',\' frontiers

in Bioengineering and Biotechnology

ORIGINAL RESEARCH
published: 26 November 2019
doi: 10.3389/fbioe.2019.00362

OPEN ACCESS

Edited by:
Min Jiang,
Nanjing Tech University, China

Reviewed by:

Lei Wang,

Institute of Biophysics (CAS), China
Dae-Hyuk Kweon,

Sungkyunkwan University,

South Korea

*Correspondence:
Xin Ge
xge@engr.ucr.edu
LiYi
liyi@hubu.edu.cn

Specialty section:

This article was submitted to
Synthetic Biology,

a section of the journal
Frontiers in Bioengineering and
Biotechnology

Received: 20 August 2019
Accepted: 12 November 2019
Published: 26 November 2019

Citation:

Mei M, LiJ, Wang S, Lee KB,

Iverson BL, Zhang G, Ge X and Yi L
(2019) Prompting Fab Yeast Surface
Display Efficiency by ER Retention and
Molecular Chaperon Co-expression.
Front. Bioeng. Biotechnol. 7:362.

doi: 10.3389/fbioe.2019.00362

Check for
updates

Prompting Fab Yeast Surface Display
Efficiency by ER Retention and
Molecular Chaperon Co-expression

Meng Mei', Junhong Li’, Shengchen Wang', Ki Baek Lee?, Brent L. Iverson?,
Guimin Zhang', Xin Ge?* and Li Yi™

' State Key Laboratory of Biocatalysis and Enzyme Engineering, Hubei Collaborative Innovation Center for Green
Transformation of Bio-Resources, Hubei Key Laboratory of Industrial Biotechnology, School of Life Sciences, Hubei
University, Wuhan, China,  Department of Chemical and Environmental Engineering, University of California, Riverside,
Riverside, CA, United States, ° Department of Chemistry, University of Texas, Austin, TX, United States

For antibody discovery and engineering, yeast surface display (YSD) of antigen-binding
fragments (Fabs) and coupled fluorescence activated cell sorting (FACS) provide intact
paratopic conformations and quantitative analysis at the monoclonal level, and thus
holding great promises for numerous applications. Using anti-TNFa mAbs Infliximab,
Adalimumab, and its variants as model Fabs, this study systematically characterized
complementary approaches for the optimization of Fab YSD. Results suggested that by
using divergent promoter GAL 7-GAL 10 and endoplasmic reticulum (ER) signal peptides
for co-expression of light chain and heavy chain-Aga2 fusion, assembled Fabs were
functionally displayed on yeast cell surface with sigmoidal binding responses toward
TNFa. Co-expression of a Hsp70 family molecular chaperone Kar2p and/or protein-
disulfide isomerase (Pdi1p) significantly improved efficiency of functional display (defined
as the ratio of cells displaying functional Fab over cells displaying assembled Fab).
Moreover, fusing ER retention sequences (ERSs) with light chain also enhanced Fab
display quality at the expense of display quantity, and the degree of improvements
was correlated with the strength of ERSs and was more significant for Infliximab than
Adalimumab. The feasibility of affinity maturation was further demonstrated by isolating
a high affinity Fab clone from 1:108 or 1:10° spiked libraries.

Keywords: yeast surface display, Fab, divergent promotor, ER retention sequence, molecular chaperone

INTRODUCTION

Monoclonal antibodies (mAbs) represent the fastest growing class of therapeutics in the last
decades. By the end of 2018, at least 116 mAb-based biopharmaceutical products are active on
the market (Walsh, 2018; DeFrancesco, 2019). Notably, mAbs occupies seven spots out of the top
ten best-selling drugs in 2018 (Urquhart, 2019). As 54 new mAbs in late-stage clinical trials are
under regulatory review, it is expected that mAb-based products will continue to dominate the
biopharmaceutical approvals in the near future. From the biotechnology viewpoint, an essential
development step is the affinity maturation of lead mAbs to achieve high potencies desirable
for therapeutic practices. Following the generation of combinatorial libraries, a high-throughput
selection/screening method needs to be exploited to isolate mAb variants with improved affinities.
Compared to selection approaches, which rely on overall binding strength such as phage panning,
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fluorescence activated cell sorting (FACS) is advantageous
by providing quantitative analysis of each library member.
During subsequent rounds of sorting, the concentration of a
fluorophore-labeled antigen can be fine-tuned in a real-time
manner, leading to efficiently distinguish high affinity clones
from others. In addition, the multiparameter nature of FACS
allows to normalize the difference on antibody expression levels
among cells and/or various antibody clones. Accordingly, a dual
color sorting with one channel for antibody expression and the
other for antigen binding has been proven highly effective for
enriching affinity improved clones (Feldhaus et al., 2003; van den
Beucken et al., 2003).

For FACS, recombinant antibodies or their fragments must
be present on cell surface. Compared to mammalian cells, yeast
has been widely used for antibody surface display due to its
low cost, ease to handle, and facile construction of antibody
libraries (Boder and Wittrup, 1997; Pepper et al., 2008). Derived
from human immunoglobulin G (IgG), the design of single-
chain variable fragment (scFv) links a heavy chain variable
domain (Vy) with its associated light chain variable domain
(Vp) via a flexible linker. As the smallest human antibody
fragment with binding function, scFv can be efficiently displayed
on yeast cell surface such as by fusion with a-agglutinin aga2
(Boder and Wittrup, 1997). Consequently, yeast surface display
(YSD) of scFv achieved great successes for antibody discovery
and engineering using either immunized or naive/synthetic
libraries (Feldhaus et al., 2003; Miller et al., 2008). However,
the conformation of Vg and V[ domains in scFv format
may not be the same as in its natural IgG, in which the
heavy and light chains also interact through their constant
heavy 1 (Cyl) and constant light (Cp) domains. Although
such conformational variations are usually subtle, its impact
on binding affinity can be substantial and problematic for
affinity maturation studies (Casadevall and Janda, 2012). In
fact, it is not uncommon that significant potency loss happens
when an affinity matured scFv clone is converted back to its
associated IgG (Steinwand et al., 2014; Yang et al., 2018). As
the antigen-binding fragment (Fab) contains half heavy chain
(V-Cul) and entire light chain (Vp-Cp), this format can
reserve Vg and V[ domains in their intact conformations.
Therefore, it is argued that the best combination for affinity
maturation is to display Fabs on yeast surface and to screen
by FACS.

Since the initial studies of YSD in 1990s (Boder and Wittrup,
1997), recent researches have demonstrated the feasibility of
displaying Fabs (Rosowski et al, 2018; Wang et al., 2018),
and full-length IgGs (Rhiel et al., 2014) on yeast cell surface.
These developments apply different technologies including bi-
directional promoter design for co-expression (Rosowski et al.,
2018), type II restriction enzymes for library construction
(Roth et al, 2019), immobilized ZZ domain for surface
display (Rhiel et al., 2014), and leucine-zipper interactions
for Fab assembly (Wang et al, 2018). It has been proven
that Fab was more reliable than scFv for YSD (Sivelle
et al, 2018), and Fab YSD was suitable for antibody affinity
maturation (Yang et al., 2018). Despite these tremendous
advances, systematic study for Fab YSD optimization is
still lacking.

