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Abstract: Many regulatory proteins are homo-oligomeric and designing assays that measure self-
assembly will provide novel approaches to study protein allostery and screen for novel small mole-
cule modulators of protein interactions. We present an assay to begin to define the biochemical
determinants that regulate dimerization of the cancer-associated oncoprotein AGR2. A two site-
sandwich microtiter assay (*>MTA) was designed using a DyLight800-labeled monoclonal antibody
that binds to an epitope in AGR2 to screen for synthetic self-peptides that might regulate dimer sta-
bility. Peptides derived from the intrinsically disordered N-terminal region of AGR2 increase in trans
oligomer stability as defined using the 2MTA assay. A DSS-crosslinking assay that traps the AGR2
dimer through K95-K95 adducts confirmed that A45-AGR2 was a more stable dimer using denaturing
gel electrophoresis. A titration of wt-AGR2, A45-AGR2 (more stable dimer), and monomeric AGR25%%A
revealed that A45-AGR2 was more active in binding to Reptin than either wt-AGR2 or the AGR2E°A
mutant. Our data have defined a functional role for the AGR2 dimer in the binding to its most well
characterized interacting protein, Reptin. The ability to regulate AGR2 oligomerization in trans opens
the possibility for developing small molecules that regulate its’ biochemical activity as potential can-
cer therapeutics. The data also highlight the utility of this oligomerization assay to screen chemical
libraries for ligands that could regulate AGR2 dimer stability and its’ oncogenic potential.
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Introduction

The discovery of protein—protein interactions is a
key, fundamental goal in life sciences research and
protein—protein interactions are emerging as compel-
ling landscapes in the drug discovery field.? The
fundamental nature of a protein—protein interaction
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has changed since the realization that intrinsically
unstructured proteins form important components of
a large number of protein—protein interactions.’
This view of a protein-protein interaction provides
approaches for using structural and computational
sciences to develop lead molecules that disrupt a
given protein—protein interaction.* In addition, the
realization that proteins exist in large oligomeric
signaling complexes provides a relatively large sur-
face area for identifying protein-interaction hotspots
that might be amenable to fragment-based lead
molecule discovery.>®

Structure-based lead molecule discovery remains
a fundamental mechanism to exploit protein struc-
ture, develop small molecule drug leads, and mani-
pulate allostery in proteins.” Amongst the many
emerging models in the cancer field, for example,
small molecules exist that stabilize the tetramer—
dimer/monomer conversion of pyruvate kinase that
has potential to regulate metabolism in cancer
cells.®® In addition, the structure of porphobilinogen
synthase has led to models on the interconversion of
octomers to hexamers through dimer assembly.'®
Small molecules have been developed that
stabilize the hexameric form of the enzyme and
inhibit enzyme activity'! that highlight the ability to
exploit the allosteric regulatory nature of many pro-
teins by developing small molecule tools or drug
leads.

One limitation of structure-based drug discovery
in human disease-associated proteins is that a large
proportion of polypeptide sequence information in
higher eukaryotes is composed of intrinsically disor-
dered regions that make some domains refractory to
structural solutions.'®!® These disordered regions
can acquire structure by an induced-fit mechanism
upon binding to their targets thus providing a speci-
ficity in the protein—protein interaction.'* Proteins
with disordered domains and oligomeric properties
can form prototypes for developing innovative
approaches to measure allostery in protein control.'®
The oncoprotein MDM2 has formed such a prototype
model whose full-length properties have been refrac-
tory to structural biology solutions.'®'® We had used
MDM2 as a model to develop a nanoparticle binding
assay using surface-enhanced RAMAN spectroscopy
(SERS) that can measure the oligomerization state of
small amounts of protein when bound to ligand thus
providing a nano-sensing assay to measure protein
allostery.'® Although one methodological advantage
of SERS as a nanoparticle binding assay is its use of
small amounts of protein, a major limitation of SERS
in measuring protein oligomerization is that it
requires the target protein to be complexed to its
ligand.

In this study, we present an alternative to the
ligand-dependent SERS oligomerization assay by
using a fluorescently labeled monoclonal antibody
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based microtiter assay that measures oligomerization
of a ligand-free protein. The prototype protein used
was the pro-oncogenic protein Anterior Gradient-2,
that is an emerging cancer drug target in the
endoplasmic-reticulum secretory system.2022
Anterior-Gradient-2 has an intrinsically disordered
N-terminal region and the protein has recently been
reported to be dimeric.22 This fluorescent-based
microtiter assay measured changes in AGR2 dimer
stability in response to synthetic peptides derived
from its intrinsically disordered domain in trans.
This methodology provides a robust assay that can
be used to screen chemical libraries for molecules
that can alter AGR2 dimer stability and that can in
turn be tested for inhibition of the oncogenic
function of AGR2 in cells. In addition, this methodo-
logical concept is amenable in principle to other oli-
gomeric proteins and can be used to screen for and
isolate chemicals that alter oligomeric protein
stability.

