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X-ray Crystallographic Structures of Oligomers of Peptides
Derived from B,-Microglobulin

Ryan K. Spencer, Adam G. Kreutzer, Patrick J. Salveson, Hao Li, and James S. Nowick”
Department of Chemistry, University of California, Irvine, Irvine

Abstract

Amyloid diseases such as Alzheimer’s disease, Parkinson’s disease, and type Il diabetes share
common features of toxic soluble protein oligomers. There are no structures at atomic resolution
of oligomers formed by full-length amyloidogenic peptides and proteins, and only a few structures
of oligomers formed by peptide fragments. The paucity of structural information provides a
fundamental roadblock to understanding the pathology of amyloid diseases and developing
preventions or therapies. Here, we present the X-ray crystallographic structures of three families
of oligomers formed by macrocyclic peptides containing a heptapeptide sequence derived from the
amyloidogenic E chain of f,-microglobulin (om). Each macrocyclic peptide contains the
heptapeptide sequence p,m63-69 and a second heptapeptide sequence containing an N-methyl
amino acid. These peptides form p-sheets that further associate into hexamers, octamers, and
dodecamers: the hexamers are trimers of dimers; the octamers are tetramers of dimers; and the
dodecamers contain two trimer subunits surrounded by three pairs of p-sheets. These structures
illustrate a common theme in which dimer and trimer subunits further associate to form a
hydrophobic core. The seven X-ray crystallographic structures not only illustrate a range of
oligomers that a single amyloidogenic peptide sequence can form, but also how mutation can alter
the size and topology of the oligomers. A cocrystallization experiment in which a dodecamer-
forming peptide recruits a hexamer-forming peptide to form mixed dodecamers demonstrates that
one species can dictate the oligomerization of another. These findings should also be relevant to
the formation of oligomers of full-length peptides and proteins in amyloid diseases.

Introduction

Oligomers from amyloidogenic peptides and proteins are critical in many amyloid diseases.
Although the amyloidogenic peptides and proteins differ among these diseases, as do the
locations within the brain and the body, the oligomers that form appear to share common
features of being toxic and causing cell damage and death. Much of the understanding about
amyloid oligomers has come from the B-amyloid peptide (AB) and Alzheimer’s disease.1~6
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Other amyloidogenic peptides such as a-synuclein,”8 islet amyloid polypeptide (IAPP),9-11
and By-microglobulin (B,m)12-14 are thought to form harmful oligomers in Parkinson’s
disease, diabetes mellitus type 11, and hemodialysis-related amyloidosis. Little is known
about the structures of amyloid oligomers, and there is a desperate need for atomic-
resolution structures. Atomic-resolution structures of the toxic oligomers are essential to
understanding the mechanisms by which they cause cell damage and death and developing
effective therapies for amyloid diseases.

Many of the tools for studying the structures of amyloid oligomers have provided the
molecularity and morphology of amyloid oligomers but not the structures at atomic
resolution. Atomic force microscopy (AFM), transmission electron microscopy (TEM), size-
exclusion chromatography (SEC), gel electrophoresis, and ion mobility mass spectrometry
techniques have provided low resolution structural information about the oligomers formed
by AB. Compact spheroids have been observed by AFM and TEM.1516 Dimers, trimers, and
an apparent dodecamer, isolated from the brain tissue of transgenic mice, have been
observed by gel electrophoresis.# Dimers, tetramers, hexamers, and dodecamers have also
been observed by ion mobility mass spectrometry.1” Infrared spectroscopic studies suggest
that antiparallel B-sheets are involved in oligomer formation.18-21 While NMR and X-ray
diffraction studies have provided detailed structural information about amyloid fibrils,22-27
these tools are only beginning to reveal glimpses of amyloid oligomers.28-33