One characteristic of protein production in yeast cells is that
various molecular chaperons exist in the endoplasmic reticulum
(ER) to facilitate the protein folding and post-translational
modifications. Kar2p, also known as BiP, is a major member of the
Hsp70 chaperone family, which binds to unfolded polypeptide
chains and mediates protein folding within the ER (Rose et al.,
1989; Valkonen et al., 2003; Hernandez-Elvira and Torres-
Quiroz, 2018). Only correctly folded proteins can be released
from Kar2p, while abnormally folded or improperly assembled
proteins are retained by Kar2p for later degradation. In addition,
ER-associated protein disulfide isomerase (Pdilp) catalyzed the
disulfide bonds formation in eukaryotic cells (Farquhar et al.,
1991; Niu et al, 2016; Beal et al., 2019). These molecular
chaperons are crucial for the Fab assembly, whose efficiency
depends on the correct folding of Vi-Cy1 and Vi -Cp domains
as well as the formation of intra- and inter-molecular disulfide
bonds. Moreover, ER retention, mediated by characteristic ER
retention sequence (ERS), is a mechanism that ensures only
properly folded/assembled proteins are exported from the ER
to the Golgi (Munro and Pelham, 1987). This phenomenon
provides a means of quality control during protein synthesis,
maturation and assembly, because misfolded or incorrectly
assembled proteins are retained in the ER and targeted for
degradation (Ellgaard et al, 1999). Our previous work on
characterization of HDEL-type ERS suggested that the ERS
sequence HDEL exhibited a protein ER retention ability 2-fold
stronger than that of KDEL but was 50% of FEHDEL, the
strongest endogenous ERS in Saccharomyces cerevisiae (Munro
and Pelham, 1987; Mei et al.,, 2017). Further systematic study
of all endogenous ERS indicated that an engineered sequence
WEHDEL could confer 2-fold stronger retention ability than
FEHDEL. Building on above knowledge, using anti-tumor
necrosis factor a (TNFa) mAbs Infliximab (Keane et al.,
2001), Adalimumab (D2E7), and its variants (Rajpal et al,
2005) as model Fabs, this study characterized the impacts of
molecular chaperons Kar2p and Pdilp and four ERSs, i.e.,
WEHDEL, FEHDEL, HDEL, and KDEL, on Fab YSD efficiency.
In addition, the feasibility of Fab maturation through high-
throughput screening was demonstrated by FACS sorting of large
spiked libraries.

MATERIALS AND METHODS

Construction of Fab and scFv Yeast

Surface Display Vectors

Genes encoding Vi-Cyl and Vi-Cy, fragments (Salfeld et al.,
2003; Rajpal et al., 2005) were chemically synthesized, amplified
by PCR and cloned to PstI/EcoRI sites and BamHI/Xhol sites,
respectively, on pESD (Yi et al, 2015) to generate pESD-
Fab. pESD-HC (heavy chain only) and pESD-LC (light chain
only) were also generated as controls. Fragments encoding
Adalimumab variant scFvs, V1-(G4S)3-Vy, were assembled by
overlapping PCR and cloned to PstI/EcoRI sites on pESD to
generate pESD-scFv. Kar2p and Pdilp wild-type (wt) genes were
amplified by PCR using the genome of S. cerevisiae EBY100 as the
templates and fused with protomer GALI region by overlapping
PCR. Using Kar2p and Pdilp wt genes as the templates, their
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mutants were generated through site mutagenesis. Obtained
GALI-Kar2p/Pdilp cassettes were cloned to Kpnl/BgIII sites on
pESD-Fab to give pESD-Fab-Kar2p/Pdilp. Additional GALI-
Kar2p cassette was cloned to Sacl site on pESD-Fab-Pdilp to give
pESD-Fab-Pdilp-Kar2p. ERSs were introduced at C-termini of
light chains by extension PCR and cloned to pESD-Fab to give
pESD-Fab-ERS. All cloning works were performed in Escherichia
coli XL-Gold and confirmed by DNA sequencing.

Expression and Purification of TNFa-Hisg
Gene of human TNFa (NCBI ID: 7124) was chemically
synthesized, cloned to pET-28a, and transformed to E. coli BL21
(DE3) cells for culture in LB medium at 37°C. When ODgqg
reached 0.6-0.8, cells were induced with 0.5 mM IPTG at 18°C
for 20 h. After induction, cells were collected and resuspended
in lysis buffer containing 50 mM Tris (pH 8.0), 150 mM NaCl,
0.5 mg/mL lysozyme, 1 mM PMSE and 10 mM imidazole for 1 h
on ice, followed by sonication. Cell debris was then removed
by centrifugation at 10,000 xg at 4°C for 20 min, and the
supernatant containing TNFa-Hiss was subjected to Ni-NTA
affinity purification at 4°C (Qiagen, Valencia, CA, USA). Purity
of produced TNFa-Hiss was tested by SDS-PAGE, and its
concentration was measured by UV absorbance.

Flow Cytometry Analysis of Displayed Fabs

and scFvs on Yeast Cell Surface

Generated yeast surface display plasmids were transformed to
S. cerevisiae EBY100 competent cells (Cooper and Hausman,
2000). Transformed cells were cultivated in SD-CAA medium
(20 g/L D-glucose, 6.7 g/L yeast nitrogen base, 5 g/L casamino
acids, 5.4 g/L NapHPOy, 8.6 g/L NaH,PO4-H,O, pH 7.4) at
30°C with shaking at 230 rpm. When ODggo reached 0.5-1.0,
cells were collected by centrifugation at 3,000 xg for 2min
and inoculated to SG-CAA medium (20 g/L galactose, 6.7 g/L
yeast nitrogen base, 5 g/L casamino acids, 5.4 g/L Na,HPOy,
8.6 g/L NaH,PO4-H,O, pH 7.4). After induction at 18°C for
48, cells were harvested by centrifugation, washed three times
with PBS (pH 7.4), supplemented with 0.5% BSA and 1mM
EDTA, and re-suspended as 0.1 ODgoo cells per 20 pL PBS
(pH 7.4), 0.5% BSA. For Fab and scFv display analysis, cells
were incubated with 0.1 wM anti-HA-FITC and/or 0.1 .M anti-
FLAG-iFlor647 (GenScript, Nanjing, China) for 15 min in dark.
Flow cytometry analysis was performed by using Beckman
Coulter CytoFLEX (Brea, CA) equipped with 488 and 633 nm
lasers and 525/40 and 660/20nm band-pass filters. To test
binding function of cell surface displayed antibody fragments,
cells were incubated with 1 pM —20 nM purified TNFa-Hise at
25°C for 30 min and subsequently labeled with 0.1 WM anti-Hise-
iFluor647 (GenScript, Nanjing, China). Percentages of TNFa™
cells were quantified by FACS. The cells carrying Fab heavy chain
(Vu-Cgl) without light chain and light chain (V1 -Cp) without
heavy chain were used as controls.

FACS Enrichment for High Affinity Fab

Clone From Spiked Libraries
Cells bearing Fab cb2-6 and Fab D2E7 display vectors were
mixed at 1:10% or 1:10° ratios. After cultivation and induction,

mixed cells were labeled with TNFa-Hisg of predetermined
concentrations, and subsequently labeled with 0.1 uM anti-Hisg-
iFluor647 and 0.1 wM anti-HA-FITC. Sorting was performed in
the single cell mode by using Beckman Coulter MoFlo XDP
flow cytometer (Brea, CA, USA) equipped with 488 and 633 nm
lasers and 525/40 and 660/20 nm band-pass filters. In each round,
107-10° cells were sorted, and 0.6-1.0% cells with the highest
FITC/iFluor647 double signals were collected. Collected cells
were cultivated in SD-CAA and induced in SG-CAA for the
next round of sorting. Aliquots of collected cells were also
recovered on SD-CAA plates for monoclonal analysis. Yeast
plasmids were extracted by using Zymolyase (Amsbio, Abingdon,
UK) and transformed into E. coli XL-Gold for amplification and
sequence analysis.

