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Abstract

Background—The dominant feature in neurodegenerative diseases is protein aggregations that 

lead to neuronal loss. Immunotherapies using antibodies or antibody fragments to target the 

aggregations are a highly perused approach. The molecular mechanisms underlying the amyloid-

based immunotherapy are complex. Deciphering the properties of amyloidogenic proteins 

responsible for these diseases is essential to obtain insights into antibody recognition of the 

amyloid antigens.

Scope of Review—We systematically explore all available crystal structures of antibody-

amyloid complexes related to neurodegenerative diseases, including antibodies that recognize the 

Aβ peptide, tau protein, prion protein, alpha-synuclein, huntingtin protein (mHTT), and 

polyglutamine.

Major Conclusions—We found that antibodies mostly use the conformational selection 

mechanism to recognize the highly flexible amyloid antigens. In particular, solanezumab bound to 

Aβ12–28 tripeptide motif conformation (F19F20A21), which is shared with the Aβ42 fibril. This 

motif, which is trapped by the antibody, may provide the missing link in amyloid formation. Water 

molecules often bridge between the antibody and amyloid, contributing to the recognition.

General Significance—This paper provides the structural basis for antibody recognition of 

amyloidogenic proteins. The analysis and discussion of known structures are expected to help in 

the design and optimization of antibodies in neurodegenerative diseases.
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Introduction

Neurodegenerative diseases are caused by the progressive loss of structure and function of 

neurons, including neuronal death. Commonly studied NDs include Alzheimer (AD), 

Parkinson, Huntington, prion (“mad cow”) diseases, and Down’s syndrome (DS).[1–5] The 

dominant common feature is protein aggregation that leads to neuronal loss. For example, 

AD is characterized by the coexistence of the extracellular senile plaques of amyloid-β (Aβ) 

and the intracellular neurofibrillary tangles of tau protein[6]. Increasing evidence from 

studies in human, transgenic mice, cultured cells, wild type rodent and in vitro systems 

indicates that soluble oligomers of amyloidogenic proteins are responsible for 

amyloidosis[7, 8] and are the toxic agent.[9–11] Some data suggest that large aggregates can 

also lead to cytotoxicity [12, 13]. Protein aggregation leads to a complex, integrated 

pathophysiology in each of these diseases and is commensurate with loss of homeostatic 

regulation, including immune response, metabolic changes, synaptic loss, and neuronal 

death. Neurodegeneration is associated with a break-down of the blood-brain barrier (BBB) 

and/or blood spinal cord barrier (BSCB) which enables peripheral immune cells to infiltrate 

the central nervous system, further contributing to homeostatic dysregulation in the affected 

tissues.[14]

Immunotherapies using antibodies and antibody fragments to target the protein aggregation 

in neurodegenerative disease represent a highly used approach for the disease-modifying 

treatment.[15] Among these neurodegenerative diseases, the prion disease has long been 

recognized to have a protein only self-propagation infectious mechanism. Anti-prion 

antibodies and new vaccines have been tested over more than decade, aiming to break the 
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immune tolerance to the prion protein, [16] including an antibody that can specifically 

neutralize PrPSc.[17] It now appears that similar prion-like mechanisms of self-propagation 

may underlie other neurodegenerative diseases as well. Blocking the self-propagation can 

support and guide vaccine development efforts. The identification of a pathological, self-

promoting isoform offers a rational vaccine target.[18] Both active and passive anti-Aβ 
immunotherapies were shown to clear brain Aβ deposits. However, therapies aimed at 

reducing protein processing and clearance for AD have been unsuccessful in clinical trials, 

including an active anti-Aβ vaccine (AN1792) and two passive antibodies bapineuzumab 

and solanezumab[19]. These results suggest that targeting protein aggregation alone may be 

insufficient to treat NDs [14], with current approaches focusing on preventing downstream 

events of neuroinflammation and tau pathology by treating AD patients in the very early 

stages of the clinical symptoms.[20] Several drawbacks face the passive immunization 

approach; for example, the unfavorable drugs’ pharmacokinetics, the difficulty of the drugs 

to cross the blood brain barrier (BBB), and potential neurotoxicity. It has even been 

questioned “Is there still any hope for amyloid-based immunotherapy for Alzheimer’s 

disease”[19].

The molecular mechanisms underlying amyloid-based immunotherapy for 

neurodegenerative diseases are complex, and considerable work is needed to fully 

understand the properties of the amyloidogenic proteins responsible for the disease. Among 

these elucidating the features of the intrinsic disorder of monomeric protein and the 

landscape of polymorphic oligomer/fibril conformations may provide specific physico-

chemical features for antibody recognition of the amyloid antigens.

Many proteins either contain at least one intrinsically disordered region (such as domain or 

linker in multidomain proteins)[21, 22] or are completely disordered.[23, 24] ‘Disordered’ 

or ‘intrinsically unstructured’ proteins lack a stable, well-defined structure under 

physiological conditions, existing in a continuum of conformations from the less to the more 

structured states.[25–28] IDPs are not only involved in a wide variety of physiological 

processes, but also involved in pathological aggregation processes associated with many 

human diseases such as neurodegenerative diseases.[29–32] Furthermore, amyloid formation 

involves highly polymorphic oligomer and fibril conformations.[33–37] Therefore, it is 

important to understand how antibodies respond and recognize the highly dynamic 

conformations in the monomeric, oligomeric, and fibrils states of the amyloid antigens. In 

this article, we systematically review all available crystal structures of antibody-amyloid 

protein complexes related to neurodegenerative diseases. We found that antibodies mostly 

use the conformational selection mechanism to recognize highly flexible amyloid antigens. 

