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ABSTRACT: Intein-mediated expressed protein ligation (EPL)
permits the site-specific chemical customization of proteins. While
traditional techniques have used purified, soluble proteins, we have
extended these methods to release and modify intein fusion
proteins expressed on the yeast surface, thereby eliminating the
need for soluble protein expression and purification. To this end,
we sought to simultaneously release yeast surface-displayed
proteins and selectively conjugate with chemical functionalities
compatible with EPL and click chemistry. Single-chain antibodies
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(scFv) and green fluorescent protein (GFP) were displayed on the yeast surface as fusions to the N-terminus of the Mxe GyrA
intein. ScFv and GFP were released from the yeast surface with either a sulfur nucleophile (MESNA) or a nitrogen nucleophile
(hydrazine) linked to an azido group. The hydrazine azide permitted the simultaneous release and azido functionalization of
displayed proteins, but nonspecific reactions with other yeast proteins were detected, and cleavage efficiency was limited. In
contrast, MESNA released significantly more protein from the yeast surface while also generating a unique thioester at the
carboxy-terminus of the released protein. These protein thioesters were subsequently reacted with a cysteine alkyne in an EPL
reaction and then employed in an azide—alkyne cycloaddition to immobilize the scFv and GFP on an azide-decorated surface
with >90% site-specificity. Importantly, the immobilized proteins retained their activity. Since yeast surface display is also a
protein engineering platform, these approaches provide a particularly powerful tool for the rapid assessment of engineered

proteins.

B INTRODUCTION

The capability to append unique chemical functionalities to
proteins is valuable for a variety of applications, including
protein immobilization,'® therapeutic drug delivery,”™® and
imaging.m’ll Inserting these chemical functionalities into
proteins in a site-specific manner is often preferred over
nonspecific modifications to provide uniformly modified
protein populations while minimizing potential deleterious
effects on native protein activity.*”'*~'* One approach that has
been employed for site-specific protein modification is the
reaction of a non-self-cleaving intein fusion protein with
nucleophiles possessing desired chemical properties.>>%15717
Non-self-cleaving inteins have been engineered to block native
protein splicing activity, enabling an exogenous nucleophile to
catalyze protein release. Typically, a sulfur nucleophile is used
to cleave the target protein from the intein moiety, forming a
thioester intermediate at the C-terminus of the target
protein."®'? The thioester can subsequently be reacted with
an N-terminal cysteine or cysteine derivative to form a native
amide bond.*® Using this method of expressed protein ligation
(EPL), functional groups such as tyrosine analogs,”" biotin,>**°
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azides, and alkynes® have been installed at the C-terminus of
proteins. This traditional two-step approach was reduced to a
single reaction step by employing a nitrogen nucleophile
bearing an azido group, hydrazine azide, that could cleave the
intein while installing a C-terminal azide on the protein,
obviating the need to form the thioester intermediate.”"”
Such intein-mediated chemical functionalization strategies
are typically performed on a preparative scale with soluble,
purified proteins.”'”"***~* It would, however, be desirable to
integrate these modification strategies into a protein engineer-
ing platform, such as yeast surface display, where multiple
clones could be evaluated rapidly on a small scale and in a high-
throughput manner. In this way, intein-mediated release of
engineered proteins from display platforms would permit the
downstream analysis of many clones as soluble proteins without
tedious preparation steps such as subcloning, expression, and
purification. Furthermore, the ability to simultaneously append
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unique chemical functionalities to the C-terminus of the protein
could allow for rapid integration into a variety of protein-based
assays such as immobilization, imaging, and drug conjugation.

In this study, we have extended intein-mediated chemical
functionalization approaches to proteins displayed on the
surface of yeast. Intein fusion proteins displayed as active
proteins on the yeast surface were released and subsequently
chemically functionalized to be compatible with EPL and click
chemistry. The released and functionalized proteins were used
directly for immobilization on surfaces without any protein
purification steps, and immobilized antibodies demonstrated
specific capture of their target antigens.

B MATERIALS AND METHODS

Yeast Strains and Plasmids. Yeast surface display was
performed using Saccharomyces cerevisiae strain EBY100%°
(MATa AGAI::GALI-AGAI1::URA3 ura3—S2 trpl leu2Al
his3A200 pep4::HIS3 prbIAL6R canl GAL). The pCT4Re
yeast surface display vector was created by insertion of the
constructs shown in Figure la into the pCT-302 yeast surface
display vector™® between the GALI—10 promoter and the alpha
factor terminator sequences using the restriction sites EcoRI
and Xhol. The Mxe GyrA intein sequence was subcloned from
the pTXB1 vector (New England Biolabs). The anti-fluorescein
single-chain antibody (scFv) (4—4—20) was subcloned from
the pCT-302 vector,” creating pCT4Re-4420, and the yeast
enhanced green fluorescent protein (GFP) was subcloned from
the pCT-GFP plasmid,”® creating pCT4Re-GFP. The anti-
epidermal growth factor receptor (EGFR) scFv, scFv2, was
subcloned from the pCDNA3.1-scFv2 plasmid generously
donated by Dr. Winfried Wels*’ to create pCT4Re-scEv2. An
N-linked glycosylation site that appears in the scFv2 amino acid
sequence (N-x-T) was altered to prevent N-linked glycosylation
by changing the asparagine residue to a serine (S-x-T) with the
Quikchange II Site-Directed Mutagenesis Kit (Agilent). Yeast
were transformed using the LiAc/ssDNA/PEG method”® and
transformants were selected on tryptophan and uracil deficient
SD-CAA agar plates (20.0 g/L dextrose, 6.7 g/L yeast nitrogen
base, 5.0 g/L casamino acids, 10.19 g/L Na,HPO,-7H,0, 8.56
g/L NaH,HPO,-H,0, 15 g/L agar).