Full-length amyloidogenic peptides and proteins are difficult to study because they often
form a heterogeneous collection of soluble oligomers and insoluble fibrils. Small
hydrophobic regions of these peptides and proteins, consisting of three or more hydrophaobic
residues, are often responsible for the aggregation.34:3> Understanding the structures formed
by these smaller regions can help elucidate the structures of full-length amyloidogenic
peptides and proteins. Peptide fragments containing these regions are easier to study because
they can more easily form homogeneous assemblies. Eisenberg and coworkers determined
the structure of an oligomer formed from the amyloidogenic region of aB crystallin by X-
ray crystallography.3% In this structure, six B-strands associate to form a six-stranded
hydrogen-bonded antiparallel B-sheet that rolls up to form a cylindrical oligomer in which
hydrophobic residues comprise the inner core of the structure. Apostol, Perry, and Surewicz
determined the X-ray crystallographic structure of an oligomer formed from fragments of
human prion protein (PrP).37 In this structure, two PrP p-strands are linked through a
disulfide bond to form a hydrogen-bonded dimer. Six dimers associate along the hydrogen-
bonding edges to form a cylindrical hexamer with hydrophobic residues comprising the
inner core of the structure. Our laboratory has determined the X-ray crystallographic
structure of an oligomer formed by a macrocyclic peptide derived from AB. In this structure,
the peptide folds into an antiparallel B-sheet and assembles to form triangular trimers and
higher-order oligomers.38

In the current study, we set out to use X-ray crystallography to explore the range of
oligomers that a single amyloidogenic peptide sequence can form.3° We designed macro-
cyclic peptides 1 and 2 to incorporate the amyloidogenic heptapeptide sequence YLLYYTE
(B2mg3_gg) from the aggregation-prone E chain of fom and fold into an antiparallel p-sheet
(Figure 1).40-42 The peptide contains a second heptapeptide sequence with an N -methyl
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amino acid, as a template strand to block uncontrolled aggregation.#3 The two heptapeptides
are connected by two 8-linked ornithine turn units, which act as p-turn mimics and reinforce
B-sheet formation.** We replaced Tyrgg 0f Bomg3_gg With a p-iodophenylalanine to
determine the X-ray crystallographic phases. We used Lys residues at the R; and Ry
positions of the template p-strand to enhance solubility, Val residues at the R, and Rg
positions to enhance B-sheet formation, and an N -methyl amino acid at the R4 position to
prevent fibril formation and promote oligomer formation.

We kept the Bomg3_gg peptide strand constant and varied residues R3, R4, and R5 to explore
the effects of residue size and hydrophobicity on oligomer formation. Peptides 1 and 2
present two surfaces: a major surface that displays the side chains of eight amino acids and a
minor surface that displays the side chains of six amino acids (shown by the blue side chains
and red side chains in Figure 1). The major surface displays Tyrgs, Leugs, Tyrg7, and Glugg
of PoMe3_gg, While the minor surface displays Leuga, Phe'sg and Thrgg. The major surface
also displays Lys1, R3, Rs, and Lys; of the template strand, while the minor surface displays
Valy, R4, and Valg. We initially synthesized and studied ten peptides. In five we
incorporated alanine at positions Rz and Rs (1a—1e); in five we incorporated threonine at
positions Rz and Rg (2a—2€). In each series, we varied the N -methylated residue Ry, to
incorporate N -methylated alanine, valine, leucine, isoleucine, and norleucine (Nle). Table 1
summarizes the peptides we synthesized and the oligomers we observed by X-ray
crystallography.

Five of the ten peptides afforded crystals suitable for X-ray crystallography. Their X-ray
crystallographic structures reveal three families of oligomers: hexamers, octamers, and
dodecamers (Figures 3, 4, and 5). Peptides 1a and 2a form hexamers, peptide 2b forms an
octamer, and peptides 1b and 1c form dodecamers. These oligomers are composed of
monomer subunits with common structures that assemble in different ways. In each of the
monomer subunits, the fomg3_gg and template strands hydrogen bond together to form a p-
sheet. The B-sheets have a strong right-handed twist of about 13-22 degrees per residue
along the B-strand axis, and thus mimic twisted B-hairpins.

