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Crystal structure of a conformational antibody that binds
tau oligomers and inhibits pathological seeding by extracts
from donors with Alzheimer’s disease
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Soluble oligomers of aggregated tau accompany the accumu-
lation of insoluble amyloid fibrils, a histological hallmark of Alz-
heimer disease (AD) and two dozen related neurodegenerative
diseases. Both oligomers and fibrils seed the spread of Tau pa-
thology, and by virtue of their low molecular weight and relative
solubility, oligomers may be particularly pernicious seeds. Here,
we report the formation of in vitro tau oligomers formed by
an ionic liquid (IL15). Using IL15-induced recombinant tau
oligomers and a dot blot assay, we discovered a mAb (M204)
that binds oligomeric tau, but not tau monomers or fibrils.
M204 and an engineered single-chain variable fragment (scFv)
inhibited seeding by IL15-induced tau oligomers and patho-
logical extracts from donors with AD and chronic traumatic
encephalopathy. This finding suggests that M204-scFv targets
pathological structures that are formed by tau in neurodege-
nerative diseases. We found that M204-scFv itself partitions
into oligomeric forms that inhibit seeding differently, and
crystal structures of the M204-scFv monomer, dimer, and
trimer revealed conformational differences that explain dif-
ferences among these forms in binding and inhibition. The ef-
ficiency of M204-scFv antibodies to inhibit the seeding by
brain tissue extracts from different donors with tauopathies
varied among individuals, indicating the possible existence of
distinct amyloid polymorphs. We propose that by binding to
oligomers, which are hypothesized to be the earliest seeding-
competent species, M204-scFv may have potential as an early-
stage diagnostic for AD and tauopathies, and also could guide
the development of promising therapeutic antibodies.

Alzheimer’s disease (AD) is the most common neurodege-
nerative disorder, affecting nearly 50 million individuals world-
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wide, with no effective treatment or therapy even to slow dis-
ease progression (1). AD is associated with the accumulation of
extracellular plaques composed of Af3 peptides, and intracellu-
lar neurofibrillary tangles of hyperphosphorylated Tau protein
(2). Although the cascade of molecular events that leads to AD
is not fully understood, the spreading of tau pathology through
the brain tracks with cognitive decline (3), and small oligomers
and fibrillar inclusions are thought to drive the spread of tau
pathology by seeding (4). Besides AD, numerous other neuro-
degenerative disorders are associated with the deposition of
aggregated tau in the brain. Referred to as tauopathies, these
include chronic traumatic encephalopathy (CTE), frontotem-
poral dementia with parkinsonism-17 (FTDP-17), progressive
supranuclear palsy, and Pick’s disease among others (5, 6).
Tauopathies are distinguished from AD by an absence of fibril-
lar inclusions of B-amyloid, although tau pathology is thought
to progress in both by the seeded spreading of aggregated tau
from cell to cell in a prion-like manner (7).

Oligomeric inclusions of soluble tau could form prior to the
deposition of larger neurofibrillary tangles in the brain, and
soluble oligomers have been shown to provoke neuronal toxic-
ity and accumulation of fibrillar tau inclusions (8—11). Support-
ing the hypothesis that soluble oligomers are neurotoxic, ste-
reotaxic subcortical injections of tau oligomers into WT mice
induced measurable neurodegeneration by interfering with mi-
tochondrial and synaptic functions (12-15). Similarly, other
studies have shown that recombinant tau oligomers impair
memory and long-term potentiation by seeding the spread of
tau pathology and neurodegeneration (16—18).

Our laboratory has previously used a structure-based approach
to design inhibitors targeting three amyloidogenic segments of
tau, SVQIVY, VQIVYK, and VQIINK. These inhibitors are capa-
ble of blocking tau aggregation, and underscore the important
role of these segments in driving tau aggregation and seeding
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(19-23). Taking a different approach to inhibitor design, others
have exploited tau antibodies that bind various epitopes and in-
hibit seeding. Passive immunization with anti-tau oligomer anti-
bodies called “tau oligomer mAb” (TOMA) reduced levels of tau
oligomers and reversed locomotor and memory deficits in tau
P301L mice, suggesting that antibodies that target tau oligomers
may be effective therapeutics for AD and various tauopathies
(24).

Here we report that a novel inducer of tau aggregation: ionic
liquid 15 (IL15), promotes the formation of prefibrillar tau
oligomers that can be isolated for biochemical studies. Using
IL15-induced oligomers of tau-K18, we discovered that a
monoclonal rabbit antibody (M204) that was purified from A11
polyclonal serum binds to oligomeric tau, but not to recombi-
nant monomers or fibrils (25). We engineered a single-chain
variable fragment (scFv) construct of M204 and found that it
too forms oligomers of different molecular weights, and that
M204-scFv inhibits seeding by isolates from the autopsied
brains of human donors with AD and CTE. Structures of the
scFv M204 monomer, dimer, and trimer reveal differences in
the antigen-binding loops, suggesting a structural basis for the
enhanced inhibition of tau seeding by oligomeric forms of the
scFv antibody.

Results
Oligomer formation

To produce prefibrillar, seeding-competent oligomers of tau,
we sought new inducers of aggregation. Because classic aggre-
gation inducers, heparin and arachidonic acid, yield fibrillar
aggregates too rapidly to permit isolation of oligomeric inter-
mediates of aggregated tau, we surveyed a panel of 24 ionic
liquids to find slower inducers of aggregation using a thioflavin
T (ThT) assay (Fig. 14, Fig. S1). We turned to ionic liquids (IL)
because many aggregation catalysts of tau are charged mole-
cules, and ILs are reported to alter the solubility of other amy-
loid proteins and fibrils (26—28). Our initial work was on the
129-residue microtubule-binding domain of tau, known as tau-
K18 (29). Of the 24 ionic liquids screened, two induced tau-K18
aggregation: 50% (w/v) 1-n-butyl-3-methylimidazolium n-
octylsulfate (IL15) and 50% (w/v) triisobutylmethylphospho-
nium tosylate (IL23). IL15 catalyzed aggregation of tau-K18
more robustly than IL23, but with a lag time that was about 5
times longer than heparin-induced aggregation. The slower
kinetics of IL15-induced aggregation allowed us to isolate
oligomers during a short kinetic window, referred to as the
oligomer extraction window, which corresponds to the early
appearance of the ThT signal (Fig. 14). Reducing the rate of
aggregation seems to be an effective way of forming tau oligom-
ers because it was also shown that oligomers of tau can be iso-
lated and chemically stabilized by aggregation at 4 °C (30).

