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Reverse Regulation: Controlling Intrinsically Disordered Domains with
Structured Elements
Ying Liu, Annie Huang, Jordan McIntyre, Sarah E. Bondos.
Texas A&M Health Science Center, College Station, TX, USA.
Intrinsic disorder in proteins correlates with alternatively spliced motifs, protein
interaction domains, and post-translational modification sites. Consequently,
there are many examples of intrinsically disordered regions sensing multiple cel-
lular signals and responding by modulating the activity of a structured functional
domain. Conversely, we have discovered two examples of the reverse process -
regulation of an intrinsically disordered domain by a structured protein element -
using the Drosophila Hox transcription factor Ultrabithorax (Ubx) as a model
system. Both in silico and in vitro approaches identified a large (~150 a.a.) intrin-
sically disordered domain within the Ubx transcription activation domain, which
is bounded on its C-terminus by an alpha helix. In cell culture promoter-reporter
assays, point mutations that enhance helix stability increase transcription activa-
tion, whereas mutations that destroy helix structure abrogate transcription acti-
vation, leaving repression and DNA binding intact. Indeed, two amino acid
changes are sufficient to disable a 150 a.a. intrinsically disordered domain. These
mutations alter Ubx function in a tissue-dependent manner in Drosophila, em-
phasizing the fact that in silico prediction and in vitro characterization of intrin-
sically disordered domains is relevant to the function of the protein in a live
animal. In the second example, we monitored DNA binding as a function of os-
motic stress to discover DNA binding triggers a conformational change that ex-
poses significant additional surface area in N-terminal half of Ubx, including the
intrinsically disordered domain. This conformational change provides an oppor-
tunity for DNA, via the structured DNA-binding homeodomain, to impact both
transcription regulation and protein interactions by the intrinsically disordered
domain. This regulatory mode could potentially select the mode (activation vs.
repression) of transcription regulation by Ubx in response to DNA sequence.
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Single-Molecule FRET Reveals Altered Binding-Induced Folding Land-
scape of PD-Related Mutant Protein Alpha-Synuclein
Crystal R. Moran, Allan Chris M. Ferreon, Yann Gambin, Ashok A. Deniz.
The Scripps Research Institute, La Jolla, CA, USA.
The abundantly-expressed and intrinsically disordered protein (IDP) a-synu-
clein represents an interesting target for biophysical studies of both protein fold-
ing and the molecular mechanism(s) of neurodegenerative diseases in humans.
Filamentous intracellular inclusion bodies, composed primarily of this protein,
are the defining hallmark of Parkinson’s disease (PD, the second most common
neurodegenerative disorder after Alzheimer’s disease) and other related synu-
cleinopathies. Furthermore, three single-amino acid substitutions in a-synuclein
have been linked to dominantly inherited familial forms of the disease. Despite
much effort and growing interest, much remains to be understood about its nor-
mal physiological and disease-related function and the structures associated with
them. Like many other IDPs, a-synuclein lacks a well-defined in vitro structure,
and appears to rely on molecular binding partners to modulate its structure and
induce potentially functional folds. Due to the protein’s characteristic structural
plasticity, structural features that do exist are difficult to observe by conventional
techniques that rely on ensemble conformation averaging. To overcome this lim-
itation and begin to understand the complicated folding behavior of this and sim-
ilar proteins, we employed single-molecule Förster resonance energy transfer
(smFRET), which avoids conformation averaging, to probe conformation distri-
butions of a PD-related mutant of a-synuclein as a function of binding-induced
folding. These experiments resulted in a detailed binding-induced folding land-
scape for this a-synuclein mutant. A comparison of this folding landscape with
that of the wild-type protein revealed clear conformational consequences of the
disease-related mutation and may represent not only a potential clue to the mo-
lecular mechanism(s) of PD, but also to the fundamental protein-folding phe-
nomenon of aggregation and amyloid formation.
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a-Synuclein N-Terminus Elicits Vesicle Binding and Folding Nucleation
Tim Bartels1, Logan S. Ahlstrom2, Avigdor Leftin2, Christian Haas3,
Michael F. Brown2, Klaus Beyer2.
1Harvard University, Boston, MA, USA, 2University of Arizona, Tucson, AZ,
USA, 3Ludwig-Maximilians-University, Munich, Germany.
a-Synuclein (aS) is a natively unfolded protein predominantly found in pre-syn-
aptic terminals of the central nervous system and implicated in several neurode-
generative disorders, such as Parkinson’s disease. The aS monomer may un-
dergo a transition from its disordered solution state into an amphipathic
helical conformation upon membrane interaction. Its folding may regulate the
fusion of synaptic vesicles with the pre-synaptic nerve terminal. Moreover, the
structured monomer may be a necessary intermediate to forming high molecular
weight species characteristic of the disease state (1). Here we show the affinity of
the aS N-terminus to bind to and fold on highly curved lipid bilayers. Using CD
spectroscopy and isothermal titration calorimetry, we investigated lipid-protein
interactions of aS N-terminal synthetic peptides and truncated mutants with
small unilamellar vesicles having a phase transition near physiological temper-
ature. Moreover, lipid mixtures that undergo phase separation were studied (2).