Yeast Growth and Surface Display Induction. Yeast
cells were grown in S0 mL SD-CAA medium (20.0 g/L
dextrose, 6.7 g/L yeast nitrogen base, 5.0 g/L casamino acids,
10.19 g/L Na,HPO,-7H,0, 8.56 g/L NaH,PO,-H,0) over-
night at 30 °C, 260 rpm. The following day, cultures were reset
to an optical density at 600 nm (ODg,) of 0.3 and grown for
~4 h in SD-CAA until a culture density ODgy = 1.0 was
reached. Surface display was induced by replacing the media
with 50 mL SG-CAA (20.0 g/L galactose, 6.7 g/L yeast
nitrogen base, 5.0 g/L casamino acids, 10.19 g/L Na,HPO,-
7H,0, 8.56 g/L NaH,PO,-H,0) for 20 h at 20 °C, 260 rpm.
Following induction, an ODg, of ~2—3 was typically reached,
corresponding to a total culture of ~(1 x 10°)—(1.5 X 10°)
yeast. The medium was removed, and the yeast were washed in
PBS containing 0.1% w/v bovine serum albumin (BSA) (PBS-
BSA).

Flow Cytometry. The following immunolabeling steps for
flow cytometry analysis were carried out at 4 °C using 2 X 10°
yeast per labeling experiment. Surface display expression levels
were evaluated by incubating induced yeast with an anti-FLAG
rabbit polyclonal antibody (Sigma—Aldrich, diluted 1:500 in
PBS-BSA) for 30 min, washing once with PBS-BSA, and
secondary labeling with anti-rabbit allophycocyanin (APC)
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Figure 1. Expression and activity of yeast surface-displayed intein-
fusion proteins. (a) Yeast surface display construct pCT4Re anchors
the C-terminus of the Aga2p-protein fusions (shown here as Aga2p-
scFv fusions) to the surface via disulfide bonds. A FLAG epitope tag is
expressed on the N-terminus of the construct to represent full-length
expression. In the intein-containing construct, the Mxe GyrA intein is
expressed on the C-teminus of the target protein. The non-intein
construct is identical except it contains no intein. (b) Using flow
cytometry, expression of target proteins in the pCT4Re construct
(black line in the histograms) and the pCT4Re construct with intein
(solid gray in the histograms) was detected with a FLAG-tag antibody
(shown for scFv2). These expression levels corresponded to ~24 000
4—4—20-intein constructs, ~48 000 scFv2-intein constructs, and ~86
000 GFP-intein constructs per yeast. Activity of the proteins in the
pCT4Re (black line in the histograms) and the pCT4Re with intein
(solid gray in the histograms) constructs was also evaluated by
detecting binding to the scFv antigens at saturating concentrations or
by measuring GFP fluorescence (shown for scFv2). (c) The geometric
mean fluorescence of the FLAG-positive yeast populations was
quantified to determine relative expression levels, and these values
were normalized to the pCT4Re construct without intein for each
protein. Activity per molecule was determined by ratio of the
geometric means for activity (binding or fluorescence) to FLAG
expression levels, and normalized to the pCT4Re construct without
intein. Plotted are the mean + SD for yeast display results from three
independent yeast transformants.
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(Invitrogen, diluted 1:500 in PBS-BSA) for 30 min followed by
a final wash with PBS-BSA. To evaluate the binding of 4—4—20
to fluorescein, yeast were incubated with 10 uM fluorescein
isothiocyanate-functionalized dextran in PBS-BSA (FITC-
dextran, Sigma—Aldrich) for 30 min and washed once with
PBS-BSA to remove nonspecifically bound antigen. To evaluate
the binding of scFv2 to EGFR, yeast were incubated with
purified human EGFR (4 pug/mL in PBS-BSA, purified human
EGFR was generously donated by Greg Wiepz, Biomolecular
Chemistry, University of Wisconsin-Madison) for 1 h, followed
by a PBS-BSA wash to remove unbound protein. Yeast were
subsequently incubated with anti-EGFR mouse antibody
cocktail Ab-12 (Lab Vision Corporation, diluted 1:200 in
PBS-BSA) for 30 min, washed once with PBS-BSA, and labeled
with anti-mouse PE (Sigma—Aldrich, diluted 1:40 in PBS-BSA)
for 30 min followed by a final wash with PBS-BSA. GFP activity
was assessed by measuring the GFP fluorescence of the yeast at
488 nm excitation. The fluorescence of the immunolabeled
yeast cells was measured using a FACSCalibur flow cytometer
(Becton Dickinson), and the geometric mean fluorescence
intensities of the protein expressing populations were quantified
with the FlowJo software package to determine relative display
levels and activity.

For absolute quantitation of surface expression levels,
Quantum Simply Cellular anti-mouse IgG microbeads (Bangs
Laboratories) were used. Yeast displaying the scFv-intein and
GFP-intein constructs were incubated with mouse anti-FLAG
antibody (Invitrogen, diluted 1:200 in PBS-BSA) for 30 min
and washed once with PBS-BSA. The microbeads were also
incubated and washed under the same conditions. The yeast
and microbeads were subsequently incubated with anti-mouse
Alexa 647 (Invitrogen, 1:500 dilution in PBS-BSA) for 30 min,
washed once with PBS-BSA, and analyzed via flow cytometry.

