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A quantitative in vivo method for detecting protein-protein
interactions will enhance our understanding of protein interaction
networks and facilitate affinity maturation as well as designing new
interaction pairs. We have developed a novel platform, dubbed
“yeast surface two-hybrid (YS2H),” to enable a quantitative meas-
urement of pairwise protein interactions via the secretory pathway
by expressing one protein (bait) anchored to the cell wall and the
other (prey) in soluble form. In YS2H, the prey is released either
outside of the cells or remains on the cell surface by virtue of its
binding to the bait. The strength of their interaction is measured by
antibody binding to the epitope tag appended to the prey or direct
readout of split green fluorescence protein (GFP) complementa-
tion. When two a-helices forming coiled coils were expressed as a
pair of prey and bait, the amount of the prey in complex with the
bait progressively decreased as the affinity changes from 100 pm to
10 pm. With GFP complementation assay, we were able to discrim-
inate a 6-log difference in binding affinities in the range of 100 pm
to 100 pm. The affinity estimated from the level of antibody binding
to fusion tags was in good agreement with that measured in solu-
tion using a surface plasmon resonance technique. In contrast, the
level of GFP complementation linearly increased with the on-rate
of coiled coil interactions, likely because of the irreversible nature
of GFP reconstitution. Furthermore, we demonstrate the use of
YS2H in exploring the nature of antigen recognition by antibodies
and activation allostery in integrins and in isolating heavy chain-
only antibodies against botulinum neurotoxin.

Protein-protein interactions are essential to virtually every
cellular process, and their understanding is of great interest in
basic science as well as in the development of effective thera-
peutics. Existing techniques to detect and screen pairs of inter-
acting proteins iz vivo include the yeast two-hybrid system (1)
and protein-fragment complementation assay (PCA)?* (2-6),

* This work was supported, in whole or in part, by National Institutes of Health
Grant NO1-AI30050 (to C. B. S.). This work was also supported by an Amer-
ican Heart Association Scientist Development grant (to M. M. J.) and a
Northeast Biodefense Center grant (to M. M. J.).

5] The on-line version of this article (available at http://www.jbc.org) contains
supplemental Table S1.

"To whom correspondence should be addressed. E-mail: mj227@
cornell.edu.

2 The abbreviations used are: PCA, protein-fragment complementation assay;
YS2H, yeast surface two-hybrid; GFP, green fluorescence protein; SPR, sur-
face plasmon resonance; scFv, single chain variable fragments; eGFP,
enhanced GFP; MFI, mean fluorescence intensity; LFA-1, lymphocyte func-
tion-associated antigen-1; ICAM-1, intercellular adhesion molecule-1; HA,
high affinity; VHH, variable domain of heavy chain from heavy chain-only
antibody; LG, light chain; BoNT, Botulinum neurotoxin.

JUNE 12, 2009+ VOLUME 284-NUMBER 24

where the association of two interacting proteins either turns
on a target gene that is necessary for cell survival or leads to the
reconstitution of enzymes or green fluorescence protein (GFP)
or its variants. The application of protein-protein interactions
that are probed with yeast two-hybrid and PCA has been
focused mainly on the interactions occurring in the nucleus or
cytosol. To study interactions among secretory proteins and
membrane-associated proteins, a variant of yeast two-hybrid
has been developed for detecting protein-protein interactions
occurring in the secretory pathway (7, 8). However, most exist-
ing methods are designed to map connectivity information for
pairwise interactions and are not suitable for measuring the
affinity between two interacting proteins, comparing interac-
tion strength of different pairs, or ranking multiple binders to
the interaction “hub” according to their binding affinity.
Quantitative estimation of protein-protein interactions in
vivo will require the amount of the complex to be directly meas-
ured or the level of reconstituted reporters to be directly pro-
portional to the strength of the interactions. To achieve quan-
titative analysis of protein interactions in eukaryotic expression
system, we have designed a yeast surface two-hybrid (YS2H)
system that can express a pair of proteins, one protein as a
fusion to a yeast cell wall protein, agglutinin, and the other in a
secretory form. When two proteins interact in this system, they
associate in the secretory pathway, and the prey that would
otherwise be released into the media is captured on the surface
by the bait. We have devised two different schemes to quanti-
tatively estimate the affinity of two interacting molecules: flow
cytometric detection of antibody binding to the epitope tags
fused to the prey and the bait, and the GFP readout from the
complementation of split GFP fragments fused to the prey and
the bait. They are induced under a bi-directional promoter to
promote a synchronized and comparable level of expression.
Herein we demonstrate the quantitative nature of YS2H in
predicting the affinity between two interacting proteins, partic-
ularly in the range of 100 pMm to 10 uM. This feature allowed us
to examine specific interactions between antigen and antibody,
to identify hot spots of allosteric activation in integrins, and to
isolate camelid heavy chain-only antibodies against botulinum
neurotoxin as components of therapeutic agents to treat botu-
lism (9). With the incorporation of PCA technique into the
YS2H, our system may be developed into an in vivo tool to
measure the kinetics of protein-protein interactions. Potential
applications of YS2H include affinity maturation of antibodies,
differentiation of weak to high affinity binders to the hub pro-
tein in interaction networks, and confirmation of hypothetical
interacting pairs of proteins in a high throughput manner.
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EXPERIMENTAL PROCEDURES