IL15-induced oligomers of tau-K18 isolated during the
oligomer extraction window were purified by size exclusion
chromatography (SEC) (Fig. 1B) and tested for immunoreactiv-
ity and seeding. As shown in Fig. 1C, the tau-K18 oligomer
peak reacted with the polyclonal antisera All, previously
shown to be conformation-specific for amyloid oligomers (31),
whereas the monomer tau-K18 peak showed no A1l immuno-
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reactivity. These results agree with other studies that show the
A11 antibody binds to a common structural motif in amyloid
oligomers (31, 32). Electron micrographs of the oligomer peak
fraction revealed a mixture of protofilaments, spherical or disk
aggregates that were 10-20 nm in diameter, and apparent mix-
tures of the two, which as shown in inset I of Fig. 1E, resemble
spherical aggregates with emerging protofilaments. By contrast,
the monomer fraction was mostly devoid of apparent aggre-
gates (Fig. 1D). When incubated with IL15 for longer times,
ThT fluorescence signal plateaued and electron micrographs
revealed fibrillar aggregates that display cross-8 diffraction
(Fig. 1, F and G), suggesting that the end point aggregates that
are formed by IL15 are fibrils.

Seeding by tau-K18 oligomers was measured in HEK293 tau
biosensor cells that express YFP-tagged tau-K18 (33). As shown
in Fig. 1, H-K, tau-K18 oligomers purified by SEC robustly seed
aggregation in tau biosensor cells, whereas tau-K18 from the
monomer peak shows no seeding activity. End point tau-K18
fibrils induced by IL15 also seeded biosensor cells at a level sim-
ilar to the purified tau-K18 oligomers (Fig. S2).

M204 antibody binding to tau oligomers

As an alternative to A1l polyclonal antisera, we sought a
mAb that would be more amenable to protein engineering,
because antibody variants can exhibit different in vivo and ther-
apeutic efficacies (33). Using purified preparations of IL15-
induced tau-K18 oligomers, we screened a panel of monoclonal
antibodies to find one that specifically recognized the oligomer,
and could thus be used to engineer single-chain antibodies. We
previously discovered a rabbit mAb derived from A11-produc-
ing rabbits called M204 that, like A11, recognizes oligomeric
but not fibrillar conformations of amyloidogenic proteins (25).
Dot blots immunostained with M204 reveal strong immunore-
activity to SEC fractions containing the IL15-induced tau-K18
oligomer, but no immunoreactivity to SEC fractions containing
the tau-K18 monomer (Fig. 2, Band C, and Fig. S3). In addition,
neither recombinant fibrils of full-length tau (tau40) nor puri-
fied taud0 had any immunoreactivity with M204 on the same
immunoblot (Fig. 2C). Next, we analyzed binding of M204 to
recombinant oligomers of tau-K18 and tau40 by ELISA. As
shown in Fig. 2, D-F, M204 reacted with fractions containing
both tau-K18 and tau40 oligomers, but not fractions containing
monomers of either tau construct.

To determine which tau sequences are recognized by the
M204 antibody, we performed epitope mapping using an array
of overlapping tau peptides. As shown in Fig. 34, M204 bound
the aggregation-driving segments VQIINK and SVQIVY more
strongly than neighboring regions. These results suggest
M204-tau oligomer recognition is mediated by the steric-zip-
per forming segments that drive tau aggregation, and suggest
that these segments are presented differently in the oligomer
conformation compared with the conformations of the mono-
mer and recombinant fibril.

Because M204 recognizes epitopes of prefibrillar structures
that are important for tau aggregation, we asked if antibody
binding inhibits seeding by IL15-induced tau oligomers. To test
this, we measured seeding and inhibition in HEK293 tau
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Figure 1. IL15 induces formation of tau-K18 oligomers and amyloid fibrils. A, aggregation kinetics of tau-K18 induced with 0.225 mg/ml of heparin
(blue), 2% (w/v) IL15 (green), or 2% (w/v) IL23 (magenta), measured by fluorescence of ThT dye at 480 nm. B, separation of tau-K18 monomer and oligomer after
16-18 h of incubation and shaking with IL15, as in A, by SEC using a HiLoad 16/600 Superdex 75 pg column. C, immunoblot analysis of tau-K18 oligomer and
monomer fractions from the SEC peaks using anti-oligomer A11 polyclonal antibody. D-F, negative stain electron micrographs of tau-K18 (D) monomer, (E)
oligomer, and (F) fibril prepared with IL15. G, X-ray fibril diffraction from tau-K18 fibrils prepared with IL15. H, HEK293 tau biosensor cells expressing YFP-
tagged tau-K18 and seeded with 1.5 nm tau-K18 oligomer. |, as in H, except seeded with 1.5 nm tau-K18 monomer. J, HEK293 tau biosensor cells without addi-
tion of tau seed. Representative cells that contain aggregates are marked by red arrows, and cells without by white arrows. K, quantification of seeding from
representative images shown in H-J. Statistical analysis was performed using a one-way ANOVA (**, p < 0.005, n.s., no significance) and Tukey’s multiple com-
parison in GraphPad Prism. Error bars show the S.D. of three replicates.

biosensor cells (34). As shown in Fig. 3, B-D, IL15-induced tau-  oligomers that could be present in the AD tissue. These data
K18 oligomers strongly seeded aggregation in tau biosensor suggest that small concentrations of oligomer in AD tissue that
cells, and seeding was inhibited by the addition of purified 10  are not detected by A11 may be detected using M204.

M M204.