Yeast Total RNA Extract and gRT-PCR

After galactose induction, total RNA was extracted from yeast
cell samples by using RNAiso kit (TaKaRa Bio, Kusatsu, Japan).
Reverse transcription was performed by using PrimeScript II
first-strand ¢cDNA synthesis kit (TaKaRa Bio) with Random 6
mers. The cDNA levels of Kar2p and Pdilp were then analyzed
with CFX real-time PCR (Bio-Rad, Hercules, CA, USA). Relative
expression levels against endogenous Tafl0 were determined
with efficiency correction and associated technical errors were
calculated. The final results were normalized by the relative
mRNA levels of Kar2p and Pdilp in EBY100 cells.

RESULTS

Design for Fab Yeast Surface Display

For successful display of a Fab, its heavy chain (Vi-Cy1) and
light chain (Vp-Cp) need to be co-expressed. In our design, a
divergent GALI-GALIO promoter derived from previous studies
(West et al.,, 1987; Boder et al., 2005; Jiang and Boder, 2010)
is exploited by cloning Fab heavy chain and light chain at
downstream of GALIO and GALI, respectively (Figure 1A).
Therefore, in the presence of galactose, expression of both chains
will be induced simultaneously. Yeast endoplasmic reticulum
(ER) signal sequences are included at N-termini of both chains
for their translocation and secretory expression. Once translated,
Fab assembly between heavy and light chains, especially via the
intermolecular disulfide connecting C-termini of Cy1 and Cp,, is
critical for its binding function (Padlan et al., 1986). Since protein
disulfide-bond formation in eukaryotic cells mainly occurs in
ER (Frand et al., 2000), targeting ER via signal sequences also
enhances Fab assembly. For surface display, Vi-Cy1 is fused
to the N-terminus of Aga2p, which leads transportation to cell
surface through the a-agglutinin system by a disulfide linkage
to the cell wall-anchored Agalp (Boder and Wittrup, 1997).
In addition, a FLAG tag and a HA tag are introduced to the
heavy and light chain expression cassettes, respectively, for facile
detections (Figure 1A).

Display of Assembled Fabs on Yeast Cell

Surface
Fab display plasmids of anti-TNFa mAb D2E7 and its variants
were constructed and transformed into S. cerevisiae EBY100
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FIGURE 1 | Fab yeast surface display using a divergent promoter, ER-targeting signals, and Aga2 fusion. (A) pESD-Fab. Expression cassettes for light (V. -Ci) and
heavy (V4-Ci1) chains were located downstream of GAL7-GAL 10 promoter and endoplasmic reticulum (ER)-targeting signals. Light chain was fused with a HA tag,
and heavy chain was fused with a FLAG tag to the N-terminus of Aga2. (B) Validation of heavy chain display (left panels), light chain display (middle panels), and Fab
assembly (right panels) on yeast cell surface by flow cytometry. Expression was induced by 20 g/L galactose and cells were incubated with 0.1 uM
anti-FLAG-iFluor647 and/or 0.1 uM anti-HA-FITC antibodies. Fab display of Adalimumab (D2E7) and three variants were tested. Percentages of cells displaying
assembled Fabs were shown as Q2 (FLAG*/HAT double positive). MFI, mean fluorescence intensity.
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cells. After cultivation and induction with 20 g/L galactose, cells
were analyzed by flow cytometry. To detect surface displayed
D2E7 heavy chain, which was fused with a FLAG tag to the
N-terminus of Aga2, cells were incubated with 0.1 .M iFluor
647 conjugated anti-FLAG antibodies. FACS results showed
the successful anchoring of D2E7 heavy chain on yeast cell
surface, with 43% cells were FLAG™ (Figure 1B, left panel).
In contract, <0.6% cells bearing D2E7 light chain without
its heavy chain gene were FLAGT Figure S1A). Similarly, the
display of HA-tagged D2E7 light chain was detected with 0.1 uM
FITC conjugated anti-HA antibodies, and the results indicated
that 42% cells were HA™ (Figure 1B, middle panel), while
<0.4% cells bearing D2E7 heavy chain without its light chain
gene were HA™ (Figure S1B). In addition, <0.6% cells bearing
D2E7 light chain without its heavy chain gene were HAT
(Figure S1C). As D2E7 light chain expression cassette (Vi-Cy-
HA) did not possess the fusion partner Aga2 for anchoring,
display of D2E7 light chain on cell surface was presumably
caused by its Fab assembly between secreted light chain and
anchored heavy chain. To confirm the presence of both chains
on individual cells, induced cells were further dual labeled
with 0.1 WM anti-FLAG-iFluor647 and 0.1 oM anti-HA-FITC.
FACS results revealed that 41 + 3% cells were FLAGT/HA™
double positive (Figure 1B, right panel), suggesting the display
of intermolecularly assembled D2E7 Fab. Display profiles of
D2E7 variants Al, cbl-3, and cb2-6 were also characterized
in the same approaches. Results suggested the similar display
levels for their heavy chains (42-45% FLAG™, Figure 1B, left
panel), their light chains (41-43% HA™, Figure 1B, middle
panel), and assembled Fabs (40-42% FLAGT/HA™ double
positive, Figure 1B, right panel). Notably, the mean fluorescence
intensity (MFI) of FLAG™ cells for cb1-3 was considerably less
than other tested Fab clones, suggesting that cb1-3 presumably
exhibited a lower expression level or less display efliciency of its
heavy chain.

Yeast Surface Displayed Fabs Were

Functional

To test binding functions of displayed D2E7 Fab and its variants,
human TNFo as a Hiss tagged protein was recombinantly
produced in E. coli with a typical yield of 24 mg purified
TNFa-Hisg per liter of culture (Figure2A). Cells bearing
D2E7 Fab construct were incubated with 1 pM—20nM TNFa-
Hise followed by labeling with 0.1 M iFluor 647 conjugated
anti-Hisg antibodies. In parallel, cells displaying D2E7 heavy
chain without its light chain was prepared as the control.
FACS results indicated that, when 20 nM TNFa-Hisg was used,
only 0.5% of cells displaying D2E7 Vy-Cyl were TNFa™
(Figure 2B), suggesting that TNFa cannot be recognized by
either unassembled D2E7 heavy chain or yeast host cell
EBY100. In contrast, when D2E7 Fab was displayed, after
incubation with even 1 pM TNFa-Hisg, 5.3% cells were TNFa™
(Figure 2C). The percentages of TNFa* cells increased with
higher TNFa-Hiss concentrations: 9.6% at 10 pM, 15% at 100
pM, 42% at 500 pM, and 46% at 1 M. The proportion of
TNFa™ cells became plateaued 55% when 5-20nM TNFa-
Hiss was applied, suggesting that under used culture and
induction conditions, 55% cells displayed functional D2E7

Fab. Plotting MFIs of TNFa™ cells over TNFa concentrations
demonstrated a sigmoidal correlation (Figure2D). Dose-
response relationships on TNFa™ cell percentages and associated
MFIs were also measured for D2E7 variants Al, cbl-3, and
cb2-6. Results showed that ~60% cells displayed functional
Fabs (Figure S2A) with expected sigmoidal curves between
MFIs and TNFa concentrations (Figures S2B-D). All these
results suggested that yeast surface displayed Fabs exhibited
their specific binding functions. Notably, when 1-100 pM
TNFa was used for cell labeling, MFIs of TNFa™ cells were
higher for variants cbl-3 and cb2-6 than D2E7 (Figure 2C,
Figure S2A), likely due to their improved affinities (Rajpal et al.,
2005).