YS2H Vector Design—Plasmid pCTCON was used as a back-
bone for constructing the YS2H vector (see Fig. 1a). A PCR
fragment containing GAL10 promoter, AGA2, eGFP gene,
FLAG tag, and terminator was inserted into the pCTCON by
Agel/Kpnl sites. To express prey proteins as secretory forms,
AGA2 sequence under the GAL1 promoter was removed by
replacing an EcoRI/BamHI fragment with the fragment con-
sisting of a signal sequence, either that of Aga2 or a-1 mating
factor, and prey. The cDNA coding for the variable domains of
AL-57 was obtained from the expression plasmid (a kind gift
from Dr. Shimaoka at Harvard Medical School). The variable
domains of TS1/22 were cloned from the hybridoma (ATCC).
VH and VL cDNAs were connected with four repeats of a Gly-
Gly-Gly-Gly-Ser linker sequence to produce scFv.

Yeast Transformation, Magnetic Affinity Cell Sorting, and
Library Construction—The plasmid encoding a specific pair of
prey and bait proteins was introduced into yeast cells using a
commercial reagent (Frozen-EZ Yeast Transformation II Kit,
Zymo Research). Transformed yeast cells were grown in a solid
medium plate for 48 h. A mutagenesis library of LFA-1 I domain
was constructed by electroporation of a mixture of a Mlul/Ncol
linearized vector and error-prone PCR products of the  domain
(Asn-129-Thr-318) into yeast, as described previously (10).
After transformation, the yeast libraries were grown in selective
dextrose liquid medium at 30 °C with shaking for 24 h and
induced in selective galactose media for 24 —48 h at room tem-
perature with shaking. To construct the variable domain of
heavy chain from heavy chain-only antibody (VHH) yeast
library, cDNA encoding VHH library was amplified by PCR
using the primers shown in supplemental Table S1, which were
designed based on the primers used by Maass et al. (11). VHH
c¢DNA PCR product was first ligated into the YS2H vector using
Nhel/BamHI sites and then was transformed into XL1-Blue
(Stratagene) by electroporation. The plasmids extracted from
~5 X 10° colonies were transformed into EBY100 by a lithium
acetate method (12). A single colony of EBY100 from fresh plate
was inoculated into 10 ml of YPDA medium and cultured at
30 °C with shaking at 225 rpm for 16 h. The cells were then
inoculated into 100 ml of YPDA at 0.5 A, and cultured for
another 4 h until A, reaches 2. The cells were washed twice in
water and resuspended in 10.8 ml of transformation mix buffer
(7.2 ml of 50% polyethylene glycol, 1.1 ml of 1 M LiAc, 1.5 ml of
2 mg/ml single strand carrier DNA, and 150 ug of library plas-
mid in 1.0 ml water). The mixture was then incubated at 42 °C
for 50 min. After incubation, the cells were cultured into 100 ml
of selective dextrose liquid medium for 24 h and induced in
selective galactose medium for 24—48 h. Library construction
by homologous recombination or the lithium acetate method
produced a library size of 10°~10”. The libraries of LFA-1 I
domain and VHH were sorted with anti-Myc antibody using
magnetic affinity cell sorting as described previously (10).

Immunofluorescence Flow Cytometry— Antibodies used in this
study were the anti-c-Myc antibody 9E10 (ATCC), anti-FLAG,
and phycoerythrin-labeled goat polyclonal anti-murine antibodies
(Santa Cruz Biotechnology, Santa Cruz, CA). To measure the sur-
face expression of specific prey and bait proteins using flow cytom-
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etry, one to five colonies from solid medium plate were inoculated
together to obtain averaged values. After induction, the cells were
harvested, washed in 100 ul of the labeling buffer (phosphate-buft-
ered saline with 0.5% bovine serum albumin), and then incu-
bated with ligands at 10 ug/ml in 50 pul of the labeling buffer
for 20 min with shaking at 30 °C. The cells were then washed
and incubated with secondary antibodies at 5 ug/ml in 50 ul
of the labeling buffer for 20 min at 4 °C. Finally, the cells were
washed once in 100 ul and suspended in 100 ul of the labeling
buffer for flow cytometry (FACScan, BD Biosciences). For
detecting TS1/22 binding (see Fig. 4b), goat polyclonal anti-
murine antibody was used as a primary antibody.