SDS-PAGE and Western Blotting of Reacted Proteins.
Protein samples were resolved on 12.5% w/v SDS-PAGE gels.
Samples were boiled for 10 min prior to resolution on the SDS-
PAGE gels for nonreducing conditions. For reducing SDS-
PAGE, 1 mM 2-mercaptoethanol was added to the sample
buffer and the samples were boiled for 10 min prior to
resolution on the gels. Gels were either stained with Coomassie
blue, or the proteins were transferred to a nitrocellulose
membrane for Western blot analysis. To detect the FLAG tag,
membranes were probed with anti-FLAG M2 mouse
monoclonal antibody (Sigma—Aldrich, diluted 1:3000), fol-
lowed by anti-mouse HRP conjugate (Sigma—Aldrich, diluted
1:2000). For detection of biotinylated proteins, membranes
were probed with anti-biotin mouse monoclonal antibody Ab-2
clone BTN.4 (Lab Vision Corporation, diluted 1:500), followed
by anti-mouse HRP conjugate. Membranes were subsequently
developed with ECL reagents and exposed to Hyperfilm (GE
Healthcare). For quantitative Western blotting, the band
intensities were measured using the NIH Image] program,
and the slopes of the unsaturated band intensities versus
exposure time were compared to determine the relative
amounts of protein.

Hydrazine Release of Yeast Surface-Displayed Pro-
teins. For protein release with hydrazine, induced yeast (~1 X
10 cells containing an estimated total of ~40—140 pmol scFv
or GFP) were suspended in S00 xL MOPS-NaOH (0.5 M)
buffer at pH 8.0 containing NaCl (0.50 M), EDTA (0.10 mM),
0.1% w/v BSA (added as carrier to prevent nonspecific
adsorption losses after protein release), and S00 mM of either
azide-terminated hydrazine (synthesized as described previ-
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ously'”) or a simple hydrazine, ethyl hydrazinoacetate hydro-
chloride (Sigma—Aldrich). The reaction was carried out for 3
days at room temperature with gentle rotation. Subsequently,
the yeast were removed by centrifugation, and the supernatant
containing the released proteins recovered. The samples were
dialyzed against PBS using a Slide-A-Lyzer dialysis cassette
(Pierce) to remove unreacted hydrazine. To purify the
hydrazine-released proteins, the dialyzed solution was added
to 25 puL of anti-FLAG M2 resin (Sigma—Aldrich) and
incubated for 2 h at room temperature with gentle rotation.
The FLAG resin was subsequently washed three times with 500
HuL PBS to remove unbound proteins. The proteins were eluted
by incubating with 50 uL of 100 pg/mL 3X FLAG peptide
(Sigma—Aldrich) in PBS for 30 min, followed by 3 serial
incubations for 10 min each in the same buffer.

To perform the CuAAC reactions, the following was added
to 100 uL solution of hydrazine-released proteins in PBS: 5 uL
of $ mM alkyne biotin (Invitrogen) in DMSO, 2.5 L of 4 mM
CuSO, (Thermo-Fisher) in water, 5 uL of 1.6 mM TBTA
ligand (Sigma—Aldrich) in 80% v/v tert-butanol, and S uL of
100 mM sodium ascorbate (Sigma—Aldrich) in water. The
reactions were carried out for 1 h at room temperature.

MESNA Release and EPL of Yeast Surface-Displayed
Proteins. Release of the scFvs with the sulfur nucleophile was
conducted by suspending induced yeast cells (~1 X 10° cells
containing an estimated total of ~40—140 pmol scFv or GFP)
in 500 4L HEPES (50 mM pH 7.2) containing 0.1% w/v BSA
and 50 mM 2-mercapthoethanesulfonic acid (MESNA, Sigma—
Aldrich). Initially, this reaction was carried out for 20 h at room
temperature followed by yeast removal by centrifugation and
recovery of the supernatant containing the released proteins.
To analyze the mechanism of release via MESNA, yeast
expressing pcT4Re-GFP constructs were reacted with MESNA
for 45 min at room temperature prior to yeast removal. The
proteins were either frozen at —20 °C to prevent further
reaction, or the proteins were allowed to react in the MESNA
solution in the absence of yeast for an additional 20 h at room
temperature. Where indicated, the N-linked glycans were
removed from the samples with EndoH (New England Biolabs)
for 1 h at 16 °C. Since the 45 min protocol led to nearly
complete removal of all surface displayed fusions, all further
MESNA experiments were carried out using the 45 min, 20 h
approach. When necessary, a cysteine reagent was added during
the 20 h step to perform EPL, as described below.