Results

Size exclusion chromatography demonstrates
that AGR2 can exist as a homodimer
Gel-filtration size exclusion chromatography of recombi-
nant mature AGR22%7® was used to define its oligo-
meric structure [Fig. 1(A)]. At highest concentrations
(2.5mg mL ™1, 136 uM), the protein eluted with a calcu-
lated molecular mass of 34.843 kDa [Fig. 1(B)], signifi-
cantly greater than the theoretical monomeric molecular
mass of 18252.1 kDa (Expasy Compute pI/MW tool,
http://web.expasy.org/compute_pi/), more closely resem-
bling a dimer structure relative to the theoretical mass
of 36,504 kDa. The elution profiles of globular proteins
used for calibration are summarized in Figure 1(C,E).
By comparison, a prior analysis of AGR2217 protein
using SEC-MALLS gave a dimeric mass of 30.5 kDa
from a protein with a monomeric mass of 17.8 kDa and
predicted dimeric mass of 32.2 kDa.?®

We diluted AGR2 protein from 136 pM down to
13.6, 1.36, and 0.27 puM prior to injection on
the Sephadex-75 column to determine whether
there is a concentration-dependence to dimerization
[Fig. 1(B)]. AGR2 protein injected at a concentra-
tion of 13.6 pM eluted with an estimated mass of
32.429 kDa, protein injected at 1.36 pM exhibited a
slower eluting species with an estimated mass of
29.119 kDa, and injection at a concentration of 0.27
uM displayed a mass of 26.147 kDa, suggesting
that the protein can exist in a dimer-monomer
equilibrium as it approaches predicted monomeric
mass of 18.2 kDa at lower concentrations. The
observed absorbance upon elution after each injec-
tion (214 nm; data not shown) corresponds to the
starting concentration, as after integration of
the peaks of each trace and plotting against
the concentration, the values appear linear with
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Figure 1. Molecular mass of native AGR22'~'7® protein. (A) The amino acid sequence of the recombinant “mature” AGR2%'~'7°
protein lacking the N-terminal leader sequence, highlighting the: (i) hexa-histidine motif and TEV protease cleavage site in the
tag, (ii) 60-EALYK-64 dimerization motif, (i) 81-CPHS-84 thioredoxin motif, (iv) K95, (v) 101-AEQFVLLNLVYETTD-115 hydropho-
bic Reptin binding site, and (vi) degenerate 172-KTEL-175 ER retention site. (B) Gel filtration size exclusion chromatography of
AGR22'-175 protein, injected at the indicated concentrations, using an analytical Superdex PC 75 column. The data are plotted
as relative absorbance to allow superimposition of the elution profiles. (C and E). Calibration of the Superdex PC 75 column
was performed with the indicated gel filtration markers (GE) in SEC buffer (50 mM Tris pH 7.5, 200 mM NaCl. (D). Displays a
plot of the peak area of the AGR2 peak (from B) as a function of AGR2 protein concentration at the time of injection, to high-
light the linearity between protein absorbance upon elution (at 214 nm) and protein (concentration) injected. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]

R?=0.9951 [Fig. 1(D)]. The traces in Figure 1(B) that a stable dimeric species of AGR2 requires an
have been normalized for ease of visual comparison. in vitro concentration of the pure protein in the
These data are consistent with data suggesting low pM range.2?
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Figure 2. Localization of the epitope for MAB3.4 on AGR2 protein. (A) Cartoon of the dimeric structure of AGR2 (PDB;
2LNS;?%) highlighting the dimer interface (B) and the MAB3.4 epitope (C). (D) ELISA-based assay analyzing the specific
reactivity a panel of monoclonal antibodies raised against AGR32° toward AGR2. One of the AGR3-targetting monoclonal
antibodies binds to AGR2 (MAB3.4). (E and F) Theory of analyzing and quantifying the oligomeric nature of AGR2 using the
monoclonal antibody 3.4; (E) If AGR2 was monomeric and captured in the solid phase with MAB3.4, then the detection of this
immune complex with the same MAB would not give a signal as there is not a second epitope (red triangle) present in the
monomeric protein. However, a dimeric or oligomeric protein could be captured and detected with a monoclonal antibody that
binds to the same epitope as there would be more than one epitope exposed in the immune complex. Although we can pre-
sume that AGR2 is a dimer in solution (as from Fig. 1 and from Patel et al.,2%), this assay cannot distinguish between a dimer
and higher oligomer, so we use oligomer throughout the text. (F) Predicted generic emission of an assay to measure AGR2 oli-
gomerization using the fluorescently tagged MAB3.4. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

[Fig. 2(D)]. The AGR2 epitope recognized by MAB3.4
was fine mapped to a short linear 5 amino acid resi-
due motif of 76-HHLED-80 [Fig. 2(C)];?® that is out
with the dimerization site [Fig. 2(A)] and therefore
the antibody can be used in the 2®MTA. The premise
of the 2MTA is that the same immobilized MAB can
both capture and detect the target protein only if the
protein was oligomeric; for example, monomers can-
not be detected by this assay [Fig. 2(E)]. Fluorescent
labeling would allow quantitative detection of
oligomers over monomers in real time [Fig. 2(F)]. As
we cannot distinguish a dimer (based on gel filtra-
tion) from an oligomer using the 2>MTA, we prefer to
name the species we observe an oligomer.

