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ABSTRACT: Amyloid fibrils and partially unfolded intermediates can be distinguished serologically from
native amyloidogenic precursor proteins or peptides. In this regard, we previously had reported that mAb
11-1F4, generated by immunizing mice with a thermally denatured variable domgifr@gment of the
humanx4 Bence Jones protein Len, bound to a non-native conformational epitope located within the
N-terminal 18 residues of fibrillar, as well as partially denatured, Ig light chains (O’Nuallain, B., et al.
(2006)Biochemistry 461240-1247). To define further the antibody binding site, we used random peptide
phage display and epitope mapping af Men using wild-type and alanine-mutated Len peptides where

it was shown that the antibody epitope was reliant on up to 10 of the first 15 residues of protein Len.
Comparison of Y and V; N-terminal germline consensus sequences with protein Len and 11-1F4-binding
phages indicated that this antibody’s cross-reactivity with light chains was related to an invariant proline
at position(s) 7 and/or 8, bulky hydrophobic residues at positions 11 and 13, and additionally, to the
ability to accommodate amino acid diversity at positionrgllSequence alignments of the phage peptides
revealed a central proline, often flanked by aromatic residues. Taken together, these results have provided
evidence for the structural basis of the specificity of 11-1F4 for laihdA light chain fibrils. We posit

that the associated binding site involves a rare typgsMlirn or touch-turn that is anchored byces-

proline residue. The identification of an 11-1F4-related mimotope should facilitate development of pan-
light chain fibril-reactive antibodies that could be used in the diagnosis and treatment of patients with AL
amyloidosis.

The amyloidoses are a group of over 20 protein misfolding  Recently, we determined that the murine mAb 11-1F4,
disorders associated with often fatal sporadic and hereditarygenerated by immunizing mice with a thermally denatured
disorders, including Alzheimer’s disease, type Il diabetes, variable region (V) fragment of the humai4 Bence Jones
and primary (AL) amyloidosis 1—4). All types of amyloid, protein Len {8), bound a cryptic, hon-native epitope located
regardless of amino acid sequence, share tertiary structuraivithin the first 18 residues of Ig light chains (LC)%, 19)
and tinctorial features, i.e., they are formed from fibrils (Figure 1). This antibody has shown therapeutic efficacy in
composed of extendgetsheets oriented perpendicularly to a mouse model, as demonstrated by its ability to accelerate
the long fibril axis 6, 6) and bind the dyes thioflavin T and  the removal of induced human AL amyloidomas, an effect
Congo red T, 8). Additionally, fibrils, as well as their  that was independent of tlkeor 1 LC isotype or \{ subgroup
assembly intermediates, contain generic conformational of the injected fibrils {2). Additionally, mAb 11-1F4
epitopes not present on the native protei®s16). These inhibited de nao V_ fibrillogenesis (9).
common characteristics reflect a similar fibrillogenic pathway-  Using random peptide phage displ&0(21) and epitope
(s) involving the assembly of soluble higher-order intermedi- mapping with wild-type and alanine mutate@2( Len
ates into fibrils that are structurally dissimilar to their peptides, we now have defined the nature of the epitope
precursorsZ, 13, 17). recognized on LC fibrils by mAb 11-1F4. Through phage
peptide mimetics, as well as the discovery of a mimotope
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1 Abbreviations: A8, amyloid 8 peptide consisting of the first 40
amino acids; AL amyloidosis, light chain-associated amyloidosis; LC,  Proteins, Peptides, and Antibodid®ecombinant (r) V4

light chain; EuLISA, europium (EU)-linked immunosorbant assay; ; ; i ;
mADb, monoclonal antibody; PBSA, phosphate buffered saline contain- Len and V6 Wil were produced inEscherichia coli as

ing 0.05% sodium azide; ThT, thioflavin T; Ylight chain variable preViOUS|¥ dQSQFibedZG)- The lyophilized proteins were
region. dissolved in distilled water¢1 mg/mL,~80uM), 10x PBS
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Group I Sequences Alignments

