|BC ARTICLE

L))

Check for
updates

Structural and functional analyses of pyroglutamate-
amyloid-B-specific antibodies as a basis for Alzheimer

immunotherapy

Received for publication, January 31,2017, and in revised form, June 7, 2017 Published, Papers in Press, June 16,2017, DOI 10.1074/jbc.M117.777839

Anke Piechotta**"', Christoph Parthier®', Martin Kleinschmidt'?, Kathrin Gnoth*?, Thierry Pillot!, Inge Lues®,
Hans-Ulrich Demuth*', Stephan Schilling™, Jens-Ulrich Rahfeld*"?, and ©® Milton T. Stubbs®*
From *Probiodrug AG, Weinbergweg 22, 06120 Halle (Saale), Germany, the Sinstitute of Biotechnology, Martin Luther University,

06108 Halle-Wittenberg, Germany, the '"Department of Molecular Drug B/ochem/stry and Therapy, Fraunhofer Institute for Cell
Therapy and Immunology, Weinbergweg 22, 06120 Halle, Germany, and! SynAg/ng SAS, 54518 Vandoeuvre-les-Nancy, France

Edited by Paul E. Fraser

Alzheimer disease is associated with deposition of the amy-
loidogenic peptide Af in the brain. Passive immunization using
AB-specific antibodies has been demonstrated to reduce amy-
loid deposition both in vitro and in vivo. Because N-terminally
truncated pyroglutamate (pE)-modified A species (AB,g3)
exhibit enhanced aggregation potential and propensity to form
toxic oligomers, they represent particularly attractive targets for
antibody therapy. Here we present three separate monoclonal
antibodies that specifically recognize A3 with affinities of
1-10nmand inhibit A B ,¢; fibril formation in vitro. In vivo appli-
cation of one of these resulted in improved memory in A3
oligomer-treated mice. Crystal structures of F,;,-AB,z; com-
plexes revealed two distinct binding modes for the peptide. Jux-
taposition of pyroglutamate pE3 and the F4 side chain (the “pEF
head”) confers a pronounced bulky hydrophobic nature to the
AB,g; N terminus that might explain the enhanced aggregation
properties of the modified peptide. The deep burial of the pEF
head by two of the antibodies explains their high target specific-
ity and low cross-reactivity, making them promising candidates
for the development of clinical antibodies.

Alzheimer disease (AD)* remains one of the most feared con-
sequences of aging, affecting one in nine individuals over the
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age of 65 (1) and with most cases of dementia linked to AD
pathology (2). The amyloid cascade hypothesis is now widely
accepted as a major route to Alzheimer dementia (3). Accord-
ing to this hypothesis, a variety of processes leads to accumula-
tion of amyloid B (AB) peptides in the form of monomers, olig-
omers, and fibrils in the brain, resulting in plaque deposition.
As a consequence, neurosynaptic functions are impaired, the
number of neurons decreases, and finally the brain loses func-
tionality (4). Multiple drug discovery efforts targeting A pro-
duction and accumulation are currently being explored, with
passive immunotherapeutic treatment by AB-specific antibod-
ies being a promising approach to cure or prevent the progress
of AD (5, 6).

It is commonly accepted that the N-terminal residues of A
are freely accessible within amyloid fibrils and oligomeric mix-
tures (7-9). These epitopes are therefore a particularly attrac-
tive target for passive immunotherapy, because binding to them
can initiate antibody-mediated clearance of the toxic oligomers
and fibrils. A number of antibodies directed to the AB N termi-
nus have been reported, with binding modes determined for the
F,;, PFA1 (10-12) and the antibodies gantenerumab (13), bap-
ineuzumab (14), and aducanumab (15). The latter preferentially
recognizes an N-terminal conformational epitope that is pres-
ent on aggregated A but absent from monomers.

The majority of clinical trials with general anti-A 8 antibodies
has been disappointing so far (16, 17), possibly because of
patient and trial design issues, off-target saturation by soluble
A forms (18), and/or interference with physiological functions
of soluble AB (19) such as regulation of synaptic activity (20)
and action as an antimicrobial peptide (21). Interest has there-
fore shifted toward the new N-terminal-specific monoclonal
antibodies such as gantenerumab and aducanumab (2), which
specifically recognize oligomeric and fibrillar AB species and
largely ignore monomeric A. Recently, aducanumab has been
shown to slow cognitive decline in mild AD subjects in early
clinical trials (22), providing substantial support for these ther-
apeutic approaches.

In human AD brain deposits, more than 60% of A species
are N-terminally truncated (23), with A peptides starting with
either amino acid Phe-4 (24), Arg-5, Ser-8, Gly-9, or Glu-11 (23,
25). Of particular interest is a peptide species lacking the first
two amino acids Asp-1-Ala-2, in which the neo-N terminus
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(formerly E3) is converted into pyroglutamic acid (pE3) by glu-
taminyl cyclase (26 —28). The modified peptide AB, is abun-
dant in cored and diffuse AB deposits, as well as in vascular
amyloids in AD, presenilin-linked familial AD, and brains of
Down syndrome patients (29-32). AB, ;3 has been reported to
comprise 15—45% of total AB in brains of AD patients (26, 33).
Importantly, A5 exhibits higher aggregation propensity
(34), stability against degradation by aminopeptidases (35), and
an increased neurotoxicity (36) compared with full-length AB.
It has also been suggested that AR, reverses AB,_,, fibrillo-
genesis via a prion-like mechanism (36), leading to increased
formation of toxic oligomers. Thus the AD-associated peptide
AB,e5 potentially a critical etiological agent for AD, represents
an attractive therapeutic target.

Several antibodies against Af,,;; have been evaluated within
the last 5 years. Treatment with the AB 5 oligomer-specific
antibody 9D5 in an AD transgenic mouse model (5XFAD)
reduced the amount of cerebral Af levels and plaque burden
(including general AB, AB,, APy, and Af,:;) after only 6
weeks of passive immunization, leading to improved perfor-
mance in the elevated plus maze test (37). A pilot passive
immunization study using the antibody mAb07/1 reduced
general AB, AB ;5 and fibrillar amyloid deposits in the hip-
pocampus and cerebellum of APPswe/PS1A E9 mice (38)
and induced behavioral improvements (39). The monoclonal
antibody mE8 successfully lowered deposited AB without
inducing microhemorrhage in vivo (18), although it failed to
show significant plaque lowering when applied in a preven-
tive manner.