Functional Display Efficiency Was
Improved by Co-expression of Molecular

Chaperones

As molecular chaperones in the ER assist folding of newly
synthesized proteins and prevent them from misfolding and/or
formation of aggregates (Hartl and Hayer-Hartl, 2002), we
next investigated the effects of a Hsp70 family member Kar2p
(Rose et al, 1989) on Fab surface display. To achieve co-
expression of Kar2p, its gene was cloned downstream of an
additional GALI promoter allowing its simultaneous induction
with galactose (Figure 3A). When EBY100 cells producing D2E7
Fab and Kar2p were labeled with anti-FLAG-iFluor647 or anti-
HA-FITC for detecting displayed heavy chain or light chain,
results revealed that co-expression of Kar2p in fact reduced
the percentages of cells displaying D2E7 heavy chain from
43 £ 2% to 25 £ 3% and cells displaying assembled D2E7
Fab from 40 £+ 2% to 24 + 2% (Figures 3B,C, Table S1).
MFIs of FLAG™ cells and HA™T cells also decreased when
Kar2p was co-expressed, suggesting that less amounts of heavy
chain and assembled Fab were displayed. To test the binding
function of displayed D2E7 Fab, induced cells were sequentially
labeled with 0.1 nM TNFa-Hisg and 0.1 M anti-Hisg-iFluor647.
We used the ratio of TNFat percentage (cells displaying
functional Fab) over HA™ percentage (cells display assembled
Fab) to assess the efficiency of functional display. As results
shown in Figure 3D, co-expression of Kar2p increased the
efficiency of functional display of D2E7 Fab from 36 £ 2%
to 53 £ 1%.

To further evaluate the contribution of Kar2p on Fab
folding, we constructed inactive Kar2p mutants as controls.
As a Hsp70 chaperon, Kar2p’s nucleotide binding domain
carries ATPase activity to promote the interaction between
its substrate binding domain and unfolded protein substrates.
Therefore, by alanine substitutions of its ADP/ATP recognizing
residues E313/K316/S320 (Yan et al,, 2011), or incorporating
the mutants of temperature-sensitive alleles C63Y/F196L/G417S
(Kimata et al., 2003), inactive Kar2pgsiza/ksiea/s320a and
Kar2pcessy/r1961,/Ga17s were generated. Same strategy was used
that co-expression of these Kar2p variants was under the
control of additional GALI promoter (FigureS3A). Co-
expression of Kar2p variants with D2E7 Fab resulted in drops
of cell percentages displaying D2E7 heavy chain (to 20 =+
2% and 23 £ 2% respectively) and assembled D2E7 Fab
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FIGURE 2 | Function characterizations of displayed Fab D2E7. (A) Recombinant production of human TNFa as a Hisg tagged protein. (B) Flow cytometry analysis of
cells carrying the gene of Adalimumab (D2E7) heavy chain (Vi4-C 1) without its light chain. Expression was induced by 20 g/L galactose and cells were labeled with
20nM TNFa-Hisg and 0.1 wM anti-Hisg-iFluor647. (C) Flow cytometry analysis of cells carrying D2E7 Fab display construct. Induced cells were labeled with 1 pM
—20nM TNFa-Hisg and 0.1 wM anti-Hisg-iFluor647 for TNFa ™ cell quantification. (D) Sigmoidal curves depicting fluorescence intensities of TNFa™ cells as a function
of TNFa concentrations. Data are presented as mean + S.E. (1 = 3 independent experiments). MFI, mean fluorescence intensity.

(to 19 £ 2% and 21 + 3%) (Figures S3B-D, Table S1). As
expected, these biochemically inactive Kar2p variants failed
to improve display efficiencies of functional D2E7 Fab, as
TNFa™ %/HAT % ratios of 32 + 4% and 38 + 2% were
statistically indifferent from the D2E7 Fab producing cells
without chaperon co-expression.

Often as the rate-limiting step of protein folding in ER,
disulfide bond formation is critical for Vg and Vi domain
folding and their assembly to form a functional Fab. Therefore,
we further tested the effects of ER-associated protein-disulfide
isomerase (Pdilp) on Fab surface display. Similar to Kar2p,
Pdilp gene was cloned downstream of a GALI promoter for
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FIGURE 3 | Effects of molecular chaperones on Fab functional display. (A) Co-expression of Kar2p or Pdi1p was under the control of an additional GAL1 promoter on
pESD-Fab-Kar2p/Pdi1p. 0.1 uM anti-FLAG-iFluor647, 0.1 uM anti-HA-FITC, and 0.1 nM TNFa/0.1 pM anti-Hisg-iFluor647 were used for labeling induced cells.

B), display of light chain (HA™, C), efficiencies of functional display (defined as the percentage ratios between TNFa™ cells and HA™
cells, D) were presented as mean + S.E. (n = 3 independent experiments) with Student’s t-test being performed, *P < 0.05.

its co-expression. Induced cells were labeled with anti-FLAG-
iFluor647 for detecting heavy chain display, anti-HA-FITC for
detecting Fab assembly, and TNFa-Hiss and anti-Hisg-iFluor647
for detecting Fab function. Results indicated that when Pdilp was
co-expressed, the cell percentage displaying D2E7 heavy chain
decreased from 43 £ 2% to 23 & 1%, and the cell percentage
displaying D2E7 Fab decreased from 40 £ 2% to 23 £ 2%.
However, the functional display efficiency (defined as the ratio of
TNFa™ cells over HAT cells) enhanced from 36 + 2% to 70 & 1%
(Figure 3). We also constructed Pdilpcys mutant by changing
the four catalytic cysteines of its thioredoxin-like domains to
serines (Tian et al, 2006; Wang et al., 2013), and Pdilpces
mutant which carried two additional Cys->Ser substitutions
important for Pdilp re-oxidation mediated by sulfthydryl oxidase
ER oxidoreductin 1 (Erolp) (Frand and Kaiser, 2000; Niu et al.,
2016). Co-expression of inactive Pdilpcss/Pdilpces with D2E7
Fab decreased cell percentage displaying its heavy chain and
assembled Fab without improvements on functional display
efficiencies (Figure S3, Table S1).

Infliximab is another therapeutic mAb targeting TNFa (Keane
etal., 2001), however its display as a scFv on yeast cell surface has
been proved difficult (Sivelle et al., 2018). To investigate whether
co-expression of Kar2p or Pdilp can improve the display quality
of this challenging antibody clone, we constructed Infliximab Fab
yeast display and its co-expression vectors for Kar2p or Pdilp
(Figure 3A). Similar to testing displayed D2E7 Fab, induced
cells were labeled and measured for Infliximab heavy chain
display (FLAG™ cells), Fab assembly (HA™ cells), and its function
(TNFa* cells). Results showed that when Kar2p or Pdilp was
co-expressed, while the percentages of cells displaying Infliximab
heavy chain decreased from 37 £ 3% to 20 & 2% or 30 % 2%,
and the percentages of cells displaying Infliximab Fab decreased

from 33 & 1% to 23 £ 2% or 21 =% 2%, its efficiency of functional
display (TNFa™/HA™) increased from 15 = 1% to 39 + 2% or 53
=+ 2%, representing an 2.6- or 3.6-fold improvement, respectively
(Figures 3B-D, Table S1). Applying inactive Kar2p or Pdilp
variants toward Infliximab Fab failed to improve its functional
display efficiencies (Figure S3, Table S1). Collectively, results
with two tested anti-TNFa clones suggested that molecular
chaperone Kar2p or Pdilp significantly improved the quality of
displayed Fabs.