Group II
Phage (#) ICs, Phage (#) ICs,
g4 (1) 3.96  -VQYSSSPEALRV----- £f11 (1) 3.94 -IVYTPHPEYLW-P--—-
al2 (3) 3.94 K-HYAAFPENLLI----- c3 (1) 3.69 -~VKWTPAPDSLIL-----—
£5 (1) 3.88  Q--YTMHPLELLVT---- d4 (1) 3.20 S—-MNPFPGQ-LVSN---
c4d (1) 3.66 -AKYSKHPDATLV----- cl (2) 3.16 S--ESPYPSLMMVS-—---—
h3 (1) 3.63 -AYFNLHPTTQLV---—- d7 (1) 3.16 S--WTPYPDLL-SP---R
de (1) 3.50 S-MFTKYPTQLLY--—--— all (1) 3.16 TI-YSPHPGGRL-D----
g7 (1) 3.46 Q-HFTKNPALLMA-—---— gl (1) 3.07 -AQWSPNPD-MSVS—-—--—
dll (1) 3.33 -VRWTTSPNLLFV--—-— dl (1) 3.05 Q-HYSPTPWQQ-WT————
£2 (1) 3.32 -HNSTRAPEKLMI----- h7 (1) 3.01 -AFMTPFPESL--TP---
g3 (1) 3.26 -LIQIDHPESLLV--—--— h9 (1) 3.01 —~ATLAPNPQSMMV--—-—-—
b5 (1) 3.24 S-GMARAPESLQV-—---— h5 (1) 2.99 S-LWTPYPDQL--S---R
clz (1) 3.17 —-LMQSRSPQEQLV—--—--— f6 (1) 2.95 TSP-SPYPDQLM-P----
c2 (1) 3.17 S-SFSWSPESMLL--—--— el (1) 2.95 -—GFSPYPFQLW-T-S--—
h2 (1) 3.14 -WIVARNPDELRV---—- h8 (1) 2.94 -LEYNPWPWRNLI-—---
g6 (1) 3.03  S-VMTSNPDRTFI--—-- ad (1) 2.72 QQ-FAPWPN-WTL-V---
bl2 (2) 2.90  S-HWTRQPDTIMI----- a2 (1) 2.69 -FPFTPHPEEYFL--———
bll (1) 2.80  S-NMSLHPLATFI----- b4 (1) 2.56 -GPYVPYPEDQFV--—-—
b6 (11) 2.79 N-ELSTNPNQLMV-—---— £3 (1) 2.54 D-WYSPFPTSQFA--—-—
e2 (1) 2.77 T-PYTNNPDLLF-T--—- ell (1) 2.46 SSVYSPSPLSL-V-----
hé6 (1) 2.67 --—¥YNRYPEMMLVT-G-- el0 (1) 0.99 -YTQSPTPDLMAV----—
a3 (2) 2.34  -HKMINFPDSL-LT---- di2 (1) 0.88 THTYSPAPFTLI----——
a8 (1) 0.85 T-QQSAWPDTSFV—--—--— h1l0 (1) 0.82 TQHWSPFPESL-V-——--
f1 (2) 0.46 KLPDYILSPTS---S---- £f8 (1) 0.66 S-WYSPNPGDW-LS—-—---—
el2 (1) 0.36 S--YSIWPDTR-VSL--- a7 (2) 0.54 KPT-YSPYPFSM--P----
al (2) 0.01  SDDY--APFGLDII-—-- b2 (1) 0.47 TYQYSPYPEPVM---———
d5 (1) <0.01  ---WMTYPDSLIIS-A-- b9 (1) <0.01 ---YTPSPDDLIVS-P——
* * *
V, Len 3.88 DIVMTQSPDSLAVSLGER. . VL Len 3.88 DIVMTQSPDSLAVSLGER. .
1 5 10 15 1 5 10 15
Consensus Sequences
>50% Consensus 1 5 10 15 >70% Consensus 1 5 10 15
VL Len DIVMTQSPDSLAVSLGER. . VL Len DIVMTQSPDSLAVSLGER
Group I p.paoppP-sLhV..... Group I «...sppPpp.hl.....
Group II s.paSPaP-slhls.... Group II -+ .20PpPpph........
Overall p.paosaP-sLhl..... Overall --.-OPPPPP........

P

Ficure 1: Multiple sequence alignments and consensus sequences for 11-1F4-binding phage peptides. Phage peptides wag} aligned (
and divided into groups | and Il, based on the presence of one of the two proline (-X-Pro-X- and Pro-X-Pro) or cysteine (lle/Leu-Cys and
lle/Leu-X-Cys-) motifs, and each group adjusted to give the best alignment with the N-terminal sequenckesf. Whe hydrophobic

and/or aromatic residues are bolded and prolines underlined. Phage peptide consensus sequences were determined using the progran
CONSENSUS (http://www.bork.embl-heidelberg.de/Alignment/). Abbreviations include the following: a, aromatic (F, H, Y, W); h,
hydrophobic, (A, C, F, I, L, M, V); |, aliphatic (I, L, V); o (S or T); p, polar (D, E, G, H, K, N, P, Q, R, S, T, W, Y); s, small side chain

(A, C,D, G, N, P, S, T, V) 81),; and each uppercase letter represents the particular amino acid.

containing 0.5% sodium azide (PBSA) was added to yield a alanine point mutations was generated by solid-phase
concentration of &, and the samples passed through a 0.22 synthesis at Mimotopes (Raleigh, NC), and th#48 peptide

um PVDF 25 mm Millex-GV syringe-driven filter unit ~ was obtained from Quality controlled Biochemicals (Hop-
(Millipore, Beillerica, MA). For competition studies, the kinton, MA). Mass spectrometric analyses revealed the purity

proteins were centrifuged at 100@p@or 2 h at room of the phage and Len preparations tob80% and that of
temperature. Protein concentrations were determined specthe A340 peptide,>90%.
trophotometrically using 24,535 and 13,075 Mcm ™! as Before use, each lyophilized peptide was disaggregated

the Exges for the Len and Wil proteins, respectively (Prot- by sequential exposure to TFA and HFIP, as described

Param; http://us.expasy. org/tools/protparam.html); the final previously (5, 24). After removal of the organic solvents

solutions were aliquoted and stored-a20 °C. by evaporation under argon, they were dissolved (625
Synthetic phage and peptides encompassing all (or partymg/mL) in distilled water or 2 mM NaOH (depending on

of the first 22 residues of Len were obtained from the Keck the d) and 10<x PBSA added to a final concentration ot 1

Biotechnology Center at Yale University (http://info.med. Prior to use, peptides from the Ler{18) library were

yale.edu/wmkeck/; New Haven, CT). Additionally, a peptide diluted from dimethylfluoride into PBSA. Len and phage

consisting of the first 15 Len residues, designated Len(1 samples were centrifuged at 2080fbr 20 min at room