The B-hairpins are fully hydrogen bonded, except between Glugg and Lys;, in which the
hydroxyl group of Thrgg can disrupt the hydrogen bonding between these two residues
(Figure 2A-D). To probe the effect of the hydroxyl group on B-hairpin structure and
oligomer formation, we prepared a homologue of peptide 1a with Val in place of Thrgg
(peptide laTggy). The X-ray crystallographic structure of this homologue shows a fully
hydrogen-bonded B-hairpin (Figure 2E and F) and no appreciable difference in the structure
of the oligomers that form, which are hexamers in both cases (Figure S1).

Peptide 1a crystallizes from 0.1 M Tris buffer at pH 8.0 with 0.3 M Li,SO,4 and 45% PEG
400, in the P4,22 space group, with three nearly identical B-hairpin monomers in the
asymmetric unit (ASU). Expanding the ASU to generate the lattice shows hexamers
composed of six B-hairpins assembled as a trimer of dimers (Figure 3). In each dimer, two -
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hairpins come together through edge-to-edge interactions between the fom strands to form a
four-stranded antiparallel B-sheet (Figure 3B). Residues Leugs, Phelgg, and Thrgg of one
monomer form hydrogen-bonded pairs with residues Thrgg, Phelgs, and Leug, of the other
monomer. Hydrophobic contacts between the side chains of residues Tyrgs, Leugs, and
Glugg, appear to further stabilize the dimer.

Three antiparallel B-sheet dimers come together through face-to-face interactions around a
central 3-fold axis to form the hexamer (Figure 3C and 3D). The minor surfaces of the j-
hairpins face inward to form the hydrophobic core of the hexamer, while the major surfaces
face outward and are exposed to solvent within the lattice. The six hydrophobic Phelgg
residues comprise the center of the hydrophobic core, stacking in pairs, and forming
additional hydrophobic contacts among the edges of the aromatic rings. Residues Leugy,
Valy, N -Me Alay, and Valg of the minor faces surround the iodophenyl groups and complete
the hydrophobic core (Figure 3E and 3F).

Peptides 2a and latggy also crystallize as hexamers from conditions similar to peptide 1a,
but in the R32 space group. The ASU of peptide 2a contains seven f-hairpin monomers; the
ASU of peptide laTggy contains only one. The hexamers formed by peptides 2a and latggy
are nearly identical to those formed by peptide 1a.

Peptide 2b crystallizes from 0.1 M SPG (succinic acid-phosphate-glycine) buffer at pH 10.0
and 35% PEG 1500, in the P432,2 space group, with 12 $-hairpin monomers in the ASU.
Expanding the ASU to generate the lattice shows octamers composed of eight f-hairpins
assembled as a tetramer of dimers (Figure 4). In each dimer, two B-hairpins associate along
the residues of the fom strand and interact through face-to-face contacts to form a facial
dimer (Figure 4B). The two B-hairpins are oriented in an antiparallel fashion, like those in
the hexamer, but interact through hydrophobic contacts among the side chains of Leugyg,
Phelgg, Val,, and N-Me Valy, rather than through hydrogen bonding between the main
chains of the B-hairpins.

Four facial dimers associate around a 4-fold axis to form the octamer. The minor surfaces of
the B-hairpins face inward to form the hydrophobic core of the octamer, while the major
surfaces face outward and are exposed to solvent within the lattice (Figure 4C and 4D). The
Phelgg pairs of the facial dimers comprise the center of the octamer. Residues Leuga, Valy,
N-Me Valy, and Valg of the minor surfaces make up the rest of the hydrophobic core, with
Val, and N -Me Valy surrounding the iodophenyl groups and residues Leugs and Valg
packing in layers above and below the iodophenyl groups (Figure 4E and 4F). Salt-bridges
between Lys; and Glugg residues and a network of hydrogen bonds between the edges of the
B-hairpins of the four dimer subunits further stabilize the octamer.