Protein Expression—The I domains were expressed in Esche-
richia coli BL21 DE3 (Invitrogen) as inclusion bodies and
refolded and purified by an S75 size exclusion column con-
nected to fast protein liquid chromatography (GE Healthcare)
(10). AL-57 as a single-chain format (scFv AL-57) was
expressed using the protocol for I domain production, except
that 3 mMm cystamine and 6 mMm cysteamine were added to the
refolding buffer. Full-length BONT/A and BoNT/B-LC encod-
ing DNA (amino acids 1-448 of A-LC and 1-440 of B-LC) were
synthesized employing codons optimal for expression in E. coli.
A-LC and B-LC containing hexahistidine tags at both termini
were produced using a pET14b vector. To express VHHs in
soluble forms, we inserted VHH cDNA into the pET20b expres-
sion vector (Novagen). Soluble VHH was expressed in E. coli
BL21 DE3, extracted by sonication, and purified using a nickel
nitrilotriacetic acid column. Eluted VHHs were then injected
into an S75 size exclusion column for further purification.

SPR Analysis—A protein-coupled or a control mock-coupled
CMS5 sensor chip was prepared using an amine coupling kit
(BIAcore, Piscataway, NJ), as described previously (10). SPR
was measured using a Biacore (BIA2000). I domains were
injected over the chip in 20 mm Tris-HCI, pH 8.0, 150 mm NaCl,
10 mm MgCl, at a flow rate of 10 ul/min at room temperature.
VHHs were injected over the chip in 20 mm Tris-HCl, pH 8.0,
150 mMm NaCl at a flow rate of 10 ul/min at room temperature.
The chip surface was regenerated by flowing 20 ul of 10 mm
Tris-glycine, pH 1.5 buffer.

RESULTS

The Design of the YS2H—YS2H is built on a yeast display sys-
tem (13, 14), which expresses, under the control of the GALI pro-
moter, a protein of interest as a fusion to Aga2. Aga2 connects to
the B-glucan linked Agal to form a cell wall protein called agglu-
tinin. To extend this methodology to the expression of a pair of
proteins, we have inserted into the yeast display vector, pPCTCON
(13), an additional expression cassette under the GAL10 promoter
(15). We observed comparable expression of eGFP by GAL1 and
GALI10 promoters using two different plasmids that were con-
structed to express eGFP under either GAL1 or GAL10 promoters
(data not shown). The final YS2H vector (Fig. 1a) was designed to
express the bait protein under the GAL10 promoter as a fusion to
Aga2 and the prey protein under the GAL1 promoter without
Aga?2 fusion. The signal sequence used is either that of Aga2 (for
the data in Figs. 2 and 3) or the a-1 mating factor (for the data in
Figs. 4—6) (16). The expression level of prey proteins with a-1
mating factor was comparable with those containing Aga2 signal
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FIGURE 1. Design of the YS2H system. g, a map of the YS2H vector is drawn with restriction enzyme sites and genes labeled. The bait protein is expressed as
a fusion to Aga2 on cell surface, whereas the prey protein is expressed as a secretory form. b and ¢, schematic diagrams of the expression cassette and
protein-protein interactions (acid base coiled coils) via the secretory pathway are depicted. The prey bound to the bait is detected by antibody binding to the
Myc tag (b) or by direct GFP readout from split GFP complementation (c). FLAG (DYKDDDDK) and Myc (EQKLISEEDL) epitope tags are fused to the C-terminal
of the bait and prey proteins, respectively, and are used to measure the surface expression of the bait and the amount of the prey that is bound to the bait. d, the
deletion of signal sequence for the prey and bait proteins leads to their expression in the cytosol.

. 4 . b Myc  Flag c GFP___ Flag d GFP
electrostatic attraction /x 1196 /\ 98 66 /« 67
/

653

E5-K5 E5-K5 E5-K5

€

112

>

E5-K4 E5-K4 E4-K4

68 114

E4-K4 E4-K4 E3-K3

10 78

hydrophobic E5-K3 E5-K3 E3
interaction
70 10° 102 10¢
Heptad repeats: (abcdefg)n E3-K3 E3-K3 Kn-NeGFP : En-CeGFP

acid-coil (En) (VSALEKE)n
base-coil (Kn) (VSALKEK)n 77

K3 K3

gugd
~FH

10° 102 10¢
Kn-Flag : En-Myc Kn-NeGFP-Flag : En-CeGFP-Myc

10 10%  10*

FIGURE 2. Detection of coiled coil interactions by epitope expression and GFP complementation. g, a schematic diagram (adapted from the Fig. 1 by De
Crescenzo et al. (17)) of the acid (En)-base (Kn) coiled coils with n indicating the number of heptad repeats. b and ¢, the detection of coiled coil interactions by
antibody binding to Myc tag (b) or direct GFP readout (c) using flow cytometry. Antibody binding to the FLAG tag measures the level of the base coil expression
on cell surface. d, shown are the plots of GFP complementation caused by the coiled coil interactions occurring inside the cells. The numbers in each plot (b-d)
indicate the MFI of an entire population shown in filled histogram. The thin lines represent the histograms of uninduced clones. The pairs of bait and prey are
denoted for each column as bait:prey. The labels K3 and E3 indicate that the other coil is deleted from the expression vector.
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FIGURE 3. The correlation of the affinity measured by SPR (17) with the detection by epitope tag or direct readout of GFP complementation caused by
coiled coil interactions occurring in the secretory pathway (a, b, and d) or in the cytosol (c). The data are from three independent experiments involving
different clones (means = S.E.). The smooth solid lines are drawn by connecting data points. d, the MFI of eGFP complementation from the coiled coil
interactions is plotted as a function of their on-rate, measured by SPR (17). The solid line represents a least square fit to the data points.