15), was purchased from Sigma-Aldrich (St. Louis, Mis- temperature and /A at 5000@ for 18 h at 4°C. The

souri). A custom Len(£18) peptide library containing single  concentration of peptide in each supernatant was determined,
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based on a BSA standard curve, in a bicinchoninic acid antibody-reactive phage were stored in 20% glycerot20
colorimetric assay (micro-BCA, Pierce, Rockford, IL)BA  °C for up to 6 months, with no observable loss in antibody
samples were used immediately; Len and phage peptidereactivity.
preparations were stored a °C for up to 48 h. Isolation and Sequencing of Clonal Phagé®r phage
Bioreactor generated murine mAb 11-1F4 was furnished plaque hybridization, a Protran BA85 0.4B nitrocellulose
by the National Cancer Institute’s Biopharmaceutical De- membrane (Schleicher and Schuell), soaked in transfer buffer
velopment Program (SAIC-Fredrick, Inc., Fredrick, MD) and (PBST), was placed on top of an LB/IPTG/Xgal agar plate
its concentration determine@f, 1.4 M cm™). containing~100 plaques and incubated at 3Z for 1 h.
Preparation of Amyloid FibrilsFibrils composed of r4 The membrane was lifted and blocked with assay buffer
Len and r6 Wil were generated from filtered, soluble (0.5% gelatin in PBS containing 1% Tween 20), unbound
precursor proteins by agitation in an orbital shaker, as blocking agent removed, and 30 nM of mAb 11-1F4 added.
previously described2f). Briefly, 80uM of proteinin PBSA  After incubation and washing 3 with PBST, HRP-labeled
was placed in a closed 15 mL volume polypropylene tube goat anti-mouse IgG antibody (Jackson Immunoresearch
which was shaken at 225 rpm at 3€. A fibrils were Labs, West Grove, PA) was added and, after washing, phage-
generated by incubating the soluble precursor peptide at abound 11-1F4 was detected by chemiluminescence using
concentration of-30 M in PBSA at 37°C, as previously ~ ECL (Amersham Biosciences Corp., Piscataway, NJ) as the
described 14). Maximum fibril formation occurred within substrate. An 11-1F4 binding phage plaque was defined by
2 weeks, as evidenced by ThT fluorescen28, @7), after  the presence of a strong positive signal detected on duplicate
which the components were harvested by centrifugation hybridizations. In total, 96 positive plaques were picked,
(2080@ for 25 min), sonicated, and stored-a0 °C. amplified, and phage DNA-purified using a QlAprep Spin
Antibody Production and CharacterizatioBALB/c mice M13 Kit (QIAGEN Inc., Valencia, CA). Sequencing was
were immunizedx5 with 50 ug injections of an 11-1F4-  performed with an ABI PRISM 3100 Genetic Analyzer
binding synthetic phage peptide, designated al2 XNH (Applied Biosystems, Foster city, CA) with a Big Dye v3.0
KHYAAFPENLLI-CONH,), and conjugated via 1-ethyl-3-  Cycle Sequencing kit (Applied Biosystems) at the University
[3-dimethylaminopropyl] carbodiimide HCI to keyhole limpet  of Tennessee’s Molecular Biology Resources Facility. Phage
hemocyanin (Pierce). The reactivity of sera obtained 1 week peptide sequences were aligned using CLUSTAL28).(
after the final injection against microtiter plate-immobilized 11-1F4 Binding and Competition AssayEhe relative
al2 peptide, Vfibrils, and collagen (Sigma) was determined strength of mAb 11-1F4 binding with clonal phage, peptides,
in a europium (E#") based immunosorbant assay (EULISA) 44 " Len was determined by EuLISALS, 16) in the
(15, 16), using.both biotinyl-goat anti-mouse IgG and anti- presence or absence of NaSCBD) The NaSCN assay
IgM for detection. o involved coating 5« 10* phage (as determined frofsonm
Selection of 11-1F4 Binding Phag&o remove phage-  (29)) in PBS onto each well of a high-binding microtiter
containing 12-mer peptides that potentially bound nonspe- plate (EIA/RIA Easy Wash, COSTAR, Corning, NY) which
cifically to mAb 11-1F4, the Ph.D.-12 phage-display library \yas covered and incubated overnight at°& The plate
(New England Biolabs) was preabsorbed with the murine \ya5 washed 3 with PBST, blocked with 1% BSA in PBS,
monoclonal IgG protein MOPC-31C (Sigma). Briefly, 200 anqd a solution of 1 nM 11-1F4 in assay buffer (blocking
uL of 2 x 10" unamplified phage was mixed rfal h at buffer containing 0.05% Tween 20) added. Afig 1 h
room temperature with 5@l of ~20 ug MOPC-31C jhcubation and a washing step;@ M NaSCN in 50 mM
attached to blocked (PBS containing 0.5% BSA) protein G phosphate, pH 7.5, was added and the plate incubated for
ma}gnetic beads. The resgltant phag'e complexes were pelleteds min at 37°C, followed (after washing) by sequential
using a 6-tube magnetic separation rack (New England aqgition of biotin-labeled goat anti-mouse IgG (Sigmaf*Eu
Biolabs) and the amount of unbound phage in the SUpemata”%treptavidin conjugate (Perkin-Elmer), and low-pH3Eu
(60% recovery) determined by standard plaque ftitering yeleasing enhancement solution (Perkin-EIm&g).(For Len
proceduresZ9). . and phage peptide competition EuLISAs, up to 1 mM
Isolation of 11-1F4-bound phage from the absorbed library polypeptide competitor in solution with 2 nM 11-1F4 mAb
was achieved by 4 rounds of biopanning. The selection a5 included. In the case of Jto an@40, these analyses

process involved alternating the antibody binding protein jnyolved preincubation of 500 nM 11-1F4 with0.2 mg/
(Protein G or A) and the blocking agent (0.5% BSA vs 1% m| competitor for 40 min at 37C.