We also tested the effects of dual chaperones Kar2p and Pdilp
co-expression on Fab YSD. Simultaneous co-expression of Kar2p
and Pdilp was under the control of additional GALI promoters
on pESD-Fab-Pdilp-Kar2p. Results indicated that the efficiencies
of functional display (TNFat/HA™) were improved from 36 and
15% to 65 and 56% for D2E7 and Infliximab Fab, respectively,
while their light chain display amounts (as HA™) decreased from
40 and 33% to 20 and 16% (Figure S4). These results suggested
that, similar to the effects of Kar2p/Pdilp alone, simultaneous
co-expression of these two chaperones improved the quality of
displayed Fabs at the expense of display quantity.

Functional Display Efficiency Was
Improved by Fusion With ER Retention

Sequences

We hypothesized that the ER retention sequence (ERS), a specific
short sequence that mediates protein retention in the ER (Munro
and Pelham, 1987; Mei et al., 2017), can extend the residence
time of Fab fragments in yeast ER and thus facilitate their proper
folding and assembly. Infliximab was our primary target because
of its relatively low yeast surface display efficiency (Table S1).
To determine the effect of ERS on Fab assembly, five ERSs of
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different strength were fused to the C-terminus of Infliximab
light chain (Vp-Cp) (Figure 4A). Induced cells were labeled with
anti-FLAGi-Fluor647 for detecting heavy chain display, anti-HA-
FITC for detecting Fab assembly, and TNFa-Hisg and anti-Hise-
iFluor647 for detecting Fab function. Similar to effects of tested
molecular chaperons (Figure 3), fusion with ERSs decreased
the surface display amounts of Infliximab heavy chain (FLAG*
cells) and assembled Fab (HA™ cells) (Figures 4B,C). However,
the percentages and MFIs of TNFa™ cells increased as ERS
strength increased (Figure 4D, Table S2). When 1nM TNFa
was used for labeling, TNFa™ % increased with the efficiency
of functional Infliximab Fab display (TNFa* cells / HA™ cells)
improved from 29 £ 2% without ERS, to 42 £ 2% with weak
ERS KDEL, and to 55 + 4% and 64 £ 2% with strong ERSs
FEHDEL and WEHDEL, which represented a 2.0- and 2.3-fold
of improvement (Figure 4D). When labeled with 0.1 nM TNFa,
strong ERSs FEHDEL and WEHDEL comparably enhanced
functional display efficiency from 16 & 1% to 33 & 4% and 39
+ 2%, with increased percentages and MFIs of TNFa™ cells.
Similar to Infliximab Fab, strong ERSs FEHDEL and WEHDEL
increased percentages and MFIs of TNFa™ cells and prompted
the functional display efficiency of D2E7 Fab for 1.5- and 1.9-
fold (Figure S5, Table S3), while weak ERSs, HDEL, and KDEL,
did not significantly affect display amounts or functional display
efficiencies. Overall, these results suggested that ERSs with high
retention strength improved the quality of yeast surface displayed
Fab, presumably due to extended residence time in the ER that
facilitated the formation of functional Fabs.

Enrichment of a High Affinity Fab Clone

From Spiked Libraries

To validate the feasibility of yeast surface Fab display for affinity
maturation, we mimicked the enrichment procedure with spiked
libraries. Compared to D2E7 scFv of 0.96 nM binding potency, its
variant cb2-6 scFv exhibited a reported affinity of 1.1 pM (Rajpal
et al., 2005). When 10 pM TNFa was used for labeling yeast
cells displaying D2E7 or cb2-6 Fab fragments, 9.6 or 20% cells
were TNFa, respectively (Figure 2C), suggesting the possibility
to efficiently isolate cb2-6 from D2E7. Cells bearing cb2-6 Fab
gene were mixed with cells bearing D2E7 Fab gene at a ratio
1:10%, and mixed cells were cultured for Fab expression. When
labeled with anti-FLAG-iFluor647 and anti-HA-FITC, 43% of
mixed cells were double positive indicating the successful display
of assembled Fabs (Figure 5A, left panel). In the first round of
FACS sorting (R1), 10% mixed cells were labeled with 0.1 WM
anti-HA-FITC for detecting Fab assembly, and 1 nM TNFa-Hisg
plus 0.1 uM anti-Hiss-iFluor647 for detecting TNFa binding.
Top 1.0% double positive clones, equivalent to 10° cells, were
collected. Similar FACS sorting was performed for six more
rounds with gradually reduced TNFa concentrations—100 pM
for R2, R3, and R4; 10 pM for R5 and R6; and finally 1 pM
for R7. For each round, 107 cells were sorted, and 5 x 10%-7
x 10* cells with the highest signals on both Fab display and
TNFa binding were collected, equivalent to a selection gate of
0.60-0.72% (Figure 5A right panels). After certain rounds of
FACS, 10 clones were randomly picked for plasmid extraction

and DNA sequencing. Results indicated that the proportions of
cb2-6 clones were enriched to 10% post-R2 and 40% post-R4, and
reached to 80% post-R6 and 100% post-R7 (Figure 5C).

Successful isolation of cb2-6 from a 1:10> mixture encouraged
us to further test a more diluted library. The cb2-6 Fab cells
was mixed with the D2E7 Fab cells at a ratio of 1:10°, a library
size needed for affinity maturation practices (Boder and Wittrup,
1997). After induction for Fab expression and display, 43% of
cells were FLAG' and HA™ double positive (Figure 5B, left
panel). Starting with this 1:10° spiked library, total nine rounds
of FACS were performed with decreasing TNFa concentrations
from 1nM to 1 pM (Figures 5B,C). 10° mixed cells in R1 and
107-10% cells in later rounds were subjected for sorting with
selection gates of 0.60-0.90% for the cells with the highest double
signals on Fab display and TNFa binding. DNA sequencing
results of randomly picked post-sorting clones indicated that
cb2-6 increased its proportions to 20 and 40% post-R5 and
post-R6, and achieved dominancy of 70% post-R7 and finally
100% post-R9.

DISCUSSION

Currently, scFv is the antibody format commonly used for yeast
surface display (YSD) (Feldhaus and Siegel, 2004). Absent in
natural IgGs, the introduction of an artificial flexible peptide
linker, such as (G4S)3, between Vi and Vi, domains can result
in paratopic conformations different from these of intact IgGs
(Gu et al,, 2010). Although usually subtle and satisfactory for
antigen binding specificity, such conformational variations can
be troublesome for quantitative tasks such as affinity maturation
(Yang et al., 2018). Preserving the entire antigen binding region,
it has been suggested that Fab format retains the natural
conformations and thus were widely used for determining the
structures of antigen-antibody complex (Rothlisberger et al.,
2005). Additionally, Fabs were more suitable for YSD of various
antibody clones than scFvs (Sivelle et al., 2018). In this study,
scFvs of D2E7 and its mutants Al, cbl-3, and cb-6 were
also constructed for YSD (Figure S6A). Fluorescent staining for
surface display and followed FACS analysis showed that scFv
display levels varied from 31 to 46% (Figure S6B). In contrast, the
same Ab clones in their Fab format showed a similar Fab display
level with a narrow disparity of 41-43% (Figure 1B middle
panels). Furthermore, for Infliximab, only its Fab but not scFv
can be well-displayed on yeast cell surface (Sivelle et al., 2018).
Collectively, our results, consistent with others (Rosowski et al.,
2018; Wang et al,, 2018; Yang et al., 2018), suggested that Fab is a
reliable and practicable format for YSD.

