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Fiber-dependent amyloid formation as catalysis
of an existing reaction pathway
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A central component of a number of degenerative diseases is the
deposition of protein as amyloid fibers. Self-assembly of amyloid
occurs by a nucleation-dependent mechanism that gives rise to a
characteristic sigmoidal reaction profile. The abruptness of this
transition is a variable characteristic of different proteins with
implications to both chemical mechanism and the aggressiveness
of disease. Because nucleation is defined as the rate-limiting step,
we have sought to determine the nature of this step for a model
system derived from islet amyloid polypeptide. We show that
nucleation occurs by two pathways: a fiber-independent (primary)
pathway and a fiber-dependent (secondary) pathway. We first
show that the balance between primary and secondary contribu-
tions can be manipulated by an external interface. Specifically, in
the presence of this interface, the primary mechanism dominates,
whereas in its absence, the secondary mechanism dominates.
Intriguingly, we determine that both the reaction order and the
enthalpy of activation of the two nucleation processes are iden-
tical. We interrogate this coincidence by global analysis using a
simplified model generally applicable to protein polymerization. A
physically reasonable set of parameters can be found to satisfy the
coincidence. We conclude that primary and secondary nucleation
need not represent different processes for amyloid formation.
Rather, they are alternative manifestations of the same, surface-
catalyzed nucleation event.
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he noncovalent, fibrous self-assembly of proteins, including

hemoglobin S, actin, microtubules, and amyloid fibers, oc-
curs by a nucleation-dependent mechanism (1-5). If polymer
product formation is monitored as a function of time in a
reaction where all of the protein is initially monodisperse, there
is a lag phase in which little product is formed, followed by a
period of rapid growth (2). Such observations are consistent with
a rate-limiting step in which change occurs to a high-energy
intermediate known as the nucleus. In many systems such as
actin, collagen, and microtubules, the nucleus is modeled as an
oligomeric species that is in a highly unfavorable equilibrium
with monomer (1, 3-6). The nucleus may also be a high-energy
conformation of monomer, such as that reported for polyglu-
tamine (7). Regardless, the rate-limiting step involves a nucleus
because it is defined as the species with the highest free energy
and therefore lowest population (1, 4).

This model of nucleation alone cannot account for the high
apparent cooperativity of conversion observed in many systems.
Historically, hemoglobin S was the first biological polymeriza-
tion reaction to demonstrate a transition time that is much
shorter than its preceding lag phase (8). This same phenomenon
is commonly reported for amyloid systems including islet amy-
loid polypeptide (IAPP) from type II diabetes (9), AB from
Alzheimer’s (10), PrP from the mammalian prion (11), and
Sup35 from the yeast prion (12, 13), as well as model systems
such as insulin (14). In such instances, a secondary (2° or
fiber-dependent) mechanism of nucleation, in addition to the
primary (1° or fiber-independent) one, is invoked to describe the
kinetic profile. Indeed, polymer-dependent nucleation is funda-
mental not only to basic understanding of peptide physical
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chemistry but also to the capacity of these proteins to give rise
to disease. For example, the relative infective capacity of mam-
malian (11) and yeast (13) prions and has been ascribed to
intrinsic and environmental factors affecting 2° nucleation.

The nature of fiber-dependent nucleation is not understood
for most biological polymers, particularly amyloid. There are
three generally accepted possibilities for generating new ends
from existing fibers. One is spontaneous or induced breakage
(scission) of an existing polymer. This is the generally asserted
mechanism for amyloid and is consistent with measures of fiber
length (13) and tensile strength (15). Another possible mecha-
nism is branching (1); however, the absence of imaging evidence
for this makes it an unlikely mechanism for amyloid formation.
Finally, it has been modeled as lateral nucleation from the walls
of the polymers for hemoglobin S (8). In all cases, mechanisms
constitute structurally and energetically distinct processes from
1° nucleation.