gelatin in PBS) on the magnetic beads. Antibody-bound
phage was eluted using the 11-1F4-binding LerfQ)
peptide (5, 16). The first round consisted of gentle mixing
and incubation of 25 nM antibody with 1.2 10** absorbed
phage in 0.3 mL of PBS containing 0.05% Tween 20 (PBST)
for 1 h atroom temperature. The sample then was added to
50uL of protein G beads blocked with 0.5% BSA, and, after
incubation, the beads were washeti0 with 1 mL of PBST;
11-1F4-bound phage was eluted withuBl Len(1—30) in

0.3 mL of PBST and then amplified from 3.9 1Cf to ~3

x 10", using standard amplification and plaque titrating rResyLTS

procedures28). An aliquot (1.2x 10') of the amplified

phage was used to pan against 11-1F4 bound to gelatin- Phage Peptides H& Position-Specific Sequence Identity
blocked protein A beads. After 2 additional steps, the with i Len Alignment of the amino acid sequence of V

All microtiter plate experiments were done in triplicate in
assay buffer (1% BSA in PBS containing 0.05% sodium
azide and 0.05% Tween 20). Immediately prior to im-
mobilization, amyloid fibrils and collagen stocks were
sonicated (2x 30 s bursts) with a probe sonic disruptor
(Teledyne/Tekmar, Mason, OH). The error bars in figures
represent SD. Values for Eg&and 1G, were determined from
sigmoidally fit antibody binding curves (SigmaPlot 2000 ver.
6; Systat Software, Inc.).
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Ficure 3: Binding of mAb 11-1F4 to plate-immobilized Len
peptides. (a) Binding of 11-1F4 to Len peptides. (b) Competitive
inhibition of 2 nM 11-1F4 binding to Len(*22) in the presence
or absence of Len peptides. Ler(15) (A); Len(1—13) (a);
LenP8S(1-22) (®); and Len(:-22) (O). The dashed line indicates
50% inhibition.

c

8,9, 11, and 13 (Thr, Pro, Asp, Leu, and Val, respectively).
This correlation was greater than would be expected, based

Average residue hydropathicity ~ Aromatic residue propensity (%)

N
T
—
&—Polar ¢ Nonpolar_,

SYLSRESL RS 5355 on the observed frequency of amino acids in the random

—— en sequence————» peptide phage display library (http://www.neb.com/nebe-
FIGURE 2: Sequence-position comparison of 11-1F4-binding phage comm/ManualFiles/ manualE8110.pdf). The overall consen-
peptides with the first 14 residues of Len. (a) Residue identity ~ sus sequence, incorporating peptides from both groups | and
between phage peptides and Ven; the numbers of identical || ‘reyealed that the region of greatest homology spanned a

(closed bars) and chemically similar (open bars) residues for each . - .
position are shown. The solid and open circles indicate the number 6-Polar residue stretch between positions 5 and 10 (Figure

of identical and chemically similar phage peptide residues expected1). Similarity also was observed within the first 4 positions
to occur by chance, based on the observed frequency of amino acidof the phage peptide sequences that contained a high

in ttt]e rand(;mw?eptidlc'e: .||oha/lge disﬁﬁtgiilbéaré fghtt(%)//vxlljww.net).com/ (percentage of aromatic resides at position 4; however, these
nebecomm/ ManualFiles/manua .pdf). ercentage o ; ; i ;
aromatic residues in the phage peptides at each position. The ling®MINO acids were dissimilar to those found in the Len

dashed represents the percentage abundance of aromatic amino acidgelecule (Figures 1 and 2a,b). Three additional positions
relative to all other residues in the random peptide phage display 6, 7, and 12 (GIn, Ser, and Afaplso exhibited considerable

library. (c) Average residue hydropathicity valu&)(for phage  sequence heterogeneity, with a predominance of aromatic
peptides (closed bars) relative to those of the Leri4) peptide residues at position 7

(open bars). Each sequence position average hydropathicity value ’ .

was determined from the sum of residue hydropathicity values In contrast to V Len, the presence of more polar residues

divided by the number of total residues. The dashed line shows within the first 4 positions of the phage peptides resulted in

the average hydropathicity value for all 20 amino acids, corrected e Nlo ; ; i Ati
for the abundance of each in the random peptide phage displaya hydrophilic N-terminal (Figure 2c). Further characterization

library. All sequence-position comparisons were determined using ©f their physiochemical properties, such asglectrostatic
the multiple sequence alignments shown in Figure 1. charge, stability, aliphaticity, and hydropathicity (http:/
us.expasy.org/cgi-bin/protparam), indicated that these mol-

Len with 11-1F4-binding phage peptides indicated that the ECUl€S were more basicl[palues= 5.60+ 1.5 vs 3.56 for
epitope recognized by this mAb was located within the first Len(1-15)].
14 residues (Figure 1). With rare exception, the peptides The 11-1F4 Epitope Is within the First 15 Residues of V
contained at least 1 proline corresponding to Pro8,ir.&h Len mAb 11-1F4 bound equally to plate-immobilized V
and one half had a second proline. Based on these resultsl.en and Len peptides encompassing the first 15 residues,
11-1F4-binding peptides were grouped into two families: -X- with ECso values in the subnanomolar range (Figure 3a, Table
Pro-X- or -Pro-X-Pro- (Figure 1, groups | and II). 1). In contrast, the reactivity of 11-1F4 with Ler{13) was
Analyses of consensus sequences for phage peptides-50x weaker, thus indicating the importance of Serl14 and/
assigned to group | or 1l (50% and 70% threshold values, or Leul5 for this interaction. Consistent with these observa-
respectively) showed that there was a high proportion of tions, both the Len(322) and Len(3+15) peptides were
identical or physiochemically similar amino acidl) at 10 similarly effective at inhibiting 11-1F4 binding to plate-
of the first 14 positions of protein Len (Figures 1 and 2a), immobilized Len(:22), whereas Len{113) was~30x less
with maximum conserved identity occurring at positions 5, effective (Figure 3b, Table 1).