The antigen conformations trapped in the antibody may provide important link to the 

conformational transitions in amyloid formation. Water molecules often bridge the 

interaction between antibodies and amyloid proteins, assisting in the conformation selection 

in antibody-antigen recognition.
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1. Structural features of antibody recognition of Aβ peptide and tau protein

1.1 Three antibodies selected the N-terminal conformations of Aβ peptide

1.1.A. Highly populated extended conformation: The first antibody-Aβ peptide structures 

were solved in 2007.[38] The structures include the antigen binding domain fragments 

(Fabs) of two anti-protofibril antibodies (PFAs) PFA1 and PFA2 in complex with the Aβ(1–

8) peptide DAEFRHDS and with the homolgous AKFRHD peptide (PDB code 2IPU, Figure 

1, Table 1). PFA1-Fab and PFA2-Fab have identical L and similar H sequences. The key 

residues of the Aβ peptide for binding PFA1 and PFA2 consist of 3EFRHD7 at the Aβ N-

terminus. The Aβ(1–8) peptide adopts nearly identical conformations (Cα RMS deviation 

for residues 2–8 is 0.48 Å) when bound to the two Fabs. The binding of the WWDDD motif 

in the H2 loop of both mAbs to the EFRHD sequence is mediated by a combination of salt 

bridges, hydrogen bonds, and hydrophobic contacts.[38]

One year later (2008), the crystal structures of antibody WO2 in complex with Aβ 1–16 and 

1–28 were solved.[39] In both cases, only residues 2–7 have stable structure, and all other 

residues have no electron density. The Aβ peptide adopts an extended, coil-like 

conformation across its major immunodominant B-cell epitope between residues 2 and 8. 

Residues 2–8 in the Aβ structures derived from the WO2:Aβ(1–16) and WO2:Aβ(1–28) 

crystals have almost identical conformations (RMSD of 0.08 Å for all Cα atoms) apart from 

minor deviations at both ends of the peptide. All residues from Phe4 to Ser8, except Asp7, 

make close contact with the WO2 heavy-chain H3.[39]

In 2010, the structures of three other antibodies (12A11, 10D5, and 12B4) recognizing Aβ 
residues 3–7 were revealed, with Aβ structures surprisingly similar to these in PFA1-2 and 

WO2 binding.[40] Residues 2–6 of the peptide could be visualized unambiguously in all 

four structures (antibody12A11+Aβ(1–7), antibody12A11+Aβ(1–40), 

antibody10D5+Aβ(1–7), and antibod12B4+Aβ(1–7)). Aβ D1 could be modeled only in the 

12A11+Aβ(1–7) structure. In all three antibodies, Aβ residues Ala2 and Glu3 interact 

principally with the light chain CDRs L3 and L1, whereas Arg5 and Asp7 interact with 

CDRs H2 and H3, respectively. Aβ Phe4 and His6 are the most deeply buried in the groove, 

with their side chains interacting with both the light and the heavy chain. Both Phe4 and 

His6 are in direct contact with CDRs L1 and L3. Phe4 is also in direct contact with the 

heavy chain CDR H2 and residue His6 contacts CDR H3.

It is interesting to see that six independently derived antibodies mentioned above (12A11, 

10D5, 12B4, PFA1, PFA2, and WO2) recognize the same N-terminal conformation of the 

Aβ peptide. Superposition of the peptide in the complexes gives an average RMSD of 0.68 

Å for all atoms of residues 3–6.[40] While the similarity in Aβ conformation is reflected in 

the strong sequence conservation in the CDR loops L1, L2, L3, H1, and H2, there are 

notable differences in these regions and in the H3 loop.[40] Antibodies are not static or 

rigid, including when fitting the Aβ conformation. PFA1 and PFA2 undergo conformational 

changes in order to bind Aβ (> 1 Å), most notably in the CDR H3. This region is located 

near the C terminus of the Aβ(1–7) peptide, and the different antibodies show some 

variation in their interactions with this portion of Aβ. It has been postulated that the 

differences in sequence and structure of CDR-H3 contribute to the different in vivo activities 
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observed in the CFC assay between 12A11, 10D4, and 12B4. These three antibodies 

targeting the same linear epitope of Aβ, Aβ(3–7), differ in their ability to reverse contextual 

fear conditioning deficits in Tg2576 mice in an acute testing paradigm.[40]

Since Aβ peptide fragments are disordered in solution and there is no well-defined stable 

conformation, the invariance of this selected conformation in short peptide as well as in 

longer Aβ(1–16), Aβ(1–28), and Aβ(1–40) does not indicate that the bound conformation is 

the most stable in solution. Additional evidence has shown that even with perturbations from 

mutations and ion coordination, the binding mode and conformation of the N-terminal 

residues are surprisingly stable. For example, it is known that Zn2+ ion binds the N-terminal 

1–16 region and forms very stable structures[37, 41, 42], and that the presence of metals 

affects the Aβ aggregation state[43]. However, crystal soaks and co-crystallization 

experiments for WO2:Aβ with Cu2+ and Zn2+ ions revealed that even with the extended 

Aβ(1–28) peptide present, no change of Aβ-antibody interaction was observed, and no 

tertiary structures were induced such as those observed in metal-binding soluble Aβ peptides 

in NMR studies.[39]

Alanine scan of the contribution of positions 1–8 in the Aβ(1–40) peptide to the binding of 

PFA1-2 indicates that except D1, all other positions are sensitive to the Ala mutations. The 

binding is significantly impaired or eliminated in Aβ(1–40) mutants for Ala mutations at 

positions 3, 4, 5, and 6. The D7A mutant peptide exhibits significantly reduced binding to 

both mAbs. Position 2 appears optimized and acts to increase binding affinity. For example, 

the peptide sequence REEFRHEA, derived from the human receptor-related neurotrophic 

tyrosine kinase (ROR2), actually binds to PFA1 and PFA2 with approximately twice the 

affinity of the WT Aβ(1–7) peptide AEFRHD.[38]