Three cysteine reagents were used in this study to perform
the EPL reactions, cysteine azide (Anaspec), cysteine alkyne
(Anaspec), and Bio-P1, an N-terminal cysteine peptide
containing a biotin (synthesized by the University of Wisconsin
Biotechnology Center based upon the Bio-P1 peptide from
New England Biolabs. Sequence: NH,—CDPEK(Bt)DS-
CONH,). Proteins were released from yeast displaying scFv-
intein or GFP-intein fusion proteins with either simple
hydrazine (3 days) or MESNA (4S5 min), and the supernatants
containing released proteins were separated from the yeast by
centrifugation. For biotinylation, 15 uL of 15 mM Bio-P1 in
PBS was added to 100 uL of the released protein products and
allowed to react for 20 h at room temperature. To generate
azide and alkyne proteins, either 3 yL of 800 mM cysteine azide
in PBS or 3 uL of 800 mM cysteine alkyne in PBS was added
directly to 500 uL of the released protein products and the
reactions were allowed to proceed for 20 h at room
temperature. The reactions were subsequently dialyzed against
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Figure 2. Intein-mediated protein release. (a) Two nucleophiles were used to release the proteins, 2-mercapthoethanesulfonic acid (MESNA), and a
hydrazine azide. (b) For intein-mediated protein release, the intein facilitates an N- to S-acyl shift to generate a thioester. Nucleophilic attack results
in protein release from the display construct while a functional group is simultaneously appended to the C-terminus of the protein. When MESNA is
used to release the protein, a thioester is installed on the protein of interest; when the hydrazine azide is used, an azido group is installed. (c)
Western blots of the supernatants obtained after incubating protein-displaying yeast with the hydrazine azide for 3 days or MESNA for 20 h, probed
with an anti-FLAG antibody to detect the presence of released target protein. Prior to Western blotting, proteins were resolved by SDS-PAGE using
nonreducing conditions to prevent unwanted intein-mediated protein release by the beta-mercaptoethanol nucleophile present in reducing SDS-
PAGE sample buffer. Released scFv or GFP at their unfused ~30-kDa size were only detected when intein was present. (d) GFP-displaying yeast
with and without intein were reacted with MESNA for 45 min and the resulting supernatant removed from the yeast and incubated for an additional
20 h where noted. Anti-FLAG Western blots performed under nonreducing conditions to compare the MESNA-released GFP products after
reaction for 45 min and 20 h. The released proteins were first deglycosylated with EndoH revealing Aga2p-GFP (~SS kDa) fusion release in the
absence of intein (compared to 2c -intein without deglycosylation). Release of both Aga2p-intein-GFP (~75 kDa) and unfused GFP (~30 kDa) is
observed when MESNA reacts with the yeast for 45 min, but upon allowing the reaction to proceed an additional 20 h, GFP is nearly quantitatively
released from the intein. (e) Quantitative Western blot analysis was used to determine the relative amount of proteins released, and revealed that the
20 h reaction with MESNA releases 4 times more protein than does the 3 day reaction with the hydrazine azide. Plotted are means and standard
deviations for three independent reactions originating from three independent yeast surface display transformants.

PBS with a Slide-A-Lyzer dialysis cassette to remove unreacted alkyne protein, or protein thioester, the following was added:
cysteines. either S uL of S mM alkyne biotin in DMSO or § yL of S mM

The azide and alkynyl functionalization of the EPL proteins azide biotin (Invitrogen) in DMSO, 2.5 L of 4 mM CuSO, in
was evaluated via CuAAC reaction. To 100 uL of azide protein, water, 5 yL of 1.6 mM TBTA ligand in 80% v/v tert-butanol,
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and S uL of 100 mM sodium ascorbate in water. The reactions
were carried out for 1 h at room temperature.

Immobilization of Alkynyl Proteins on Agarose
Beads. Azide-functionalized surfaces were generated using
NHS-activated agarose beads (Thermo-Fisher). The agarose
beads (250 pL) were washed three times with PBS to remove
the storage buffer. The beads were resuspended in 1 mL PBS,
and a PEG-azide containing a primary amine, O-(2-amino-
ethyl)-O’-(2-azidoethyl)nonaethylene glycol (Sigma—Aldrich),
was added to the suspension to a final concentration of 100
mM. The mixture was incubated for 2 h at room temperature
followed by an overnight incubation at 4 °C with gentle
rotation. The beads were washed three times with PBS to
remove the PEG-azide reagent, and unreacted NHS groups
were quenched by incubating the agarose beads in 1 M Tris
buffer (pH 7) for 2 h at room temperature. The beads were
subsequently washed 3 times in PBS-BSA and resuspended in
PBS-BSA.

Alkynyl proteins (100 uL) were added to S uL of azide-
functionalized beads along with 2.5 uL of 4 mM CuSO, in
water, S 4L of 1.6 mM TBTA ligand in 80% v/v tert-butanol,
and S pL of 100 mM sodium ascorbate in water. The reaction
was incubated for 16 h at room temperature with gentle
rotation. The reacted beads were washed three times with 500
uL of PBS-BSA. To assay for immobilized proteins bearing a
FLAG tag, the agarose beads were incubated with anti-FLAG
rabbit polyclonal antibody (1:2000 dilution in PBS-BSA) for 1
h, washed three times in PBS with 0.1% w/v Tween (PBST),
incubated with anti-mouse Alexa 594 (1:500 dilution in PBS-
BSA) (Invitrogen) for 30 min, and washed three times in
PBST. To assay 4—4—20 activity, protein-loaded agarose beads
were incubated with 10 yuM FITC-dextran in PBS-BSA for 30
min and washed three times in PBST. To assay scFv2 activity,
protein-loaded agarose beads were incubated with purified
human EGFR (4 pg/mL in PBS-BSA) for 2 h, washed three
times with PBST, immunolabeled with anti-EGFR antibody
cocktail Ab-12 (1:200 dilution in PBS-BSA) for 1 h, washed
three times with PBST, immunolabeled with secondary anti-
mouse Alexa 488 antibody (1:500 dilution in PBS-BSA) for 30
min, and washed three times with PBST. The agarose beads
were subsequently imaged with an Olympus IX70 fluorescence
microscope, and bead-associated fluorescence was quantified
with a Tecan Infinite M1000 fluorescent microplate reader.