As the largest organelle of most eukaryotic cells, the
endoplasmic reticulum (ER) is the site where secretory
polypeptides fold into their correct three-dimensional
conformations, assemble into multi-subunit proteins, and
achieve covalent modifications such as disulfide bond formation
and initial glycosylation (Cooper and Hausman, 2000). By
fusing ER targeting signals upstream of both heavy and light
chains, Fabs successfully assembled and secreted for functional
surface display (Figure 1). Interestingly, only around 40-45% of
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FIGURE 4 | Effects of ER-retention sequence (ERS) on Infliximab Fab functional display. (A) ERSs were fused to the C-terminus of Infliximab light chain. 0.1 uM
anti-FLAG-iFluor647, 0.1 uM anti-HA-FITC, and 0.1-1.0nM TNFa/0.1 wM anti-Hisg-iFluor647 were used for labeling induced cells. Display of heavy chain (FLAG™, B),

display of light chain (HA*, C), efficiencies of functional display (TNFa™ cells/HA™ cells, D) were presented as mean + S.E. (=3 independent experiments) with
Student’s t-test being performed, “P < 0.05. Effects of four ERSs (KDEL, HDEL, FEHDEL, and WEHDEL) were tested and compared to the clones without ERS.
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induced cells presented assembled Fabs on cell surface, which  of polypeptide chains in the ER is facilitated by the molecular
could be attributed to either inefficient induction/expression or ~ chaperones (Nishikawa et al., 2005; Buck et al., 2007), mounting
improper domain folding/assembly. As folding and processing  evidence suggests that the secretion of scFvs increased with
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co-expression of a wide range of molecular chaperones (Shusta
et al,, 1998; Wentz and Shusta, 2007). In this study, a major
member of the Hsp70 chaperone family Kar2p or the ER-
associated Pdilp was co-expressed to assist Fab production and
surface display. Consistent with Kar2p functions, our results
suggested that when assisted with Kar2p, the absolute amounts
of Fab display (percentage and MFIs of HA™ cells) decreased,
while functional display efficiency (defined as the ratio of cells
displaying functional Fab over cells displaying assembled Fab)
significantly improved for both D2E7 and Infliximab Fabs
(Figure 3). Similarly, co-expression of Pdilp also improved
efficiency of functional display for Fabs in our study (Figure 3).
Notably, the improvements were more significant for Infliximab
(2.6- and 3.6-fold with Kar2p and Pdilp) than D2E7 (1.5-
and 2.0-fold, respectively). When inactive Kar2p or Pdilp
variants were co-expressed for comparison, Fab display amounts
were decreased without improvements on functional display
efficiencies (Figure S3, Table S1).

It was speculated that the co-expression of molecular
chaperons might increase the burden of transcriptional and
translational machinery in yeast cells. Indeed, qRT-PCR data
suggested that the mRNA levels of co-expressed Kar2p or
its variants were increased 9- to 16-fold compared to the
level of physiological Kar2p in the D2E7 and Infliximab Fab
producing cells (Figure S7A). Similarly, the mRNA levels of
co-expressed Pdilp and its variants were increased 9- to 17-
fold over the background Pdilp (Figure S7B). In our studies,
we also attempted to increase the Fab folding and assembly
efficiencies through retaining the light chain (Vy-Cp) longer
in the yeast ER by anchoring the ERS at its C-terminus
(Figure 4). Theoretically, the stronger ERS will increase the
retention time and concentration of Vi -C;, domain in the yeast
ER, thus enhancing the Fab folding and assembly efficiencies.
Consistently, our results suggested that fusion with ERSs
improved the quality of displayed Fabs (Figure 4, Figure S4).
However, it was also noticed that retaining the Vi -C;, domain
in the yeast ER decreased the display amounts of both heavy and
light chains along with the strength of ERS.

In summary, this study characterized four complementary
approaches for optimization of Fab yeast surface

REFERENCES

Beal, D. M., Bastow, E. L., Staniforth, G. L., von der Haar, T., Freedman, R. B.,
and Tuite, M. F. (2019). Quantitative analyses of the yeast oxidative protein
folding pathway in vitro and in vivo. Antioxid. Redox Signal. 31, 261-274.
doi: 10.1089/ars.2018.7615

Boder, E. T., Bill, J. R., Nields, A. W., Marrack, P. C., and Kappler, J. W. (2005).
Yeast surface display of a noncovalent MHC class IT heterodimer complexed
with antigenic peptide. Biotechnol. Bioeng. 92, 485-491. doi: 10.1002/bit.20616

Boder, E. T., and Wittrup, K. D. (1997). Yeast surface display for screening
combinatorial ~ polypeptide Nat.  Biotechnol. 15, 553-557.
doi: 10.1038/nbt0697-553

Buck, T. M., Wright, C. M., and Brodsky, J. L. (2007). The activities and function
of molecular chaperones in the endoplasmic reticulum. Semin. Cell Dev. Biol.
18, 751-761. doi: 10.1016/j.semcdb.2007.09.001

Casadevall, A., and Janda, A. (2012). Immunoglobulin isotype influences
affinity and specificity. Proc. Natl. Acad. Sci. U.S.A. 109, 12272-12273.
doi: 10.1073/pnas.1209750109

libraries.

display—divergent promoter, ER signal peptide, molecular
chaperones, and ER retention sequences. All these findings
highlighted the importance to consider tradeoffs between
quality and quantity of Fab yeast surface display for individual
antibody clones. Encouraged by the success of Fab YSD and
the feasibility of affinity maturation through FACS, current
efforts have been focusing on surveying novel approaches,
e.g., secretory organelle manipulation, to further improving
antibody YSD. As Fab YSD and coupled FACS provide intact
paratopic conformations and quantitative analysis at the
monoclonal level, we expect this technology holds great potential
for numerous applications in monoclonal antibody discovery
and engineering.

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the
article/Supplementary Material.

AUTHOR CONTRIBUTIONS

MM, JL, SW, and KL performed experiments. MM, XG, and LY
designed the experiments and wrote the manuscript. BI and GZ
were involved in analysis and interpretation of experimental data.
LY conceived the idea and supervised the whole research. All
authors read and approved the final manuscript.

FUNDING

This study was supported by the National Key Research and
Development Program of China 2018YFA090091 to LY and GZ,
National Natural Science Foundation of China 31870057 to LY,
and National Science Foundation 1453645 and National Institute
of General Medical Sciences R0OIGM 115672 to XG.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fbioe.
2019.00362/full#supplementary-material

Cooper, G. M., and Hausman, R. E. (2000). The Cell: A Molecular Approach.
Sunderland, MA: Sinauer Associates.

