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ABSTRACT

Most amino acid sequencase predictedo specify a single thredimensional protein structure.
However, thadentificationof A met amor phi ¢ 0 p two foldsifronsa singkehi ¢ h ¢
amino acid sequence, has challenged the one sequence/one structure paradigrto- Polar
hydrophobicsubstitutions have been suggestednputationallyas one mechanism to decrease
structural specificity, allowing the population of novel folds. Here, experimentally
investigate the role of poldo-hydrophobic substitutions on structural specificity in the
homodimeric ribborhelix-helix protein Arc repessor. Previous workhowedthat a single
polarto-hydrophobic surface substitution in the strand region of Arc repressorNELL)
populateghe wild-type foldand anovel dimericii s wi fold. Hndthis work we investigaten

Arc repressorvariant with the N11L substitution plus two additiongblarto-hydrophobic
surface substitutions (At&VLV). We determine that this sequence folds into at least three
structures: both dimer forms present in AtitlL, and a novel octamer structurentaining

higher stability and lesselicity than the dimer foldsWe are able to isolate and stabilzeore

of the SVLV octamerby limited trypsimolysis and deletion mutagenegi&rc-VLV 4-44). The
shortened construct contains only the octamstiactureby removing disordered @erminal
segments nonessential fdnis fold. A two-dimensional NMR spectrum of VLV-44 and
subsequentrypsinolysisof this construct suggestsat at least two types of subunits comprise

the SVLV octamer: subunitsstructuredfrom residues 4 to 44 and subungsucturedfrom
residues 4 to 31Crystal trials of typsinolyzed AreVLV 4-44 yielded several leads,ugjgesting

that obtaining a highresolution structure of the-8LV octamer is possible. Relatedly, ve
determine that the proline residues flanking the Arc repressor strandimaatoncert as
Agatekeeperso to piS¥Wesaquence.g\We adina that three highly t h e
hydrophobic surface substitutions in the Arc repressor strand region are necedsarfficient

to promote higheorder oligomer formation. In summation, this work reveals in an experimental
context that progressive increases in peiahydrophobic surface substitutions populate
increasingly diversestructurally degeneratields. These results suggest thdtme t a mor phi c 0
wellasi pol y met a mo i pvhidh adoptnpmemuselds,nare possible outcomés a

single protein sequence
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CHAPTER ONE

PROTEIN CONFORMATIONAL SPECIFICITIY:

CLASSICAL VIEWS AND RECENT ADVANCES

Part 1: The Protein Sequence/Structure Relationship: An Overview.

At the molecular level, proteins are the basic functional units of all organisms on Earth,
facilitating metabolic transport, repair, body structure, and homeostasis, among thousands of
other rdes (1). After synthesis, proteins, which are made up of linear chains of amino acid
residues, must fold into compact, thmadienensional structures in order to carry out their cellular
functions (Figure 11). The process of a newbynthesized, disordered chaauopting an
ordered, threglimensional structure is termegmotein folding(2). Determining how a given
sequencecomposed of combinations of twenty possible amino acid tygedes a specific
threedimensional stuicture is the basis of thgrotein folding problen{2). The protein folding
problem can be broken into two components. The first compgmetein stability focuses on

the question of why a protein folds into @ngpact, threelimensional structuré). The second
component conformational specificityasks why a given amino acid sequence specifies a
particularthreedimensional structure, qualitatively described a$oii, over another, and which
amino acids within the sequence control this prefer¢Bce The central question presented in
this dissertation concerns the determinants of conformational specificity in the Arc repressor
protein, and the characterization of the multiple forms of the protein when conformational
specificity is reduced. The first section of this introduction (Part 1) highlights general issues

regardingprotein folding and fold switching. The second secfi@art 2) focuses on sequence
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hydrophobicity as a determinant of stability, conformational specificity, and nonnative
aggregation. The third section (Part 3) addresses the conformational specificity question
specifically in the Arc repressor protein as asis for the experimental work described in
Chapters2 through4 of this dissertation Finally, the last section (Part 4) provides an overview

of the results presented in subsequent chapters.
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unfolded partially folded ensemble oligomer

nascent chain S
',14 Y\ \\
o A
«----- Y ,
..... >» 2 f
e
disordered aggregate | A
pre-amyloid oligomer amyloid fibril

Figure 1-1: The possible pathways of a newlgynthesized amino acid chain.Following synthesis on

the ribosome, a nascepolypeptide chairadopts a partially folded state, which may contain secondary
structure elements and a partial hydrophobic corgprdper folding, this partially folded state assembles
into the native fold. The native fold may oligomerize to form emairy structuresThe partially folded
ensemble may also fold into a second, alternate stable fold, which may exchange witlvéhioldatlf

the partially folded core does not fold properly, two outcomes are possible: formation of a disordered
aggraeyagte or (ordered) pramyloid oligomer. The pramyloid oligomer form may contaisimilar

protein oligomers of multiple sizes withreapeating morphology. These oligomers can then rearrange to
form amyloid fibrils. Adapted from Stefani and Dobsbilol Med2003(3).
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Protein folding: The sequenceo-structure transition.