Next, we sought to determine whether AD brain-derived tau  Design of the single-chain M204 antibody

was immunoreactive to M204. We found M204 immunoreac- Because M204 is an inhibitor of tau seeding and shows im-
tivity in both the crude and Sarkosyl-insoluble fractions of an munoreactivity with AD brain extract, we aimed to engineer
extract from the brain of a donor with AD, however, the immu- 4 single-chain (scFv) version of the antibody, which because
noreactivity was markedly stronger in the crude and Sarkosyl— of its smaller size, may possess greater tissue penetration
soluble fractions compared with the Sarkosyl-insoluble fraction  than the full-length antibody (35). As shown in Fig. 4, the
(Fig. 3E and Fig. S4). Consistent with previous data showing scFv construct is a small antibody of 247 residues generated
that A11 does not stain large fibrils from AD tissue (31), noim- by connecting the variable regions of the heavy (VH) and light
munoreactivity was found in the same tissue probed with A11.  chains (VL) of Igs using a flexible linker (36). Others have
Because All is polyclonal, the amount of M204-like antibody reported that scFvs are limited in expression due to misfold-
in the A1l antiserum may be too low to detect low levels ing and formation of inclusion bodies and loss of binding
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Figure 2. Tau oligomer purification and antibody binding. A, schematic
representation of full-length tau (tau40) and the tau-K18 construct contain-
ing the microtubule binding domains R1-R4. B, S75 16/600 SEC purification
of tau-K18 oligomer prepared as described in the legend to Fig. 1 with IL15.
C, dot blot of chromatographed tau-K18 oligomer and monomer fractions
(left set of four), and of purified tau-K18 monomer, tau40 monomer, and
tau4o0 fibril (right set of 3). Only the oligomer peak shows immunoreactivity
with M204. D, ELISA showing immunoreactivity of monoclonal M204 anti-
body with chromatographed S75 fractions containing tau-K18 oligomer
(fractions 44-49, colored red), but not tau monomer (fractions 58-61, colored
black). A volume of 20 pl of the indicated SEC fraction was diluted into 100 pl
of coating buffer and applied to ELISA plate. In fractions 46 and 61 (the high-
est peaks), 20 pl = 100 ng of protein/well. £, 200 10/300 SEC purification of
oligomeric tau40 prepared with IL15. F, ELISA showing immunoreactivity of
monoclonal M204 with chromatographed S200 fractions containing tau40
oligomer (fractions 10-15, colored red) but not tau monomer (fractions 17-19,
colored black). A volume of 50 pl of the indicated SEC fraction containing
tau40 oligomer (fractions 8-15) were diluted into 100 pl of coating buffer. For
tau40 monomer fractions 17 and 19, 10 pl was used to coat ELISA plates
rather than 50 pl because the peak monomer fraction was about 5 times the
intensity of the oligomer peak. For reference, the amount of protein used to
coat the ELISA plate in fractions 13 and 19 (the highest peaks) was 100 ng of
protein. Error bars show the S.D. of triplicate measurements.

activity in the bacterial cytoplasm (37, 38). To overcome this
limitation, we fused the M204-scFv to a PelB leader sequence
to shuttle the protein to the bacterial periplasm. Using this
expression system, we achieved 1-2 mg yields of purified pro-
tein per liter of bacteria.

SEC of purified M204-scFv revealed different oligomer forms:
monomer, dimer, and trimer (Fig. 4C). It has been reported that
scFv antibodies may form dimers depending on the sequence of
the antibody and/or the flexible linker (39, 40). We tested the pos-
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sibility that M204-scFv forms intermolecular disulfide bonds that
stabilize the oligomer by comparing the mobility of purified
M204-scFv by reducing and nonreducing SDS-PAGE (Fig. 4D).
Under reducing conditions, the M204-scFv proteins that eluted
from the SEC as monomers, dimers, and trimers all migrated
with similar mobility by SDS-PAGE. However, nonreducing con-
ditions revealed distinct high molecular weight bands for the
dimer and trimer SEC fractions, suggesting that the dimer and
trimer species are disulfide linked. Notably the dimer species
is the stronger band in both the dimer and trimer lanes, suggest-
ing the dimer is the more stable of the oligomeric scFv species.
That, and the appearance of monomer in the dimer and trimer
lanes (Fig. 4D, seventh and 11th lanes), along with the appear-
ance of some potential dimer in the monomer fraction (lane 3)
suggests that there exists some degree of interconversion among
scFv oligomers, potentially complicating biochemical analyzes
of the different M204-scFv oligomer species. Nevertheless, these
data demonstrate that different oligomeric forms of M204-scFv
can be enriched.

We compared the tau immunoreactivity of the different
M204-scFv oligomers by ELISA. All three M204-scFv species
recognized tau-K18 oligomer, and none recognized the tau-
K18 monomer, indicating that the engineered scFv has the
same specificity as the mAb for tau oligomers (Fig. 5, A—D, and
Fig. S5). M204-scFv dimer and trimer showed higher binding
signals for tau oligomers compared with the monomer, sug-
gesting that the M204-scFv dimer and trimer might have better
potential to bind and inhibit tau oligomers.

M204-scFv inhibits aggregation recombinant tau

To test the ability of M204-scFv to inhibit the primary
aggregation of tau, we added different ratios of M204-scFv
monomer, dimer, and trimer to tau-K18 monomer, and
measured aggregation using an in vitro ThT assay. All of the
M204-scFv antibodies delayed fibril formation at ratios of 1:1
and 1:0.5 (tau-K18:scFv) (Fig. 5, E-G). However, the M204-
scFv dimer exhibited the most pronounced delay in lag time,
whereas the M204-scFv monomer showed the smallest effect.
The delay in tau fibril formation was somewhat unexpected
as neither monoclonal M204 nor the M204-scFvs showed
binding to either recombinant tau fibrils or monomers. These
results suggest that tau oligomers may be formed transiently
during the fibrillization, and we speculate that these prefibril-
lar tau-K18 oligomers could thus become the target of M204
inhibition.

To determine whether our M204-scFv antibodies are inhibi-
tors of seeding by tau fibrils from pathological tissues, we tested
the seeding and inhibition of fibrils that were extracted from
AD brain tissue. Electron micrographs of extracted fibrils from
one representative AD donor confirms that the Sarkosyl-insol-
uble fraction contains an abundance of fibrils, but without
apparent oligomers (Fig. 6A4). Nevertheless as shown in Fig. 6,
B-F, dimers and trimers of M204-scFv block seeding by
extracts from three different AD donors. M204-scFv monomer
on the other hand is a poor inhibitor of seeding, and in one
case, even stimulates seeding (Fig. 6C).