Peptide 1b crystallizes from 0.1 M Tris buffer at pH 8.0 and 1.5 M (NH4)2SOy, in the P3;21
space group, with 12 p-hairpins in the ASU. Expanding the ASU to generate the crystal
lattice shows dodecamers composed of twelve 3-hairpins. The dodecamer contains a dimer
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of trimers, which makes a central hexamer, and three additional pairs of B-hairpins, which
surround the central hexamer (Figure 5).

In the trimer, three B-hairpins associate in a triangular fashion through the edges of the fom
strands (Figure 5B). The p,m strands hydrogen bond together at the corners of the triangles,
with Leugs and the proximal ornithine hydrogen bonding with Phelgg and Thrgg at each
corner. Three ordered waters fill the hole in the center of the triangle and form additional
hydrogen bonds with Leugs and Phe'gg thus creating a network that satisfies all of the
hydrogen-bonding valences of the ,m strands. Hydrophobic contacts among the side-chains
of the B-hairpins further stabilize the trimer structure.

Two triangular trimers come together through face-to-face interactions to form the central
hexamer within the dodecamer. The minor surfaces of the f-hairpins face inward and
contribute to the hydrophobic core of the dodecamer, while the major surfaces face outward
and are exposed to solvent within the lattice. The Phe'gg residues of the opposing trimers
stack in the center of the hydrophobic core, and the hydrophobic side chains of Leugs, Val,,
N -Me Valy, and Valg surround the iodophenyl groups. The minor surfaces of the three pairs
of p-hairpins that surround the central hexamer face inward and extend the hydrophobic core
through additional hydrophobic contacts. These pairs of p-hairpins do not hydrogen bond to
each other, but are stabilized by hydrophobic contacts with the hexamer through the residues
of the minor surfaces (Figure 5E and 5F).

Peptide 1c also crystallizes as dodecamers, but from 0.1 M Tris at pH 7.5 with 0.2 M
Li»SO4 and 25% PEG 400, in the P4,22 space group, with 12 -hairpins forming a
dodecamer in the ASU. The dodecamers formed by peptide 1c are nearly identical to those
formed by peptide 1b.

A Mixed Dodecamer

We cocrystallized peptides 1a and 1c to ask what would happen when peptides that formed
two different oligomers (hexamers and dodecamers) were allowed to crystallize from a 1:1
mixture. Much to our surprise, the two peptides cocrystallized as a dodecamer similar to that
of peptide 1c, but with peptide 1c forming the central hexamer and peptide 1a forming the
three pairs of B-hairpins surrounding the hexamer (Figure 6). Peptides 1a and 1c
cocrystallize under conditions similar to those from which 1a and 1c crystallize individually:
0.1 M Tris buffer at pH 7.5 with 0.2 M Li,SO4 and 30% PEG 400, in the P4,22 space
group, with 12 B-hairpins forming a dodecamer in the asymmetric unit (ASU). The
formation of a mixed dodecamer from peptides with propensities to form different oligomers
demonstrates that the oligomers formed by one peptide may alter the oligomerization of
another peptide.

Size-Exclusion Chromatography of Peptides 1 and 2

Size-exclusion chromatography (SEC) studies indicate that peptides 1 and 2 form oligomers
in solution. SEC was performed on 1 mM solutions of peptides 1 and 2 in 0.1 M phosphate
buffer at pH 7.4 with a Superdex 200 column. The elution profiles were compared to those
of size standards vitamin B12, ribonuclease A, and chymotrypsinogen. These 1.3, 13.7, and

J Am Chem Soc. Author manuscript; available in PMC 2016 May 20.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Spencer et al.