Within the yellow box inFigure 11, the protein folding process shown in three generabges
Anfinsendetermined that the sequence of diffetgpes of amino acids alone contains all of the
assembly instructions for forming a thréenensional protein structufeom a linear chair(4),

and as shown in the figure, the chain itself governs folding. In this processfaded, newly
synthesized polypeptide chaimitially forms some partial structure. This partially folded
structure can then rearrange to yield a fitiided three dimensional structure, thative fold
Thermodynamically, the native fold usually represents the loemstgy state for the protein
sequence, in which an optimal number of interactions between the peptide backbone and amino
acid side chains are satisfi¢d). A folded protein structure contains multiple levels of
interaction between amino acids, classified by whether the interactions are between residues that
are nearby or far apaffl). Secondary structurés comprised of interactions between amino
acids nearby in sequence. These interactions form regular motifs stabilized by hydrogen bonding
su ¢ h -taesl iUc estrandspsdshofn irthe patially folded structurg6). Tertiary structure

is comprised of interactionsetweenamino acids far apart in sequence that help to stabilize the
global protein fold6). Bothlevels of structure are essential for a wielted protein, and which

interactions are formed first during the folding process depends on the amino acid séguence

In some proteins, a native structure can join with other folded proteins to qoaternary
structure as shown to the right in Figurell Oligomers are a result of multiple amino acid
chains forming a higheorder structure. In the @gram, the amino acid chains anade up of

identical sequencetqis type of oligomer is termedrmaoligomer.
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In some cases (discussed in more detail below) a protein sequence can fold into multiple stable
or degeneratefolds, as suggested by the oge structurein Figure 11. A single protein
sequence may be able to adbwpb folds, allowing thealternateand native foldo exchange with
one another, as suggested in the figure. A single protein sequence which is able to adopt a single
native fold is defined as havirgpnformational specificitpr low structural degeneracyhile a
sequence able to adopt multiple folds i$ canformationally specificand instead coains high

structural degeneracyWe will return to the issue of conformational specificity shortly.

During the folding process, a number of misfolding events can occur, which cause a protein to
deviate from adgting its native fold. One outcome is the formation of a disordered aggregate
(Figure :1). In this state, some feature(s) of the amino acid sequence or environment cause the
protein to fold improperly, preventing it from reaching its native Huiesensonal state.
Generally, misfolded aggregates are targeted for degradation by cellular maéhbinekpother
exampleof misfoldingis the preamyloid oligomer(Figure :1). Unlike disordered aggregates,
which are usually less stable than the native foldapngloid oligomers can be highly stal§ig.

These regularlyepeating structures can adopt multiple sizes and conform#8pf) and can
rearrange further to form amyloid fibrils, insolulgeotein superstructures. We will resume a

discussion of amyloid proteins iart 2, below.

Returning to the general protein folding process in the yellow box in Figliréalding is not a
oneway process as indicated by the forward and reverse arrows between steps. Instead, a
natively-folded protein structure can be returnedatlinear, unfolded chain of amino acids by

high temperature, transient unfolding events, or certain denaturing solvents such as urea or

guanidine(10, 11). In many cases, a protein structure which is unfolded by one of these
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mechanisms will refold to the samiusture when the denaturants are removed. This supports

Anfinsenbdés assertion that prote@n structure i

The unfoldingto-folding transition and its reverse can be described in some cases with a two
state equilibrium model of folded and unfolded poputaioClassically, small sequence changes
that destabilize a native fold push the equilibrium toward unfolding, not toward anoth&2)fold

The results of mall-scale mutational events, such as single substitutttmss been shown to
produce a minimal effect on the stability and global topology of a protein fold in many cases
(12), although in key regions controlling protein function or structure, such mutations can be
devastating to protein activity or folding, respectivél\d, 14). The mutational robustness
(defined in a biochemical context as resistance to fold changeglabdl unfolding) of many
sequences suggests that each protein is locked into a unique structure, which is only sparsely
connected to other folds in the spaof all possible sequencgkb). Therefore although many

native protein structures are possible, the native structure of any given protein is relatively
immutable with respect to conditions and evolution of the sequence through mutation. As we
discuss below, however, some proteins cdnadly beremolded into a different foldThus, tte
guestion of how a sequence specifies one protein fold over another and how this specificity can

be reduced is quite important.

Proteins that switch folds.