Developing a quantitative microtiter assay to
measure AGR2 oligomerization

It is not known whether the oligomeric (e.g., dimeric)
structure of AGR2 is required for any of its protein-
interaction functions.?®> To develop quantitative
assays to measure AGR2 dimerization, we aimed to
first determine whether a quantitative two-site
“sandwich” microtiter assay (*>MTA) could be used to
quantify oligomerization (e.g., dimerization). We had
previously published a panel of monoclonal anti-
bodies generated to the AGR2 orthologue, AGR3.
Like AGR2,%* AGR3 can mediate cisplatin resist-
ance® in xenografts. Of these monoclonal antibod-

ies,?® one (MABS3.4), cross-reacted with AGR2
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Figure 3. Developing a quantitative microtiter assay to measure AGR2 oligomerization. (A) Evaluation of the bioactivity of fluo-
rescently labeled MAB3.4 in a luminescent-based ELISA. (B) MAB3.4 was left unconjugated or conjugated to DyL800 and after
purification of the latter; the monoclonal antibodies were titrated into reactions containing AGR2 protein on the solid phase. The
binding of MAB3.4 to AGR2 was measured using an anti-mouse IgG secondary antibody conjugated to peroxidase. The bioac-
tivity of the monoclonal antibody (in relative luminescent units) is measured as a function of increasing MAB3.4 concentration.
(C) Evaluation of the bioactivity of fluorescently labeled MAB3.4 in a fluorescence detection assay. (D) MAB3.4 was left unconju-
gated or conjugated to DyL800 and the monoclonal antibodies were titrated into reactions containing AGR2 protein on the solid
phase. The bioactivity of the monoclonal antibody was measured as levels of emission at 800 nm a function of increasing
MABS3.4 concentration. (E) Evaluation of the bioactivity of fluorescently labeled MAB3.4 to detect a potential AGR2 oligomer. (F)
MABS3.4 was coated onto the solid phase and increasing amounts of oligomeric AGR2 were added to allow capture onto the
solid phase. Fixed amounts of DyL800 MAB were added into reactions and the binding of DyL800-MAB3.4. The extent of oligo-
merization was quantified as levels of emission at 800 nm a function of increasing AGR2 protein concentration and is presented

as an average from triplicate titrations. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Labeling the monoclonal antibody and
optimization of the 2 MTA

To determine whether MAB3.4 can be used to mea-
sure AGR2 oligomerization, it was used to capture
AGR2 and then a DyLight800-(DyL800)-labeled ver-
sion of MAB3.4 was used to detect the captured
AGR2. If AGR2 was only a monomer, then there could
not be any detection of AGR2 protein using DyL800-
MAB3.4 in the solution phase. However, if AGR2
were oligomeric (e.g., dimeric or larger order assem-
blies), the epitope would, in principle, be presented to
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DyL800-MAB3.4 in the liquid phase and the extent of
oligomerization would be proportional to the amount
of DyL800-MAB3.4 bound [Fig. 2(E,F)].

To develop this 2MTA, we needed to first label
the MAB3.4 with a fluorescent probe under conditions
in which the labeled MAB retained functionality.
Labeling of MAB3.4 was done with the far-infrared
fluorophore DyL800. The labeling reaction proceeds
through modification of primary amines and if an
essential lysine in the complimentary determining
region (CDR) was important for AGR2 binding, then