B RESULTS

Surface Display of Intein Fusion Proteins. The scFv,
GFP, scFv-intein, and GFP-intein fusions were expressed as
fusion partners to Aga2p, as in standard yeast surface display™
(Figure 1a). However, while most yeast display systems employ
fusion to the C-terminus of the Aga2p, the display constructs
used here are fused to the N-terminus of Aga2p to allow for
intein-mediated protein release from the yeast surface (Figure
2b). The resultant constructs enable display of unmodified scFv
or GFP or display of the same proteins fused to the N-terminus
of the Mxe GyrA intein, a genetically modified intein that
undergoes nucleophile-induced protein splicing at its N-
terminus®’ (Figure la). Three different target proteins were
evaluated: GFP,*° anti-fluorescein scFv 4—4—20,%° and anti-
epidermal growth factor receptor (EGFR) scFv2.*” First, the
effects of intein fusion on protein display and activity were
evaluated. Each of the proteins was successfully displayed on
the surface (Figure 1b and c), with the two scFvs, 4—4—20, and
scFv2, having ~40% reduced expression when displayed as a
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fusion to intein, and GFP expression being unaffected by intein
fusion (Figure 1c). The activity of the displayed proteins was
determined by evaluating scFv binding to cognate antigen (4—
4-20, fluorescein, and scFv2, EGFR), or by measuring the GFP
fluorescence. While expression was attenuated for 4—4—20 or
scFv2, the proteins displayed as intein fusions exhibited nearly
the same activity per molecule as the proteins displayed without
intein (Figure 1c), indicating that the presence of the intein did
not negatively impact the function of the displayed protein.

Intein-Mediated Release and C-Terminal Functional-
ization of Surface-Displayed Proteins. Key to intein-
mediated release and functionalization, a spontaneous,
reversible N- to S-acyl shift occurs at the amino-terminal
cysteine of the Mxe GyrA intein backbone, forming a thioester
that is susceptible to nucleophilic attack. Reaction with the
nucleophile releases the protein from the intein, and hence,
from the yeast surface display construct (Figure 2a and b). The
ability of the thiol and hydrazine nucleophiles to promote
intein-mediated release of target proteins from the yeast surface
was evaluated. Two different nucleophiles were compared in
this study, a nitrogen nucleophile containing an azido group,
hydrazine azide,'” and a sulfur nucleophile, 2-mercapthoetha-
nesulfonic acid (MESNA)'® (Figure 2a). After treating yeast
displaying either scFv or GFP with the nucleophiles, Western
blotting with an anti-FLAG antibody demonstrated that both
nucleophiles release the yeast-displayed protein from the intein
in a 3-day reaction for the hydrazine azide or a 20-h reaction for
MESNA (Figure 2c).

Since MESNA is also a reducing agent and potentially
capable of reducing the disulfide bonds between Agalp and
Aga2p (Figure la), the contribution of intein-mediated release
versus disulfide-bond reduction was assessed. Intein-release
typically requires an overnight reaction for completion,” and
thus, an abbreviated MESNA reaction was examined to
determine if GFP-intein-Aga2p fusions are released via disulfide
reduction. Yeast displaying GFP-Aga2p or GFP-intein-Aga2p
fusions were reacted with MESNA for 45 min, and the
supernatant containing released proteins was removed from the
yeast. Given that glycosylation can cause Aga2p fusion proteins
to have diffuse bands at high molecular weights on Western
blots that are difficult to detect’® (Figure 2c), samples were
treated with glycosidase prior to Western blot analysis. An anti-
FLAG Western blot revealed that with or without intein,
MESNA released GFP from the yeast surface within 45 min,
consistent with disulfide bond reduction (Figure 2d). When the
released proteins were allowed to further react in the MESNA
solution for 20 h after yeast removal as performed in Figure 2,
GFP was nearly completely released from the intein-Aga2p
fusion. As expected, the increased reaction time had no effect
on the non-intein construct, as MESNA did not release GFP
from Aga2p in the absence of intein (Figure 2d). These results
indicate that MESNA first releases the displayed proteins from
the yeast surface by reducing the disulfide bonds between
Agalp and Aga2p and/or by intein-mediated reaction, and
subsequently further reacts with intein to completely release the
scFv or GFP from the rest of the display construct. Likely,
because of this dual release mechanism, the treatment with
MESNA removed nearly 90% of the fusions from the yeast
surface, while treatment with hydrazine azide only removed
20% of the fusions from the yeast surface, as determined by
flow cytometry. This resulted in the MESNA reaction yielding
~4 times more released protein than the hydrazine azide
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reacts with a N-terminal cysteine peptide in an expressed protein ligation (EPL) reaction. (c) A Western blot of the CuAAC reaction probed with an
anti-biotin antibody reveals that multiple proteins react with the biotin alkyne when the hydrazine azide is used to release the proteins from the yeast
surface. When a non-azido hydrazine is used to cleave the proteins, no reaction with the biotin alkyne is detected. (d) The hydrazine-released
products were subjected to FLAG tag purification before CuAAC reaction with biotin alkyne. A Western blot of the reaction probed an anti-biotin
antibody reveals biotinylation corresponds to the hydrazine-azide released proteins (shown for GFP only). (e) An anti-biotin Western blot of the
EPL reaction between the protein thioesters and biotinylated cysteine peptide shows specific biotinylation of the released protein. Hydrazine-
released proteins were reacted with the biotinylated cysteine peptide as a nonthioester negative control to demonstrate that the reaction is specific to
the thioester.