We found the membrane-induced binding and helical folding of the first 25 res-
idues to be highly cooperative. Folding occurs electrostatically or as a result of
a change in lipid ordering across the lipid phase transition. Stepwise removal of
the first five amino acids of aS by site-specific truncation resulted in a substantial
decrease in mean residue ellipiticity. This specifically indicates which N-termi-
nal residues are critical for lipid binding and folding nucleation in the full-length
protein. A chemically truncated mutant lacking portions of the N- as well as the
C-terminus yielded only a small decrease in binding affinity in comparison to
wild-type aS, but led to significant helical destabilization. Our findings highlight
the importance of the aS N-terminus in folding nucleation and provide a frame-
work for elucidating lipid-induced conformational transitions in the full-length
protein. [1] K. Beyer (2007) Cell Biochem. Biophys. 47, 285-299. [2] T. Bartels
et al. (2008) JACS 130, 14521-14532.
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Effects of Vesicle Diameter and Lipid Composition on a-Synuclein
Binding
Elizabeth Middleton, Elizabeth Rhoades.
Yale University, New Haven, CT, USA.
Parkinson’s Disease is characterized by the presence of fibrillar deposits of
alpha-Synuclein (aS) in the substantia nigra. aS is an intrinsically unstructured
protein that becomes a-helical upon binding lipid membranes. Many studies in-
dicate that the toxic form of aS may be pre-fibrillar oligomers formed in solu-
tion or upon binding to cell membranes or synaptic vesicles. The effects of cur-
vature and lipid composition on aS binding were studied by using Fluorescence
Correlation Spectroscopy (FCS) to quantitatively measure the binding affinity
of aS for synthetic lipid vesicles. Vesicles were prepared with different diam-
eters, and lipid compositions included several anionic lipids, fluid phase, and
gel phase vesicles. Binding of the wild-type protein was compared to the three
pathological mutants: A30P, A53T, and E46K. Our findings indicate that bila-
yer curvature does affect the affinity of aS for net negatively charged vesicles,
while affinity is mostly invariant to the anionic lipid used.

1347-Pos
Vesicle-Bound Alpha-Synuclein: Are the Helices Anti-Parallel or
Extended?
Malte Drescher1, Bart D. van Rooijen2, Gertjan Veldhuis2,
Frans Godschalk1, Sergey Milikisyants1, Vinod Subramaniam2,
Martina Huber1.
1Leiden University, Leiden, Netherlands, 2University of Twente, Twente,
Netherlands.
The Parkinson’s disease-related protein a-Synuclein (aS) is a 140 residue protein
that is natively unfolded in solution. The membrane-binding properties of aS are
implied in its physiological or pathologic activity. The protein was investigated
by spin-label EPR using the electron-electron-double resonance (DEER) method
to measure the distance between pairs of spin labels. For four double mutants of
aS, distances were determined in the vesicle-bound and free form. An antiparallel
arrangement of the helices 1 and 2 was found, revealing a horseshoe conformation
(Drescher et al., JACS 2008). Applying the same method to single mutants, aggre-
gates with an antiparallel arrangement of helix 2 of the partners are found. Mobil-
ity analysis of five singly spin-labeled mutants showed that the membrane affinity
of helix 2, comprising residues 45 - 90, decreases with decreasing negative charge
of the membrane surface, suggesting differential binding of aS to membranes
(Drescher et al., CBC 2008). Recently, there is substantial debate about the actual
conformation of aS on different membranes (Jao et al., PNAS 2008; Georgieva
et al., JACS 2008; Bortuolus et al., JACS 2008). We will discuss this and show
further aspects of the interaction of aS with small unilamellar POPG vesicles,
highlighting the structure of the bound form of aS under these conditions.

1348-Pos
A Single Molecule Fluorescence Study on the Consequences of
Alpha-Synuclein Oxidation
Eva Sevcsik, Elizabeth Rhoades.
Yale University, New Haven, CT, USA.