Nanosensing Oligomerization Assay for AGR2



labeling might inactive the MAB [Fig. 3(A)]l. A
titration of MAB3.4 and DyL800-MAB3.4 reveals
that the labeled antibody produces a binding activ-
ity in RLU ~1.8-2.5 lower fold lower than the unla-
beled monoclonal antibody [Fig. 3(B)l. These data
indicate that the DyL800-labeled monoclonal antibody
retains significant affinity for its epitope in AGR2
protein and that binding could be quantified in a
dose-dependent manner. The AGR2 protein-MAB
interaction in Figure 3(B) measured the binding of
the MAB3.4 or DyL800-MABS3.4 using peroxidase-
labeled anti-mouse IgG secondary antibody and
detection using chemiluminescence [Fig. 3(A)]. Fol-
lowing this, we evaluated binding using Licor far-
infrared detection by excitation at 750 nm and fluoro-
phore emission detected at 800 nm [Fig. 3(C)]. The
DyL800-MAB3.4 binding to AGR2 adsorbed on the
solid phase could be detected in a dose-dependent
manner [Fig. 3(D)], relative to the unlabeled MAB3.4
that did not give rise to any signal. The binding reac-
tion appeared more linear using DyL800-MABS3.4 in
the direct excitation-emission assay [Fig. 3(D)] than
in the indirect peroxidase-labeled secondary anti-
body [Fig. 3(B)]l. There are two explanations for
this phenomenon. First, the chemiluminescence
assay [in Fig. 3(B)] uses “enhanced” enzymatic con-
version by the antibody-peroxidase conjugate of
substrate to create light that is quantified as a
function of a fixed time. As a result, the data do
not reflect a reaction rate but a final product accu-
mulation. This “enhancement” of the primary signal
may produce results that deviate from linearity. By
contrast, the fluorescently conjugated monoclonal
antibody emits a signal that is detected directly
and the results are presumably more linear. Sec-
ond, the indirect enhanced chemiluminescence
assay incorporates an additional 75 min of incuba-
tion with secondary antibody, washings, and chemi-
luminescence  substrate  addition and  this
incorporates an unquantified effect of antibody off
rate on the signal intensity. By contrast, after incu-
bations with the fluorescently conjugated antibody,
the reaction is washed rapidly, and fluorescence
intensity is read immediately thus minimizing
effects of the antibody off rate on the signal inten-
sity. These data validate the DyL800-MAB3.4 exci-
tation-emission assay as a bioactive probe. As such,
we next evaluated whether DyL800-MAB3.4 could
detect oligomeric forms of AGR2 in assay as a
quantitative assay to measure oligomerization (oli-
gomerization) of AGR2 protein [as outlined in
Fig. 2(E)]. An outline of approach using DyL800-
MAB3.4 to detect an oligomeric (potentially
dimeric) species of AGR2 is outline in Figure 3(E).
Reactions were assembled without or with adsorp-
tion of unlabeled MAB3.4 on the solid phase. Upon
titration of DyL800-MAB3.4, a dose-dependent sig-
nal can be observed [Fig. 3(F)], suggesting that
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this assay can indeed measure oligomeric AGR2
protein.

Self-peptides that stabilize or disrupt the
oligomer equilibrium
We next used the *MTA to determine whether
AGR2 oligomer stability can be attenuated using
dimer interface peptides or indeed stabilized in trans
by regulatory motifs from the intrinsically disordered
region of the protein [Fig. 4(B)]. The predicted disor-
der of polypeptides regions in AGR2 protein (using
Disprot) are shown in Figure 4(B). The assay
[Fig. 4(A)] included a pre-incubation stage where
AGR2 oligomers were incubated with overlapping
peptides derived from the open reading frame of
AGR2 [Fig. 4(C)]. These overlapping AGR2-derived
peptides (numbered 1-5) are from the N-terminal
leader sequence, disordered region, and the dimeric
interface [Fig. 4(C)]. Peptides 2 and 3 derived from
the disordered region stabilize the AGR2 oligomer in
trans, with peptide 3 inducing the most stabilized
oligomer [Fig. 4(D)]. There is a dose-dependence in
oligomer stabilization with a concentration of peptide
as little as 3 pM increasing stability [Fig. 4(D)]. As
controls, peptides overlapping the dimer interface do
not stabilize the oligomer. Rather, these peptides
4 and 5 reduce the fluorescence [Fig. 4(E)] with
peptide 5 containing the interface sequence
60-EALYK-64 inducing the greatest degree of
oligomer de-stabilization. The ability of peptide 4 to
similarly de-stabilize the oligomer, although to a
lesser extent than peptide 5, suggests other motifs in
AGR2 can be targeted to affect the dimer stability.
The common amino acid sequences of peptides
4 and 5 that attenuate oligomer stability include
51-QLIWT-55 [Fig. 5(A)]. The more bioactive peptide
5 has the additional 56-QTYEEALYK-64 comprising
the dimer interface [Fig. 5(A)], which suggests why
peptide 5 is more active at disrupting the AGR2
oligomer using the 2MTA. We created a set of
AGR2 mutants to determine whether the 2MTA can
be used on full-length mutants to observe changes in
oligomer stability. We chose to mutate Y58, since it
protrudes into the adjacent internal B-sheet and
might be required for stabilizing the dimer interface
[Fig. 5(C)]. We also mutated E59 as it protrudes out-
ward into solvent [Fig. 5(C)], whilst E60 forms a salt
bridge with K64 across the adjacent monomer form-
ing an important feature of the dimer interface
[Fig. 5(A)]. The mutant forms of AGR2 created to
determine how these affect oligomer stability,
included Y58A, E59A, E60A, and A45 (deletion
of amino acids 21-45) [Fig. 5(B)l. A titration of
AGR2-E59A revealed its’ oligomer stability is similar
to wt-AGR2 [Fig. 5(B)]. By contrast, AGR2-E60A
was in an apparent monomeric state, as judged by
the absence of a signal in the oligomer assay
[Fig. 5(B)]. The AGR2-Y58A was attenuated as an
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Figure 4. Effects of self-peptides on the extent of AGR2 multimerization. (A) Staging the effects of self-peptides on the oligome-
rization of AGR2. (B) Plot of the predicted disorder of AGR2 as a function of the amino acid sequence (Disprot). (C). Overlapping
peptide sequences from the disordered and dimeric region of AGR2. (D) Effects of the “disordered” peptides 2 and 3 on AGR2
oligomerization. The 2MTA was set up as in Figure 3(E) except that AGR2 protein (5.5 pmoles) was preincubated with the over-
lapping peptides 2 and 3 at the indicated concentrations from 3 to 50 uM for 1 h. After washing the DyL800-MAB3.4 probe was
added for 1 h and the extent of oligomerization was measured as a function of emission at 800 nm. The data are depicted as
DyL800-MAB binding (emission at 800 nm) as a function of peptide 2 and 3 concentration with subtraction of the inert peptide
control. (E). Effects of the dimer-interface peptides 4 and 5 on AGR2 oligomerization. AGR2 protein (5.5 pmoles) was preincu-
bated with the overlapping peptides 3, 4, and 5 at the indicated concentrations for 1 h. After washing the DyL800-MAB3.4 probe
was added for 1 h and the extent of oligomerization was measured as a function of emission at 800 nm. The data are depicted
as DyL800-MAB binding (emission at 800 nm) as a function of peptide 3, 4, and 5 concentration after subtraction of the inert
peptide control background. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