reaction, as determined by a quantitative Western blot (Figure Thus, although the target protein was released by nucleophile
2e). treatment (Figure 2c), other yeast proteins are also nonspecifi-
Following intein-mediated release of the yeast surface cally released (Supporting Information (SI) Figure 1), a subset
displayed proteins, the carboxy-terminal functionalization of of which were functionalized by the hydrazine azide (Figure
the proteins was confirmed by further reacting the released 3c). This issue could be resolved by purifying the hydrazine-
proteins with biotinylated reagents (Figure 3a). After 3 days, azide released proteins with anti-FLAG resin prior to reaction
the hydrazine-released proteins were separated from the yeast with biotin alkyne, as was demonstrated for GFP, resulting in
by centrifugation and subsequently reacted with a biotin alkyne azide-dependent biotinylation of the released protein (Figure
in a copper-catalyzed azide—alkyne cycloaddition (CuAAC) 3d).
(Figure 3b). Anti-biotin Western blotting demonstrates that To examine thioester functionality of the MESNA-released
when the displayed proteins were released with a non-azido proteins, these proteins were reacted with a biotinylated
hydrazine, there was no reaction with the biotin alkyne, as peptide having an N-terminal cysteine (Figure 3a) in an EPL
expected (Figure 3c). However, when performing the CuAAC reaction (Figure 3b). Following the initial 45-min reaction with
reaction with the hydrazine azide-released proteins, multiple MESNA, released proteins were separated from the yeast by
proteins reacted with the biotin alkyne reagent (Figure 3c). centrifugation. The intein-release reaction via MESNA was
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allowed to proceed for an additional 20 h in the presence of the
biotinylated cysteine peptide to complete the EPL reaction.
Anti-biotin Western blotting demonstrates specific biotinylation
of the thioester scFvs and GFP but no biotinylation of proteins
released with hydrazine that lack a thioester moiety (Figure 3e).
In contrast to the results achieved with the hydrazine azide, the
main biotinylated product of the EPL reaction corresponded to
the target protein. Although MESNA will release other yeast
proteins because of its reducing character (Figure 2d and
Supporting Information Figure 1), the thioester functionality
was selectively added to the target protein via the intein-
mediated reaction. These results further demonstrate that
although MESNA does initially release the yeast-displayed
constructs via disulfide bond reduction (Figure 2d), the
subsequent MESNA-mediated release of the scFv or GFP
from the remainder of the display construct produces specific
carboxy-terminal functionalization of the target protein. Thus,
protein release with MESNA eliminates the need for protein
purification prior to use in downstream applications. Although
the hydrazine azide proved useful to release and chemically
functionalize purified intein fusion proteins,'” its use with
yeast surface displayed proteins is less advantageous because
subsequent protein purification steps are necessary (Figure 3d).
This disadvantage, along with the greater absolute efhiciency of
the MESNA release, led us to move forward with the MESNA-
EPL approach.

Azide and Alkyne Functionalization of Thioester
Proteins. While EPL with the thioester functionalized proteins
in solution can yield specific modification of a protein, it would
be desirable to adapt these methods for site-specific
immobilization of proteins on surfaces. The protein thioester
formed is not ideally suited for protein immobilization
applications via EPL since millimolar concentrations of the
reactants are typically required for efficient conjugation.’>?!
This previously resulted in ineflicient thioester surface
immobilization reactions because these concentrations are
difficult to obtain on surfaces.'” As an alternative that is
compatible with the MESNA-mediated release approaches, it is
possible to employ EPL reactions to append azido and alkynyl
groups onto the MESNA-released proteins. Subsequently the
azide and alkyne functionalities can be used to immobilize
proteins on surfaces since CuAAC reactions require lower
concentrations of substrates than does EPL.%'**"** Thus, by
performing the EPL reaction with cysteine azide or cysteine
alkyne in solution, high concentrations of the derivatized
cysteine can be used to drive efficient functionalization of the
proteins.

To generate these CuAAC-compatible proteins, proteins
released after the initial 45-min MESNA reaction were
separated from the yeast by centrifugation, and MESNA-
mediated intein release was allowed to proceed for an
additional 20 h in the presence of either cysteine azide or
cysteine alkyne (Figure 4a and b). Resultant protein
functionalization was detected by reacting the azido proteins
with biotin alkyne (Figure 3a) and the alkynyl proteins with
biotin azide (Figure 3a) in a CuAAC reaction, followed by anti-
biotin Western blotting analysis of the reaction. The CuAAC
reaction resulted in biotinylation of the target proteins that
were functionalized with an azide or alkyne (Figure 4c),
whereas MESNA-released proteins that had not been reacted
with the cysteine reagents and used as non-alkyne and non-
azido negative controls were not functionalized. Although other
yeast surface proteins are released in the MESNA reaction and
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Figure 4. Azide and alkyne functionalization of thioester proteins via
EPL. (a) Cysteine azide and cysteine alkyne were used in the EPL
reaction. Biotin alkyne and biotin azide (shown in Figure 3a) were
used to detect the chemical functionalization. (b) Thioester proteins
obtained though the MESNA-release reaction react with cysteine azide
or cysteine alkyne to install an azide and alkyne, respectively, on the C-
terminus of the protein. The azide-functionalized protein is
subsequently reacted with the biotin alkyne in the presence of Cu(I)
via CuAAC to yield biotinylated protein. Similarly, the alkyne-
functionalized protein reacts with biotin azide to yield biotinylated
protein. (c) Western blots of the CuAAC reactions probed with an
anti-biotin antibody demonstrate biotinylation only when the azide or
alkyne is present in the protein. Proteins containing only the thioester
modification were used as negative controls lacking azide and alkyne
functionalization.