In this work, we compare the in vitro and in vivo efficacy
of three monoclonal antibodies raised against A3 c#6
(mAbO07/1), c#24, and c#17 and determine their target binding
affinity and specificity. In addition, crystal structure analyses of
the F,,-peptide complexes reveal two distinct ligand binding
modes, as well as a distinctive bulky hydrophobic nature of the
pE3-Phe-4 N-terminal region of AB ;. Our results provide a
framework for the engineering of humanized anti-Ap ., anti-
bodies, a prerequisite for their potential therapeutic application
in passive AD immunotherapy.

Results

A, cs-specific antibodies inhibit AB,,z5_,, butnotAB,;_,,
fibrillation

Three antibodies (c#6, c#17, and c#24) against pEFRHDS
(the pyroglutamate-modified N-terminal fragment of the
AB,gs peptide) were selected from hybridoma cell superna-
tants. Western blot analyses confirm their specificity for full-
length AB_; and demonstrate their ability to recognize and
bind oligomers of AB 5 4, (supplemental Fig. S1). Antibodies
c#6 and c#24 belong to the murine IgG1 subclass, whereas c#17
is of subclass IgG2b. In a thioflavin T fibrillation assay, all three
antibodies inhibit fibril formation of the (full-length) ABz5 4,-
peptide (Fig. 1, A and B). Fibril formation of full-length non-pE-
modified AB, ,, was not inhibited by any of the A3 ;-specific
antibodies (Fig. 1C), underlining their specificity for pyrogluta-
mate-modified AB.
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Figure 1. A g;-specific antibodies inhibit fibril formation. A and B, fibril
formation, monitored by thioflavin T (ThT) fluorescence (measured in relative
fluorescence units (RFU)) as a function of time [h], is inhibited by addition of
ABes-specific antibodies (c#6, c#24, c#17) to 10 um AB,c3 4, peptide in a
molar ratio of 1:2.5 (4 um Ab) (A) and 1:5 (2 um Ab) (B). The MCP1-specific
antibody, which does not recognize AB;, was used as control antibody
(supplemental Fig. S3A). C, the antibodies have no influence on full-length
AB;_4, peptide fibril formation (4 um Ab, molar ratio of 1:5). The mean values
and standard deviations were calculated based on three measurements.
Because full-length (AB,_,,) peptides were used at high concentration for the
inhibition studies, the enhanced aggregation rate described for AB; is not
apparent here (58).
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Figure 2. Antibody c#6 protects against oligomer-induced toxicity in cortical neurons and reverses A ¢;_,, oligomer induced impairment of spatial
working memory. A, cortical neurons were incubated for 24 h with vehicle or AB¢;_,, oligomers at the indicated concentrations in the absence or presence
of humanin (HNG, positive control) or antibody c#6 with increasing concentrations. Cell viability was determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide assay (n = 3 determinations/condition). The data are represented as percentages of control. B, 4 days following ICV infusion of
vehicle or AB,g;_4, oligomers, spontaneous alternation behavior (left) and the number of arm entries (right) were recorded during 5-min trials in the Y-maze
test. The mice were divided in four groups: A, B, C, and D dependent on treatment with/without AB,,¢5_,, and/or antibody c#6 (see text for details). The data are
represented as means *+ standard deviation (n = 9-10) and considered statistically different at p < 0.05 as described under “Experimental procedures.”

Antibody c#6 inhibits A5 _,, oligomer-induced neuronal
death and improves behavioral performance of
AB,cs_4>-treated animals

Exposure of rat cortical neurons to AP g; ,, oligomers,
which have been implicated to be a major toxic species in the
development of Alzheimer disease (36), resulted in a significant
and dose-dependent decrease in cell viability to 64.3 and 36.9%
when treated with 1and 5 um A g5 4, oligomers, respectively
(Fig. 24), in agreement with previously published data (24, 40).
Preincubation of A p; ,, oligomers with antibody c#6
increased cell viability in a dose-dependent manner, indicating
that the antibody acts as an effective neuroprotectant against
toxic AB,g3 4, oligomers.

In vivo effects on cognitive performance were investigated
using the Y-maze test (Fig. 2B, left panel) (24, 40) with which we
have previously shown that intracerebroventricular (ICV)
injection of AB,;3 4, oligomers into mouse brains results in a
dramatic impairment of spontaneous alternation behavior
(40). Mice treated intraperitoneally with vehicle followed by
ICV injection of AB g5 4, oligomers (group B) demon-
strated reduced alternation in the Y-maze test compared with
the control group (A), reflecting a strong decrease in short term

SASBMB

memory capacity (Fig. 2B, left panel). In contrast, mice admin-
istered intraperitoneally with antibody c#6 and challenged
with AB g3 4, oligomers (group D) exhibit alternation behav-
ior equivalent to the control group (group C). Thus antibody
c#6 prevents AB 4, oligomer-induced impairment of spatial
working memory. The number of arm entries did not differ
statistically between experimental groups (Fig. 2B, right panel),
indicating that the observed changes in alternation behavior
were not due to generalized exploratory, locomotor, or motiva-
tional effects and thereby providing further validation of the
Y-maze assay.