Parkinson’s Disease (PD) is a neurodegenerative disorder characterized by the
deposition of fibrillar amyloid inclusions in the substantia nigra region of the
brain. Aggregation of alpha-synuclein (aS), an abundant presynaptic protein,
is thought to play an essential role in the pathogenesis of PD. Oligomeric inter-
mediates of the aggregation process have been implicated in neuronal cell death,
possibly by compromising cell membrane integrity. Oxidative stress appears to
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be directly involved in the pathogenesis of PD; indeed, extensive accumulation
of nitrated aS has been detected in amyloid aggregates in PD post-mortem brain
tissue. In vitro, oxidative modifications to aS can inhibit fibrillation and lead to
the build-up of stable oligomers, which may cause increased toxicity. Here, we
use single molecule fluorescence techniques (fluorescence correlation spectros-
copy and single molecule Förster energy transfer) to investigate the influence of
oxidative modifications on the molecular mechanisms of aS aggregation and
membrane interaction. aS is unstructured in solution but residues 1-90 form an
alpha-helix upon binding lipid bilayers. Tyrosine nitration leads to decreased
binding of aS to lipid vesicles, which might entail a loss of aS native function.
Interestingly, we find that nitration of tyrosines located at the C-terminus of
the protein, which stays unstructured upon membrane binding, can modulate
the affinity of the N-terminus. Another consequence of nitrative insult to the pro-
tein is the formation of di- and oligomeric aS species by di-tyrosine cross-link-
ing. We find that protein cross-linking does not perturb the protein’s ability to
form an alpha-helix upon membrane binding, although the binding affinity is al-
tered. Nitrative stress has been implicated to be involved in PD pathology and the
characterization of its effects on aS conformation and membrane interaction will
help to refine our understanding of the toxic form(s) of aS.

1349-Pos
Nature of the Low pH Alpha Synuclein Conformational State Revealed
with Single Molecule Fluorescence
Adam Trexler, Elizabeth Rhoades.
Yale University, New Haven, CT, USA.
Alpha-Synuclein (aS) is a natively unstructured protein that is strongly impli-
cated in Parkinson’s disease (PD) pathogenesis. Aggregated aS is the main
component of Lewy body plaques, a hallmark of PD, but smaller aS oligomers
are thought to be the cytotoxic agent responsible for neuronal death in the dis-
ease. Thus, understanding how this monomeric, unstructured protein becomes
a toxic oligomeric state is a vital question in understanding the role of aS in PD.
Low pH has been shown to induce the formation of a partially folded structure
in aS, which is likely the first step in aS aggregation pathways. We use single
molecule Förster resonance energy transfer (smFRET) and fluorescence corre-
lation spectroscopy (FCS) to study a low pH aS conformational state. smFRET
measurements have shown that C-terminal residue 130 makes close contact
with the central, hydrophobic region of aS at low pH. The N-terminal helix-
forming region of aS undergoes little change from neutral to low pH. We
have also used guanidine denaturation experiments monitored by smFRET to
study the stability of the low pH state. Characterizing the nature of the low
pH aS state is critical for understanding this transition, as therapeutic targeting
of this state could stop the aggregation process before it even begins.

1350-Pos
Monitoring the Lipid- Binding Properties of Beta- and Gamma- Synuclein
using Fluorescence Correlation Spectroscopy (FCS)
Vanessa C. Ducas, Elizabeth Rhoades.
Yale University, New Haven, CT, USA.
The synucleins are a family of natively unstructured proteins consisting of a-,
b-, and g-synuclein, which are primarily expressed in neurons. The synucleins
have been linked to the pathogenesis of various neurological disorders, such as
Parkinson’s disease (a-synuclein) and Dementia with Lewy bodies (a- and
b-synuclein). Interestingly, b-synuclein might also have a protective role in
neurodegenerative diseases that are associated with formation of a-synuclein
aggregates. g-synuclein was first identified in breast cancer cells, and was later
found to be overexpressed in other types of cancer, such as ovarian cancer and
retinoblastoma. Recent studies indicated that overexpression of g-synuclein
promotes cancer cell survival and metastasis. Still, the biological relevance
of the synucleins is yet to be elucidated. All the synucleins share a 6-residue
motif, KTKEGV, in their N-terminal region that is commonly found in lipid-
binding proteins (apolipoproteins), and it is thought that their native function
likely entails binding to biomembranes. In this study, we use fluorescence cor-
relation spectroscopy (FCS) to monitor the lipid- binding properties of b- syn-
uclein and g-synuclein. Our findings will help determine the underlying factors
governing the synuclein- membrane interactions, as well as the strength of
these interactions, which would not only reflect the native functions of these
proteins, but would also help understand their involvement in disease states.
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Determining the the Effects of Disorder on Binding Affinity
Wai Kit Ma, Rebecca Sacora, Matthew Gage.
Northern Arizona University, Flagstaff, AZ, USA.