are present in the subsequent reaction mixtures (Supporting
Information Figure 1), the primary products of the EPL and
CuAAC reactions correspond to biotinylated target protein.
However, more nonspecific biotinylation of yeast proteins was
observed when EPL was performed with the cysteine azide
followed by CuAAC with biotin alkyne than with the opposite
chemical orientation (Figure 4c). Thus, by functionalizing the
proteins with an alkyne via EPL followed by CuAAC with an
azide target, protein functionalization is achieved with high
specificity and without purification or post-processing after
release from the yeast surface.

Immobilization of Alkyne-Functionalized Proteins.
Previous studies have demonstrated a greater reaction efficiency
by immobilizing alkynyl proteins on azido surfaces than
reacting azido proteins on alkynyl surfaces.’ Given this result
and the higher specificity of the CuAAC reaction in solution
with the alkynyl protein, protein immobilization was performed
with the alkynyl proteins (Figure 4c). Azido-functionalized
agarose beads were reacted with either the alkynyl protein or
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the control, thioester proteins, under CuAAC conditions.
Substantial protein immobilization in terms of FLAG epitope
tag detection was observed only when the reaction was
performed with a protein containing a carboxy-terminal alkynyl
group (Figure Sa). Quantification revealed that 10—13-fold
more scFv or GFP was present on the beads when the reaction
was performed with scFv alkyne or GFP alkyne compared to
scFv or GFP without the alkyne (Figure Sa), indicating that
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Figure S. Immobilization and activity of alkynyl proteins. (a) Proteins
released and functionalized with alkyne as described are further reacted
with the azide functionalized agarose beads via CuAAC. Microscopic
images indicate the presence of immobilized proteins by immuno-
fluorescent labeling of the FLAG tag. Protein immobilization is
quantified by measuring the total bead fluorescence. The fluorescence
reading was independently normalized to the alkyne-linked protein for
each of the three proteins, and represents the mean + SD values of the
immobilization reaction performed with proteins released from 6
independent yeast transformants, thereby representing the full
measure of method variability. (b) Fluorescent microscope images
demonstrate the activity of immobilized proteins on agarose beads.
Top panel: Beads reacted with alkyne 4—4—20 exhibit binding to the
4—4-20 ligand, FITC-dextran, while beads reacted with non-alkyne
4—4-20 or alkyne scFv2 did not bind fluorescein. Middle panel:
Binding of EGFR to immobilized proteins is detected with an anti-
EGFR antibody. Immobilized alkyne scFv2 was shown to bind its
ligand, EGFR, while beads reacted with alkyne 4—4—20 or non-alkyne
scFv2 do not demonstrate binding to EGFR. Bottom panel: Beads
exhibit GFP fluorescence only when reacted with alkyne GFP. Protein
activity is quantified by measuring the resultant fluorescence intensity
of the beads and the fluorescence values are independently normalized
based upon the signal for alkynyl protein binding its respective antigen
(or GFP fluorescence). Plotted are the mean + SD of activity
measurements from three independent bead immobilization reactions.
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>90% of the alkynyl protein immobilization is site-specific and
mediated via the alkyne.

Following confirmation of site-specific protein immobiliza-
tion, the activity of the proteins conjugated to the beads was
evaluated to ensure that the protein release and modification
strategies did not have deleterious effects upon protein activity.
In particular, scFvs contain two intrachain disulfide bonds that
are critical for their stability and proper folding,>® and so the
exposure to thiol-based reagents such as MESNA and cysteine
alkyne could in principle reduce these disulfide bonds, causing
the protein to unfold and become inactive. Using the various
combinations of activity (GFP) and antigens (4—4—20, FITC
and scFv2, EGFR), it was demonstrated that proteins indeed
retained activity and antigen specificity after immobilization on
the beads. Azido beads loaded with alkyne-conjugated 4—4—20
specifically bound fluorescein, while beads loaded with alkyne-
conjugated scFv2 instead specifically bound EGFR (Figure Sb).
GFP fluorescence was also detected on beads loaded with
alkyne-conjugated GFP (Figure Sb). Although a small amount
of nonspecific protein immobilization was detected with anti-
FLAG immunofluorescence labeling (Figure Sa), the adsorbed
proteins appeared to exhibit little to no antigen binding or GFP
fluorescence, indicating the importance of site-specific immobi-
lization for the activity of these proteins (Figure Sb). Antigen
binding selectivity was greater than 30:1 for the alkyne-
immobilized scFvs compared to beads loaded with negative
control scFv or non-alkyne containing scFvs (Figure Sb).
Similarly, site-specific GFP immobilization yielded 100-fold
more fluorescence than did non-alkyne containing GFP (Figure
Sb). These results suggest that the requisite MESNA release,
cysteine alkyne EPL, and CuAAC reactions are collectively
compatible to yield functional scFv and GFP.