Affinity and kinetics of antibody binding to A peptides

All three pyroglutamate-specific antibodies c#6, c#17, and c#24
bind to AB,¢5 ;5 in the low nanomolar range (K, = 1-10 nm) as
determined by isothermal titration calorimetry (ITC) and surface
plasmon resonance (SPR), irrespective of whether complete anti-
bodies (two binding sites) or F,,, fragments (one binding site) were
analyzed (Table 1 and supplemental Figs. S2 and S3A). Binding in
each case is exothermic (AG = ~—11 kcal/mol) and enthalpi-
cally driven (AH > TAS). Remarkably, each antibody possesses
a distinct thermodynamic profile (quantified by the enthalpic
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Table 1
Antibody/F_, binding analysis using ITC and SPR
K,
Clone ApB peptide K,,in 1/Ms Korin 1/s SPR ITC
nm nm
6 Human pE3-18 pEFRHDSGYEVHHQKLV 6.89 X 10° 4.58 X 1072 6.7 4.85 + 0.35
24 241 X 10° 042 X 107° 1.8 6.85 = 1.56
17 25.0 X 10° 330 X 1072 1.3 0.99 = 0.31
6 Human 1-18 DAEFRHDSGYEVHHQKLV 184 >5.70 X 1073 >30000
24 69.9 >0.88 X 102 >12600
17 961 3.10 X 1072 3120
6 Human 2-18 AEFRHDSGYEVHHQKLV — — —
24 — — —
17 0.0964 X 10° 2.83 X 10°° 293
6 Human 3-18 EFRHDSGYEVHHQKLV 0.027 X 10° 46 %1073 1720 —
24 0.012 X 10° >0.657 X 10 > 500 —
17 0.074 X 10° 241 %1073 326 16.3 X 10°
6/24/17 Human 4-18 FRHDSGYEVHHQKLV — — —
6 mouse pE3-18 pEFGHDSGFEVRHQKLV — — —
24 — — —
17 14.9 X 10° 28.6 X 1072 19

—, no detectable binding (maximal peptide concentration, 1000 nM; maximal 10,000 nm for AB,_;g).

and entropic contributions) for AB,; ;5 binding (supplemen-
tal Table S1). K, values derived from rate constants k, (bind-
ing) and kg (dissociation) measured using SPR are in good
agreement with the binding affinities to A3 ;5 determined
by ITC (Table 1). Significant differences in the association
and dissociation kinetics of the three antibodies from the ligand
AB,3_ 15 are observed: c#24 exhibits a 10-fold slower dissocia-
tion rate compared with c#6 and c¢#17 (Table 1 and supplemen-
tal Fig. S3A). The slower dissociation rate of c#24 is offset by a
slower association rate (k,,,) (~3-fold slower than c#6 and ~10-
fold slower than c#17), resulting in similar K, values for all
three anti-Af,g; ;¢ antibodies. In addition, antibody c#6
exhibited high affinities for ABg; ;, octamers (29.3 pm) and
fibrils (3.75 pm) (supplemental Fig. S3, B and C), which are
about 230 times (octamers) or 1800 times (fibrils) higher than
that for AB, ;3 _,, monomer (K, = 6.7 nm) and are probably due
to avidity effects.

Antibody specificity for pyroglutamate in position 3 of
AB,es 15 was further probed using SPR to measure binding
to different AB peptide species lacking pE3 (AB; ;s ABy 1s
and AB; ;¢ Table 1 and supplemental Fig. S3, D—F). In accord-
ance with results from ITC, antibodies c#6 and c#24 show no or
very weak interaction with any of these peptides. In contrast, anti-
body c#17 possesses a measurable affinity for AB, ;5 (K, = 293
nM) and AB; 5 (Kp = 326 nv; 16.3 um by ITC), albeit >200-fold
weaker than for A g5 14 (Kp = 1.3 nm). Similarly, no measurable
binding of c#6 and c#24 was observed to the murine AB¢; ;g
peptide, which differs by three amino acid exchanges compared
with the human peptide (see Table 1 for sequence details). In con-
trast, c#17 binds the murine peptide with a K, of 19 nMm. In
summary, all three antibodies exhibit high affinity for the
human AB_ ;5 5 peptide and little or no cross-reactivity with
other Af3 species.

Crystal structures of F ., fragments in complex with A,
peptides

Crystals diffracting from 1.5 to 2.2 A were obtained for F,,,
fragments from all three antibodies complexed to various
human and murine A, peptides (see Table 2 for data collec-
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tion and refinement statistics). In each case, electron density
could be assigned unequivocally to the first six N-terminal res-
idues of the ligands (supplemental Fig. S4, A-D). Two distinct
binding modes (I and II) were observed for the pE-modified A3
peptide ligand (Fig. 3), and both differ substantially from those
described previously for AB-specific antibodies (supplemental
Fig. S5). For F_, c#6 and F,, c#24, which differ by only four
amino acids in the variable domain of the light chain, the AB ;5
peptide buries a surface area of 818.4 and 932.3 A2, respectively,
with favorable surface complementarity (41). The peptide
occupies a deep hydrophobic cavity between the F,, light and
heavy chains lined by residues Tyr-31, ., Tyr-37, ., Leu-41, .,
Val-94; -, Phe-99, ., Phe-101; -, Phe-103,; - , Val-37;, Trp-
47> and Trp-109,c (Fig. 4, A and B) (residue numbers with
the suffix LC/HC are from the light/heavy chains, respectively).
The N-terminal pyroglutamate residue pE3 is buried deeply
in the interface, with multiple hydrogen bonds between the
peptide and residues of the F, framework (between the back-
bone amides of pE3, Phe-4 and Arg-5 and the carboxylate group
of Glu-99,,¢, between the carbonyl moieties of pE3 and Phe-4
and Asn-39, . and between the pE3 5-oxo group and the side
chain of Thr-97,, (c#6) or Asn-35,, (c#24)). The guanidinium
moiety of Arg-5 is held in place by hydrogen bonds to the main
chain carbonyl groups of Gly-96,  and Thr-97, .. Slight differ-
ences in peptide orientation and binding are found for residues
His-6, Asp-7, and Ser-8. In particular, AB_; peptide residue
Asp-7 makes hydrogen bonds to Lys-35; - in c#24, whereas the
latter residue is involved in an intramolecular salt bridge to
Glu-E103,, in c#6.