oligomer with a signal in the 2MTA only seen at
the highest concentration of the protein [Fig. 5(B)].
By contrast to these loss-of-function mutants,
A45-AGR2 was more stable as a dimer [Fig. 5(B)].
The enhanced stability of the oligomer by deletion of
the disordered region is consistent with prior
research showing that deletion of amino acids 21-40
increases dimer stability.2®

Mapping the crosslinked AGR2 dimer
We sought to develop an independent assay to vali-
date the stability of the AGR2 dimer through the use
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of a DSS crosslinker that can trap a covalent dimeric
species [Fig. 6(A)]. Mapping of this crosslink using
mass spectrometry identified K95 as the dominant
cross-link [Fig. 6(B,C)]. Mutagenesis of K95 to create
AGR2-K95R confirmed that this is the dominant
cross-link site [Fig. 6(D)]. An image of the position
of K95 relative to the dimer interface is depicted
in Figure 6(E). We used this assay to determine
whether the AGR2 mutant panel exhibited altered
dimerization (Fig. 7). A titration of DSS into reactions
containing wt-AGR2, AGR2-E60A, and A45-AGR2
demonstrated that AGR2-E60 is attenuated in

Nanosensing Oligomerization Assay for AGR2
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peptides 2 and 3) and inhibition (QLIWT from peptides 4 and
5). The dimer interface (from Ref. 23) in peptide 5 is high-
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proteins (from left, 0, 0.69, 1.38, 2.75, and 5.5 pmoles) were
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sented as an average from triplicate titrations. No protein
background signal is represented on the far left (157 U). The
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wt: dimmer > monomer; Y58A: monomer > dimer; E59: as
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over monomeric. (C). Summary of the positions of Y58, E59,
and E60 across the dimer interface region. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

dimer formation [Fig. 7(B)]. In addition, A45-AGR2
exists in a more stable, spontaneous dimer in the
absence of cross link [Fig. 7(C), lane 1], suggesting
that deletion of the N-terminus can allow it to form a
stable dimer in the presence of the 0.1% SDS buffer.
These data together are consistent with the quantita-
tive 2MTA that demonstrated A45-AGR2 is a more
stable dimer whilst AGR2-E60A is predominantly
monomeric.
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Evaluating the specific activity of the AGR2
oligomer

There is no known biochemical function for the AGR2
dimer. Having created a series of gain-of-function or
loss of function AGR2 mutants, we evaluated the role
of oligomerization in molecular interaction of AGR2
with two of its most well-characterized substrates:
peptides containing the [T/S]-x-I-[YF]-[Y/F] consensus
motif?® and the AAA+ chaperone protein, Reptin.2®
The former protein-interaction presumably represents
docking sites in its client proteins (manuscript in prep-
aration). The latter protein interaction is with the
AAA+ protein Reptin, which itself functions as a
molecular machine able to assemble multiprotein com-
plexes. The in vivo impact of AGR2 protein binding on
client proteins containing the [T/S]-x-I-[Y/FI]-{Y/F]
motif and on Reptin complex assembly is currently
undefined. Nevertheless, we wanted to determine
whether AGR2 binding to either of these two targets
was influenced by its’ dimer-monomer state. A titra-
tion of wt-AGR2, AGR2-E60A, and A45-AGR2 indi-
cates that all three exhibited relatively similar
activity in binding to this peptide substrate [Fig. 8(A)].
By contrast, the Reptin substrate is substantially sta-
bilized using the gain-of-function more stable dimer
mutant A45-AGR2, whilst AGR2-E60A is attenuated
[Fig. 8(B)]. These data provide the first biochemical
evidence that dimerization of AGR2 protein can play a
role in its affinity for a client protein. As there are
over one dozen binding proteins identified for AGR2
protein using yeast-two hybrid,?! it will be interesting
to see whether this panel of AGR2 oligomerization
mutants can be used to access the role of the AGR2
dimer in these protein-protein interactions.