Page 6

25.6 kDa size standards eluted at 20.3, 17.3, and 16.5 mL, respectively. Peptides 1b-1e and
2a—2e elute between 17.3 to 18.0 mL (Table 2; Figures S3B-S12B). (Peptide 1a precipitates
from phosphate buffer; SEC of the supernatant gives a weak signal and slightly larger
elution volume.) These volumes are substantially lower than would be expected for the
corresponding 2.0 kDa monomers. The elution volumes of peptides 1b—1e and 2a—2e are
similar to that of ribonuclease A. These volumes are consistent with oligomers in the
hexamer to octamer size range, for both the peptides that crystallize and those that do not.
The peak shapes of the peptides are slightly broader than those of the size standards and the
peaks tail slightly, reflecting an oligomer-monomer equilibrium in which the oligomer
predominates. Peptides 1b and 1c do not appear to elute as dodecamers, suggesting that the
central hexamer elutes without the three peripheral pairs of f-hairpins observed in the crystal
lattice. Figure 7 shows representative SEC chromatograms of peptides 2a, 2b, and 1b, which
form hexamers, octamers, and dodecamers in the crystal lattice.

Cytotoxicity of Peptides 1 and 2

We studied the cytotoxicity of peptides 1 and 2 using MTT conversion and lactate
dehydrogenase (LDH) release assays in the neuroblastoma cell line SH-SY5Y. At 25 uM,
peptides 1 and 2 showed a range of toxicities, with peptides 1a, 1c, 1e, 2c, and 2e being
more toxic and peptides 1b, 1d, 2a, 2b, and 2d being less toxic (Table 2; Figure S2). These
differences do not correlate with the crystallographic observation of oligomers. Two of the
peptides that crystallize are more toxic (1a and 1c), while three that crystallize are less toxic
(1b, 2a, and 2b). Three of the peptides that do not crystallize are more toxic (1e, 2c, and 2e),
while two that do not crystallize are less toxic (1d and 2d). The differences in toxicity do not
correlate with oligomer structure. One peptide that crystallizes as a hexamer (1a) is more
toxic, while the other peptide that crystallizes as a hexamer (2a) is less toxic. One peptide
that crystallizes as a dodecamer (1c) is more toxic, while the other peptide that crystallizes
as a dodecamer (1b) is less toxic. The peptide that crystallizes as an octamer (2b) is less
toxic. The differences also do not correlate with the hydrophobicity of the peptides. In the
series with Ala at positions R3 and Rs, the less hydrophobic peptide 1a (R4 = Ala) and more
hydrophobic peptides 1c and 1le (R4 = Leu and Nle) are more toxic. Peptide 1d (R4 = lle) is
comparable in hydrophobicity to 1c and 1e but is less toxic. Similar differences are observed
in the series with Thr at positions Rz and Rs, with 2c and 2e (R4 = Leu and Nle) being more
toxic, and 2a, 2b, and 2d (R4 = Ala, Val, and lle) being less toxic. The differences in the
observed toxicities might reflect differences in propensities of the peptides to form
oligomers at concentrations 1-2 orders of magnitude lower than those used for
crystallization and SEC studies.

Discussion

The seven X-ray crystallographic structures presented here illustrate a range of oligomers
that a single amyloidogenic peptide sequence can form. Although the hexamers, octamers,
and dodecamers differ in size and topology, they share a common theme of a globular
structure with a hydrophobic core. The hydrophobic core is formed by hydrophobic side
chains of B-hairpins, which form dimer and trimer subunits within the oligomers. The
hexamers and octamers formed by peptides 1a, laTggy, 2a, and 2b comprise three or four
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dimers packed around a central hydrophobic core and thus resemble the hexamer derived
from PrP.37 The dodecamers formed by peptides 1b and 1c and by a mixture of 1a and 1c
differ substantially from the hexamers and octamers, because they are based on a pair of
triangular trimers surrounded by three pairs of f-hairpins. We have previously observed
similar triangular trimers in the X-ray crystallographic structures of peptides derived from
AB 17_36.38 Based on these observations, we now believe that the formation of higher-order
oligomers from these types of dimer and trimer building blocks is a common feature of
many amyloidogenic peptides and proteins. Central to the formation of all of these compact
globular oligomers are twisted B-hairpins, which differ from the relatively flat 3-sheets that
make up fibrils.