In contrast, the F,;, of c#17 binds AB 5,5 in a more conven-
tional manner, occupying a shallow surface groove formed by
the complementarity-determining regions (Figs. 3B and 4C)
and burying an accessible surface area of 616.4 A% The interac-
tion is largely hydrophobic, involving only two residues from
the light chain (Val-99; - and Pro-101, o), as well as heavy chain
residues Trp-47,;c, Phe-50c, Tyr-59,c and Tyr-99,,. that
surround the N terminus of ABpE3. A short antiparallel 8-sheet
is formed between pE3—Phe-4 and the Asp-106,,; main chain
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Table 2
X-ray data collection and refinement statistics

Pyroglutamate-A-specific antibodies

F,, c#6/
ABpE3-12PEGb

F,, c#24/
APpE3-18

F,, c#17/
ABpE3-12PEGb

F,, c#17/
mABpE3-18PEGb

Data collection statistics
Radiation source

Rotating anode

BESSY BL 14.1

Rotating anode

BESSY BL 14.2

Wavelength (A) 1.5418 0.9184 1.5418 0.9184
Space group . P1 C2 P2, P1
Unit cell length (A) 53.79, 65.99, 67.77 115.63, 95.95, 90.38 43.17, 87.14, 58.03 40.91, 42.94, 57.98
Unit cell angles (°) . 62.9, 82.9, 84.2 90.0, 101.2, 90.0 90.0, 96.06, 90.0 83.9, 83.3,90.3
Resolution range (A) ) 30-1.59 30-1.49 30-2.21 30-1.60
Highest resolution shell (A) 1.69-1.59 1.58-1.49 2.31-2.21 1.70-1.60

e 3.4 (33.3) 4.7 (64.4) 8.1(22.9) 2.9 (41.3)

o 17.8 (2.0) 19.0 (2.2) 14.2/(3.4) 16.3 (2.0)
Completeness (%) 89.3 (54.3) 98.3 (90.0) 96.8 (78.5) 94.5 (93.7)
CC (1/2) 99.9 (79.0) 99.9 (71.8) 99.6 (89.6) 99.9 (75.1)
Multiplicity 2.8 (1.4) 4.2 (4.0) 4.6 (1.9) 2.0 (2.0)
Solvent content/Fab per ASU 41%/2 49%/2 45%/1 41.7% /1
Model used for MR 1ZEA 1ZEA 2DQT c#17

Refinement statistics
Number of reflections (working/test set) 99419/4972 154378/7719 40700/2042 48636/2433
Ryond Risee 0.180/0.215 0.181/0.213 0.186/0.249 0.173/0.210
No. atoms

Protein 6941 6776 3321 3346

Ligand 86 246 54 47

Water 1157 1462 191 392
B-factor (A?)

Protein 18.4 18.7 23.8 24.6

Ligand 35.4 26.25 26.2 25.5

Water . 29.8 31.5 26.1 34.3
Bond length r.m.s.d. (A) 0.006 0.005 0.008 0.006
Bond angles r.m.s.d. (°) 0.86 0.83 0.99 0.86
Ramachandran plot: (%) favored/outliers regions) 97.7/0.1 98.2/0.1 97.5/0.0 98.6/0.0
MolProbity clash score 4.58 2.38 5.74 3.31

PDB accession code 5MYO 5MYX 5MY4 5MYK

A CH24/ABes 15

B cH17/ABycs 1

Figure 3. A, .-specific antibodies bind the peptide in two different
binding modes. A and B, N-terminal residues of the AB,c; peptide (yellow
spheres) bound in the binding pockets of F,, c#24 (binding mode ) (A)and F,,,
c#17 (binding mode II) (B) viewed along the direction of the antigen-binding
groove. In binding mode | (observed also for F,,, c#6), the N-terminal residues
are deeply buried in a V-shaped cavity between the light (LC) and heavy (HC)
chains, whereas in binding mode Il the AB¢;-peptide is surface-located. The
structures were superimposed using the F, heavy chain Cas.

together with a hydrogen bond between the pE3 5-oxo group
and the Tyr-99,,c hydroxyl. The surface location of the peptide
explains the measurable yet weak affinity of c#17 for non-mod-
ified variants of the human A peptide (AB,_ ;5 and AB3 ;g
Table 1) and for murine AB,;; ;4 (which as mentioned above
shows three amino acid exchanges compared with the human
peptide). The crystal structure of c#17 bound to murine
A3 15 reveals a very similar binding mode (supplemental
Fig. S4D), with only residues pE3 to Asp-7 bound by the F,;
fragment. The substitution of the human Arg-5 for G in mouse
AB,s_1g results in the loss of a single hydrogen bond between
the Arg-5 guanidinium group and the backbone carbonyl oxy-
gen of Ile-1044;c. In contrast, the loss of multiple hydrogen
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bonds found between Arg-5 and c#6/c#24 (supplemental Fig.
S4, A and B) provides an explanation for the lack of affinity of
these two F s for murine AB;3 ;5 (Table 1).

The AB,,c; N-terminal pE3-Phe-4 dipeptide forms a distinctive
bulky hydrophobic “pEF head”

Although the ligand binding pockets of the three ABz;-spe-
cificantibodies exhibit significant differences, the bound AB ;.5
peptides possess striking structural similarities (Fig. 5). In each
case, the y-lactam ring of pE3 stacks parallel to the aromatic
side chain of F4 to form what we term the pEF head (Fig. 5, A
and B), with the hydrophilic moieties clustering at the periph-
ery (supplemental Fig. S6). A search of the PDB for other pyro-
glutamate-containing proteins revealed the same pEF head
structure at the N termini of a bacterial cytochrome ¢’ (pE1-F2,
PDB code 2YLI Fig. 5C) (42) and human a-amylase (pE1-Y2,
PDB code 4GQR; Fig. 5D) (43). Interestingly, Phe-4 shows dif-
ferences in NMR solution chemical shifts between non-modi-
fied ABgsq a0 and AB g3 40 (44). We therefore surmise that the
PEF head is an inherent feature of the pE—Phe sequence and
that its bulky hydrophobic nature might provide an explanation
for the enhanced aggregation and fibrillation properties of
AB, g5 peptides.