J. Biol. Chem. (2020) 295(31) 10662-10676 10665
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Figure 3. M204 binds to aggregation-driving segments in synthetic, recombinant tau and AD brain-derived tau. A, epitope mapping using a peptide
array with overlapping synthetic tau peptides shows M204 binding most strongly to peptides containing the sequences KVQIINK and SVQIVY (in red). B, seed-
ing by IL15-mediated tau-K18 purified oligomers in HEK293 biosensor cells expressing YFP-tagged tau-K18. C, as in B, except following treatment of tau-K18
oligomer with 10 um M204 antibody. Seeding inhibition by M204 is interpreted based on the appearance of fewer puncta compared with B. Representative
cells containing aggregated tau are marked by red arrows, and cells without by white arrows. D, quantification of seeding from representative images shown
in B and C. Tau oligomer seeding and inhibition by M204 antibody were determined by calculating the number of normalized puncta per well of a 96-well-
plate. Statistical analysis was performed using one-way ANOVA (****, p < 0.0001; ***, p < 0.0006; **, p < 0.003) and Tukey’s multiple comparison in GraphPad
Prism. Error bars show the S.D. of three replicates. E, Western blotting of tissue from the brain of a donor with AD, fractionated into: crude brain homogenate,
Sarkosyl-insoluble, and Sarkosyl-soluble fractions, each probed with M204 or A11 anti-oligomer antibodies.

Because we hypothesized that brain regions affected at differ-
ent stages of disease could contain different species of aggregated
tau, for Donor 3 we elected to test seeding by extracts from two
different brain regions: the hippocampus, which exhibits tau
aggregation at early-to-moderate stages of AD (41) (Fig. 6D), and
the occipital lobe, which is affected at later stages of AD (Fig. 6E).
Nevertheless, inhibition of seeding inhibition by extracts from
both brain regions was virtually identical.

Collectively our results suggest that although M204-scFv
preferentially targets recombinant oligomers over recombinant
fibrils of tau, the antibody somehow still inhibits seeding by
pathological brain extracts that are enriched in tau fibrils. It is
possible that oligomers present in the pathological brain
extracts are too small to be observed in negative stain electron
micrographs, or that the epitopes presented on fibrils from
pathological brain extracts more closely resembles the epitope
fingerprint of the recombinant oligomers that are produced
using IL15. Additionally, it is possible that seeding by patholog-

10666 . Biol. Chem. (2020) 295(31) 10662-10676

ical brain extracts is mediated mostly by small oligomers that
are generated by sonicating the fibrils prior to seeding, and that
these oligomers are the target of M204-scFv inhibition.

As a further test of the inhibitory power of dimers and
trimers of M204-scFv, we assayed inhibition of seeding by
crude lysates from four additional donors with diagnosed tauo-
pathies: two with CTE, one with CBD, and one with a familial
(P301L) mutation. As shown in Fig. 7, M204-scFv blocked seed-
ing by one of the two CTE donors, but not by extracts from
donors with CBD or the P301L mutation. In fact seeding by
CBD or the P301L extracts appeared to be marginally enhanced
by M204-scFv. This finding was unexpected given our result
that M204-scFv potently inhibits seeding by fibrils from the
Sarkosyl-insoluble fraction of three AD donors. As we discuss
below, this apparent contradiction could be explained by the
interaction of M204-scFv with different disease-associated pol-
ymorphs in a way that in one case (as in AD) inhibits seeding,
but in other cases enhances the internalization of the seed.

SASBMB
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Figure 4. M204-scFv purifies as a mixture of monomer and oligomers. A, schematic comparing a full-length mAb and the scFv fragment. B, sequence of
M204-scFv. The VH and VL variable domains are colored blue and green, respectively, and the sequences of the CDRs loops are bolded and underlined. The VH
and VL fragments are connected by a flexible linker with sequence (Gly,Ser)s. G, S75 SEC of M204-scFv overlaid with gel filtration standards (in red) showing
apparent monomer, dimer, and trimer M204-scFv species, as judged by comparison to the SEC protein standards. D, SDS-PAGE analysis of monomeric, di-
meric, and trimeric M204-scFv fractions, run under reducing and nonreducing conditions, as indicated, showing high molecular weight bands that correspond

to the dimeric and trimeric species (marked by black arrows) under nonreducing conditions.

X-ray crystal structure of the M204-scFv monomer, dimer, and
trimer

To understand the structural basis of M204-scFv oligomeriza-
tion into a functionally active inhibitor of seeding, we determined
the X-ray crystal structures of the M204-scFv monomer, dimer,
and trimer conformations (Table 1). The structures of all of the
M204-scFv antibodies adopt a characteristic immunoglobulin (Ig)-
fold, having one variable domain from both the L and H chains per
protomer (Fig. 8). Each variable domain has three CDR loops
(CDR1, CDR2, and CDR3) in both the heavy (H) and light (L)
domains (Fig. 84). The dimer interface is formed by a face opposite
the antigen-binding surface, and the same interface comprises one
of the two intermolecular interfaces formed by the M204-scFv
trimer (Fig. 8, B and C). Our crystal structures reveal that all of the
CDR loops from both the L and H domains are surface exposed in
all three structures: the monomer, dimer, and trimer. These struc-
tures suggest that trimeric and dimeric forms of M204-scFv have
greater potential to bind to oligomeric tau because of the greater
number of clustered antigen-binding loops that are present on the
surface of the antibody in its oligomeric form.

SASBMB

CDRS3 from both the H and L chains are generally believed to
be the primary determinants of antigen binding (42). We car-
ried out an alignment of all of the M204-scFv structures that we
determined, and found that in one of the four molecules in the
asymmetric unit of the dimer structure, CDR loop 3 (CDR3) of
both the H and L chains adopt major conformational changes
compared with the M204-FAB crystal structure determined
previously (43), and the crystal structures of the monomer and
trimer, which we determined in this work (Fig. 8, E and F).
These data suggest that CDR3 possesses greater conforma-
tional flexibility in the dimeric and trimeric species, and
by extension, potentially greater inhibition because of an
improved ability of the antibody to interact with oligomeric
tau. It is not apparent from our structures, however, why the
dimeric and trimeric species would be afforded greater con-
formational flexibility.