Since the E3A mutant does not bind the antibodies, it is surprising to see that a similar short 

AKFRHD peptide is able to bind the antibody PFA1-2. The binding of AEFRHD to the 

antibodies PFA1 and 2 are within expectation. In contrast, the E3K substitution results in 

replacing the favorable ion-pair between E3 to His by a less favorable van der Waals contact 

formed between two basic residues. Thus the charge reversion by the E3K mutation should 

completely eliminate the peptide-antibody binding. However, the affinities of PFA1 and 2 

Fabs to AKFRHD are only 28 and 35 times lower than binding affinity to AEFRHD.[38] 

The binding structure of the AKFRHD (“E3K”) peptide to PFA1 is nearly identical (Cα 
RMSD is 0.23 Å) to that of Aβ(1–8). This indicates that the antibody is able to adjust its 

interaction to select a matched peptide conformation.[38]

The pyroglutaminyl (pyro-Glu) forms at residues 3 and 11 are implicated in the onset of AD, 

since AD patients have abundant pyro-Glu-Aβ in their neuritic amyloid deposits. The Glu to 

pyro-Glu substitution at position 3 has a drastic effect on mAb binding. PFA1 Fab binds 

pyro-Glu3-Aβ with a greatly reduced affinity (77-fold difference in Kd) when compared to 

Aβ(1–8).[44] However, the Cα RMSD for residues 3–8 between the WT Aβ and pyro-Glu3-

Aβ(3–8) is only 0.24 Å, with some structural adjustment at E3 position. Interestingly, the 

pyroglutaminyl ring occupies space overlapping that of the E3 side chain of WT Aβ, 

indicating the robustness of mutual conformational selection between the peptide and 

antibody. Comparison of the structures of the peptides in complex with PFA1 shows that the 
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greatest conformational flexibility occurs at residues 2 to 3 and 8 of the peptide. These 

structures provide the molecular basis of the specificity tolerance of PFA1 and its ability to 

recognize Aβ N-terminal heterogeneity.[44]

1.1B. Extended binding mode of gantenerumab and the implication of fibril 
binding: The crystal structure obtained from the gantenerumab Fab with Aβ(1–11) or 

Aβ(3–11) peptides revealed a unique binding motif of the Aβ peptides to CDRs 1, 2, and 3 

of the heavy chain and CDR3 of the light chain.[45] Residues 1–11 of Aβ peptide in the 

gantenerumab structure were observed bound in an extended conformation, with the N-

terminal to C-terminal orientation of Aβ reversed by 180° relative to the published structures 

discussed in section A.

Even though the crystal structure only revealed the binding of Aβ(1–11) region, the antibody 

is able to recognize the middle hydrophobic region of Aβ. The central region of Aβ that was 

most pronounced is the decapeptide VFFAEDVGSN. With the inclusion of 8–11 and the 18–

27, gantenerumab is able to bind the Aβ monomer, oligomer, as well as fibril. The affinities 

of gantenerumab to different aggregation states of the Aβ42 peptide are 0.6 nM, 1.2 nM, and 

17nM for fibrils, oligomers, and monomers, respectively.[45] The high avidity binding to 

aggregated A42 and oligomeric Aβ42 contribute to the ability of restoring synaptic deficits 

in the transgenic mice study. In functional assays, gantenerumab induced cellular 

phagocytosis of human amyloid-β deposits in AD brain slices and neutralized oligomeric 

Aβ42 in rat brain. However, gantenerumab did not alter plasma Aβ suggesting undisturbed 

systemic clearance of soluble Aβ. These studies demonstrated that gantenerumab 

preferentially interacts with aggregated Aβ in the brain and lowers amyloid-β by eliciting 

effector cell-mediated clearance.[45] It is therefore interesting to check possible binding 

modes of gantenerumab and the Aβ fibril as we know that both the N-terminal and central 

portions of Aβ are recognized by gantenerumab. The N-terminal region is often modeled as 

random conformation in the fibril state. However, it is likely that the gantenerumab-locked 

Aβ(1–11) conformation will be enriched in the oligomer and fibril state, leading to increased 

binding affinity of gantenerumab to the Aβ oligomer.

Several other structures of the antibodies that recognize the oligomer or fibril were solved in 

the apo form only. Thus, it is still unknown what are the structural features of antibody-

oligomer or antibody-fibril recognition. KW1 is an oligomer-specific antibody fragment. 

KW1 not only discriminates between oligomers and other Aβ conformations, such as fibrils 

or disaggregated peptides; it also differentiates between different types of Aβ oligomers, 

such as those formed by Aβ(1–40) and Aβ(1–42) peptide. X-ray crystallography, NMR 

spectroscopy, and peptide array measurements imply that KW1 recognizes oligomers 

through a hydrophobic and aromatic surface motif that includes Aβ residues 18–20. [46] By 

altering a specific step of the fibrillogenic cascade, it prevents the formation of mature Aβ 
fibrils and induces the accumulation of nonfibrillar aggregates.[46] Antibody B10 only binds 

the Aβ(1–40) fibril but not the monomer or oligomers. B10 presents poly-amyloid specific 

binding and interacts with fibrillar structures consisting of different polypeptide chains; not 

only Aβ(1–40). While the antigen surface is characterized by highly acidic properties, the 

antigen-binding site of B10 is strongly basic. Mutations of these basic residues into alanine 

potently impair fibril binding, and reduce B10-fibril interactions which is also observed 