Discussion

The use of anti-A antibodies represents a promising treat-
ment against AD. Although a number of monoclonal antibodies
have been developed, initial clinical trials with anti-A B antibod-
ies have by and large been disappointing (2, 16, 17). Neverthe-
less, recent data concerning the application of aducanumab,
which preferentially binds aggregated A rather than mono-
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Figure 4. Binding pockets of the three A, ..-specific antibodies. A-C, orientation of the AB,,¢; peptide N-terminal residues (yellow sticks) in the binding
pockets (surface representation) of F,,, c#6 (A), F,, c#24 (B), and F,,, c#17 (C). A and B, open book representation following rotation of light (LC, left panels) and
heavy (HC, middle panels) chains by +90° about a vertical axis respectively. C, top view obtained by rotation of 90° around a horizontal axis compared with Fig.
3B. Complementarity-determining region and framework residues of the LC are depicted in orange and light orange, respectively, whereas those of the HC are
shown in cyan and light cyan; residues that form the interface between LC and HC are in gray. Underlined labels represent hydrophobic residues contacting the
AB,e3 peptide. Right panels, 2D representations of the interactions of Fab c#6, c#24, and c#17 with A,¢;. Hydrophobic interactions = 4.5 A are separated by
a gray line. Residues of all three Fs that contact the ABg;_;,/15 Peptide are summarized in supplemental Table S2.

meric peptide, demonstrate that immunotherapy can indeed
lead to reduction of brain A plaques in AD patients (22). To
circumvent existing pharmacological and clinical problems, we
have chosen to specifically target AB; for passive immuno-
therapy. In comparison to full-length AB;_,,, the N-terminal
pE3 modification renders A5 4, more resistant to proteo-
Iytic degradation (35) and prone to aggregation (34) to yield
oligomers with a toxic, transferrable structure (36). Hence,
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antibodies directed against AB,z; 4, harbor the potential to
remove these particularly toxic species without interfering with
the biological function of AB;_,,,4, and the precursor protein
(APP). Moreover, A5 peptides have not been detected out-
side the CNS or in the cerebrospinal fluid in humans (33, 39,
45). Thus antibodies directed against A3 should not accu-
mulate with bound A peptide in the bloodstream, possibly
favoring central activity (18). In agreement with this, no
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a-amylase

Figure 5. The N-terminal dipeptide of A ¢ exhibits a distinctive hydrophobic pEF head. Superposition of pE3-Phe-4 of the bound AB,¢; peptides from
the binding pockets of F,,, c#6 (yellow; see also supplemental Fig. S6) and F,,, c#24 (A, magenta) and F,,, c#17 (B, cyan) reveals equivalent juxtapositions of pE3
and Phe-4 to form the pEF head. This arrangement is also found at the N termini of the unrelated proteins cytochrome c (C, forest green; PDB code 2YLI) and

human a-amylase (D, violet; PDB code 4X9Y).

increase of total AB in the blood (which has been seen for other
AP binding antibodies) was observed upon treatment of
APPswe/PS1DE9 mice with the anti-AB,;; antibody c#6 (38).
Conversely, these mice showed a decrease of total Af load
(including both pE3 and non-pE3 A peptide species) in the
hippocampus and cerebellum, and prophylactic administration
of c#6 in a preclinical murine model of AD resulted in cognitive
improvements.

The structural investigations presented here provide valua-
ble clues to understanding the exquisite specificity of our anti-
bodies for the modified peptide AR, without any significant
cross-reactivity to AB;_,,. Although a monomeric truncated
N-terminal peptide sequence was used for co-crystallization,
several lines of evidence provide support that the observed
binding modes mirror their interaction with monomeric, fibril-
lary, and oligomeric forms of AB, g5 40/40- First, antibody bind-
ing to monomeric AR5 4, decreases or completely prevents
fiber formation in a concentration-dependent manner in vitro.
Second, SPR measurements demonstrate that the antibodies
bind fibrils with K, values in the picomolar range (supplemen-
tal Fig. S3C), suggesting that the pyroglutamate modification is
also accessible in the fibers, as has been shown for the free N
terminus of full-length unmodified AB fibers (7-9). Finally,
preincubation of toxic Af,g; oligomers with antibody c#6
results in a strong suppression of oligomer-induced cortical rat
neuron cell death in a concentration-dependent manner. These
in vitro results were corroborated by improved cognitive behav-
ior of c#6-pretreated mice in the Y-maze test following chal-
lenge with toxic AB,g3_4, oligomers, in line with similar in vivo
studies in which the oligomeric ApB;;-specific antibody 9D5
reduced total AB levels and improved performances in the ele-
vated plus maze test (37).

Although the A, _, specific F,, PEA1 has also been shown to
bind AB,;; g with low (3 um) affinity (10), our antibodies c#6,
c#24, and c#17 exhibit affinities between 1 and 10 nMm for mono-
meric human A,;; peptides. Binding of c#6 to A5 oligo-
mers and fibrils is in the low picomolar range (30 and 4 pwm,
respectively), comparable with data published for mE8 (18).
Despite similar K, values, target binding of the individual anti-
bodies involves different enthalpic and entropic contributions,
with c#24 exhibiting the most negative AH (—22 kcal/mol) and
TAS (—11 kcal/mol) values. Antibodies c#6 and c#24 are the
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most specific for AB, 3 g, characterized by a deep burial of the
pEF head between light and heavy chain framework residues
and little to no detectable binding to non-modified AB pep-
tides. In contrast, the surface location of the peptide bound to
antibody c#17 allows a low level degree of binding of unmodi-
fied peptides. In this respect, c#17 exhibits parallels to previ-
ously reported A, specific F ;s (PFA1 and PFA2 (10), WO2
(11), 12A11, 12B4, and 10D5 (12)) and antibodies like gantene-
rumab and aducanumab (13, 15), which all bind their respective
peptides in a surface-exposed extended conformation (shown
for PFA1 in supplemental Fig. S5B). The one exception to this is
the AP, . -specific antibody bapineuzumab and its parent
murine antibody 3D6 (14, 46), which bind the AB-N terminus
with residues Asp-1-Phe-4 buried deeply in the interface
between the light and heavy chains (supplemental Fig. S5C).
The exquisite orthogonal selectivities of c#6 and c#24 for AB ;5
and bapineuzumab for unmodified AB;_,o/4, (47) therefore
provide valuable tools for dissecting the roles of these two pep-
tide species in fibrillation and in Alzheimer disease.