Our analysis of the M204-scFv structures revealed that the
dimer interface has potential to be stabilized by a disulfide
bond, because Cys-202 from the two chains that form the
dimer interface project toward each other, and are 3.4 A apart
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Figure 5. M204-scFv antibody delays in vitro aggregation. A, SEC purification of tau-K18 oligomer using a $200 10/300 column. The protein elution frac-
tions were also monitored by absorption at 280 nm and presented in Fig. S7. B-D, ELISA showing immunoreactivity of the corresponding tau-K18 oligomer
fractions from A with M204-scFv (B) monomer, (C) dimer, and (D) trimer. E-G, M204-scFv mediated inhibition of tau-K18 aggregation. Aggregation was mea-
sured by ThT fluorescence with M204-scFv added at molar ratios of 1:1 and 1:0.5 (tau-K18: M204-scFv), as indicated. Inhibition of IL15-induced tau aggregation
by M204-scFv is shown for the M204-scFv monomer (E), dimer (F), and trimer (G). Tau-k18 is a positive control that was run in parallel but without the addition
of M204-scFv, and is the same in aggregation experiments shown in £-G, colored black. Error bars represent the mean = S.D. of three replicates.

in the crystal structures of both the dimer and trimer (Fig. 8D),
although the disulfide appears to be reduced in both structures,
potentially by X-ray—generated electrons (44, 45). The buried
surface areas formed by the dimer and trimer are relatively low
compared with other protein interaction interfaces, with a bur-
ied surface area of 581 A” for the dimer and 379 A? for trimer.
These data suggest that the disulfide bond would likely be im-
portant for stabilizing the dimer conformation, and explains
why the majority of M204-scFv purifies as a dimer (Fig. 4C).

10668 . Biol. Chem. (2020) 295(31) 10662-10676

Discussion

Here, we present a novel method of preparing reasonably sta-
ble oligomers of recombinant tau using IL15. Using these, we
were able to pan libraries of monoclonal antibodies to identify
M204, which binds IL15-induced tau oligomers, but not
recombinant tau monomers or fibrils. By identifying monoclo-
nal M204 as a conformation-selective antibody of tau oligom-
ers, we were able to develop a single-chain antibody of M204
that recognizes recombinant tau oligomers with specificity that

SASBMB
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Figure 6. M204-scFv antibodies inhibit the seeding of tau aggregation by autopsied brain extracts from three human AD brain patients. A, negative stain
electron micrograph of fibrils purified from human AD brain tissue. Scale bar, 200 nm. Zoom view shows a single fibril with a twist of two protofilaments, with the
appearance of a paired helical filament. B-E, quantification of the inhibitory effect of M204-scFv antibodies on inhibition of seeding by Sarkosyl-insoluble fractions
from AD brain tissue, measured in HEK293 biosensor cells expressing YFP-tagged tau-K18. Statistical analysis was performed using one-way ANOVA (****, p <
0.0001; ***, p < 0.0002; **, p < 0.001; *, p < 0.01, n.s., no significance) followed by a Tukey’s multiple comparison test in GraphPad Prism. Error bars show the S.D. of
three replicates. F, representative images of seeding and inhibition in HEK293 biosensor cells expressing YFP-tagged tau-K18. Cells seeded with the Sarkosyl-insolu-
ble fraction from AD Donor 1 without pre-treatment with M204-scFv (left panel) or no inhibitor (No /), and following overnight incubation with M204-scFv trimer,
dimer, or monomer (as indicated). The seeding can vary dramatically from different regions of a given brain tissue section, and this reflects a naturally occurring

nonuniform distribution of tau pathology in the brain. Representative cells that contain aggregates are marked by red arrows, and cells without by white arrows.

is similar to the parent mAb. The oligomers made using this
approach exhibit hallmarks of prefibrillar intermediates, in-
cluding immunoreactivity to the anti-amyloid oligomer antise-
rum A1l and proteopathic seeding.

Using IL15-induced tau oligomers and immunoreactivity
with polyclonal antibody All, we developed a related mAb
(M204) that binds to recombinant tau oligomers. We find that
M204 recognizes the aggregation-prone segments of tau with
sequences VQIINK and SVQIVY. These segments are known
to drive aggregation of tau, and inhibitors based on their struc-
tures inhibit fibril formation and seeding in biosensor cells (19).
From M204, we engineered a single-chain antibody, M204-

SASBMB

scFv, which exhibits the same binding specificity as the mAb
(M204). Because of their smaller sizes, single-chain antibodies
have better potential to distribute into tissues compared with
full-length antibodies (46). As such, the designed M204-scFv
antibody may be useful as a starting point for the development
of oligomer-based imaging agents and therapeutics.

The engineered M204-scFv antibody itself adopts three dif-
ferent self-associated species: a monomer, dimer, and trimer,
all of which bind to recombinant tau oligomers, but with the
dimer most effectively inhibiting seeding. Comparing the crys-
tal structures of the M204-scFv monomer, dimer, and trimer
reveals that CDR3 of both the H and L chains un-
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Figure 7. A-D, tests of the effectiveness of M204-scFv for inhibition of tau
fibril seeding by diseased brain extracts in our HEK293 biosensor cell-based
assay. M204-scFv dimer and trimer inhibit seeding by extract from (A) CTE
Donor 1, but not (B) CTE Donor 2, (C) CBD donor, or (D) a donor with a P301L
familial mutation. Statistical analysis was performed using one-way ANOVA
(**** p < 0.0001; *** p < 0.0008; **, p < 0.005; *, p < 0.01, n.s., no signifi-
cance) followed by a Tukey’s multiple comparison test in GraphPad Prism.
Error bars show the S.D. of three replicates.

dergo major conformation changes, in such a way that these
loops may be more effective at epitope binding in the dimer
than in monomer or trimer. In support of this, we find that
the dimer produces the greatest oligomer-binding signal in
our ELISA.

Our biochemical data suggest that the M204-scFv dimer is
stabilized by a disulfide bond, and we suspect the disulfide is
critical for the stability of the dimer, which has a buried surface
area of 581 A% The minimum buried surface area required to
form a stable complex is around ~500 A? (47). Therefore, the
dimer interface is expected to be relatively weak; however, di-
sulfide bonding would be expected to significantly reduce the
off-rate of the complex. The crystal structure of the M204-scFv
dimer shows Cys-202 from both protomers at a distance of 3.4
A, and at 1o contour level in the 2F, — F, map, the densities of
the two Cys-202 from chains A and B touch, but do not appear
to make continuous density that would be expected for a disul-
fide bond. On this basis, the disulfide appears to be broken in
the crystal structure, potentially by X-ray—induced reduction.
Given the proximity of these residues in the dimer interface,
however, in addition to our biochemical data that suggest the
dimer is both stable in solution, and is disulfide-mediated, we
conclude that the dimer interface is likely to be fortified by a
disulfide bond. The buried surface area of the trimer is much
less, around 379 A%, We suspect the trimer is a less stable spe-
cies. Accordingly, M204-scFv partitions mostly to the dimer
conformation.