Ma et al. Page 6

Biochim Biophys Acta. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



when the fibril carboxyl groups are covalently masked by a chemical modification. These 

data imply that the B10 conformational specificity for amyloid fibrils depends upon specific 

electrostatic interactions with an acidic moiety, which is common to different amyloid 

fibrils.[47]

1.1C. Bapineuzumab family antibodies select helical conformation of Aβ N-
terminus: Bapineuzumab (AAB-001) and its derivative (AAB-003) are humanized versions 

of the anti-Aβ murine antibody 3D6 which targets amyloid Aβ plaques. The common Fab 

fragment of these immunotherapies has been expressed, purified and crystallized in complex 

with Aβ peptides (residues 1–8 and 1–28).[48] The amino-terminal conformation of Aβ 
recognized by the Bapineuzumab family has a helical conformation,[48, 49] which is very 

similar to that of TFE (2,2,2-trifluoroethylalcohol)-stabilized solution structures of Aβ 
(RMSD 0.8 Å for Cα atoms when the lowest energy NMR structure is superimposed). The 

structure of 3D6 with Aβ(1–7) reveals excellent agreement (RMSD 0.56 Å) with the 

Bapineuzumab (PDB code 4HIX) structure. The helical conformation is stabilized by five 

putative intramolecular hydrogen bonds. Three of the five intra-Aβ hydrogen bonds involve 

Glu3, the first between its backbone amide and a side-chain carboxyl, and two bonds 

between the side-chain carboxyls and the free N-terminal amine of Asp1. The key role of 

Glu3 in maintaining the helical structure partially explains the dominant loop conformation 

of E3K and pyro-Glu-Aβ in antibody PFA recognition, since these mutations likely destroy 

the helical hydrogen bonds. The helical structure explains the Bapineuzumab antibody’s 

exquisite selectivity for particular Aβ species and why it cannot recognize N-terminally 

modified or truncated Aβ peptides.[50] Preferential binding of Bapineuzumab for plaque 

deposited Aβ(1–11) suggests that this helical conformation at the N-terminus is either 

enriched or exists in an equilibrium of conformational states in dense plaque deposits, which 

also have polymorphic structures. This is similar to Gantenerumab’s preference of Aβ 
oligomers and fibrils.

Clearly, Aβ does not adopt a single conformation in solution. The conformational ensemble 

of the amino terminus has a helical population, which is recognized by the Bapineuzumab 

family antibodies. The reason that Bapineuzumab and 3D6 captured the helical 

conformation could be that their binding motifs are more hydrophobic. For example, the 

WWDDD motif conserved between PFA1 and PFA2, and YWDDD in WO2, is not found in 

the Bapineuzumab CDR-H2, where the corresponding sequence is RSGGG.[49] Such a 

binding pocket environment may have some similarity as the TFE, which stabilizes helical 

structures in solution.

1.2 Structures of the antibodies in complex with the central and C-terminal 
motifs of the Aβ peptide—Solanezumab developed in Eli Lilly is one of the leading 

antibodies targeting Aβ in clinical trials. The solanezumab structure has been solved in 

complex with Aβ(12–28), and residues 16–26 are visible.[51] The antibody interacts with 

the Aβ peptide backbone and side-chains of K16, F19, F20, and D23. While Aβ residues 

16–18 are in an extended coil conformation, residues 20 to 26 adopt a helical conformation 

which is similar to the helical region in the HFIP-induced solution state helical Aβ structure.

Ma et al. Page 7

Biochim Biophys Acta. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The conformation of the central F19-F20-A21 tri-peptide segment is interesting. The Phe19-

Phe20 dipeptide provides dominant hydrophobic interactions with solanezumab, 

contributing 42% of the 960 Å2 interface area of the Aβ contacting solanezumab. The side-

chains of two phenylalanines are deeply buried in the antibody, whose pocket is mostly 

hydrophobic. Surprisingly, we found that the F19-F20-A21 tri-peptide conformation 

matches the F19-F20-A21 tri-peptide motif in our recently solved Aβ1–42 fibril 

structure[52] (Figure 2). This unexpected connection of the antibody-recognized Aβ 
conformation and its definite role in the core region of Aβ(1–42) fibril has two implications. 

First, the connection provides insights into the mechanism of Aβ(1–42) formation. This 

F19-F20-A21 tri-peptide conformation should have sufficient population time to be 

recognized by solanezumab. The conservation of this tri-peptide conformation in the Aβ(1–

42) fibril structure indicates that it is likely to be a nucleation core for oligomer and fibril 

formation. Second, this tri-peptide conformation is also likely to be important for developing 

antibodies that recognize the monomer, oligomer, and fibril in the central region of the Aβ 
peptide. While solanezumab (and the parent antibody) are known to only bind monomeric 

soluble Aβ, the closely related crenezumab has been described as having high affinity for 

monomeric, oligomeric and fibrillar forms. It has been shown that all CDRs are identical in 

length to their counterpart in solanezumab and crenezumab. Three Aβ binding loops, L2, 

L3, and the highly variable H3 are identical in composition for these two antibodies. The 

remarkable conservation of Aβ-binding residues in crenezumab explains the observed 

shared cross reactivity of solanezumab and crenezumab with proteins abundant in plasma 

that exhibit this Phe-Phe dipeptide.[51]

The structural features of the C-terminal region of the Aβ peptide that interact with the 

antibody are also known. Ponezumab, a humanized monoclonal antibody, binds specifically 

to the C-terminus of Aβ40. The X-ray crystal structure of ponezumab in complex with Aβ40 

reveal that the Aβ40 carboxyl moiety makes extensive contacts with ponezumab.[53] Within 

the ponezumab-Aβ40 complex structure, 11 Aβ residues from A30 to V40 are visible in the 

electron density maps. The conformation of the C-terminal region is characterized by four β-

turns (31–34, 33–36, 35–38, and 36–39). V40 interacts most extensively with ponezumab; 

35% of the total binding interface buries the Aβ V40 residue including the negatively 

charged carboxylic acid (COO-) moiety. No binding was detectable for the Aβ(17–40) 

amide or Aβ(17–42), explaining the critical role of the C-terminal carboxylic acid for 

ponezumab activity.[53] Following similar comparison of the amyloid structure and the F19-

F20-A21 tripeptide conformation in solanezumab-Aβ(12–28) complex, it is very likely that 

some turn conformation in the ponezumab-Aβ40 complex structure will be similar to that in 

the Aβ40 oligomer or fibril structures.