The peculiar geometry observed for the pE3—Phe-4 N-termi-
nal dipeptide (the pEF head) in all structures presented here—
and found at the N termini of a bacterial cytochrome ¢’ (42) and
human a-amylase (43)—may have relevance for the physico-
chemical properties of AB,;;. Loss of the N-terminal residues
Asp-1and Ala-2 and the E3 side chain leads not only to a reduc-
tion in hydrophilicity; juxtaposition of the pyroglutamate pE3
y-lactam ring and the aromatic side chain of F4 results in a
bulky hydrophobic moiety that would be difficult to accommo-
date in typical secondary structures. Indeed, NMR spectros-
copy has demonstrated that the N-terminal pyroglutamate
modification has a marked effect on AB secondary structure
(48), with AB_ 5 4, possessing a significantly decreased pro-
pensity to form helices compared with AB;_,,. The pEF head is
also likely to protect the modified peptide from degradation
by aminopeptidases: the mammalian pyroglutamate peptidase
type 2, a membrane anchored thyrotropin-releasing hormone-
specific peptidase, is unable to process thyrotropin-releasing
hormone (pGlu-His-Pro-NH,) when the naturally occurring
second residue His-2 is substituted for Phe-F2 (49). Thus for-
mation of the pEF head may lead to reduced clearance of Af3
carrying the pyroglutamate modification at position 3, as well as
providing a plausible explanation for its enhanced aggregation
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and fibrillation. The deep burial of the pEF head by c#6 and
c#24 may therefore confer particular advantages in neutralizing
the adverse properties of A .

The thermodynamic, structural, and functional data pre-
sented here for the ABPEg-specific antibodies c#6, c#24, and
c#17 provide a basis for humanization, with a view toward
developing new biological entities with minimal immunogenic-
ity for passive immunotherapies. In particular, antibodies c#6
(with its ability to inhibit ABg; 4, oligomer toxicity, noting
that the presence of soluble oligomeric A correlates with key
features of AD (50)) and c#24 (with its very-low kg value) rep-
resent promising candidates for the development of clinical
antibodies for passive AD immunotherapy.

Experimental procedures

Cultivation of hybridoma cell lines, antibody expression, and
purification

AB,g5-specific antibodies were generated by immunization
of female BALB/c mice with the hexapeptide pEFRHDS conju-
gated to keyhole limpet hemocyanin (BioGenes). Hybridoma
cell clones were produced by fusion of spleen cells of the immu-
nized mice with the myeloma cell line SP2/0. Clones subtyped
using the IsoStrip mouse monoclonal antibody isotyping kit
(Roche) were selected using ELISA and SPR measurements.
Antibodies were produced by growing and maintaining the
hybridoma cell lines c#6, c#17, and c#24 in serum-free medium
(Invitrogen) supplemented with 0.06 mg/ml gentamycin.
Immunoglobulins were purified from culture supernatant by
affinity chromatography using a 5-ml Protein G column (GE
Healthcare). Bound antibodies were eluted using 2 M potassium
thiocyanate, 40 mm Na,HPO,, pH 7, and dialyzed against PBS
(138 mm NaCl, 8 mm Na,HPO,, 1.5 mm KH,PO,, 3 mm KCl, 2
mM EDTA, pH 7.13) overnight at 4 °C. F,, fragments were gen-
erated by digestion with papain (Pierce: 7BAEE for c#6 and
c#17 and the more active 16 —40 BAEE for c#24) for 24 h. F_
portions were removed chromatographically using a Protein G
column (Pierce). The F,,, fragments of antibodies c#6 and c#24,
which bound to the column, were eluted using 100 mm glycine
(pH 2.7) into a neutralizing solution of 1 M Tris (pH 9). In the
case of antibody c#17, the F,, fragment was collected in the
flow-through, with the F_ and undigested IgG remaining bound
to protein G column. All F,, fragments were further purified
by size exclusion chromatography (Superdex 75 column) to
remove residual amounts of undigested antibody (supplemen-
tal Fig. S7). Concentrations of F_,, fragments and antigen were
determined by UV-visible spectrometry at a wavelength of
280 nm.

AP peptide preparation for in vitro and in vivo assays

Lyophilized AB; 4,/AByes 4> peptides (Bachem H1368/
H4796) were dissolved in 1,1,1,3,3,3-hexafluoro-2-isopropanol
(HFIP) to dissolve preformed aggregates of the A3 peptide. The
peptide concentration was determined by absorption at 280
nm, applying an extinction coefficient of 1490 M~ ' cm™" for
AB, 40 A stock solution of 400 um was prepared and divided
into aliquots, and the HFIP was evaporated under a fume hood.
Dry peptide films were stored at —80 °C. Immediately prior to
analysis, peptide pellets were dissolved in 100 ul of 0.1 M NaOH
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and neutralized with 100 ul of 0.1 M HCI, and 1800 ul of phos-
phate buffer (50 mm Na,HPO,, 150 mm NaCl, pH8) added.
Fibril formation of AB, ,, and ABg; ,, was monitored fol-
lowing incubation of 10 um monomeric peptide dissolved in
phosphate buffer in the presence of 20 um thioflavin T in
96-well microtiter plates (well volume, 150 ul). The plates were
sealed with adhesive film and incubated in a plate reader at
37 °C for 2 days. The fluorescence intensity (excitation wave-
length, 440 nm; emission wavelength, 490 nm) was measured
every 20 min using a NOVOstar Microplate Reader spectro-
fluorometer (BGM Labtech). Triplicate assays of each sample
were recorded within one plate. A oligomers for the neuronal
and in vivo assays were prepared according to established pro-
tocols, resulting in a mixture of stable trimers and tetramers of
AB,Es_ 42 as well as minor traces of monomeric peptide.