Light Chain Fibril-Related Conformational Epitope Biochemistry, Vol. 46, No. 45, 200713053

Table 1: 11-1F4 Binding to Plate Immobilized Phage and Len Peptides and the Inhibitory Effects of These Molecules on Antibody Binding to
Immobilized Len(t22)

immobilized polypeptide

phage EGCss° NaSCN assay solution-phase
polypeptide peptide group sequence (nM) ICsq (uM) competition IG¢® (uM)
Len V. nd DIVM TQSHDSLAV SLGERATIN... 0.18+ 0.03 3.9 >30
al2 I K-HYAAF PENLLI 0.54+ 0.3 3.7(3.9) 1.5t 0.1
g4 I VQYSSSEALRV 14+ 6.0 3.7 (4.0) 3.2:0.0
f11 Il -IVY TPHPEYLW- P 32+0.1 3.3(3.9) 6.7 0.1
b2 I TYQYSPYPEPVM 44+0.1 0.5 (0.5) 4.6:0.1
a7 Il KPT-Y SPY PFSM--P 18+ 0.1 2.3(0.5) 1.70.1
Len(1—-22) na OVM TQSFDSLAV SLGERATIN 0.24+0.1 1.37 0.04 0.01
Len(1—-15) na OVM TQSHDSLAV SL 0.39+ 0.05 nd 0.27+0.01
Len(1-13) na OVM TQSHDSLAV 16+ 0.1 nd 33+ 0.07

2Phage peptides were grouped based on the presence of highly conserved proline residues, as shown irP Peplidelsequences were
aligned by CLUSTALW 28); hydrophobic and/or aromatic residues are bolded, and proline is undediBadh EG, value was determined from
the midpoint of 11-1F4 titration curves, as shown in Figures 3a, 4c, arftEsech 1G, value was determined from the midpoint of NaSCN titration
curves (see Figure 4b). sgvalues with or without brackets were determined for 11-1F4 binding to phage peptides alone or expressed on phage
particles, respectively.Each IGo value was determined from the midpoint of peptide competition curves shown in Figures 3b ANodGdpplicable.
9 Not determined. Charged residues are italicized.

4250 observed with polyclonal phages from the unselected library.
200 : a Presumably, the lower assay signal that was found for 11-
150 1F4 binding to the immobilized phage (as compared to that

s for protein Len) reflected differences in epitope density that
100 resulted from antigen immobilization.
%0 To confirm that mAb 11-1F4 reactivity with the phage
0 T s 3 4 s 6 wasvia the 12-mer peptide mimetics expressed on its surface,
[NaSCN] (M) synthetic peptides representing high-affinity (a12, g4, and

- f11) or weak binding (b2 and a7) phage were tested in the

%250 b NaSCN assay. With the exception of the a7 molecule, the

£ 200 z antibody reacted with the isolated peptides in a fashion

5150 similar to that of the entire phage. Threal2, g4 and f11

"&.100 bound the mAb 11-1F4 in the presence~d.5 M NaSCN,

g 5 comparable to that seen when Ven was used as substrate

= 0 s (Figure 4a,b, Table 1). In contrast, the a7 synthetic peptide

0 1 2 3 4 5 6 7 interacted with 11-1F4 at much greater concentrations of
[NaSCN] (M) chaotrope, as compared to the phage-expressed a7 derivative
200 (ICs0, 2.3 M vs 0.54 M), indicating an increase in stabilizing
150 ¢ hydrophobic and/or electrostatic interactions between the
+ antibody and the synthetic peptide (Table 1).
100 Consistent with results obtained using the NaSCN-titration
50 assay, antibody binding curves showed that mAb 11-F4
A bound with similar affinity to both the al2 synthetic peptide
6 7 8 9 10 11 12 and . Len with EGgs of 0.5 and 0.2 nM, respectively
Jog [11-1F4] (M) (Figure 4c). However, antibody binding to the a7, g4, and

) - : - f11 synthetic peptides was much weaker than with the
FiGure 4: 11-1F4-binding to plate-immobilized phage, Yen, . . . .
and synthetic phage pept?des.pNaSCN titration cgrve% flbr antibody respective Phage and was compar_able to the interaction W'th
binding to (a) phage, protein Len, or (b) synthetic phage peptides the b2 peptide that formed a relatively weak complex with
and Len. (c) 11-1F4 titration curves for binding to synthetic phage 11-1F4 in the presence of NaSCN (Figure 4c, Table 1).
peptides and Len. I3 and EGo values were determined fromthe  Presumably, these assay-related discrepancies reflect differ-
midpoint of each titration curve. Lem(; f11 (®); b2 (O); and  gnceg in the methods used to measure antibody binding.
al2 @) phage particles or peptide; and unamplified phage display o . .
library control @). To ascertain if the epitope recognized by mAb 11-1F4 was
retained when the synthetic phage peptides were in solution,
11-1F4 Binding to Non-Nate \{ Len, Len LC, Len their ability to inhibit the reactivity of 11-1F4 with plate-
Peptides, and Phage# broad range of 16 values (0.5 immobilized Len(:22) was determined. These studies
<0.01 M) were obtained wher50 11-1F4-binding phages showed that each had a similar capacity withetGn the
were evaluated (Figure 1). Notably, the strongest antibody 1.5-6.7 uM range (Figure 5, Table 1), values20-fold
complexes (IG, ~4 M) occurred with phages a12, f11, ¢3, higher than that for Len(t22); in contrast, the native protein
c4, g4, 15, and h3 (Figures 1 and 4a). In contrast, the b2 Len failed to suppress the reaction £4C> 30.0 uM).
phage and several others that were isolated based on positive Alanine Scanning Mutagenesikhe substitution of alanine
interactions with the antibody bound weakly in the presence for proline, asparagine, leucine, or valine at positions, 8, 9,
of NaSCN. As expected, no or very weak binding was 11, and 13, respectively, markedly hindered the interaction
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Table 2: Peptide Phage Display and Alanine Scanning Analysis of
N-Terminal V. Len Residues Implicated in 11-1F4 Binding