1.3 Structures of the Antibodies in recognizing peptides from the tau protein
—The monoclonal antibody MN423 is specific to the tertiary structure of the tau PHF core 

fragment 386TDHGAE391, where the crystal structure of the complex has been solved by 

refining a computational docking model of the peptide with MN423 (Table 2).[54, 55] The 

hexapeptide 386TDHGAE391 adopts a loop form without any direct intra-chain hydrogen 

bonds. The core fragment makes seven direct and five water-mediated hydrogen bonds with 

MN423. Comparison of the apo and holo MN423 structure indicates that MN423 combining 
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site in both structures is identical. Thus the antibody-tau peptide recognition may need small 

activation energy.[54] The loop conformation of the hexapeptide 386TDHGAE391 could 

represent the genuine structure of the core PHF tau C-terminus. Interestingly, the 

hexapeptide lies outside the repeat region known to convert to β-structure during PHF 

assembly, and its close association with the compact PHF core suggests a potential role of 

the C-terminal core peptide in the PHF assembly.[55] Interestingly, the data from in silico 

docking of tau peptide into the antibody mold indicated that computational approaches 

provide results comparable to X-ray crystallography for this antibody-tau complex,[54] 

helped by very small antibody conformation change upon antigen recognition.

One of the driving forces in tau aggregation is hyperphosphoylation. Specific recombinant 

chicken antibodies to three phosphoepitopes in Alzheimer disease-associated tau protein 

have been developed. Each antibody shows full specificity for a single phosphopeptide. The 

Fab fragment forms complex with the tau peptide 224KKVAVVR(pT231)PPK-

(pS235)PSSAKC241, with two phosphorylation sites at Thr-231 and Ser-235. The crystal 

structure of the Fab-tau peptide represents the first antiphospho antibody in complex with its 

cognate phosphoepitope.[56]

In the Fab-peptide co-crystal structure, 10 amino acids (225KVAVVR(pT)PPK234) are 

visible, of which six (225KVAVVR(pT231)) interact directly with the Fab fragment. The 

remaining eight residues of the peptide are disordered. A long, disulfide-constrained CDR-

H3 mediates the peptide recognition. The segment 224–241 is in the N-terminal side of the 

tau repeat domains, which starts at residue 243. Immunohistochemistry data show that the 

antibody does recognize the phosphorylated epitope in the intact molecule.[56]Therefore, 

the segment 224–241 should be exposed in the full-length tau and the conformation 

represents a populated state in the full-length tau. The critical phosphorylation site 

(pThr-231) is exclusively recognized by CDR-H2, which forms a positively charged pocket 

to accommodate the phosphate. The highly specific phosphate recognition explains why the 

antibody does not bind to non-phosphorylated peptides with the same sequence.[56]

Monoclonal antibody DC8E8 is able to recognize the PGGG motif, four of which separate 

the four repeats in tau core domain. It has been shown that the DC8E8 neutralizes tau in a 

murine model of tauopathy.[57] The X-ray structure of the DC8E8 Fab apo form suggested 

that the four DC8E8 epitopes form protruding structures on the tau molecule. The flexibility 

of the binding site allows DC8E8 to adapt to four homologous, albeit not identical antigens. 

DC8E8 is able to discriminate between the healthy and diseased tau proteome, making its 

epitopes suitable targets, and DC8E8 a suitable candidate molecule, for AD immunotherapy.

[57] Figure 3 shows the location of the four motifs in K18 monomer[58] and K18 fibril[36, 

59]. With the addition of the C- and N-terminal residues, the PGGG motifs could be buried 

inside. The PGGG motifs in full length fibrils are also partially covered by the C- and N-

terminal brush shells. However, phosphorylation will help to expose the HXPGGG 

motifs[60] and allow FC8E8 recognition.

2. Structural features of antibody recognition of other amyloid proteins

2.1 Prion proteins—The X-ray crystallographic structures of the anti-Syrian hamster 

prion protein (SHaPrP) monoclonal Fab 3F4 alone, as well as the complex with its cognate 
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peptide epitope (SHaPrP 104–113), have been determined (Table 3).[61] The conformation 

of the decapeptide is an Omega-loop, stabilized by the presence of at least two 

intramolecular hydrogen bonds between Thr107/M109 and His111/Lys106. The importance 

of the hydrogen bond in stabilizing the Omega-loop can be inferred from the absolute 

conservation of Thr107 and His111 in all PrP species. The peptide interacts in a U-shaped 

groove on the Fab, with deep penetration of two side-chains, Met109 and Met112 into the 

Fab surface. The deep pocket that warps the peptide caused substantial alterations in the 

antibody region upon epitope binding. The antibody conformation can also be caused by the 

need to accommodate the peptide conformational change. The loop is disordered or flexible 

in the three NMR structures of PrP. The conformational change may be the result of the pH 

differences between the crystallization conditions (pH 7.0) and the NMR studies (acidic 

conditions). Alternatively, this region of PrP may indeed be flexible, existing in an ensemble 

of states. It is also interesting to note that this Omega-loop structure could form a p-hairpin 

in PrPSc, indicating that this flexible region undergoes conformational rearrangement that is 

an essential feature of prion disease.[61]