Neuronal viability

All experiments were performed by SynAging at 6 days in
vitro. Cortical neurons were prepared from Wistar rat fetuses
on embryonic day 16 or 17 as described (24). The experiments
were carried out in a 48-well plate in triplicate. A3 4, olig-
omers (1.0 or 5.0 um) or vehicle were incubated in 400 ul (total
volume) of culture medium at room temperature for 10 min in
the presence of the respective antibody at a concentration of 2.5
or 5 uM or vehicle (D-PBS; control). Afterward, an aliquot (120
wl) of this mixture per well of primary cells was added. After
24 h of incubation, neuronal viability was monitored with a
BMG plate reader (Fluostar Galaxy) using the 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide assay as previ-
ously described (51). The data were collected and normalized to
control (vehicle set to 100%). As positive control, cortical neu-
rons were incubated with humanin peptide (final concentra-
tion, 0.1 uM) in the presence or absence of A oligomers at the
indicated concentration.

Analysis of working memory by the Y-maze test

All experiments were performed by SynAging. Immediate
spatial working memory performance was assessed by record-
ing spontaneous alternation behavior in a Y-maze as described
previously (40). C57BL/6 ] mice (14 —16-week old; Janvier, Le
Genest-Saint-Isle, France) were housed with free access to food
and water, and kept in a constant environment (22 = 2 °C, 50 =
5% humidity, 12-h light cycle). Mice, which were housed indi-
vidually from 1 week before the start of the experiment,
received the antibody or vehicle by i.p. injection (12 mg/kg in a
volume of 200 ul; 0.1 m PBS, pH 7.4) two times (9 and 2 days)
prior to ICV injection of oligomers. After the second dose of
antibody (or vehicle), the mice were anesthetized and received
an ICV injection of AB, g3 4, oligomers (50 pmol in 1 ul) or
vehicle (1 ul of 0.1 M PBS, pH 7.4) into the right ventricle, apply-
ing stereotaxic coordinates of the bregma AP —0.22, L-1.0 and
D 2.5 in mm. The injection was carried out using a 10-ul Ham-
ilton microsyringe fitted with a 26-gauge needle.

Cognitive performance was tested 4 days after ICV A pep-
tide dosing using the Y-maze test. Four experimental groups
(12 mice/group) were used in this study: group A (control):
twice i.p. vehicle and ICV injection of vehicle; group B (oligo-
mers): twice i.p. vehicle and ICV injection of A5, 4> oligo-
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mers; group C (control item 1): twice i.p. antibody c¢#6 and ICV
injection of vehicle; and group D (item 1 assay): twice i.p. anti-
body c#6 and ICV injection of AB; 4, oligomers. The maze
(three arms positioned at equal angles) was made of opaque
Perspex with each arm 40 cm long, 16 cm high, and 9 cm wide.
The mice were placed in the middle of one arm and allowed to
explore the maze freely during a 5-min session. The series of
arm entries was recorded visually, and arm entry was consid-
ered to be complete when the hind paws of the mouse were
completely placed in the arm. Alternation was defined as suc-
cessive entries into the three arms on overlapping triplet sets.
The degree of alternations was calculated as the percentage of
actual (total alternations) to possible alternations (defined as
the number of arm entries minus two). STAT VIEW computer
software (SAS) was used for statistical analysis. A non-paramet-
ric analysis of variance (Kruskal-Wallis test) was carried out
followed by non-parametric Mann—Whitney U tests to com-
pare between the groups. The values with p < 0.05 were con-
sidered statistically significant. The data are presented as
means = standard deviation.

Peptide synthesis and purification for binding studies

Because full-length AB_ 3 40/4, is poorly soluble, we used
the more soluble C-terminally truncated human A peptide
sequences ABy 5. Peptides were synthesized on a 60-umol
scale by standard Fmoc solid phase peptide synthesis on Biotin-
PEG-Novatag™ or Rink amide resin (Merck Millipore) using
an automated Symphony Synthesizer (Rainin). Fmoc amino
acids were activated with equimolar amounts of O-(benzotria-
zol-1-yl)-N,N,N',N’ -tetramethyluroniumtetrafluoroborat/N-
methylmorpholin in DMF. Fmoc deprotection was performed
with 20% piperidine in DMF. Cleavage from the resin and global
side chain deprotection was carried out using a mixture of TFA/
1,2-ethandithiol/triisopropylsilane/water (94:2.5:2.5:1) for 4 h.
The peptides, precipitated by means of cold diethylether, were
collected by filtration, redissolved in acetonitrile/water, and
purified by preparative HPLC (acetonitrile/water gradient;
Phenomenex Luna C18 column).

AB,Es_1-0ctamers were prepared by coupling eight mono-
mers of AB,z;3_;,-peptide to the branched lysine peptide {[(Pyr-
FRHDSGYEV) 2-K]2-K]2-K}2-KKKKK (peptides and ele-
phants GmbH, Hennigsdorf, Germany). Branched peptides
were synthesized by Fmoc solid phase peptide synthesis using a
standard Fmoc/tert-butyl protection scheme, with Fmoc-Lys
(Fmoc)-OH used for lysine branch synthesis. Briefly, amino
acids were coupled to Rink amide resin in 4-fold excess to the
respective free N-terminal amino groups (two in case of the first
branch, four in case of the second branch, and eight in case of
the third branch), using 2-(1H-benzotriazol-1-yl)-1,1,3,3-te-
tramethyluronium-hexafluorophosphate (0.9 equivalents to
amino acid) and N-methylmorpholin (2 equivalents to amino
acid) in DMF, as triple-couplings (3 X 15 min). Fmoc deprotec-
tion was done using standard protocols. AB g5 4, fibrils were
prepared as follows: AB g5 4, (1 mm) dissolved in HFIP was
incubated under a fume hood at room temperature for 5 h to
evaporate the HFIP. Afterward the peptide film was dissolved in
100 mm NaOH to a final concentration of 500 uMm for 10 min at
room temperature and diluted further in 300 mm NaCl, 25 mm
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Na,HPO,, 25 mm KH,PO,, 0.01% (w/v) NaN,, pH 8.7, to 50 um
(pH was titrated to 8.7 with 100 mm HCI). After incubation of
the fibrillation sample at 37 °C for 3 days, the resulting fibrils
were centrifuged at 2000 X g for 5 min, and the fibril pellet was
resuspended in 200 ul of running buffer. The purity and iden-
tity of the peptides were confirmed by analytical HPLC and
MALDI-MS.