sequence (data not shown). FLAG and Myc tags are fused to the  contains residues Val-2 to Ala-155) and the prey (CeGFP with
C-terminal of the bait and prey proteins, respectively,and areused ~ Asp-156 to Lys-239) to monitor their interaction by GFP readout
to examine the surface expression of the bait and the amount ofthe ~ (Fig. 1c). The deletion of the secretory signal sequence of the prey
prey that is bound to the bait (Fig. 1b). To incorporate the PCA  and bait proteins causes this pair to express in the cytosol (Fig. 1d),
technique into the YS2H system, we inserted the sequence encod- ~ which can be used to compare protein-protein interactions occur-
ing enhanced eGFP fragments (3) downstream of the bait (NeGFP  ring in the secretory pathway versus cytosol.
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The Validation of the Yeast Surface Two-hybrid System Using
Coiled Coil Interaction—To validate that antibody binding to the
Myc tag or GFP readout correlates with the strength of molecular
interactions in YS2H, we expressed five pairs of acid (E#) and base
(Kn) a-helices of varying heptad repeats (n) that associate into
coiled coils (Fig. 2). These coiled coils have been designed de novo
to have affinities (K},) in the range of 100 pm (E5/K5) to 100 um
(E3/K3) with higher affinity for longer helices through hydropho-
bic interactions at the interface and electrostatic attraction
between the oppositely charged residues from each helix (17). Myc
expression (mean fluorescence intensity (MFI), measured by anti-
body binding to Myc tag) exhibited a strong correlation with the
interaction affinity within the range of 100 pm to 10 um K, for
E5-K5 to E5-K3 (Figs. 2b and 3a). With GFP complementation,
this correlation extended beyond 10 um K}, and the difference

2 [Faglpmgen ez s TRTHETY)
b  wtTs1/22 HA:TS1/22 C WtAL-57 HA:AL-57
38+3 A 40+0.3 \ 12+2 80+4
Myc \ Myc A
40+0.3 \ 4412 79+1 n 857
WETEN)

100 102 10¢ 100 102 10¢

FIGURE 4. Detection of specific interactions between antibodies and anti-
gens in YS2H. g, schematic diagram of the expression cassette used to study
antigen (bait) and antibody (prey) interactions. b and ¢, shown are the histo-
grams of the interactions of the wild-type and the high affinity (HA) | domains
as baits and activation-insensitive antibody, TS1/22 (b) activation-specific
antibody, AL-57 (c) as preys. Filled histograms are of antibody binding to Myc
and FLAG tags to the induced clones. Thin black lines represent antibody bind-
ing to uninduced clones as controls. The numbers in each plot indicate the
means * S.E. of the MFI of the filled histograms from three independent
measurements.
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before sort