Prion protein (PrP(c)) has a highly flexible N-terminal domain, which contains 4–5 repeats 

of eight amino acids long peptide known as the octapeptide repeat (OR) domain. [62] The 

repeats are rich in glycine residues, and the OR domain is intrinsically disordered in 

solution. The structure of a tandem OR repeat, PHGGSWGQPHGGSWGQ of PrPc in 

complex with the POM2 antibody Fab molecule OR, was solved. There are two copies of 

OR molecules in unit cell, and the overall RMSD between the Cα atoms of the OR2 peptide 

in Mol1 and Mol2 is 1.28 Å. Consistent with the large RMSD, there are also some 

differences observed in the hydrogen bonding of the OR2 peptides in Mol1 and Mol2. The 

Trp6 residue is better positioned in the binding cleft of the POM2 Fab in Mol2 than in Mol1 

facilitating the hydrogen bonding to the backbone carbonyl oxygen of POM2. Both copies of 

the OR2 adopted an extended conformation, indicating that the bound Fab does not select 

any putative native β-turn conformation of the ORs.[62]

The structures of several antibodies in complex with the C-terminal of PrPC have been well 

studied. The monoclonal antibody ICSM18 recognizes huPrP(119–231) [63], VRQ14 Fab 

binds to ovine PrPC and to PrPSc, [64] POM1 Fab binds PrPC from many species[65, 66], 

and nanobody Nb484 binds to full length human prion protein[67]. These antibodies 

recognize different epitopes, residues 143–156 for ICSM18, residues 140–147 and 204–212 

for POM1, and 188–199 for VRQ14. Structural superpositions of the bound PrPc in the 

different complexes indicate limited conformational variations among the PrPc in different 

complexes. In all cases, many disordered structures in the free PrPC conformations have 

been stabilized and provided important information for the conformational dynamics of 

PrPC and its conversion to PrPSc. Molecular dynamics simulation studies on six prion 

proteins (cow, deer, elk, Syrian hamster, mouse and human) revealed differences in the local 

fluctuations and imply that these differences have possible roles in the unfolding of the 

globular domains and the strain selection and the preferred conformations adopted upon 

binding. [66]

POM1 Fab and ICSM18 Fab, recognize adjacent PrPc epitopes in the 143–156 region with 

completely different binding modes. The two Fabs bind the common huPrPc epitope in an 
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opposite manner. Superimposing the Fab fragments of the POM1 and ICSM18 antibodies 

reveals that the bound huPrPc molecules rotate 180 degree in the respective CDRs. The 

reason for this large difference is that the antibody-antigen interactions of these two Fabs are 

largely electrostatic, and the two Fabs exploit different binding residues to satisfy salt bridge 

formation and other polar interactions.

PrP residues 188–199 are in the C-terminal part of helix H2 and the N-terminal part of the 

H2-H3 loop and they are mostly hydrophobic. Only one face of helix H2 is buried in the 

VRQ14 Fab-combining site. The combined structural and immunochemical data provide 

strong evidence that the C-terminal end of helix H2 and the N-terminal part of the H2-H3 

loop are conserved in PrPSc. The hinge region of end of helix H2 and of the H2-H3 loop is 

also the region which characterizes the only secondary structure difference between the 

huPrP monomer in the dimer and ovine PrP. This hinge forms a small antiparallel-sheet in 

the covalent dimer in which four main-chain hydrogen bonds compensate for the three main-

chain H2 helix hydrogen bonds disrupted in the dimer by the H3 exchange. Based on the 

structure of VRQ14 ovine PrPC complex and recognition of both PrPC and to PrPSc, it was 

proposed that the two PrPC C-terminal alpha-helices are conserved in PrPSc, whereas 

secondary structure changes are located in the N-terminal alpha-helix. [64]

The interaction of ICSM18 with huPrP (119–231) indicated a clear correlation between the 

ability to inhibit PrPSc propagation and binding affinity for a PrPC-type conformation for 

therapeutic antibodies. In the crystal structure of ICSM18 binding with huPrP (119–231), 

interactions between two neighboring PrP molecules are mediated by close homotypic 

contacts between residues at position 129 that lead to the formation of a 4-stranded 

intermolecular β-sheet. This region harbors the strongest common susceptibility 

polymorphisms in the human prion disease. The importance of this residue in mediating 

protein-protein contact could explain the genetic susceptibility. [63] The importance of a 

nearby region in PrPSc propagation can be inferred from the nanobody-stabilized prion 

protein structure. The nanobody (Nb484) binds to full-length human prion protein and 

revealed unprecedented structural features at the N-terminal palindromic sequence 

AGAAAAGA (residues 113–120). The palindromic motif adopts a stable and fully extended 

configuration to form a three-stranded antiparallel β-sheet. Thus the structure supports the 

long standing hypothesis that the palindromic sequence AGAAAAGA mediates β-sheet 

formation in early stage of the PrPC conversion to PrPSc. [67]

2.2 alpha-synuclein and polyglutamine—Several structures of antibody-bound 

peptides from alpha-synuclein and polyglutamine are known (Table 4). Huntington’s disease 

is triggered by misfolding of fragments of mutant forms of the huntingtin protein (mHTT) 

with aberrant polyglutamine expansions. Three anti-polyQ antibodies-MW1, 1C2 and 

3B5H10-have been extensively used to probe the conformation of polyQ. The crystal 

structure of the MW1 epitope reveals a linear, non-pathogenic polyQ. The MW1 and 1C2 

antibodies have similar sequences and structures, consistent with their binding to short 

polyQ and their polyQ length-discrimination properties. The 3B5H10 epitope is actually a 

short, non-pathogenic polyQ. All three antibodies MW1, 1C2 and 3B5H10 interact similarly 

with polyQ of various lengths, and bind small polyQ epitopes in similar linear and extended 

conformations. [68]
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The C4 single-chain Fv antibody (scFv) binds to the first 17 residues of huntingtin [HTT(1–