) Len(1-18)
V, Len phage peptide  alanine scanning
residue identity? Ala EG EGso phage and Len(%18)

position (%) (%) (nM) WTEGCs¢  residue preferences

D1 3.8 0 3.91+ 0.001 27 SorT
12 154 19.2 0.2 0.001 0.22 Ala or any amino acid
V3 9.6 0 0.29+ 0.004 0.24 polar

M4 154 0 2.51+0.01 2.1 aromatic (preferably Tyr)

T5 82.7 10.0 1.48&0.01 1.2 small (preferably S or T)

Q6 58 4.0 2330.01 1.9 polar

S7 269 8.0 0.620.01 0.51 polar (preferably aromatic)

P8 100 0 >500+10 >400 invariant proline

D9 615 20 43.2:0.2 36 negatively charged, D/E

S10 40.4 6.3 0.8%0.003 0.71 smal_:_)polar (preferably S
or

L11 80.8 0 77.1%0.7 64 L or bulky hydrophobic

Al12 58 0 2.86+ 0.02 2.4 bulky hydrophobic

Vi3 73.0 2.6 18.6:0.1 16 V or aliphatic

S14 307 O 7.96- 0.04 6.6 SorT

L15 nd na  7.64+0.02 6.4 (L)

G16 na na 2.120.01 1.8 na

E17 na na 2.4& 0.01 21 na

R18 na na 0.55 0.002 0.5 na

a Sequence identity for each phage peptide compared e was
determined as the sum of the percentages of identical and chemically

22) and phage peptides in the presence and absence of peptidsimilar (31) residues at each position from the multiple sequence

inhibitors. (a) Binding of 11-1F4 to phage peptides or Ler?2).
(b) Competitive inhibition of 2 nM 11-1F4 binding to Len{22)
in the presence of phage peptides or LerZ2). The dashed line
indicates 50% inhibition. al2»); g4 @); b2 (v); a7 @); and Len-
(1-22) ©).

200
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FiIGURE 6: Interaction of mAb 11-1F4 with plate-immobilized, Ala-
substituted Len(£18) peptides. (a) Binding of 11-1F4 to Len{1
18) (a); IA2 (O); V3A (@); T5A (2); D9A (O); and P8A W). (b)
Antibody binding to Len(118) (a); I11A (v); V13A (#); S14A
(©); and 115A (x).

of the Len(:-18) with mAb 11-1F4, yielding~20—400-

alignments of phage peptide groups | and Il shown in FigufeECs,
values were determined from the midpoint of 11-1F4 titration curves
shown in Figure 6°WT EGs is the EGo value for 11-1F4 binding to
plate-immobilized wild-type Len@18). ¢ Residue preference at each
position in Len(+18) was determined from the multiple sequence
alignments of phage peptide groups | and Il with Men, and the
binding of 11-1F4 to Ala-substituted Len{18) peptides (Figures 1,

2, and 6). Residue preferences with or without brackets are those that
were preferred for Len and phage peptides, respectif&gsidue
preferences in brackets are those specific to the L-.eh8) peptide.
"Not applicable.

decrease in antibody binding with Asp9Ala, Leul1Ala, and
Vall3Ala substitutions correlated with the lack of an alanine
residue at these corresponding positions in the phage peptides
(Table 2).

The substitution of alanine for any of the first 4 residues
of Len(1—18) had little effect on 11-1F4 binding (Table 2);
however, stronger interactions occurred with the lle2Ala and
Val3Ala variants that generated Efralues~4x greater
than that for the wild-type peptide (Figure 6, Table 2).
Increased antibody binding to the lle2Ala variant was in
agreement with the frequent occurrence (19.2%) of alanine
at this position in the phage peptides (Table 2). In contrast,
alanine was never observed in the location equivalent to
Val3. Instead, polar residues were abundant, including a high
percentage of aromatic amino acids (Table 2), thus suggesting
that these differences reflected variations in side-chain usage
for maintaining the conformational epitope recognized by
11-1F4 in the Len and the phage-derived peptides.

Several other variations were observed between the Ala
scanning and phage peptide alignment analyses (Table 2).
The Leul5Ala substitution in Len{d18) resulted in~6x
weaker peptide interaction with 11-1F4, implying an impor-

fold higher EGq values (Figure 6, Table 2). The greatest tant role of leucine for this reactivity; however, this residue
effect was observed with Pro8Ala. These results were was absent at this position in the 11-1F4 binding phage
consistent with the significant sequence identity that occurred peptides (Figure 1). In addition, the Thr5Ala and Serl0Ala

at these 4 positions in the phage peptides and-&h, as

substitutions in Len(£18) had little effect on antibody

well as our previous finding that 11-1F4-binding to Len binding, although there was a preference for hydroxyl side
peptides was drastically reduced by the substitution of serinechains at these positions in the phage peptides (Figures 2

for proline at position 815). In addition, the relatively large

and 6, Table 2).
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80 19). Using overlapping peptide mapping techniques, the
B epitope was localized within the first 18 amino acids of the
2% V.4 Len immunogen. We hypothesized that the LC fibril
540 binding site involved an edge-strand perturbation, similar to
2 the neo-epitope formed by TTR fibril87). Additionally,
= 20 the requirement of Pro8 (conserved within virtuallyadnd
= A LCs (38, 39) for this interaction to occur led to our