DeFrancesco, L. (2019). Drug pipeline: 4Q18. Nat. Biotechnol. 37, 206-208.
doi: 10.1038/s41587-019-0052-z

Elligaard, L., Molinari, M., and Helenius, A. (1999). Setting the standards:
quality control in the secretory pathway. Science 286, 1882-1888.
doi: 10.1126/science.286.5446.1882

Farquhar, R., Honey, N., Murant, S. J., Bossier, P., Schultz, L., Montgomery,
D., et al. (1991). Protein disulfide isomerase is essential for viability
in Saccharomyces cerevisiae. Gene 108, 81-89. doi: 10.1016/0378-1119(91)
90490-3

Feldhaus, M. J., and Siegel, R. W. (2004). Yeast display of antibody fragments:
a discovery and characterization platform. J. Immunol. Methods 290, 69-80.
doi: 10.1016/}.jim.2004.04.009

Feldhaus, M. J., Siegel, R. W., Opresko, L. K., Coleman, J. R., Feldhaus, J. M.,
Yeung, Y. A,, etal. (2003). Flow-cytometric isolation of human antibodies from
a nonimmune Saccharomyces cerevisiae surface display library. Nat. Biotechnol.
21, 163-170. doi: 10.1038/nbt785

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

10

November 2019 | Volume 7 | Article 362


https://www.frontiersin.org/articles/10.3389/fbioe.2019.00362/full#supplementary-material
https://doi.org/10.1089/ars.2018.7615
https://doi.org/10.1002/bit.20616
https://doi.org/10.1038/nbt0697-553
https://doi.org/10.1016/j.semcdb.2007.09.001
https://doi.org/10.1073/pnas.1209750109
https://doi.org/10.1038/s41587-019-0052-z
https://doi.org/10.1126/science.286.5446.1882
https://doi.org/10.1016/0378-1119(91)90490-3
https://doi.org/10.1016/j.jim.2004.04.009
https://doi.org/10.1038/nbt785
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Mei et al.

Fab Yeast Display Optimization

Frand, A. R, Cuozzo, J. W. and Kaiser, C. A. (2000). Pathways for
protein disulphide bond formation. Trends Cell Biol. 10, 203-210.
doi: 10.1016/50962-8924(00)01745-1

Frand, A. R., and Kaiser, C. A. (2000). Two pairs of conserved cysteines
are required for the oxidative activity of Erolp in protein disulfide bond
formation in the endoplasmic reticulum. Mol. Biol. Cell 11, 2833-2843.
doi: 10.1091/mbc.11.9.2833

Gu, X, Jia, X, Feng, J., Shen, B., Huang, Y., Geng, S. et al. (2010).
Molecular modeling and affinity determination of scFv antibody: proper
linker peptide enhances its activity. Ann. Biomed. Eng. 38, 537-549.
doi: 10.1007/s10439-009-9810-2

Hartl, F. U.,, and Hayer-Hartl, M. (2002). Molecular chaperones in the
cytosol: from nascent chain to folded protein. Science 295, 1852-1858.
doi: 10.1126/science.1068408

Hernandez-Elvira, M., and Torres-Quiroz, F. (2018). The unfolded protein
response pathway in the yeast Kluyveromyces lactis. a comparative view among
yeast species. Cells 7:106. doi: 10.3390/cells7080106

Jiang, W., and Boder, E. T. (2010). High-throughput engineering and analysis of
peptide binding to class Il MHC. Proc. Natl. Acad. Sci. U.S.A. 107, 13258-13263.
doi: 10.1073/pnas.1006344107

Keane, J., Gershon, S., Wise, R. P., Mirabile-Levens, E., Kasznica, J., Schwieterman,
W. D., et al. (2001). Tuberculosis associated with infliximab, a tumor
necrosis factor alpha-neutralizing agent. N. Engl. J. Med. 345, 1098-1104.
doi: 10.1056/NEJM0a011110

Kimata, Y., Kimata, Y. I, Shimizu, Y., Abe, H., Farcasanu, I. C., Takeuchi, M.,
et al. (2003). Genetic evidence for a role of BiP/Kar2 that regulates Irel in
response to accumulation of unfolded proteins. Mol. Biol. Cell 14, 2559-2569.
doi: 10.1091/mbc.e02-11-0708

Mei, M., Zhai, C.,, Li, X, Zhou, Y., Peng, W., Ma, L., et al. (2017). Characterization
of aromatic residue-controlled protein retention in the endoplasmic reticulum
of Saccharomyces cerevisiae. 292, 20707-20719. doi: 10.1074/jbc.M117.812107

Miller, K. D., Pefaur, N. B., and Baird, C. L. (2008). Construction and screening of
antigen targeted immune yeast surface display antibody libraries. Curr. Protoc.
Cytom. Chapter 4, Unit 4.7. doi: 10.1002/0471142956.cy0407s45

Munro, S., and Pelham, H. R. (1987). A C-terminal signal prevents secretion of
luminal ER proteins. Cell 48, 899-907. doi: 10.1016/0092-8674(87)90086-9

Nishikawa, S., Brodsky, J. L., and Nakatsukasa, K. (2005). Roles of molecular
chaperones in endoplasmic reticulum (ER) quality control and ER-associated
degradation (ERAD). J. Biochem. 137, 551-555. doi: 10.1093/jb/mvi068

Niu, Y., Zhang, L., Yu, J., Wang, C. C, and Wang, L. (2016). Novel roles of
the non-catalytic elements of yeast protein-disulfide isomerase in its interplay
with endoplasmic reticulum oxidoreductin 1. J. Biol. Chem. 291, 8283-8294.
doi: 10.1074/jbc.M115.694257

Padlan, E. A., Cohen, G. H., and Davies, D. R. (1986). Antibody Fab assembly:
the interface residues between CH1 and CL. Mol. Immunol. 23, 951-960.
doi: 10.1016/0161-5890(86)90125-2

Pepper, L. R,, Cho, Y. K., Boder, E. T., and Shusta, E. V. (2008). A decade of yeast
surface display technology: where are we now? Comb. Chem. High Throughput
Screen 11, 127-134. doi: 10.2174/138620708783744516

Rajpal, A., Beyaz, N., Haber, L., Cappuccilli, G., Yee, H., Bhatt, R. R,, et al.
(2005). A general method for greatly improving the affinity of antibodies by
using combinatorial libraries. Proc. Natl. Acad. Sci. U.S.A. 102, 8466-8471.
doi: 10.1073/pnas.0503543102

Rhiel, L., Krah, S., Gunther, R., Becker, S., Kolmar, H., and Hock, B. (2014). REAL-
select: full-length antibody display and library screening by surface capture on
yeast cells. PLoS ONE 9:e114887. doi: 10.1371/journal.pone.0114887

Rose, M. D., Misra, L. M., and Vogel, J. P. (1989). KAR2, a karyogamy gene, is
the yeast homolog of the mammalian BiP/GRP78 gene. Cell 57, 1211-1221.
doi: 10.1016/0092-8674(89)90058-5

Rosowski, S., Becker, S., Toleikis, L., Valldorf, B., Grzeschik, J., Demir, D., et al.
(2018). A novel one-step approach for the construction of yeast surface display
Fab antibody libraries. Microb. Cell Fact. 17:3. doi: 10.1186/s12934-017-0853-z

Roth, L., Grzeschik, J., Hinz, S. C., Becker, S., Toleikis, L., Busch, M., et al.
(2019). Facile generation of antibody heavy and light chain diversities for
yeast surface display by golden gate cloning. Biol. Chem. 400, 383-393.
doi: 10.1515/hsz-2018-0347

Rothlisberger, D., Honegger, A., and Pluckthun, A. (2005). Domain interactions
in the Fab fragment: a comparative evaluation of the single-chain Fv and Fab

format engineered with variable domains of different stability. J. Mol. Biol. 347,
773-789. doi: 10.1016/j.jmb.2005.01.053

Salfeld, J. G., Allen, D. J., Hoogenboom, H. R., Kaymakcalan, Z., Labkovsky,
B.,M., et al. (2003). D2E7. U.S. Patent US6509015B1. Ludwigshafen: BASF
Aktiengesellschaft.