Isothermal titration calorimetry

F,, fragments were dialyzed against ITC buffer (150 mm
NaCl, 25 mm Na,HPO,, 25 mm KH,PO,, 1 mm EDTA, pH 7.4)
at4 °Covernight. Measurements were performed at 20 °C using
a VP-ITC MicroCalorimeter (MicroCal, Northampton, MA). A
10 uM solution of the lyophilized AB,;5 ;4 peptide dissolved in
ITC buffer was injected in 15 cycles to the F, fragment solution
(I uMm) with a 5-min interval between injections. Binding
enthalpies were corrected for dilution heat after titrating the
peptide into ITC buffer. Analysis of the raw data and determi-
nation of association constants (K,), reaction stoichiometries
(n), binding enthalpies (AH), and entropies (AS) were per-
formed using the Origin Software of MicroCal, and the entropic
contributions —TAS at 20 °C calculated using the thermody-
namic relation AG = —R-T'InK = AH — TAS. Similarly, whole
antibodies were measured using 1 um c#24 or c#17 antibody
and 20 uM AB g5 ¢ peptide, or 5 um c#6 antibody and 100 pm
AB,g3 13 peptide. Thermodynamic parameters were also
determined for the interaction between the complete antibod-
ies (4 uMm) and the peptide lacking the N-terminal pyrogluta-
mate modification ABr;_ ;5 (80 um).

Surface plasmon resonance (SPR)

Antibody affinity was also determined by kinetic analyses
using a Biacore 3000 (GE Healthcare) equipped with a CM5
chip (GE Healthcare). An anti-mouse (capture) antibody (PA1
28555; Thermo Scientific) was coupled to the sensor surface via
primary amino groups according to the manufacturer’s instruc-
tions (amine coupling kit from Biacore; BR-1000-50), and the
chip was rinsed for 1 h with HBS-EP buffer (10 mm HEPES, pH
7.4, 150 mm NaCl, 3 mm EDTA, 0.005% (v/v) Surfactant P20),
resulting in the covalent coupling of 16,300 response units of
the anti-mouse antibody. The A3, ;;-specific mouse antibodies
(70 pl, diluted to 25 pg/ml) were injected at a flow rate of 10
ul/min until 1500 response units of mouse antibody was
reached. Subsequently, the chip was washed with 100 wl/min
HBS-EP until the response signal was stable. Sensograms were
recorded for each peptide concentration (Af g5 ;5 0.2—50 nm;
AB, 15 10 nM to 10 pum) for 60 min at a flow rate of 30 wl/min
using HBS-EP running buffer. The association phase was mon-
itored for 8 min (contact time) following injection of 240 ul of
the peptide solution, and the dissociation followed by running
HBS-EP over the chip surface for the remaining 52 min. After
every cycle, AP peptides were flushed out to re-establish the
baseline signal (see supplemental information for further
experimental details). The data were evaluated using the BIA
evaluation software 4.1 employing the 1:1 Langmuir binding
model; no avidity effects are expected because of immobiliza-
tion of the target antibody. Association and dissociation phases
of the sensograms using all solute concentrations were fitted
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simultaneously to yield association rates, dissociation rates, and
dissociation constants for each peptide.

Co-crystallization of antibody F ,, fragments with AB,, 5
peptides

F,us c#6 and c#17 were mixed with a C-terminally biotiny-
lated AB,;; peptide (PEFRHDSGYEV-PEG-biotin) in a molar
ratio of 1:1 to yield a final F;, concentration of 8 mg/ml. Crystals
were grown at 13 °C by hanging drop vapor diffusion by mixing
1 pl of protein-peptide solution with an equal volume of reser-
voir and equilibrating against 500 ul of reservoir solution. F,,
c#6-peptide crystals appeared after 6 days using 25.5% (w/v)
PEG 4000, 15% glycerol, 170 mm ammonium sulfate, and F_,
c#17-peptide crystals appeared after 14 days using 25% (w/v)
PEG 3350, 100 mm bis-Tris, pH 5.5, 200 mmM magnesium chlo-
ride containing 0.5% n-dodecyl-B-p-maltoside. F,, c#24 was
mixed with the AB_ 5 ;3 peptide (PEFRHDSGYEVHHQKLV)
in a molar ratio of 1:1.2 and a final Fab concentration of 8
mg/ml. Crystals were grown at 13 °C using the sitting drop
method by mixing 200 nl of protein with 200 nl of reservoir
buffer and equilibrating against 70 ul of reservoir solution.
Crystals appeared after 14 days in 20% w/v PEG 3000, 100 mm
sodium citrate, pH 5.5.

Structure determination and refinement

Diffraction data from F, s c#6 and c#17 in complex with
AB,3_1,-PEG-biotin were collected in-house from single crys-
tals at 100 K (20% ethylene glycol served as cryoprotectant)
using a CCD detector (SATURN 944+; Rigaku Europe)
mounted on a copper rotating anode source (RA Micro 007;
Rigaku Europe). For F;, c#24 in complex with ABz; ¢, a data
set was collected from a single crystal at 100 K on BESSY Beam-
line 14.1 (Helmholtz-Zentrum, Berlin, Germany) using a CCD
detector (MX-225; Rayonics). Oscillation photographs were
integrated, merged, and scaled using XDS (52), and the resolu-
tion limit was determined using CC(1/2) (54). The phases were
determined by molecular replacement with the program
PHASER (53), using PDB entries 1ZEA (F,, c#6 and F,,, c#24)
and 2DQT (F,, c#17) as search models. Model building and
structure refinements were carried out using the programs
COOT (55) and the PHENIX suite (56), respectively. The
data collection and structure refinement statistics are sum-
marized in Table 2. Structural figures were prepared using
PyMOL (PyMOL Molecular Graphics System, version
1.5.0.3; Schrodinger) and 2D ligand binding representations
using LIGPLOT (57). Buried accessible surface areas were
calculated using the program QtPISA v1.18 (from the CCP4
suite) and shape complementarities using the program SC
from the CCP4 suite (41).
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