0 postulation that this residue anchore@-turn and led to a

VQ' M & Q&% &?‘ peptide chain reversal, analogous to that formed fiams
\}9\\ <8 423* & proline in 52-microglobulin fibrils @0, 41). To understand

more fully the molecular basis of mAb 11-1F4’s reactivity
Ficure 7: Characterization of the specificity of anti-phage peptide \yith both « and LCs, as well as the nature of the fibril-

immune serum. Reactivity of serum from an al2-immunized mouse e : : :
(solid bars) and nonimmunized mouse (open bars) against the‘gpecIfIC epitope recognized by this reagent, we probed the

immunogen, Len(22), as well as Vfibrils, and collagen fibrils. ~ structural characteristics of this determinant using peptide
phage display and peptide epitope mapping.
Our studies indicated that 11-1F4 binding tgd\Len and
° non+4 light chains was reliant on an invariant proline and
up to 9 other residues (Asp1, lle2, Val3, Met4, Asp9, Leull,
Vall3, Serl4, and Leul5). We attribute the stronger 11-1F4
interactions withe4 fibrils, as compared with those formed
from other LC isotypes (E&s, 0.2 nM vs~ 100 nM,
respectively 15)), to the presence of an Asp at position 9,
65 70 75 80 85 given that the single germline gene that encodgsproteins
-log [11-1F4] (M) specifies this amino acid at this locatio®8]; additionally,
FiGURE 8: Competitive inhibition of mAb 11-1F4 binding tog#0  the Asp9 substitution in Len(i18) resulted in a 60-fold
fibrils. Binding of antibody to plate-immobilized 240 fibrils in weaker antibody binding with an Egvalue similar to that
the absence of competito®) or in the presence of Jto fibril&1) for non«4 LCs. Further~60% of the 11-1F4-binding phage

or AB40 fibrils (a). Competition experiments were performed by ; ; : ; ;
preincubating 11-1F4 with-0.2 mg/mL fibrils. g?g)tlg?;ggi':ifrzngd a negatively charged amino acid (Asp or

Immunizing Mice with the al2 Peptide Generated Anti-  INSPection of germiine Vand V; N-terminal consensus
Light Chain Fibril Antibodies To validate that the phage ~S€duénces revealed identity, compared {d VCs, at 9
peptides mimicked the structure of the fibril-associated POsSitions (1, 4, 5, 6, 8, 10, 11, 12, and 14) that we had

epitope recognized by 11-1F4, mice were immunized with implicated in mAb 11-1F4 binding (Figure 9a). Notably, this
KLH-conjugated al2 peptide. The resultant immune sera antibody reacts with similar affinity to all noxd AL fibrils,
contained antibodies that had reactivity similar to that for Partially denatured LCs, and non-LC fibrilslg 19).
mAb 11-1F4; namely, they had specificity for the a12 and Presumably, this reflects an ability to accommodate signifi-
Len(1—22) peptides, as well as synthetic fibrils composed cant sm_ie-cham diversity within the 11-1F4 bmd|_ng site that
of V,6 Wil and V.4 Len (Figure 7). Neither 11-1F4 nor the we attribute to an ur_nusually Iqrge pocket resu!tlng from an
al2-immune serum recognized non-amyloid triple-helix unc?m_monly short (i.e., 2|_—rﬁ5|due) heavy chain CDR3 (C.
collagen fibrils. In addition, sera from nonimmunized mice Dealwis af_‘d A.S., unpublished dat_a). . .
were virtually unreactive with the test molecules. Phage display a_nalyses and alanine-scanning mutagenesis
11-1F4 Binding to &40 Fibrils. The reactivity of mAb of the Len(+18) indicated that mAb 11-1F4 specificity

11-1F4 with A340 fibrils was demonstrated by EULISA. As ?:ggﬂgegt pr:)”s‘ﬁ‘irc')'z(g)” ;hgn%rﬁ)sregc‘?ﬁ; ar"; Iﬂ\i/raerrﬁg;tpgofly;
shown in Figure 8, the Eg of this interaction was~100 b ’ q

. . ibriis) ubiquitous proline for 11-1F4 binding is unlikely to be due
nM, a valug cqmpara_ble.to that obtamed. V\.”th LC fibr D to direct interaction with this residue, since the antibody does
To determine if the binding could be inhibited by LC fibrils, not recognize proline-rich collage) (Figure 7). Antibod
we carried out competition studies where we found that ) P 9 9 : y

sonicated Y6 (Jto) and 4840 fibrils, at 50-fold excesses, lblnd_mg alsg w:;;s highly dgpendent ondthe presence 0'; a
were equally potent as inhibitors, indicating that the antibody eucine :and vaine "?“ positions 11 and 13, respectl\_/e.y.
used the same paratope for binding to heterologous fibrils Notably, there were high numbers of Leu11 and Vall3 within
"the 11-1F4-binding phage peptides and these residues also
DISCUSSION are specified by V2, V.4, and \,7 germline genes3g).
Although all « LCs exhibit significant sequence identity
The aggregation of amyloidogenic proteins into insoluble with the first 4 residues of protein Len (a region important
fibrils is associated with a series of conformational transitions for 11-1F4 binding 15)), A proteins are dissimilar. Neverthe-
that result in the exposure of neo-antigenic sites that areless, these differences did not affect antibody reactivity since
associated with amyloid fibrils and assembly intermediates 11-1F4 bound equally t@ (non«4) andA1 LCs (15). The
(10—14, 16, 31, 33, 34), as well as the loss of native epitopes ability of 11-1F4 to tolerate LC side-chain diversity within
(35, 36). We previously had demonstrated that mAb 11-1F4 this region was demonstrated by the formation of stable
bound to a cryptic epitope present erandA LC amyloid antibody-phage complexes that occurred with phage peptides
fibrils, as well as partially denatured precursor proteins, but containing an N-terminal glutamine or serine (residues
did not when these proteins were in their native stafg (  typically found ini LCs, in contrast to aspartic or glutamic