The lack of inhibition by M204 for some tauopathy brain
extracts suggests the presence of various polymorphisms across

10670 J. Biol. Chem. (2020) 295(31) 10662-10676

different tauopathies. That is, patients diagnosed with the dif-
ferent tauopathies may harbor different polymorphs of tau
fibrils (48). CryoEM studies support this hypothesis, with dif-
ferent polymorphs occurring in AD brain compared with Pick’s
disease and CTE (49, 50). These results suggest that differences
of pathological tau polymorphs may require the development
of various different therapeutics to target the complex family of
tauopathies (51). In addition, our inhibitor studies using crude
brain extracts highlight other factors that may antagonize inhi-
bition of tau seeding by M204-scFv, such as: 1) the presence of
cellular proteases that could potentially degrade the antibody,
and 2) the reducing environment of the cell extract, which
could convert the trimeric and dimeric M204-scFv back to
monomer, which we know to be a poor inhibitor of seeding.
We conclude that further optimization of the M204-scFv is
necessary to enhance its proteolytic and oligomeric stability.

M204 also recognizes oligomers, but not monomers or fibrils
prepared from a number of amyloidgenic sequences, such as
A, a-synuclein, PrP(106-126), poly(Q)4, and calcitonin, indi-
cating that the epitope is a generic structure that is common
among the oligomeric conformations of amyloid proteins (25).
Similarly, antibodies enriched for binding to amyloid fibrils
commonly recognize amyloid fibrils formed by different amy-
loidogenic proteins (31, 52), indicating that sequence-inde-
pendent immunoreactivity is not rare, and may be evolved to
protect against a broad spectrum of potentially pathological
amyloids. Accordingly, conformational antibodies could be
particularly effective therapeutic agents in Alzheimer’s disease,
in which mixed amyloid pathologies are common (53).

In summary, we engineered a single-chain, conformational
antibody that recognizes recombinant oligomers of tau, and
inhibits cell-to-cell seeding by extracts from autopsy sections
from human donors with tau pathology. Aided by molecular
structures of the scFv antibody that we determined, we antici-
pate that M204 could be a candidate for further protein engi-
neering endeavors to produce antibodies as potential imaging
agents and/or therapeutics.

Experimental procedures
Monoclonal M204 expression and purification

Hybridomas producing rabbit monoclonal M204 antibody
were generated as described previously (25). Cells were main-
tained in Hybridoma-SFM (Gibco, catalog No. 1204-076) by
seeding CELLine CL1000 bioreactor flasks (Argos, catalog No.
90005) with 20 million cells. After 1 week, antibody was puri-
fied from the filtered the media using a protein A column
(Thermo Scientific, catalog No. 82080) pre-equilibrated with
PBS. After washing with 20 column volumes of PBS, antibody
was eluted with 100 mwm glycine, pH 2.0, and neutralized with
1 M Tris—HCI, pH 9.0. The purified antibody fractions were col-
lected and analyzed by SDS-PAGE (Fig. S6), buffer exchanged
to 1X PBS with a 30-kDa cutoff ultracentrifugal spin filter
(Amicon), and stored at —80 °C.

M204 antibody engineering, expression, and purification

The sequence encoding the variable regions of the heavy
(VH) and light (VL) chains of M204 antibody were connected

SASBMB
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Table 1
Data collection and refinement statistics
Statistics for the highest-resolution shells are shown in parentheses.

Monomer_M204 Dimer_M204 Trimer_M204
Wavelength (A) 0.7749 0.9792 0.9791
Resolution range 39.9-2.20 (2.26-2.20) 90.41-2.91 (2.99-2.91) 65.8-3.6 (3.69-3.60)
Space group P4,22 P2,2,2 P4322
Unit cell 60.460.4159.4 60.6 105.3 176.5 60.2 60.2 526.4
90 90 90 90 90 90 90 90 90

Total reflections 55,416 (4091) 93,397 (5737) 24,601 (1765)
Unique reflections 15,422 (1120) 25,041 (1651) 10,789 (795)
Multiplicity 3.6 (3.7) 3.7 (3.5) 2.3(2.2)
Completeness (%) 97.9 (99.0) 98.0 (92.11) 87.4(91.1)
Mean I/ (I) 11.1 (1.9) 6.7 (1.2) 3.7 (0.9)
Wilson B-factor 41.2 56.9 72.0
Rinerge 0.072 (0.644) 0.171 (0.975) 0.240 (0.923)
Rincas 0.084 (0.752) 0.198 (1.114) 0.276 (1.021)
Rpim 0.050 (0.435) 0.123 (0.722) 0.191 (0.712)
CCy)s 99.9 (73.6) 98.8 (48.1) 95.2 (44.8)
Reflections used in refinement 15,417 (1,503) 25,026 (2,310) 9,710 (715)
Reflections used for Ryee 1,542 (151) 2,504 (231) 1,079 (79)
Ryvork 0.194 (0.267) 0.186 (0.331) 0.252 (0.381)
Riee 0.235 (0.359) 0.238 (0.338) 0.283 (0.365)
Number of nonhydrogen atoms

Macromolecules 1,707 6,790 5,103

Ligands 3 20 0

Solvent 104 32 0

Protein residues 226 899 675

RMS (bonds) (A) 0.010 0.007 0.008

RMS (angles) (*) 11 12 1.50

Ramachandran favored (%) 94.6 95.5 95.2

Ramachandran allowed (%) 5.0 4.0 4.7

Ramachandran outliers (%) 0.4 0.6 0.2

Rotamer outliers (%) 2.7 6.6 0.15

Clashscore 1.78 2.84 3.38
Average B-factor (A?)

Macromolecules 429 56.8 94.3

Ligands 51.0 101. NA!