17)] and generates substantial protection against multiple phenotypic pathologies in situ and 

in vivo. Residues 3–11 of the bound HTT(1–17) peptide fold into a right-handed α-helix, 

while residues 12–17 of HTT(1–17) are in an extended conformation, of which residues 12–

15 adopt a β-sheet structure and interact with the same region of another C4 scFv:HTT(1–

17) complex in the asymmetric unit, resulting in a β-sheet interface within a dimeric C4 

scFv:HTT(1–17) complex. [69]

Human α-synuclein is a 140-residue intrinsically disordered protein. The crystal structure of 

the C-terminal fragment of alpha-synuclein 132GYQDYEPEA140 in complex with single-

domain camelid antibody, NbSyn2 is available.[70] The position of Tyr136, Glu137, Pro138, 

Glu139, and Ala140 of α-synuclein can be identified, and their interactions with NbSyn2 are 

mostly electrostatic, with water molecules bridging the main-chain atoms of alpha-synuclein 

to atoms of NbSyn2. However, since this region is not involved in amyloid formation[37], 

NbSyn2 binding has no effects on the fibril formation of alpha-synuclein. [70]

3. Water-assisted conformational recognition in antibody-antigen interactions

Water molecules play an important role in protein folding and protein-protein interactions 

through their association with proteins.[71] Among all the protein-protein complex 

structures in the pdb, about 21% of the water molecules were found to be involved in 

bridging interactions between the proteins.[72] Water molecules are an integral part of the 

antibody NbSyn2 recognition of alpha-synuclein, with most of them located in the binding 

regions bridging the protein contacts. The water-mediated interactions likely persist in 

solution as well, as suggested by the NMR observation of the broadening of the amide and 

carbonyl resonances of α-synuclein residues involved in binding. [70]

The strong involvement of water molecules has been found in many antibody-protein 

complexes discussed in this paper. [70] In the PFA1-WT Aβ complex (PDB code 2IPU), 

water molecules bridge the E3 interaction with PFA1. However, in the PFA1- Ror2(518–

525) complex structure (PDB code 3EYS), the absence of the water molecule prevents the 

formation of the hydrogen bond between the water and E3, resulting in side-chain 

conformational flexibility of Ror2(518–525)’s E3 which finds a new hydrogen bond partner 

in LC H93, and the water-mediated interaction around the carboxyl terminus also changes. 

[44] In the humanized Bapineuzumab 3D6-Aβ peptide complex, there are five water-

mediated hydrogen bonds. [50] Several interactions between the peptide and the antibody 

involve bridging water molecules. Similar water-bridged antibody interactions are also 

observed in the 4HIX crystal structure.[48, 50] Water molecules are inside the deep pocket 

of the antibody binding site, and interact with residues from the N-terminus of the Aβ 
peptide.[49]

The antibody-tau fragment structure contains a large number of water molecules. The 

structure of the complex revealed that the PHF core C-terminus binds to MN423 combining 

site with five water-mediated hydrogen bonds.[55] The water molecule tightly bound in the 

combining site by hypervariable loops L3 and H3 is not displaced by PHF tau peptide 

binding and plays an important role in its recognition. In the antibody recognition of the 
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phosphorylated tau, there is a water-mediated hydrogen-bonding network between 

phosphate oxygen and side chain nitrogen of Arg-230. [56]

Prion-antibody recognition is also water-mediated. In the Fab 3F4 SHaPrP 104–113 

complex, two water molecules are present at the interface between the peptide and the 

antibody. One water molecule links the backbone nitrogen atom of Lys-P106 with Tyr-H33 

of the antibody. The second water molecule binds in a structurally conserved site on the light 

chain, forming a hydrogen bond with the carbonyl oxygen atom of Lys-P110 of the peptide 

as well as a long hydrogen bond with His-L95A. Interestingly, the uncomplexed structure 

contains a solvent molecule bound to His-L95A as well. Peptide binding shifts, rather than 

replaces, the water molecule upon complexation. [61] In the POM2 Fab OR repeat peptide 

interaction, The amide nitrogen of Pro P1 residue forms a hydrogen bond with a water 

molecule situated in this pocket which in turn hydrogen bonds with the Glu H35 residue of 

the CDR H1 of the POM2 Fab. [62]

Conclusions

The molecular details of the recognition of disordered antigens by their cognate antibodies 

are less studied and known than ‘conventional’ folded protein antigens. It has been 

suggested that antibodies only bind disordered antigens weakly. However, since IDPs are not 

random and there are dominant conformations in the ensemble that can be stabilized by 

selected conformations. Using a large dataset of protein antigens, a recent study [73] showed 

that disordered epitopes are as likely to be recognized by antibodies as ordered epitopes. 

They pointed out that (1) disordered proteins are common targets of antibody responses, 

they do not affect affinity maturation, and the antibody affinity is only weakly influenced by 

epitope disorder; (2) disordered epitopes are smaller than ordered epitopes, and disordered 

epitopes are enveloped by concave paratopes. The structural basis for the unexpectedly high 

affinity of antibodies to disordered epitopes is that concave paratopes maximize the extent 

and complementarity of the interaction.[73]

Indeed, our examination of the known structures of the antibody complexes with flexible 

amyloid proteins agrees that antibody affinity is only weakly influenced by epitope disorder. 