between E5-K3 and E3-K3, corresponding to the affinity range of
10 M to 100 wm, was clearly discernible (Figs. 2c and 3b). The Myc
expression and GFP complementation were close to the level of
background when the acid coil (K3 in Fig. 2, b and c) was deleted,
indicating a lack of spontaneous complementation of the two split
GFP. The level of surface expression of the bait protein measured
by antibody binding to the FLAG tag was relatively invariant (Fig.
2, band c¢), supporting the idea that the difference in the amount of
the prey protein is solely due to the difference in its affinity to the
bait. In contrast to a quantitative correlation between the strength
of protein-protein interactions and GFP complementation, the
acid and base coil interactions occurring in the cytosol (expression
of the coils without secretory signal sequence) led to the comple-
mentation of split GFP that lacks correlation with the strength of
coiled coil interactions (Figs. 2d and 3c). However, GFP comple-
mentation for these pairs was still due to specific interaction
between acid and base coils, evidenced by the absence of fluores-
cence when the base coil was deleted from NeGFP (Fig. 2d).
YS2H Detects Specific Interactions of Antibodies and Antigens—
To investigate a potential use of YS2H for antibody discovery, we
first examined whether YS2H can detect specific interactions of
known pairs of antigen and antibody. As a model system, we chose
a ligand-binding domain of the integrin LFA-1, known as the
Inserted or I domain, and monoclonal antibodies specific to LFA-1
I domain (Fig. 4). The I domain exists in two distinct conforma-
tions that correspond to low and high affinity states to its ligand,
intercellular adhesion molecule-1 (ICAM-1) (Fig. 5, a and b).
Although the I domain in isolation is predominantly in an inactive,
low affinity conformation, the mutations that would favor the
active conformation were found to induce high affinity binding of
the Idomain to the ICAM-1. For example, the mutations of K287C
and K294C (high affinity or HA I domain) designed to stabilize by
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FIGURE 5. Discovery of allosteric activation in the | domain. g, cartoon diagrams of low (inactive) and high affinity (active) conformations of the LFA-1 |
domains. The regions that are structurally conserved between two states are colored gray. The regions that differ structurally are colored in magenta and yellow
for the inactive and the active conformations, respectively. The metal ions in the metal ion-dependent adhesion site are shown as spheres. The N and C termini
and a7-helix are labeled. b, the structure of the | domain is shown in complex with the first domain of ICAM-1 (D1). Gray spheres with a white center display the
positions for the hot spots for allosteric activation found in our previous study (10). The metal ion and three oxygen atoms of water molecules are depicted as
spheres. The residues that coordinate to the metal ion are shown in stick models. The structures of the | domains and the complex of | domain with the ICAM-1
were modeled based on the crystal structures, as described previously (31). ¢, Myc expression of the | domain library before sort and after first and second sort
are shown. The numbers indicate the percentage of the clones within the gated region. Antibody binding was measured with 10 mm MgCl, or no metal ions
with 10 mm EDTA. d, two activating mutations from the second sort were of F265S and L295P. The numbers in each plot indicate means = S.E. of the MFI of the
filled histograms from three independent measurements. e and f, SPR measurements of L295P (e) and F265S (f) binding to scFv AL-57.1 domains were injected
over the scFv AL-57-coated chip as a series of 2-fold dilutions beginning at 500 nm.
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disulfide bond the position of the a7-helix into active conforma-
tion led to an increase in the affinity to ICAM-1 by 10,000-fold over
the wild-type I domain (18).

The antibodies that were expressed as scFv formats
include the activation-insensitive antibody (TS1/22) (19),
binding to both inactive and active I domains, and the
activation-dependent antibody (AL-57) (10, 20), which binds
only to the active I domain. The interaction between antigen
and antibody was measured by the detection of Myc tag
fused to the antibody at the C terminus (Fig. 4). A tag-based
assay was chosen instead of GFP complementation because
it was found that the I domain fused to NeGFP did not
express (no antibody binding to FLAG tag), presumably
because of the quality control machinery in protein secretion
(21) that prohibits misfolded proteins to be secreted (data
not shown). This is in contrast to the expression of split GFP
with a fusion of short coils, e.g. K3-NeGFP in Fig. 2¢. There-
fore, it appears that when NeGFP is fused to the I domain
that by itself requires proper folding for secretion, the I
domain fusion to NeGFP becomes completely misfolded and
does not pass the quality control for secretion.

Myc tag expression in YS2H was in agreement with the spec-
ificities of monoclonal antibody AL-57 and TS1/22 against the
LFA I domain; although the clones expressing TS1/22 displayed
Myc expression either with the wild-type or with the HA I
domains as antigens (Fig. 4), the AL-57 clones exhibited Myc
expression only with the HA I domain (Fig. 4c).

Discovery of Activating Mutations in the LFA-1 I Domain—
Next, we examined the ability of our system in isolating activat-
ing mutations in antigens that exhibit two different activation
states. With the expression of AL-57 scFv and the error-prone
PCR products of the wild-type I domain in YS2H, yeast library
was constructed and sorted with anti-Myc antibody using a
magnetic affinity cell sorter. With successive sorting, there was
a gradual increase in the percentage of the population of cells
that showed Myc expression above the background level (Fig.
5¢). After two rounds of sorting, the cells were plated to yield
individual clones, from which four clones were sequenced and
tested for Myc expression. Of the four, three contained a muta-
tion of F265S, and one contained L295P (Fig. 5d). These two
mutations belonged to a long list of activation hot spots that
were identified in our previous study (10), where alarge number
of yeast cells were sorted and analyzed for their binding to exog-
enous AL-57 or ICAM-1-Fcy.

The mutations of L295P and F265S were previously found to
contribute to an increase in the binding of the I domain to
ICAM-1 at 6 and 152%, respectively, of the HA I domain bind-
ing to ICAM-1 (10). To directly measure the affinity of scFv
AL-57 to I domain variants, we used a SPR technique (Fig. 5, e
and f). A first order Langmuir adsorption equation was fitted to
the sensograms to obtain the kinetic and equilibrium binding
constants. The equilibrium dissociation constants (K,) of
L295P and F265S to scFv AL-57 were 243 and 15.7 nM, respec-
tively, in agreement with higher Myc expression with F265S in
our system. AL-57 binding to the LFA-1 I domain depends on
the presence of metal ions at the top of the I domain, known as
the metal ion-dependent adhesion site (Fig. 5b) (22). This was
also confirmed by the decrease in the Myc tag expression when
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EDTA was added at 10 mm to the cells during labeling (Fig. 5, ¢
and d).