Solvent 44.5 39.6 NA

I'NA, not applicable.

by a linker with sequence (Gly-Gly-Gly-Gly-Ser-Gly-Gly-Gly-
Gly-Ser-Gly-Gly-Gly-Gly-Ser), and cloned into a pMES4 vector
using the Gibson assembly method (54). The pMES4 vector
encodes an N-terminal pelB signal peptide for periplasmic
expression, and a Hisg tag at the C-terminal end. Protein
expression and purification were performed according to our
previous protocol (55). Briefly, Escherichia coli strain WK6 was
transformed with the plasmid encoding M204-scFv and a fresh
colony was picked and used to inoculate 10 ml of LB supple-
mented with ampicillin (100 mg/ml). The following day, the 10-
ml pre-culture was used to inoculate 1 liter of TB media. Protein
expression was induced by addition of isopropyl 1-thio-B-p-gal-
actopyranoside at a final concentration of 1 mm at an OD = 0.6.
M204-scFv was purified by IMAC after periplasmic lysis by
using osmotic shock. Protein fractions from the IMAC were col-
lected and purified on a HiLoad 16/600 Superdex 75 pg column
in a running buffer of 20 mm Tris-HCI, pH 8.0, 150 mm NaCl.
The protein concentration and purity was determined for the
peaks corresponding to the M204-scFv monomer, dimer, and
trimer from the size exclusion column, and aliquots of each
were stored separately at —80 °C for further use.

Tau protein expression

Human WT tau-K18 (residues 244-372) and tau40 (residues
1-441) were expressed in a pPNG2 and pET28b vectors, respec-
tively, and purified as previously described (19, 56).

SASBMB

Preparation and purification of tau oligomers

Recombinant tau-K18 at a concentration of 12 um, or taud0
at a concentration of 50 um were incubated in 1X PBS, pH 7.4,
with 10 mm DTT and 2% ionic liquid (HR2-214-15, Hampton
Research) with shaking for 16-18 h at 37 °C in a 96-well-plate
(Thermo Scientific Nunc) with a plastic bead to enhance agita-
tion. The solution was subsequently centrifuged for 5 min at
14,000 rpm to remove any large aggregates, and the superna-
tant was concentrated using an ultracentrifugal spin filter with
a 10-kDa cutoff (Amicon). Concentrated samples were injected
on a HiLoad 16/600 Superdex 75 pg (tau-K18), or Superose 6
Increase 10/300 GL (tau40).

ThT fluorescence assay

Tau-K18 was diluted to 25 um in 1X PBS, pH 7.4, with 10 mm
DTT, 10 um ThT, and 2% ionic liquid (HR2-214-15, Hampton
Research). Protein was aliquoted to 3 replicate wells of a 96-
well-plate (Thermo Scientific Nunc), and plates were incubated
at 37 °C for 20 h with shaking and a plastic bead to enhance agi-
tation. Monomer, dimer, or trimer peaks of M204-scFv from
SEC were added to tau at molar ratios of either 0.5:1 or 1:1.
Aggregation was monitored by measuring ThT fluorescence at
440/480 nm excitation and emission wavelengths. Fibril kinetics
were calculated by averaging reads from replicates in GraphPad
Prism (GraphPad Software, Inc.), and error bars show the stand-
ard deviation of triplicate ThT measurements.
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Monomer Dimer
B (pink and cyan)

A

Figure 8. Crystal structures of M204-scFv monomer, dimer, and trimer antibodies. A-C, structures of M204-scFv monomer (A), dimer (B), and trimer (C),
showing the positions of the complementarity-determining region (CDR) loops from the heavy (H) and light (L) chains. The structure of the M204-scFv mono-
mer is colored pink, and in B, the dimer is formed between protomers colored pink and cyan. In C, the interaction of the protomers that form the dimer (colored
in pink and cyan) is conserved, and a third protomer that interacts to form a trimer is colored in green. For each species in A-C, the CDR loops are solvent
exposed, and oligomerization of the antibody could thus, in principle, enhance its interaction with the tau oligomer by polyvalent interactions. D, ribbon dia-
gram of M204-scFv showing the electron density and proximity of cysteine 201 from two adjacent protomers, with the potential to form a disulfide bond (yel-
low). E, comparison of CDR loops from the heavy chains (H1, H2, and H3) of the M204-scFv monomer (pink), dimer (cyan) and trimer (green) species, and (F)
CDR loops of the light chains (L7, L2, and L3) with the same coloring scheme.

ELISA night at 4 °C in sodium bicarbonate buffer, pH 9.6. The follow-

The surface of a 96-well-microplate (Greiner Bio-One, Ger-  ing day, the plate was washed three times with TBST buffer
many) was coated with tau oligomer or monomer by incubating  (TBS, pH 7.6, and 0.1% Tween 20) and residual protein binding
100 wl of protein solution at a concentration of 1 ug/ml over-  was blocked with 5% milk in TBST for 2 h at room temperature.
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The same washing procedure was repeated between each of the
subsequent steps. For the monoclonal M204-binding assay, 0.5
ug/well of monoclonal M204 in TBST supplemented with 2%
milk was incubated with each well for 1 h at room temperature.
Binding was detected with goat anti-rabbit HRP (Thermo Sci-
entific), 100 ul/well, diluted 1:5000 in 2% milk/TBST. Finally,
each well was washed three times with TBST buffer and HRP
signal was produced by addition of 100 wl/well of 1-Step™
Ultra TMB-ELISA Substrate (Thermo Scientific). Plates were
incubated for 15 min at room temperature, HRP signal was
quenched by addition of 2 m HClL. HRP signal was detected
using a filter at 450 nm. In the case of M204-scFv, all steps were
performed as described above except 5% milk was used for
blocking, and HisProbe-HRP (Thermo Scientific, catalog No.
15165) was used for HRP detection at a dilution of 1:5000 in
TBST.

Immunoblotting

Following SDS-PAGE, protein was transferred to a nitrocel-
lulose membrane (Invitrogen) and detected by immunoblot
analysis with rabbit polyclonal anti-oligomer A1l antibody
(Invitrogen, catalog No. AHB0052). Followed by goat anti-rab-
bit HRP (Abcam, ab6721) as a secondary antibody. All mem-
branes were developed using Pierce’™ ECL Plus substrate
(Thermo Scientific, catalog No. 32132).