In this work, we determine the nature of nucleation processes
for a peptide derived from the amyloidogenic protein IAPP.
IAPP, also known as amylin, is a hormone cosecreted with
insulin by the B-cells of the pancreas. In type II diabetes, [APP
forms amyloid deposits that are correlated with B-cell death (16).
Recent transgenic models, e.g., the HIP rat, strongly support a
role for IAPP in diabetic pathology (17). Residues 20-29 of
IAPP, SNNFGAILSS, referred to here as IAPPj.»9, have
previously been shown to form amyloid independently of the rest
of the sequence (18-20). Here, we study the kinetics of assembly
of the cationic form of the peptide (amidated C terminus).
Previous work has shown that full-length IAPP forms amyloid by
both fiber-independent and fiber-dependent pathways (9). Here,
we show that the 2° mechanism of nucleation also plays a
prominent role in the fibrous assembly of IAPP;p,9. We then
determine the origins of this pathway and relate it to 1°
nucleation.

Results

To define the processes governing the fibrous assembly of
IAPPyg.29, we first determine the minimum number of nucle-
ation pathways necessary to describe the kinetics of assembly.
We then establish solution conditions for which alternative
pathways are dominant. Then, for each pathway, we characterize
the reaction order and enthalpy of the transition state barrier of
the rate-limiting step.

Nucleation of IAPP,y,9 fibers occurs on surfaces. This is
evident by comparing the kinetics of fiber formation reactions
that differ only in the extent of filtration used to prepare reaction

Author contributions: A.M.R. and A.D.M. designed research; A.M.R. performed research;
A.M.R. and A.D.M. analyzed data; and A.M.R. and A.D.M. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

Abbreviation: IAPP, islet amyloid polypeptide.

*To whom correspondence should be addressed. E-mail: andrew.miranker@yale.edu.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0703306104/DC1.

© 2007 by The National Academy of Sciences of the USA

PNAS | July 24,2007 | vol. 104 | no.30 | 12341-12346

7]
4
v
>
-4
o
e
)



http://www.pnas.org/cgi/content/full/0703306104/DC1
http://www.pnas.org/cgi/content/full/0703306104/DC1



http://www.pnas.org/cgi/content/full/0703306104/DC1
http://www.pnas.org/cgi/content/full/0703306104/DC1
http://www.pnas.org/cgi/content/full/0703306104/DC1
http://www.pnas.org/cgi/content/full/0703306104/DC1
http://www.pnas.org/cgi/content/full/0703306104/DC1
http://www.pnas.org/cgi/content/full/0703306104/DC1
http://www.pnas.org/cgi/content/full/0703306104/DC1
http://www.pnas.org/cgi/content/full/0703306104/DC1



http://www.pnas.org/cgi/content/full/0703306104/DC1
http://www.pnas.org/cgi/content/full/0703306104/DC1
http://www.pnas.org/cgi/content/full/0703306104/DC1
http://www.pnas.org/cgi/content/full/0703306104/DC1
http://www.pnas.org/cgi/content/full/0703306104/DC1
http://www.pnas.org/cgi/content/full/0703306104/DC1



http://www.pnas.org/cgi/content/full/0703306104/DC1
http://www.pnas.org/cgi/content/full/0703306104/DC1
http://www.pnas.org/cgi/content/full/0703306104/DC1
http://www.pnas.org/cgi/content/full/0703306104/DC1



http://www.pnas.org/cgi/content/full/0703306104/DC1
http://www.pnas.org/cgi/content/full/0703306104/DC1
http://www.pnas.org/cgi/content/full/0703306104/DC1



http://www.pnas.org/cgi/content/full/0703306104/DC1
http://www.pnas.org/cgi/content/full/0703306104/DC1
http://www.pnas.org/cgi/content/full/0703306104/DC1
http://www.pnas.org/cgi/content/full/0703306104/DC1
http://www.pnas.org/cgi/content/full/0703306104/DC1