Antibody Discovery: VHH against Botulinum Neurotoxin
Protease—Approximately half of the IgGs in camelid sera are
heavy chain-only antibodies devoid of light chains (11, 23).
Because of the lack of light chains, antigenic specificity of the
heavy chain-only antibodies is limited to a variable domain of
the heavy chain. We are seeking VHH agents that bind and
inhibit the LC protease domains of Botulinum neurotoxins
(BoNTSs) as components in therapeutic agents for the treatment
of botulism. In prior work (Maass et al. (11),> we immunized
alpacas with BONT LCs of serotype A (A-LC) followed by sero-
type B (B-LC). We then used phage display techniques to iden-
tify VHHs from these alpacas with affinity for the BONT LC
proteases. We selected two A-LC binding VHHs (B8 and G6)
and two B-LC binding VHHs (B10 and C3) for testing with the
YS2H system (Fig. 6a). Myc tag expression was found to be
highest in the clone expressing VHH-B8 and BoNT/A-LC,
whereas the binding level of the other VHHs was lower with
MEFI ranges from 14 to 29.

To confirm that the level of Myc expression correlates with
the solution affinity of VHH to LC, we used a SPR technique
(Fig. 6, cand d). A series of 2-fold dilutions of A-LC was injected
into a chip coated with B8 and G6. The K, values of B8 and G6
to BoNT/A-LC were estimated to be 2.3 and 230 nm, respec-
tively. The 100-fold difference in the affinity was mainly due to
the 34-fold difference in the dissociation rate (k,, = 5.18 X
10~*s7! for B8 versus 1.82 X 10”2 s~ ! for G6), with the asso-
ciation rate differing by only 3-fold (k,, = 2.26 X 10° M~ 's~!
for B8 versus 7.61 X 10* M~ ' s~ for G6).

To validate the use of YS2H for antibody discovery, a yeast
antibody library was constructed by transforming cells with
the alpaca immune cDNA library as prey and the BoNT/
B-LC gene as bait. Yeast cells enriched after two rounds of
magnetic affinity cell sorting with anti-Myc antibody began
to show an increase in Myc tag expression (data not shown).
Of 30 clones that were tested individually, 14 clones dis-
played positive expression of Myc tag. Eleven of these 14
clones were found to be unique clones, including B10 and
C3, which were originally isolated by phage display. Anti-
Myc antibody binding of the newly isolated nine clones was
in the range of 21-33 MFI units, which is lower than that of
B8 binding to A-LC (Myc expression of four selected clones
are shown in Fig. 5b). Overall, anti-B-LC VHHs isolated by
both the phage display and YS2H were low affinity binders
(K, = 100 nm to 1 um), suggesting a lack of the high affinity
binders to B-LC protease in alpaca immune library.

Sequence analysis of the VHHs identified by phage or YS2H
revealed that VHHs contain two, four, or six cysteines, which
would result in up to two extra disulfide bonds in addition to the
one that is conserved in all immunoglobulin fold domains (Fig.
6e). We found that of the nine VHHs newly isolated by our
YS2H system, three VHHs contain six cysteines, and the other
six VHHs contain four cysteines. In contrast, either two or four
cysteines were dominant in VHHs that were isolated by phage

3 X. Hu, C. B. Shoemaker, and M. M. Jin, manuscript in preparation.
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1 QTQVQLVESGGGLVQPGGSLNLSCSASGGTF-YYAIGWFRQAPGKEREEVSCISSSGGSPDYSDSVKGRFTTSRD
1 QAHVQLQOQOSGGGLVQPGGSLRLSCAASGFTLDYYAIGWFRQAPGKEREGVSCISSSGGSTYYADSVKGRFTISRD
1 QAHVQLQQSGGGLVQPGGSLRLSCAASGSIFSIYAMGWYRQAPGKQRELVAAISSYG-STNYADSVKGRFTISRD
1 --QLQLVESGGGMVQPGGSLRLSCAASGFTFSTYDMSWVRQAPGKGPEWVSIINAGGGSTYYAASVKGRFAISRD
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76 NAKNTVYLQMNSLKPEDTGVYYCADD----PCSSGIWGSLPKCYSAGQGTEVTVSS VHH48
76 DAKGTVYLQMMNLKPEDTAVYYCAAP-ADCGCSGYMCDN----RYWGQGTQVNVSS VHH57
75 VAKKTVYLQMNSLRPEDTALYQCATVRPGPQCSGYVCQODTCAFGSWGQGTQVTVSS VHH41
76 NAKNTVYLOMNSLKPEDTAVYYCA-————— VAQSCLRGGV-RGGYWGQGTQVTVSS  G6
75 NAKNTVYLQMNSLKPEDTAVYYCN—-————-— ADIATMTAVG-GFDYWGQGTQVTVSS B8
74 NAKNTLYLQMNNLKPEDTALYYCARV-ASYYCRGYVCSPP-EFDYWGQGTQVTVSS B10
74 NAKNMLYLQMNKLKPEDTAVYYCA—-————— H-RVVTGQLD-LYDYWGQGTQVTVSS C3