Crystallization

The M204-scFv monomer peak from SEC was concentrated
to 9.6 mg/ml and crystallization trials were performed by mix-
ing equal volumes of the protein and reservoir solution. Crys-
tals appeared from cocktails containing 0.2 m lithium sulfate,
0.1 M phosphate/citrate, pH 4.2, and 20% (w/v) PEG 1000 (A6:
JCSG-plus screen, Molecular Dimensions) after 3-7 days at
16 °C. The M204-scFv dimer peak was crystallized at 10 mg/ml
from 0.15 M ammonium sulfate, 0.1 m MES, pH 6.0, 15% (w/v)
PEG 4000 (B10: ProPlex screen, Molecular Dimensions). The
M204-scFv trimer peak was crystallized at a concentration of
4.4 mg/ml from 0.1 M sodium acetate, pH 5.0, 1.5 M ammonium
sulfate (F11: ProPlex screen, Molecular Dimensions). All crys-
tals were cryoprotected with reservoir solution containing 35%
(w/v) glycerol, and flash-frozen in liquid nitrogen.

X-ray data collection and structure solution

X-ray data were collected at beamlines 24-ID-C and 24-ID-E
at the Advanced Photon Source at Argonne National Laborato-
ries. Data were processed in XDS and XSCALE (57), and for the
M204-scFv dimer, molecular replacement was performed using
search model 5GS3 (chain H) in PHASER (58). Refinement and
structure building was performed in PHENIX (59) and Coot
(60). The M204-scFv trimer and monomer structures were
solved using the coordinates from the M204-scFv dimer as a
search model.

Tau biosensor cell maintenance and seeding

HEK293 cell lines stably expressing tau-K18 P301S-eYFP,
referred to as “tau biosensor cells” were engineered by Marc
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Diamond’s laboratory at UTSW (34) and used without further
characterization or authentication. Cells were maintained in
Dulbecco’s modified Eagle’s medium (Life Technologies, cata-
log No. 11965092) supplemented with 10% (v/v) FBS (Life
Technologies, catalog No. A3160401), 1% penicillin/streptomy-
cin (Life Technologies, catalog No. 15140122), and 1% Gluta-
max (Life Technologies, catalog No. 35050061) at 37°C, 5%
CO, in a humidified incubator. Fibrils and patient-derived
seeds were incubated for 16 h with inhibitor to yield a final in-
hibitor concentration of 10 uM (on the biosensor cells). For
seeding, inhibitor-treated seeds were sonicated in a cuphorn
water bath for 3 min, and then mixed with 1 volume of Lipo-
fectamine 3000 (Life Technologies, catalog No. 11668027) pre-
pared by diluting 1 pl of Lipofectamine in 19 pl of OptiMEM.
After 20 min, 10 pl of fibrils were added to 90 pl of tau biosen-
sor cells. The number of seeded aggregates was determined by
imaging the entire well of a 96-well—plate in triplicate using a
Celigo Image Cytometer (Nexcelom) in the YFP channel
Aggregates were counted using ImageJ (61) by subtracting the
background fluorescence from unseeded cells and then count-
ing the number of peaks with fluorescence above background
using the built-in Particle Analyzer. The number of aggregates
was normalized to the confluence of each well, and dose-
response plots were generated by calculating the average and
standard deviations from triplicate measurements. For high
quality images, cells were photographed on a ZEISS Axio Ob-
server D1 fluorescence microscope using the YFP fluorescence
channel.

Preparation of crude and Sarkosyl-insoluble brain-derived
tau seeds

Tissue was received for neuropathlogically confirmed tauop-
athy cases from brain regions indicated in the figure legends.
Tissue was cut into 0.2-0.3—g sections and then manually ho-
mogenized in a 15-ml ultra tissue grinder (Fisher 02-542-10) in
1 ml of 50 mm Tris, pH 7.4, with 150 mm NaCl containing 1X
HALT protease. Samples were then sonicated in a cuphorn
bath for 120 min with 30% power at 4°C in a recirculating ice-
water bath, according to Ref. 62, and were used for seeding
without further purification.

For Sarkosyl-insoluble fibril fractions, 1-2 g of brain tissue
were manually homogenized in 10 mm Tris—HCI, pH 7.4, 0.8 M
NaCl, 10% sucrose, and 1X HALT protease inhibitor (Thermo)
using a disposable ultra tissue grinder. After clarifying by cen-
trifugation at 15,000 rpm for 10 min, Sarkosyl was added to the
supernatant to a final concentration of 1% and incubated at
37 °C with shaking at 200 rpm for 1 h. Fibrils were pelleted by
ultracentrifugation for 1 h at 80,000 rpm, and subsequently
resuspended in 50 ul of PBS, pH 7.4, per gram of tissue.

Dot blot
Dot blots were prepared as described previously (63, 64).

Epitope mapping

Protein microarrays were constructed by conjugating biotin-
ylated peptides on nitrocellulose-coated slides via NeutrAvidin,
to produce a 65-kDa tetramer with exposed peptide epitopes.
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For microarray fabrication, a library of biotinylated amyloid
peptides that were 12 residues with average molecular mass of
2 kDa were preincubated with NeutrAvidin (ThermoFisher Sci-
entific, MA, USA) in PBS at a molar ratio of 4:1 for 1 h at room
temperature with gentle agitation. The final concentration of
peptide in the NeutrAvidin complex was 0.5 mg/ml. Tween 20
(T-PBS) was added to the peptide complex solution at a final
concentration of 0.001%, and the solution was spotted onto a
nitrocellulose-coated glass AVID slides (Grace Bio-Laboratory,
Inc., OR, USA) using an Omni Grid 100 contact microarray
printer (Genomic Solutions). One nanoliter of peptide solution
was delivered to the membrane, corresponding ~0.5 ng of pep-
tide per spot. Slides were stored in desiccator for further use.

Statistical analysis

Data were analyzed in GraphPad Prism by performing one-
way analysis of variance (ANOVA) followed by a Tukey’s multi-
ple comparison test and a two-tailed unpaired multiple ¢ test.

Data availability

Coordinates were submitted to the Protein Data Bank (PDB)
with codes 6PIL for the M204-scFv monomer, 6PK8 for the
dimer and 6PSC for the trimer.
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