Discussion

Developing assays that measure oligomerization and
how allosteric effects can be measured in parallel will
provide important tools in the emerging field of drug-
ging protein-protein interactions. We evaluate here
an approach to measure oligomerization and allostery
using Anterior Gradient-2. The mechanism whereby
AGR2 mediates its’ functions is thought to include its
ability to chaperone proteins in the ER?” and to medi-
ate induction of oncogenic signals like EGF or p53
tumor suppressor silencing.2®?° The majority of
AGR2 protein interactions have been identified using
yeast-two hybrid,2! with the only well-validated pro-
tein being the AAA+ pro-metastatic protein Reptin.2®
Characterizing these various protein—protein interac-
tions will likely shed light on its mechanism of action.
Toward this aim, we focused on characterizing the
AGR2 oligomer (dimer) as a model, since our initial
biochemical characterizations demonstrated that its
apparent mass was consistent with a homodimeric
quaternary structure (Fig. 1). This is consistent with
a recent report showing that recombinant AGR2
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(AGR2217 or AGR2*'7'7) lacking the N-terminal
leader sequence or disordered region, respectively,
can form homodimers.?* Showing that AGR2 can exist
as a dimer in vitro, we then wanted to determine
whether the dimeric structure was important for
two of the most well-characterized interactions; (i) the
[T/]-x-I-[Y/F]-[Y/F] pentapeptide consensus binding
site; and (ii) the AAA+ protein Reptin. Toward this
aim, we needed to create a set of mutants in AGR2
with altered oligomeric state and we needed robust
assays to define changes in its dimeric structure as a
function of mutation.

The assay designed to measure oligomer stability
was a two-site microtiter assay in which an oligomeric
protein captured in solid phase can be detected in
small volume liquid phase using the same monoclonal
antibody; for example a “sandwich assay” (*>MTA). In
this assay it is not possible for a monomer to give a
signal. The 2MTA detected attenuation of AGR2 oli-
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gomerization using self-peptides derived from the
dimer interface (60-EALYK-64). Amino acids outwith
this motif also attenuated oligomer stability (e.g., pep-
tide 4; Fig. 4) suggesting that the dimer motif
requires the stability of the adjacent peptide chain. In
addition, we also surprisingly identified peptide
motifs that can stimulate AGR2 oligomerization in
trans. These peptides are derived from the intrinsi-
cally disordered region in the N-terminal domain of
AGR2 (Fig. 4) and their ability to act in trans as posi-
tive effectors of oligomerization suggests they disrupt
the function of the natural N-terminal sequences in
cis. There are interesting paradigms where peptides
and mimetics can allosterically stimulate protein—pro-
tein interactions®*?! and it will be interesting to
determine whether these AGR2 stimulatory peptides
can be used as tools to manipulate the activities of the
protein. Using ?>MTA as a rapid screen for oligomeri-
zation capability, we confirmed that AGR2-E60A was

Nanosensing Oligomerization Assay for AGR2
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largely monomeric (Fig. 5) and A45-AGR2 had an
enhanced oligomerization capacity (Fig. 5). This was
confirmed using a DSS crosslinking assay (Fig. 7)
that was mapped to the K95 residue using mass spec-
trometry (Fig. 6).

Having developed a set of well-characterized oli-
gomerization mutants, the effect of subunit structure
on biochemical activity was finally evaluated. The
AGR2 monomeric mutant E60A bound as stably as
wild-type AGR2 or the enhanced dimer mutant
A45-AGR2 to the [T/S]-x-I-[Y/F]-[Y/F] pentapeptide
motif. This data indicates that if the TxIYY docking
site represents a cellular binding interface for AGR2
client proteins, then the monomeric form of AGR2 has
the potential to be equally active. By contrast, the
binding of AGR2 to Reptin was stabilized by creating
an enhanced dimer (A45-AGR2) and attenuated using
the monomeric E60A mutant AGR2. Thus the deter-
minant in AGR2 that interacts with Reptin (primarily
within amino acids 104-111;2%) exploit its’ dimeric
subunit structure. Solving the interface of AGR2-
Reptin might facilitate developing biologics that dis-
rupt this protein interaction to determine how it
might contribute to cancer cell growth.

In conclusion, we have developed a microtiter-
based assay that measures in small volumes the oligo-
merization state of AGR2 protein. Such an assay was
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used to identify ligands like self-peptides that can
allosterically regulate multimer stability thus form-
ing a proof-of-concept assay for screening for cellular
proteins or drug-leads that might regulate of AGR2
dimer stability in vivo. The use of microtiter assays
like the “sandwich’-type assay (*>MTA) that meas-
ures ligand-free oligomerization provides a robust
small volume methodology that can be adapted to
screen for ligands that regulate the stability of oligo-
meric proteins implicated in human disease.