FIGURE 6. Detection of VHH binding to BoNT LC protease. g, specific binding of the VHHs against A-LC and B-LC was confirmed in YS2H by Myc expression.
b, New VHHs against B-LC protease were isolated by YS2H. The numbers in each plot indicate means = S.E. of the MFI of the filled histograms from three
independent measurements. c and d, SPR measurements of B8 (c) and G6 (d) binding to BONT/A-LC. A-LC was injected at a series of 2-fold dilutions beginning
at 160 nm to the B8-coated and 400 nm to the G6-coated chip. e, cysteines are highlighted in yellow for the pair that forms a conserved disulfide bond or in
orange that forms extra disulfide bonds. The framework region (FR) and complementarity determining regions (CDR) are noted.

display. The VHHs identified by a phage display system may be
limited to those that fold properly in a bacterial expression sys-
tem. VHHs containing extra disulfides may fold improperly in
bacteria, whereas the formation of correct disulfide bonds is
much less problematic in yeast.

DISCUSSION

Here we demonstrate that our novel system, YS2H, is highly
efficient in the detection and discovery of protein-protein inter-
actions. The quantitative nature of YS2H is from the fact that
protein-protein interactions occur via a secretory pathway, and
the amount of the prey protein in complex with the bait is deter-
mined by the equilibrium affinity between the two. With the
use of a PCA technique, our system may be designed to discrim-
inate different pairs of protein-protein interactions according
to their kinetics of binding.

The utility of in vivo methods for quantitative estimation of
binding affinity extends to the cases where one aims to increase
the affinity of weak interactions between antigen and antibody
and to engineer high affinity ligands and receptors that can
potentially serve as agonists or antagonists. As an example, a
prokaryotic system capable of co-expression of antigens
anchored on the inner membrane of bacteria and single chain
variable fragments (scFv) as soluble form was efficient in affin-
ity screening and maturation (24). Therefore, co-expression of
antigen and antibody through eukaryotic secretory system will
further enable screening of antibody libraries against the pro-
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teins that require eukaryotic folding machinery or that undergo
post-translational modifications.

The amount of the prey bound to the bait in our system
follows the Langmuir binding isotherm model. With the
expression system used in this study, the concentration of prey
proteins released into the media is far larger than that of the bait
proteins, which is fused to Aga2. Under the mating conditions,
the number of agglutinin goes up to 10,000 copies/cell (25),
which approximates the concentration of the bait proteins to be
1.7 nm at 10° cells/1 ml of culture medium. The Langmuir equa-
tion is then given by [bait:prey]/[bait] = [prey]/([prey] + K},)
where [bait:prey], [bait], and [prey] denote the concentrations
of the bait in complex with the prey, the bait, and the prey,
respectively. By replacing [bait:prey] and [bait] with antibody
binding to Myc (MFI _Myc) and FLAG tag (MFI_FLAG),
respectively, and taking into consideration of the MFI ratio («)
of anti-Myc to anti-FLAG antibody binding to equal copies of
Myc and FLAG tags, the Langmuir equation rearranges into
1/MFI_Myc = o« * (1+ K,/[prey])/MFI_FLAG. From this
equation (with measured values of @ = 15 and [prey] = 10 nm),
the K, values predicted for coiled coil interactions (E5-K5,
E5-K4, E4-K4, and E5-K3) closely approximated the K, values
measured by SPR (17) (Table 1). The quantitative nature of
YS2H in measuring protein-protein interactions extends to
antigen and antibody interactions. The binding affinity of scFv
TS1/22 to the wild-type and HA I domain, scFv AL-57 to the
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TABLE 1

Comparison of equilibrium dissociation constants (K,) predicted
from YS2H versus directly measured using surface plasmon
resonance

Predicted from YS2H

(means * S.E.) SPR measurements

Interaction pairs

nm nm
E3-K3 1269.5 = 53 32000 = 3000*
E5-K3 1292.8 = 37 7000 = 800“
E4-K4 150.7 = 48 116 = 8¢
E5-K4 183 %3 14 =1
E5-K5 049 = 0.2 0.063 = 0.005*
HA-AL57 150.9 =8 32.6 = 0.28°
F265S-AL57 2374+ 11.6 15.7 = 0.03%
L295P-AL57 439.7 £ 13.6 243 * 3.9”
VHH-B8-A-LC 38.2+13.3 2.3 +0.08°
VHH-G6-A-LC 143.0 = 419 230 * 1.3%

“ The values are from the paper by De Crescenzo et al. (17). Shown are the means =
95% confidence interval.

® The values are measured from this study. Shown are the means = S.E., estimated
from BIAevaulation software from Biacore.