Small differences in peptide sequence can lead to large differences in oligomer structure.
The B-hairpins formed by peptides 1 and 2 are nearly identical to each other, yet they
arrange in various alignments to form three families of oligomers — hexamers, octamers,
and dodecamers. There is little obvious relationship between the hydrophobicity and size of
residues R3—Rsg and the oligomers that form. Peptides with both hydrophobic (Ala) and
hydrophilic (Thr) residues at Rz and Rg (1a and 2a) permit hexamer formation. Either
dodecamer or octamer (1b or 2b) form when Ry is increased in size (Ala to Val). Further
increasing the size of R4 (Val to Leu; 1b to 1c) does not alter dodecamer formation. Other
changes in Rz and Rg (1c to 2¢) or Ry (lle, Nle; 1d, 1e, 2d, 2¢) give peptides that do not
crystallize. Although we do not yet understand the relationship between the residue
hydrophobicities and sizes and the oligomer structures, it is clear that the Ry residue is
important for oligomer formation. Increasing the size of the side chain at the R4 position
may change the packing of the hydrophobic core and thus change which oligomer forms.

The changes from hexamer to octamer to dodecamer that occur upon mutating a single
residue may provide insights into the effects of familial mutations in amyloid diseases.
Changing an alanine in peptide 1a to valine or leucine in peptides 1b and 1c changes a
hexamer to a dodecamer; changing an alanine in peptide 2a to valine in peptide 2b changes
a hexamer to an octamer. These changes are similar to the point mutations that dictate early
onset in Alzheimer’s disease and in the synucleinopathies related to Parkinson’s
disease.4546 |t is quite possible that the mutant Ap peptides and a-synuclein protein
associated with these heritable diseases also form different oligomers than those formed by
the non-mutant wild types, and that these differences in oligomer structure may alter the
toxicity of the oligomers. The formation of the a mixed dodecamer from peptides 1a and 1c
is especially intriguing, because it demonstrates that a mutant peptide or protein can dictate
the structure of the oligomers that form. Similar effects may occur in individuals with a
single allele for a familial mutation, and the resulting mutant peptide or protein may recruit
the wild-type peptide or protein to form mixed oligomers with different oligomerization
states and more toxic structures.

Conclusion

Macrocyclic peptides that mimic B-hairpins and contain an amyloidogenic peptide sequence
and an N -methyl amino acid are valuable for exploring the structure and assembly of
amyloid oligomers. These peptides are easy to synthesize and are often easy to crystallize.
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X-ray crystallography readily reveals the structures of the oligomers to consist of dimer and
trimer subunits that assemble to create a hydrophobic core. These common structural
features should also occur in the oligomers formed by full-length amyloidogenic peptides
and proteins. Although the studies described here use an amyloidogenic peptide sequence
from Bom, the modes of oligomer assembly observed likely transcend individual peptide
sequences and represent some of the structural diversity among amyloid oligomers.

The three families of oligomers observed — hexamers, octamers, and dodecamers —
illustrate some of the polymorphism of amyloid oligomers and highlight the impact that a
single mutation can have on oligomer structure. The formation of the mixed dodecamer
illustrates the potential of one amyloidogenic peptide or protein to dictate oligomer
formation by another. This observation may have important implications for the role of
heritable mutations in familial amyloid diseases and may also be relevant to interactions
among different amyloidogenic peptides and proteins, such as AB, tau, a-synuclein, and
IAPP, in amyloid diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Cartoon and chemical structures of peptides 1 and 2.
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Figure 2.
X-ray crystallographic structure of B-hairpins formed by peptides 1a 2b and latggy. (A) p-

