution of FACS to identify and
characterize binding properties such as epitope speciWc-
ity and aYnity [2]. For many applications, such as
steady-state aYnity determinations, oV rate measure-
ments, or characterization of biophysical properties [3],
analyses using the surface displayed scFv provide a
straightforward alternative to performing these assays
with puriWed scFv. However, downstream scFv applica-
tions such as ELISA, scFv immobilization, or Xuores-
cent labeling are more practical using puriWed soluble
scFv.

Using hEGF-speciWc mAb, Siegel et al. [2] described a
novel procedure for rapidly identifying and selecting epi-
tope-speciWc scFv from a surface display yeast library.
We have also selected scFv antibodies to human p53
peptide, Shewanella oneidensis, and Botulinum toxin anti-
gens. The function of puriWed scFvs in vitro cannot be
predicted a priori so a method was required to rapidly
express and purify numerous scFv antibodies for use in
various downstream applications.

Numerous reports describe high scFv yields in spe-
ciWc expression systems [4–12]. Yields obtained for spe-
ciWc scFvs in these systems are high, but signiWcant
optimization was usually required. For purposes of
expressing and purifying numerous scFvs in a medium
throughput approach, expression optimization for each
selected scFv is not feasible. A system that produces con-
sistent expression of active scFv in suYcient yields
(71 mg from a 1 L shaker Xask) for downstream appli-
cations (e.g., immunoprecipitations, ELISA) was
required for maximum utility of our antibody discovery
platform.

For the current study, three production systems
were interrogated for production yields, percent active
material, and ease of use. The scFv antibodies were
selected from a S. cerevisiae display library so we
hypothesized the S. cerevisiae production system
would be the most likely to produce correctly folded,
active, and monomeric scFv. Complex eukaryotic pro-
tein expression, such as antibody fragments, is gener-
ally successful in yeast. Shusta et al. [13] described how
the co-expression of a chaperonin (BiP) and the
enzyme protein disulWde isomerase (PDI) increased the
capacity of S. cerevisiae to secrete increased levels of
scFv. The expression of soluble scFv in Pichia pastoris
[5,6,8–11,14–16] and Escherichia coli [16–26] has also
been described and we evaluated these two systems as
well.

We describe the results from scFv expression in S.
cerevisiae, P. pastoris, and E. coli. Instead of focusing on
obtaining maximum yield, the goal was to rapidly obtain
enough material (e.g., 71 mg) for downstream applica-
tions such as immunoprecipitations or ELISA (e.g.,

using epitope-speciWc hEGF scFv described by Siegel
et al. [2]). In some cases, it was possible to make a side-
by-side comparison of all three systems, whereas in other
cases a particular scFv was expressed in only two sys-
tems.

The E. coli expression system was found to be best
suited for our purposes and was thus used to conduct a
more detailed analysis of the expression and stability of
three variants of an scFv. Results from scFv refolding,
VL gene deletion, and an amino acid substitution are
presented. The advantages of each system are discussed
as well as the ease with which each Wts into the platform
we currently use for antibody discovery, characteriza-
tion, and analysis.

Materials and methods

Reagents

Chemicals were obtained from Sigma–Aldrich (St.
Louis, MO) or Fisher ScientiWc and were of the highest
purity possible. Ni–NTA–Sepharose and anti-penta HIS
monoclonal antibodies were from Qiagen (GmbH, Ger-
many). Monoclonal antibody anti-c-myc 9E10 was pur-
chased from Covance/BAbco (Princeton, NJ) and
puriWed anti-V5 was kindly provided by Andrew Brad-
bury (Los Alamos National Laboratory, Los Alamos,
NM). Anti-HSV monoclonal antibody, pET 27b plas-
mid, and Rosetta BL21(DE3) E. coli cells were from
Novagen (Madison, WI). Pichia X-33 cells, the pPIC-
Z�B plasmid, and all SDS–PAGE and immunoblotting
supplies were purchased from Invitrogen (Carlsbad,
CA).

Plasmids, strains, and scFv expression

Human single chain antibodies were selected from a
S. cerevisiae naïve surface display library as previously
described [1]. The following antigens were used in the
selections: (1) human epidermal growth factor (hEGF);
(2) S. oneidensis protein phosphotyrosine phosphatase
(SO2208); (3) S. oneidensis Gfo/Idh/MocA family oxido-
reductase (SO3120); (4) S. oneidensis �-subunit of DNA-
directed RNA polymerase (SO0256); (5) peptides 20p
and 378p derived from the human p53 protein; and (6)
Clostridium botulinum neurotoxin subtype A. scFv genes
were PCR-ampliWed from the pPNL6 surface display
plasmid, sub-cloned into the pPNL9 expression plasmid,
and transformed into S. cerevisiae YVH10 yeast as pre-
viously described [1].

Using a hEGF S. cerevisiae scFv (ScscFv), an expres-
sion time course was conducted in four diVerent media
to determine the optimal time and media composition
for maximum scFv expression. After overnight growth
in buVered synthetic dextrose plus casein amino acids
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