Experimental

Purification of recombinant AGR2 protein and
analytical gel filtration size-exclusion
chromatography

AGR2%'” was cloned into pEHISTEV and trans-
formed into BL21 (DE3).2%32 Bacteria were grown to
ODgg of 0.6 at 37°C and 1 mM IPTG was added for a
further 3 h, followed by harvesting and resuspending
in 30mL of lysis buffer (50 mM NaH,PO, pH 7.5,
400 mM NaCl, 10 mM Imidazole) on ice. Cells were
subjected to high-pressure (25k PSI) followed by cen-
trifugation at 40,000g for 50 min to isolate the soluble
fraction. The supernatant was applied to a Ni-charged
HisTrap FF 5-mL column (GE Life Sciences). The
immobilized protein was subject to a step-elution with
30 mM then 300 mM Imidazole. The eluted protein
was pooled and cleaved with recombinant tobacco etch
virus protease overnight at 20°C. The resultant solu-
tion was desalted into protein buffer (50 mM Tris
pH 7.5, 200 mM NaCl) with a HiPrep desalt 26/10
column (GE Life Sciences) before reloading onto the
IMAC to remove protease and uncleaved protein.
Purified protein was analyzed by gel-filtration size
exclusion chromatography on an analytical Superdex
PC 75 3.2/30” column (GE Healthcare) at titrated con-
centrations ranging from 2.5mg mL ™' to 5 pg mL™*
(injection volume of 20 uL). Detection was by absorp-
tion at 214 nm at a flow rate of 0.5 mL min *. The col-
umn was calibrated using protein standards (GE
Healthcare).

Monoclonal antibody purification and DyLight800
labeling. Monoclonal antibody MAB3.4%° was
affinity purified on a Protein G column by elution
using a buffer containing 0.1 M Glycine (pH 2.5)
and then neutralized with 1/10th volume of a 1 M
Tris HCI (pH 8.8) buffer. The IgG was dialyzed
against PBS and was conjugated to DyLight800 fluo-
rophore (excitation at 770 nm and emission at 794
nm) using DyLight800 Microscale Antibody Labeling
Kit (53063; Thermo Scientific). Briefly, 50 uL of
MAB3.4 (1.3mg mL™') was diluted to 100 pL final
volume with 0.67M Borate buffer and the protein as
added a vial of DyLight800 reagent to initiate cou-
pling and the reaction is continued in the dark for
60 min at room temperature. The labeled protein
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was added to a spin column in microfuge format and
the labeled antibody was separated from the label
by collecting the eluate after centrifugation.

Measuring AGR2 oligomerization using a two-
site sandwich microtiter assay (*MTA). Immu-
noglobulins (100 ng/50ml per well) were adsorbed
onto 96-well Costar opaque (white) wells, diluted in
100 mM NaHCO;3 pH 8.6 and incubated at 4°C, with
agitation, for 14-16 h. Wells were washed 3-5X with
PBS-0.05% Tween-20, prior to blocking with 200 pL of
3% bovine serum albumin in PBS-0.05% Tween-20
per well for 1 h at room temperature. Protein was
titrated in triplicate to the desired concentration in
blocking buffer to 50 pL per well and incubated on the
plate for 1 h at room temperature and washed 3-5X
with PBS-0.05% Tween-20 prior to antibody detec-
tion. Primary antibody was diluted 1:1000 (1 pg
mL ™1 and 50-pL per well incubated at room tempera-
ture for 1 h, plates were then washed 3-5X with
PBS-0.05% Tween-20. For ECL, 50 uL. secondary anti-
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body (rabbit anti-mouse, 1:1000 in 3% BSA-PBST)
was incubated for 1 h, prior to a final 3-5X washes
with PBS-0.05% Tween-20 and relevant detection. To
detect dimerization: (i) enhanced chemiluminescence
was carried out using white 96-well plates and sec-
ondary antibody conjugated to horseradish peroxi-
dase followed by detection on a Fluoroskan Accent FL.
(ii) alternatively, a 800 nm near-IR label (DyLight
800, Thermo) was used to label the anti-AGR2
MABS3.4 and, using black walled, clear bottomed 96-
well microtiter plates (Costar), antibody binding was
quantified using Licor Odyssey.

Oligomer disruption assays using 2>MTA

The capture MAB (100 ng per well of MAB3.4)
was diluted in 50 puL of NaHCO;3; (pH 9.0) buffer
and adsorbed on to the black walled, clear bottomed
96-well microtiter plate overnight at 4°C. Plates
were then washed 3-5X with PBS-0.05% Tween-20,
and blocked with 3% BSA in PBS-0.05% Tween-20
for 1 h. Concurrently, 100 ng (up to 5.5 pmoles) of

Nanosensing Oligomerization Assay for AGR2



purified AGR2 protein was diluted to 50 uL. of pro-
tein buffer, and incubated with the indicate amounts
of biotinylated overlapping peptide (in triplicate) for
1 h. The blocking solution was removed from the
plate and replaced by peptide—protein solution and
incubated for 1 h. Nearly 150 ng of DyLight800-
labeled MAB3.4-1abeled was then added to each well
and allowed to bind for 1 h. Unbound or weakly
bound antibody was then removed by 5X washes
with PBS-0.05% Tween-20 before directly detected
on the Licor Odyssey with 750 nm laser excitation
and emission at 800 nm. Images were analyzed and
quantified with the Odyssey Sa software.