Hairpin formed by peptide 1a. (B) Detail showing the hydroxyl group of Thrgg hydrogen
bonding with the carbonyl of the adjacent Lys; residue. (C) p-Hairpin formed by peptide 2b.
(D) Detail showing the hydroxyl group of Thrgg hydrogen bonding with the NH of ornithine.
(E) B-Hairpin formed by peptide latggy. (F) Detail showing the hydrogen bonding between
residues Glugg and Lys;.
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Figure 3.
X-ray crystallographic structure of peptide 1a (hexamer). (A) B-Hairpin monomer. (B)

Antiparallel B-sheet dimer. (C) Hexamer top view (cartoon and sticks). (D) Hexamer top
view (spheres). (E) Hydrophobic core top view (Val, and N -Me Ala, omitted). (F)
Hydrophobic core side view (Valg omitted).
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Figure 4.
X-ray crystallographic structure of peptide 2b (octamer). (A) B-Hairpin monomer. (B) Facial

dimer. (C) Octamer top view (cartoon and sticks). (D) Octamer top view (spheres). (E)
Hydrophobic core top view (Leugg and Valg omitted). (F) Hydrophobic core side view (Val,
omitted).
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Figure 5.
X-ray crystallographic structure of peptide 1b (dodecamer). (A) f-Hairpin monomer. (B)

Triangular trimer. (C) Dodecamer top view (cartoon and sticks). (D) Dodecamer top view
(spheres). (E) Hydrophobic core top view. (F) Hydrophobic core side view (cutaway).
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Figure 6.
X-ray crystallographic structure of a mixed dodecamer formed by peptides 1a and 1c. (A) B-

Hairpin formed by peptide 1c. (B) p-Hairpin formed by peptide 1a. (C) Mixed dodecamer
with six B-hairpins of peptide 1c (blue) forming the central hexamer (dimer of trimers) and
three pairs of B-hairpins of peptide 1a (green) surrounding the central hexamer.

J Am Chem Soc. Author manuscript; available in PMC 2016 May 20.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Spencer et al.

A AN RS vitamin B12 - 1.3 kDa
! PN E— peptide 2a
\ ribonuclease A - 13.7 kDa
—chymotrypsinogen - 25.6 kDa

1

B ,'f,\“\ ! \——vitamin B12 - 1.3 kDa
I + peptide 2b
T L ribonuclease A - 13.7 kDa
- - L chymotrypsinogen - 25.6 kDa

T S PR
R o e
15 17 19 21 23

elution volume (mL)

C P J/\—vitamin B12 - 1.3 kDa
(I W . - peptide 1b

I L ribonuclease A- 13.7 kDa

] iJ \ [] 0

! I.'T. : L—chymotrypsinogen - 25.6 kDa
! \
J‘ .'I \ \ r’ in
A N \
aI \ \\_ ,‘ \
—I.’ ) \\ \\’\{‘-\- \\‘
S il S
T T T T T T T T i e T T
15 17 19 21 23

elution volume (mL)

Figure 7.

Page 17

(A) SEC chromatograms of peptide 2a (B) peptide 2b (C) peptide 1b chymotrypsinogen

(yellow) ribonuclease A (blue) and vitamin B12 (red).
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SEC Elution Volumes MTT Conversion (%) and LDH Release (%) of Peptides 1 and 2.

Table 2

peptide SEC(mL) MTT (%) LDH(%) crystallographic oligomer

la 18.8! 53+5 37+4 hexamer
1b 18.0 85+8 2245 dodecamer
1c 17.6 54+15 4546 dodecamer
1d 17.7 11048 18+2 -
le 17.6 42+5 447 -
2a 17.4 10145 5+1 hexamer
2b 173 125+9 14+2 octamer
2c 17.8 34+3 38+5 -
2d 175 111+8 20+2 -
2e 17.3 49+4 364 -

Vitamin B12 20.3

ribonuclease A 17.3

chymotrypsinogen 16.5
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