—
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—
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(=}
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a N-terminal V_and V, consensus sequences
1 5 10 15
Vicd DIVMT QSPDS LAVSL

V, germline DI.MT QSPuS LShSs
V, germline pphLT QPP-5 VSsuP

b Native Loop-Flip
) Type VI p turn

or touch turn ',
LY

I

O lemard-zose -

)*\'li

Ficure 9: Consensus sequence analyses and schematic representation of the conformational fibril-associated epitope recognized by mAb
11-1F4. (a) Comparison of M with non«4 germ line consensus sequences (bolded residues are hydrophobic.). Abbreviations used in
consensus sequences are as follows: h, hydrophobic (A, C, F, I, L, M, V); p, polar (D, E, G,H,K,N,P,Q,R, S, T, W, Y); s, small residues
(A,C,D,G,N, P, S, T,V); and u, minute residues (A, C, G, S). Consensus sequences were determingddeomlie sequences using
CONSENSUS (http://us.expasy.org/tools/) analysis of CLUSTAL28) (multiple aligned sequences with 70% threshold; prolines are
underlined. (b) Proposed model for the conformational epitope recognized by 11-1F4 involves a rearrangement of the feasideias

centered on a&is-proline type VIj-turn or touch-turn induced by partial denaturation via surface adsorption or by fibrillogenesis. The
N-terminal 15 residues are bolded.

acid common toc proteins). Additionally, the presence of position 8 of Len(118) is consistent with &is-proline
an aromatic amino acid at the third position~#20% of the pB-turn, as such a dramatic effect would not occufiturns
11-1F4-binding phage peptides (and present in one-third of anchored by drans-prolyl residue 43, 44). The presence
all 1 proteins) indicates the capability of this antibody to of 2 adjacent prolines, which are found in rare type VI
accommodate side-chain diversity within this region. pB-turns 61-53), also was seen iv50% of all phage peptide
Confirmation of the Structure of the Neo-Epitope Bound sequences and occurs in the majority of proteins encoded
by 11-1F4 Based on X-ray crystallographic analysis of the by V, genes. We posit that mAb 11-1F4’s unusually large
V. dimer Len @2), we posited that 11-1F4 bound a non- binding pocket enables interaction withsAibrils, which,
native structure present within the first 18 LC residuts) ( although lacking a prolyl residue, putatively contain a type
and that this interaction required a peptide chain reversall g-turn (54).
that moved a portion of strand A (4.1) adjacent to strand B Generation of Pan-LC Fibril-Reaate Antibodies Using
(4.2), following the formation of a Pro8-anchored type | or the al2 MimotopeThe finding that the al2 peptide is a
cis-Pro8 type VIS turn (43) or touch-turn 44). In native mimotope B5) (i.e., induced a murine antibody response that
LCs, these residues are involvedfrsheet formation and, = mimicked 11-1F4 cross-reactivity) suggests that this molecule
further, acis-Pro8 anchors an open turn or bend within strand may serve as a vaccine to generate therapeutic antibodies in
A (Figure 9b); thus, a chain reversal would reposition the patients with AL amyloidosis. Recently, phage peptide
first 4 residues, shown to be critical for maintaining antibody- mimotopes also have been identified against conformational
binding, in close proximity to the equally essential amino epitopes on 42 fibrils (56); presumably, this class of
acids between positions 11 and 15. molecules has several advantages over immunization with
The phage peptide analyses provide further support for asoluble or fibrillar amyloidogenic proteins, including en-
p-turn epitope, as evidenced by the characteristic distribution hanced immunogenicity compared to self-antigens and
of amino acids next to the ubiquitous central prolyl residue. reduced toxicity. Additionally, it is more likely that a pan-
Such turns generally consist of a stretch of polar residuesLC fibril-reactive antibody response that is not biased toward
flanking a central proline(s) which, in turn, is bordered on a« or A isotype would be obtained using the al2 peptide.
either side by amino acids frequently found in fhetrands Our future efforts will be devoted toward the generation
of B-hairpin peptides45, 46). Additionally, the clustering of pan-LC fibril-reactive mAbs using the al2 immunogen
of aromatic and hydrophobic residues at the N- and C-termini and confirmation of the structure of the neo-epitope bound
of the phage peptides presumably provides the driving force by mAb 11-1F4 through X-ray crystallographic studies of
for p-hairpin folding @7). Our experimental data also an 11-1F4-Len(%15) complex, as well as determination of
indicate that the epitope is likely to be anchored by a type the solution structure of wild-type and chemically modified
VI f-turn or touch turn, since the unusually high propensity Len(1—15) (with stabilizers of the centralisproline 67,
for an aromatic residue to precede the central proline in the 58)) using CD, NMR, and/or FRET analysis. These studies
phage peptides is consistent witkig-proline conformation should provide the necessary information for generation of
(48—50). Additionally, the large decrease in 11-1F4 binding novel reagents to be used as therapeutic and/or diagnostic
that occurred with the substitution of proline for alanine at tools in patients with AL amyloidosis.
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