It is interesting to note that most antibodies surveyed here selected unordered epitopes. One 

of reason could be conformation polymorphism for oligomeric and fibrillar amyloid, which 

are more difficult than monomer to change conformation. Thus, even though an antibody 

can recognize oligomeric or fibrillary amyloid, the polymorphism prevent crystallization of 

the antibody-antigen complex. Antibodies can select and stabilize biologically significant 

conformations of the monomeric amyloid proteins. Antibody-antigen interactions optimize 

the coupling of rigid and flexible protein binding sites for specific antigen binding. Antibody 

variable regions are necessarily flexible to enable recognition of extremely diversified 

targets. Clearly, nature utilized conformational selection to fit specific targets. The 

‘conformational selection and population shift’ model[74–77] provides a realistic molecular 

recognition mechanism considering the protein conformational ensemble, [78] since both 

binding partners are flexible and have conformational distributions. During binding, the 

conformers that are most complementary to some pre-existing ligand conformations can be 

selected and the equilibrium shifts toward these conformers to form complexes. [74–77]
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We found that antibodies mostly use the conformational selection mechanism to recognize 

highly flexible amyloid antigens. The antigen conformations trapped in the antibody bound 

form may provide a link - thereby helping to understand the conformational transitions 

cascade in amyloid formation. In particular, we discovered that solanezumab-bound Aβ(12–

28) shares a similar conformation in the Aβ42 fibril, involving the F19F20A21 tripeptide, 

pointing to a new recognition motif. Water molecules often bridge the interaction between 

antibody and amyloid proteins, assisting in the conformational selection process in antibody-

antigen recognition. In future designs, it should be possible to explicitly include water 

molecules to optimize the antibody-antigen interaction. Currently, there is still no available 

structure for an antibody in complex with amyloid protein in oligomer or fibril state. 

Computational modeling may help by exploring the protein conformational ensemble.
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Highlights

• Antibody drugs targeting protein aggregation are difficult to develop

• Available crystal structures of antibody-amyloid complexes are reviewed

• The antibody selects antigen conformation which is not necessarily the most 

stable

• Solanezumab bound Aβ12–28 F19F20A21 motif as shared with Aβ42 fibril

• This motif may be important in amyloid formation thus serve as a new target
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Figure 1. 
Overview of antibody-Aβ peptide complex structures. (A) The solid lines represent residues 

with visible electron density. The red dashed lines indicate the sequence range included in 

the complex structure. Each antibody-antigen complex is labeled by their PDB code and the 

Aβ sequence is in parenthesis. (B) The complex structure (pdb ID: 3IFN) of amyloid 

peptides (Aβ2–7) and antibody (12A11 Fabs) [40]. The heavy chain and light chain of 

12A11 Fabs is colored in cyan and orange and the potential paratope is shown in stick 

model. The Aβ2–7 is shown in white surface model to represent its occupation in3D space 
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and also stick model to represent the epitope. Water molecules associated with the antigen-

antibody binding are shown in red dots.
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Figure 2. 
Comparison of the F19F20A21 tripeptide conformations in Aβ42 fibril and in solanezumab 

bound Aβ(12–28) (green). A. The overall structure of the Aβ42 fibril and Aβ(12–28) 

conformation. B. The match with the F19F20A21 tripeptide.
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Figure 3. 
The locations of the HXPGGG motifs in the K18 monomer[58] (A) and K18 fibril[36, 59] 

(B). C. A model of full-length tau fibril structure[60].
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Table 2

Summary of the complex structure of tau-antibodies

code antigen antibody epitope refs

2V17 core PHF tau protein fragment 386TDHGAE391 MN423 386TDHGAE391 [81]

3L1O N/A MN423 N/A [54]

4GLR 224KKVAVVR-(pT231)PPK(pS235)PSSAKC241 pT231/pS235_1 Fab [56]

4OZ4 N/A DC8E8 Fab apo form 268HQPGGG273 [57]

299HVPGGG304

330HKPGGG335

362HVPGGG367

Biochim Biophys Acta. Author manuscript; available in PMC 2017 November 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Ma et al. Page 27

Table 3

Summary of the complex structure of prion-antibodies

code antigen antibody epitope refs

2w9e huPrP (119–231) ICSM 18 Fab (H1, 143–156) [63]

1tpx OvPrPC and OvPrPSC VRQ14 Fab 188–199 [64]

(114–234)

1. A136-R154-R171

2. V136-R154-Q171

3. A136-R154-Q171

4DGI huPrPc (120–230) POM1 Fab Primary: (residues 140–147) [65]

Secondary: Lys204, Arg208 and Gln212

4YX2 boPrP(103–242), POM1 Fab The same with huPrP [66]

4YXH dePrP (123–231),

4YXK ekPrP (124–231) ,

4YXL shPrP (90–230)

4j8r Peptide OR2 POM2 Fab PHGGSWGQPHGGSWGQ [62]

PHGGSWGQPHGGS WGQ

1cr9 peptide epitope (SHaPrP 104–113) 3F4 Fab KPKTNMKHMA [61]

4kml full-length HuPrP nanobody (Nb484) discontinuous epitope including residues [67]

123–125 in the β0-β1 loop, residues 164–170 in the β2-α2

loop, and residues

174–185 in the α2-helix.
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Table 4

Summary of the complex structure of antibodies with other amyloids

Code antigen antibody refs

2S6M 132GYQDYEPEA140 NbSyn2 [70]

PolyQ MW1 [68]

4ISV PolyQ 1C2 [68]

PolyQ 3B5H10 [68]

4RAV huntingtin [HTT(1–17)] single-chain Fv antibody (scFv) [69]
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