It has long been believed that proteins require a defined three-dimensional
structure to perform their specific functions. However, a class of proteins called
intrinsically disordered proteins has been identified that do not require a stable
structure to perform their functions. These proteins play important roles in
many diverse biological processes including signal transduction, transcription,
and cell division. Therefore, understanding how these proteins recognize and
bind to other proteins to perform their functions is an important question.
FlgM is an 88-residue intrinsically disordered protein from bacteria that regu-
lates flagella synthesis by binding the RNA transcription factor Sigma 28.
When FlgM is bound to Sigma 28, it inhibits transcription of the genes encod-
ing the late flagella proteins. The FlgM protein is an interesting IDP since FlgM
genes from different bacteria exhibit different degree of disorder region. Spe-
cifically, our lab has shown that the FlgM gene from A. aeolicus is significantly
more ordered than the S. typhimurium FlgM. It is predicted that the more or-
dered the protein, the higher the affinity of the FlgM for Sigma 28. We are using
a combination of Isothermal Titration Calorimetry (ITC) and fluorescence to
determine the equilibrium binding constant and the binding kinetics for
FlgM binding to Sigma 28 using proteins from a series of different bacteria,
including A. aeolicus, S. typhimurium, E. coli, P. aeruginosa, and B. subtilis.

1352-Pos
Mechanism of Small-Molecule Binding by Intrinsically Disordered
Proteins
Steven J. Metallo1, Ariele Viacava Follis1, Dalia I. Hammoudeh1,
Edward V. Prochownik2.
1Georgetown University, Washington, DC, USA, 2Children’s Hospital of
Pittsburgh, Pittsburgh, PA, USA.
We have demonstrated multiple examples of small molecules that are capable
of specific binding to relatively short segments of intrinsically disordered (ID)
proteins. Molecules that bind to the ID monomer of the cMyc bHLHZip protein
are capable of disrupting the extensive protein-protein interface normally
formed between cMyc and its heterodimerzation partner Max. The kinetics
of the disruption is dependent on the location of the small-molecule binding
site along the bHLHZip structure. One site allows rapid disruption with the
small molecule acting as a wedge while two other sites are inaccessible to in-
hibitors when cMyc is dimerized and function only by trapping cMyc when it is
in the dissociated, monomeric state. High-affinity, bivalent inhibitors retain the
fast disruption profile of one of the constituent parts.
Ribosomes & Translation
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Simulations of the Ribosome Suggest Reversible Transitions and Parallel
Pathways are Involved in the Large-Scale Functional Motions of tRNA
During Translation
Paul C. Whitford1, Peter Geggier2, Roger Altman2, Scott C. Blanchard2,
Jose’ N. Onuchic3, Kevin Y. Sanbonmatsu1.
1Los Alamos National Laboratory, Los Alamos, NM, USA, 2Weill Cornell
Medical College, New York, NY, USA, 3Center for Theoretical Biological
Physics, UCSD, La Jolla, CA, USA.
Through model building and large-scale computer simulations, we present
a structural framework for understanding the molecular mechanisms of transfer
RNA (tRNA) motion through the ribosome. In the context of tRNA accommo-
dation (the process by which tRNA enters the ribosomal complex), these
models predict that highly-specific functional motions are determined by the
atomic details of the ribosome. Significant findings include 1) large-scale re-
versible fluctuations in tRNA position precede complete tRNA accommoda-
tion, 2) the accommodation process possesses multiple kinetic intermediates
that may be related to ribosomal ‘‘proofreading’’ and 3) parallel pathways of
accommodation may allow incoming tRNA molecules to be re-routed in re-
sponse to changes in cellular conditions. In addition to illuminating the role
of the ribosome’s structure, this work also predicts that large changes in entropy
in the individual tRNA molecules lead to energetically favorable accommoda-
tion pathways. The dynamics predicted in these models are validated through
comparison with crystallographic data, explicit-solvent simulations and
smFRET experiments.
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Fast Biosynthesis of GFP Molecules - A Single Molecule Fluorescence
Study
Georg Büldt1, Alexandros Katranidis1, Ramona Schlesinger1,
Knud H. Nierhaus2, Ingo Gregor3, Michael Gerrits4, Jörg Fitter1.
1Research Centre Jülich, D-52425 Juelich, Germany, 2Max-Planck Institut
für molekulare Genetik, D-14195 Berlin, Germany, 3University of Göttingen,
III Institute of Physics, D-37077 Göttingen, Germany, 4RiNA GmbH,
D-14195 Berlin, Germany.
Numerous studies showed that protein folding and maturation can differ sub-
stantially between de novo synthesized proteins and in vitro refolded proteins.
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