HA I domain, and the F265S ranged between 148 and 237 nm
K, whereas it was 440 nm for the binding of L295P to scFv
AL-57. SPR measurement of the binding of I domain variants to
scFv AL-57 estimated that although F265S and HA I domains
have comparable affinity to scFv AL-57, L295P showed much
lower affinity (Fig. 5, e and f, and Table 1). The predicted affinity
for VHH-B8 and VHH-G6 binding to A-LC is 38 and 143 nwm,
compared with the measured K, of 2.3 and 230 nwm, respec-
tively. Overall, the affinity predicted by the level of antibody
binding to Myc and FLAG tag in our system agreed well with
the measured affinity in the range of 1 nm to 1 um K, (Table 1).

Although antibody binding to the Myc tag for protein-pro-
tein interactions higher than 10 um K, reduced to the level of
background (Fig. 34), the detection by GFP complementation
spanned a larger range of affinities, exhibiting a linear decrease
in the fluorescence with an increase in K, in log scale (Fig. 3b).
This is attributed to the fact that reconstituted GFP does not
dissociate (or complementation is irreversible), such that the
complemented GFP is functional whether or not the prey and
the bait exist as a complex on the cell surface. Therefore, the
dominant factor that determines GFP reconstitution will be the
rate at which two coils associate (on-rate) to initiate split GFP
assembly. Notably, when the MFI of reconstituted GFP was
plotted against the measured on-rates (17) for E5-K5, E5-K4,
E4-K4, and E5-K3 (on-rate is unavailable for E3-K3), a liner
trend was obtained with a R” value of 0.95 (Fig. 3d). However,
the use of GFP complementation was limited to the study of
coiled coil interactions, because the I domain fused to the split
GFP did not express on the surface. Therefore, to apply a PCA
technique to detect diverse protein-protein interactions
through the secretory pathway, split GFP needs to be optimized
not to interfere with the folding of the bait and prey proteins.
The additional parameter to be optimized is the length of the
linker connecting split GFP to the proteins to enable GFP
complementation for a wide range of size variation in proteins
and topological variation between the binding interface and the
GFP fusion site (6).

The fact that GFP complementation occurs by protein-pro-
tein interaction through the secretion process explains its
quantitative correlation with the strength of protein-protein
interactions. This is in contrast to a previous finding (4) that
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GFP complementation from protein interactions occurring in
the cytosol only indicates the presence of the interaction, and
fluorescence intensity is relatively invariant with the affinity of
two proteins. Indeed, when the two coils were expressed in
the cytosol with the deletion of the secretory signal sequence,
we found that overall fluorescent intensity was higher, and the
complementation of split GFP lacked correlation with the
strength of coiled coil association (Figs. 2d and 3c). Because of
the irreversible complementation of split GFP, after 24 —48 h of
induction, it is the concentration of two interacting proteins in
the cytosol that determines the GFP complementation rather
than their interaction strength.

Systems such as ribosomal (26), phage (27), and yeast (14)
displays provide efficient means to couple genotype and phe-
notype and to screen library for protein engineering and anti-
body discovery. A typical screening process of antibody librar-
ies requires exogenous antigens in their soluble form.
Co-expression of two proteins within the same display system,
e.g. the fusion of antigen and antibody into split phage coat
protein (28) and the expression of antigen and antibody in bac-
terial periplasm as bait and prey proteins (24), can be particu-
larly useful if target antigens are hard to express or unstable in
solution. Our new system will offer a method to select antibod-
ies against antigens that need to be expressed in eukaryotes.
Other applications of YS2H may include expression of het-
erodimeric proteins, as demonstrated by similar platforms for
expression of heterodimeric mammalian proteins such as
major histocompatibility complex II e and 3 subunits (29) and
antibodies in Fab format (30). The use of our system to quantify
and discover protein-protein interactions is not necessarily
limited to the study of secretory proteins, because many pro-
teins in nonsecretory cellular compartments or cytosol will
maintain native conformations and interactions.

An in vivo tool to map protein interactions has generated
a large set of protein interactions, particularly among yeast
proteins (6). The readouts from the assays such as yeast two-
hybrid and PCA are of cell growth caused by the expression
of auxotrophic markers or reconstitution of enzymes and
fluorescent proteins and are suitable for determining the
presence or absence of protein interactions. In the case of
protein network “hubs” in the binary protein interactome,
i.e. the proteins interacting with a large number protein part-
ners, the information on the strength of pairwise interac-
tions may provide an important insight into the flow of bio-
logical signals orchestrated by the protein hubs. Our newly
developed YS2H system is well poised to implement such
tasks. For example, in YS2H the hub proteins and known
interacting partners are expressed as a pair of the bait and
the prey, respectively, and the strength of pairwise interac-
tions can be quantitatively estimated by antibody binding to
fusion tags. Additionally, one can discover unknown inter-
action partners by expressing a library of hypothetical inter-
acting partners in YS2H.
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