Shusta, E. V., Raines, R. T., Pluckthun, A., and Wittrup, K. D. (1998). Increasing the
secretory capacity of Saccharomyces cerevisiae for production of single-chain
antibody fragments. Nat. Biotechnol. 16,773-777. doi: 10.1038/nbt0898-773

Sivelle, C., Sierocki, R., Ferreira-Pinto, K., Simon, S., Maillere, B., and Nozach, H.
(2018). Fab is the most efficient format to express functional antibodies by yeast
surface display. MAbs 10, 720-729. doi: 10.1080/19420862.2018.1468952

Steinwand, M., Droste, P., Frenzel, A., Hust, M., Dubel, S., and Schirrmann, T.
(2014). The influence of antibody fragment format on phage display based
affinity maturation of IgG. MAbs 6, 204-218. doi: 10.4161/mabs.27227

Tian, G., Xiang, S., Noiva, R., Lennarz, W. J., and Schindelin, H. (2006). The crystal
structure of yeast protein disulfide isomerase suggests cooperativity between its
active sites. Cell 124, 61-73. doi: 10.1016/j.cell.2005.10.044

Urquhart, L. (2019). Top drugs and companies by sales in 2018. Nat. Rev. Drug
Discov. 18:245. doi: 10.1038/d41573-019-00049-0

Valkonen, M., Penttila, M., and Sawloheimo, M. (2003). Effects of inactivation and
constitutive expression of the unfolded- protein response pathway on protein
production in the yeast Saccharomyces cerevisiae. Appl. Environ. Microbiol. 69,
2065-2072. doi: 10.1128/AEM.69.4.2065-2072.2003

van den Beucken, T., Pieters, H., Steukers, M., van der Vaart, M., Ladner, R.
C., Hoogenboom, H. R., et al. (2003). Affinity maturation of Fab antibody
fragments by fluorescent-activated cell sorting of yeast-displayed libraries.
FEBS Lett. 546, 288-294. doi: 10.1016/S0014-5793(03)00602-1

Walsh, G. (2018). Biopharmaceutical benchmarks 2018. Nat. Biotechnol. 36,
1136-1145. doi: 10.1038/nbt.4305

Wang, B., DeKosky, B. J., Timm, M. R,, Lee, J., Normandin, E., Misasi, J., et al.
(2018). Functional interrogation and mining of natively paired human VH:VL
antibody repertoires. Nat. Biotechnol. 36, 152-155. doi: 10.1038/nbt.4052

Wang, C., Li, W, Ren, J., Fang, J., Ke, H., Gong, W., et al. (2013). Structural insights
into the redox-regulated dynamic conformations of human protein disulfide
isomerase. Antioxid. Redox Signal 19, 36-45. doi: 10.1089/ars.2012.4630

Wentz, A. E., and Shusta, E. V. (2007). A novel high-throughput screen reveals
yeast genes that increase secretion of heterologous proteins. Appl. Environ.
Microbiol. 73, 1189-1198. doi: 10.1128/AEM.02427-06

West, R. W. Jr, Chen, S. M., Putz, H., Butler, G., and Banerjee, M.
(1987). GAL1-GALI10 divergent promoter region of Saccharomyces cerevisiae
contains negative control elements in addition to functionally separate and
possibly overlapping upstream activating sequences. Genes Dev. 1, 1118-1131.
doi: 10.1101/gad.1.10.1118

Yan, M., Li, J., and Sha, B. (2011). Structural analysis of the Sil1-Bip complex reveals
the mechanism for Sill to function as a nucleotide-exchange factor. Biochem. J.
438, 447-455. doi: 10.1042/BJ20110500

Yang, Z., Du, M., Wang, W., Xin, X., Ma, P., Zhang, H., et al. (2018). Affinity
maturation of an TpoR targeting antibody in full-length IgG form for enhanced
agonist activity. Protein Eng. Des. Sel. 31, 233-241. doi: 10.1093/protein/
gzy002

Yi, L., Taft, J. M, Li, Q., Gebhard, M. C., Georgiou, G., and Iverson, B. L. (2015).
Yeast endoplasmic reticulum sequestration screening for the engineering of
proteases from libraries expressed in yeast. Methods Mol. Biol. 1319, 81-93.
doi: 10.1007/978-1-4939-2748-7_5

Conflict of Interest: Two patent applications related to this study have been filed.

The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2019 Mei, Li, Wang, Lee, Iverson, Zhang, Ge and Yi. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

11

November 2019 | Volume 7 | Article 362


https://doi.org/10.1016/S0962-8924(00)01745-1
https://doi.org/10.1091/mbc.11.9.2833
https://doi.org/10.1007/s10439-009-9810-2
https://doi.org/10.1126/science.1068408
https://doi.org/10.3390/cells7080106
https://doi.org/10.1073/pnas.1006344107
https://doi.org/10.1056/NEJMoa011110
https://doi.org/10.1091/mbc.e02-11-0708
https://doi.org/10.1074/jbc.M117.812107
https://doi.org/10.1002/0471142956.cy0407s45
https://doi.org/10.1016/0092-8674(87)90086-9
https://doi.org/10.1093/jb/mvi068
https://doi.org/10.1074/jbc.M115.694257
https://doi.org/10.1016/0161-5890(86)90125-2
https://doi.org/10.2174/138620708783744516
https://doi.org/10.1073/pnas.0503543102
https://doi.org/10.1371/journal.pone.0114887
https://doi.org/10.1016/0092-8674(89)90058-5
https://doi.org/10.1186/s12934-017-0853-z
https://doi.org/10.1515/hsz-2018-0347
https://doi.org/10.1016/j.jmb.2005.01.053
https://doi.org/10.1038/nbt0898-773
https://doi.org/10.1080/19420862.2018.1468952
https://doi.org/10.4161/mabs.27227
https://doi.org/10.1016/j.cell.2005.10.044
https://doi.org/10.1038/d41573-019-00049-0
https://doi.org/10.1128/AEM.69.4.2065-2072.2003
https://doi.org/10.1016/S0014-5793(03)00602-1
https://doi.org/10.1038/nbt.4305
https://doi.org/10.1038/nbt.4052
https://doi.org/10.1089/ars.2012.4630
https://doi.org/10.1128/AEM.02427-06
https://doi.org/10.1101/gad.1.10.1118
https://doi.org/10.1042/BJ20110500
https://doi.org/10.1093/protein/gzy002
https://doi.org/10.1007/978-1-4939-2748-7_5
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	Prompting Fab Yeast Surface Display Efficiency by ER Retention and Molecular Chaperon Co-expression
	Introduction
	Materials and Methods
	Construction of Fab and scFv Yeast Surface Display Vectors
	Expression and Purification of TNFα-His6
	Flow Cytometry Analysis of Displayed Fabs and scFvs on Yeast Cell Surface
	FACS Enrichment for High Affinity Fab Clone From Spiked Libraries
	Yeast Total RNA Extract and qRT-PCR

	Results
	Design for Fab Yeast Surface Display
	Display of Assembled Fabs on Yeast Cell Surface
	Yeast Surface Displayed Fabs Were Functional
	Functional Display Efficiency Was Improved by Co-expression of Molecular Chaperones
	Functional Display Efficiency Was Improved by Fusion With ER Retention Sequences
	Enrichment of a High Affinity Fab Clone From Spiked Libraries

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