Site directed mutagenesis of AGR2?1-17.pEHIS-
TEYV to produce Y58A, E59A, and E60A mutants
and cloning for A45 mutant. The indicated pri-
mers (Y58A, E59A, and E60A) were used for mutagen-
esis using GENEART mutagenesis kit (Invitrogen).

Mutation Forward primer Reverse primer

Y58A ATCTGGACTCAGAC  ATATAGAGCTTCTTC
AGCTGAAGAAGCT AGCTGTCTGAGTC
CTATAT CAGAT

E59A TGGACTCAGACATA  TTTATATAGAGCTTC
TGCAGAAGCTCTA TGCATATGTCTGA
TATAAA GTCCA

E60A ACTCAGACATATGA  GGATTTATATAGAG
AGCAGCTCTATAT CTGCTTCATATGT
AAATCC CTGAGT

The A45 mutant was amplified by PCR using forward
(CCATGGCTATGAGAGGTTGGGGTGACCAAC) and
reverse (CTCGAGTTACAATTCAGTCTTCAGCAACTT).
The PCR products were cloned into pEHISTEV vector
digested with Ncol and Xhol restriction enzymes to
generate the final vectors.

Measuring mutant AGR2 protein oligomeriza-
tion status using >>MTA. About 500 mL pellets of
bacteria induced to express wild-type and mutant
AGR2 were resuspended in 10mL lysis buffer and
subject to 3 X 10 s sonication on ice. Protein mutants
included Y58A, E59A, E60A, and A45-AGR2. The
lysed bacteria were centrifuged to isolate the soluble
fraction. About 10 uL fractions of each mutant crude
lysate was separated by SDS-PAGE, transferred to
nitrocellulose and probed with the DyLight800-
labeled MAB3.4. Using the Licor Odyssey system an
immunoblot was used to quantify and normalize
AGR2 protein concentrations (as in Fig. 5). Nearly
100 ng of MAB3.4 antibody was adsorbed onto a
clear-bottomed 96-well plate and the plate was
washed and blocked as described previously. A titra-
tion of the normalized AGR2 protein (in triplicate)
was applied to the plate in the mobile phase before
washing 5X PBS-0.05% Tween-20 and quantification
using the DyLight800-labeled MAB3.4.
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Measuring the AGR2 oligomerization status
using the K95-dependent DSS cross-linking
assay. For protein crosslinking, AGR2 protein was
exposed to DSS (Pierce 21555) and separated by
SDS gel electrophoresis. The DSS crosslinked pro-
tein was dissolved in 50 mM ammonium bicarbonate
and 6 M urea, reduced with 1uL 50 mM DTE
(dithioerythritol) for 60 min at 37°C, and alkylated
by adding 1pL of 400 mM iodoacetamide for 60 min
at room temperature. The sample was diluted three
times and digested overnight at 37°C with 0.1 pug of
sequencing grade trypsin (Promega, Madison, WI).
The remaining methodology for identification of
crosslinked peptides has been described,?*~3® includ-
ing the use of an LTQ Orbitrap velos mass spectrom-
eter (Thermo Electron; San Jose, CA) equipped with
a NanoAcquity system (Waters). Mutagenic primers
for K95R mutant generation were as follows: K95R
forward: 5'-gtgtttgctgaaaatagagaaatccagaaattg, and
reverse: 5'-caatttctggatttctctattttcagcaaacac.

Measuring AGR2 protein-protein interactions.
AGR2-Reptin. Human Reptin expressed in BL21
AI (Invitrogen) E. coli was purified as described.?® To
measure the binding of AGR2 (and mutants), purified
Reptin (100 ng per well) was adsorbed to the well in
carbonate buffer (0.1 M pH 9.0) overnight. Following
blocking with PBS containing 0.05% Tween-20 and
3% BSA, the indicated AGR2 proteins were titrated in
triplicate and incubated for 1 h at room temperature
followed by detection with an AGR2 monoclonal anti-
body (Abnova) and HRP conjugated rabbit anti-mouse
secondary antibody (Dako).

AGR2-TXIYY peptide. The TxIYY containing pep-
tide (Biotin-SGSG-HLPTTIYYGPPG;2°) was cap-
tured on streptavidin-coated wells and incubated for
1h, then plates were washed 5X with PBS-0.05%
Tween-20 and blocked. AGR2 protein and the indi-
cated mutants were titrated in triplicate onto the
plates and incubated for 1 h at room temperature
followed by detection using the AGR2 monoclonal
antibody and HRP conjugated rabbit anti-mouse sec-
ondary antibody.
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