B DISCUSSION

Intein-mediated protein functionalization strategies permit the
addition of unique chemical functionalities to the C-terminus of
proteins. In this study, we have demonstrated that target
proteins displayed as intein fusion partners on the surface of
yeast can be released by appropriate nucleophiles and
subsequently functionalized to be compatible with EPL and
CuAAC chemistries. The optimized release and chemical
modification strategy illustrated in Figure 6 enabled facile and
rapid functionalization of the C-terminus of our target proteins
with alkynes while obviating the need for purification steps for
downstream applications. To this end, we obtained >90%
CuAAC-mediated immobilization of the alkynyl proteins on
surfaces and demonstrated that the functionalization and
immobilization strategies produced active antibodies that
were capable of binding antigen.

Typical intein-mediated functionalization grocedures are
performed using soluble, purified proteins.>>'>~!72272432
The techniques described in this study provide a facile
alternative for obtaining small amounts of modified protein
by directly releasing and reacting intein fusion proteins that are
displayed on the surface of yeast. Whereas proteins that contain
disulfide bonds such as scFvs are often expressed as insoluble
inclusion bodies in prokaryotic organisms like E. coli** we
displayed the intein fusions as folded, active proteins on the
yeast surface. This eliminated protein solubilization and
refolding procedures that not only require multiple steps to
obtain soluble protein, but can also result in inactive intein
fusion proteins incapable of nucleophile-mediated release.”>**
However, in contrast to nucleophile-mediated release with
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Figure 6. The overall intein-based release and functionalization method is performed in three steps, as shown in this example for an scFv. Step 1I:
Yeast displaying scFv-intein fusion proteins are reacted with MESNA for 45 min. Step 2: Released proteins in the MESNA solution (a mixture of
scFv-thioesters and scFv-intein-Aga2p fusions) are removed from the yeast and cysteine alkyne is added. This reaction proceeds for 20 h to complete
release of the scFv from intein and to conjugate the alkyne via EPL. Step 3: The alkyne-conjugated scFvs are reacted in a CuAAC reaction with

biotin alkyne for 1 h or with an azido surface for 16 h.

soluble proteins, performing the reactions directly on the yeast
surface generates the possibility that the nucleophile will react
with other proteins present on the yeast surface. These
undesirable side reactions were observed when the hydrazine
azide was used to release the target proteins from the yeast
surface. Although the hydrazine azide is known to react
chemoselectively with purified protein thioesters,”'” the lack of
chemoselectivity apparent in Figure 3c is likely due to the
formation of hydrazones with carbonyl groups on glycosylated
proteins that are secreted by yeast cells during the 3 day
reaction or that reside on their surface. This competitive
reaction would not confound the use of the hydrazine azide in
the release of proteins displayed on the surface of E. coli or
other cells that do not glycosylate their proteins. In contrast,
yeast displayed protein released with MESNA contained a
carboxy-terminal thioester capable of undergoing an EPL
reaction, which led to uniquely functionalized scFv or GFP,
thus obviating the need to perform any protein purification.
Therefore, by directly releasing and modifying surface displayed
proteins, we have eliminated intermediate protein preparation
steps including inclusion body solubilization, protein refolding,
and protein purification to provide a simplified protein
functionalization method.

Yeast surface display is a powerful protein engineering
technique that can be used to perform high-throughput
selections of scFv clones from large libraries in order to
identify novel antibodies from nonimmune libraries***’ or to
fine-tune antibody properties such as affinity, stability, and
specificity.®®** By releasing and functionalizing proteins
displayed on the yeast surface, we have integrated these
intein-mediated protein modification strategies into a protein
engineering platform, potentially enabling downstream analysis
of engineered clones as modified, soluble proteins without
time-consuming intermediate steps. This platform could prove
particularly useful to analyze panels of engineered clones where
protein subcloning, soluble expression, and purification become
limiting factors for clonal fitness assessment. Furthermore,
standard enzymatic approaches for protein release from the
yeast surface®>*' and functionalization methods such as
biotinylation** would yield proteins that are immobilized or
conjugated in a noncovalent fashion. In contrast, our strategy
results in protein release and insertion of CuAAC-compatible
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groups that instead can enable stable, covalent conjugation of
released proteins to many different linkers, proteins, surfaces,
and nanoparticles.">*"**~* In addition, the general approaches
employing EPL chemistries described here could also be used
for covalent introduction of numerous other useful chemical
functionalities.”*®

The methods described in this study would be especially well
suited for applications where small amounts of protein are
sufficient for downstream analysis. Based upon the surface
expression of our proteins (Figure 1b, 24 000—86 000 fusions
per cell), it is possible to obtain between ~14 ug and ~58 ug of
protein using a 1 L yeast culture and a 20-h surface display
induction time. As one example, typical microarrays require
antibody spotting at concentrations ranging from 25 to 400 ug/
mL*~* and spotting volumes between 50 and 350 pL,*~>'
and the amount of released protein would permit, at a
minimum, 100 000 array spots. Thus, it is conceivable that by
using the intein-linked yeast surface display method, a large
selection of novel scFv clones could be expressed, released,
functionalized, and immobilized in parallel to rapidly generate
an antibody microarray. In conclusion, a combination of yeast
surface display with intein-based tools provide a facile method
for direct chemical functionalization of proteins, likely enabling
a variety of downstream applications.
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