In 1993, Lattman and Rose identified the ketedainants of protein conformational specificity
as the stereochemical code within a sequence of amino acids which specifies one protein fold

over anothe(2). The particular amino acidls a given sequence that specify a protein fold are
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not obvious: they may be distributed throughout the sequence or localized in one particular area,
and there may be many residues which play a role in folding or only a(@ew Early
experimental evidence suggested that many (but not all) protein structures were relatively
tolerant (also defined as structurally robust) mutation, even permitting large cavities to be
formed in the interior without causing global reemgemen{(16, 17). Experiments on the Arc
repressor protein suggested that 50% of its sequence specified its homodimeric fold; thus, many
sequence changes could be introduced without altering the str(idpi®). A detailed study of

protein sequence conservation by Bagifand colleagues in the globfamily indicated that

while theglobin fold was conserved across the family, the sequences of the individual proteins
varied in lengthand composition.Thus, in the globin familyprotein sequences can drift

considerably yet still adopt the same topol¢2}).

The #Amut at i viewaof drojein strodbute sspace isosin in Panel A of Figure-B.

Here, three different protein structures are relativeigffected bymutation, illustrated by the
three ellipses, with different sequences which adopt a given fold indicated by the area within
each ellipse. These ellipsag dar apart in space, suggesting that many mutations are necessary
to convert one fold into anotherAdditionally, these ellipses are nawerlapping, sugesting

that a sequence mustpasekr ough an unf ol ded state fddno manads

To investigate the question of whether one structure could be transformed into another through
the accumulation of smadicale mutation events, Rose and Creamer issued the Paracelsus

Challenge in 1994, which proposed the following task to the pratence community:
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Starting with two proteins of known structure, having similar composition and sequence
l ength but differing foldséfind the mini mu

switch one conformation to the oth@e).

The number of residues needed to switch the fold was stipulated to of 50%tathtisequence

or less supportinghe idea that many sequence changayg be necessaty alterastructure.

The two proteins unveiled by Regamd coworkersthree years later suggested that protein
design based on local and global interactions between amino acids was an effective approach to
move between two fold@1). Starting with the mixedl + B1 domain of streptococcal protein

G, the researchersngineered a homodimeric febelix bundle protein (Rop) by substituting
approximately 50% of the sequence with a pattern favoring amphipathic h@jes These

structures are shown in FigurelPanelA, with the sequence changes &ach fold in blue.

Additional work in the area of conformational specificity by Orban and Bryan identified key
structural determinants of conformational specificity in two related domains of prot&2-G

24). Thedo3mhi@& and grdomaie chn hé-sapped in faded function by a
particular set of substitution mutationsThe authors were able to progressively reduce the
number of substitutions necessary for the fold switch, resulting in a pathway that was detailed
enough to isolate individual changes that switched the(Bdd The two structurethatrequire

a single amino acid change to switch the fold are shown uréig2 Panel B, withle single
substitution (L45in G, and Y45 in Gg) shown in orange. In this series of experiments, the
authors also identified a structure which populated both folds from a single sed@8)ce

similar to the native and alternate folds shown in Figuie 1

Relatedly, Tuinstrarad cavorkers identified two distinct structures present in equilibrium in the
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Rop

Ltn10 Ltn40

Xfaso1 Pfl6

Figure 1-2: Some examples of proteins that switch folds.Fold switches which illustrate dramatic
changes in protein structure. (A) The protefram the Paracelsus Challeneghese two proteins
switched folds with about 50% of the sequence substituted (shown in(Bl)e)(B) A single residue
controls a fold switch (shown in orange) in two domains of Protef@gs (C) One sequence produces
two distinct folds of lymphotactin (monomer and dimer witfierent topologies)which interconvert in
solution(26). (D) Cro proteins<fasol and Pfl@vhich are related by 40% sequence identity but contain

different central fold$27).
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protein lymphotactif{26). One fold is monomeric and adopts a chemokine folatgBands and

a GterminalUh e | i x ) . A s e c 0 n d-shkeb $trdcture gFiguae-2 &aneh€,r i c ,
coloredby secondary structure). In solution, these two structures interconvert rapidly, and the
intermolecular contacts formed in one structure are completely differentlieother structure,
suggesting a global rearrangement in backbone and side chains as the structure(2Banges
Additionally, these two proteins bind different targets, suggesting their interconversion is
essential to carry out multiple cellular functiof26). Multiple structures arising from a single
sequenceas described above can be ternmiietd r | @8 2900 r A me t a(BOppropeims. ¢ O
Suchsequencgconnecttwo different protein structures in hypothetical protein sequence space,
so that a few mutations in one direction stabilize one native fold over the diindurther
support of these findings, some modeling studies have also found close approachés or pa
between different structures in sequence s(aL84).

This emeging view of different protein structures as more connected in sequence space is
represented in Panel B of Figure81 Here, tvo ellipses representing two different native folds
overlap, suggesting that a small set of mutations are necessary to comvéotdoto another.

The area of overlap between the structures could represent a protein containing and connecting
multiple topologies. However, structures of such proteins are rare, since requirements for
efficient and correct folding may focus evolutidoward sequences with large energy gaps

between a unique native state and differently folded alternd®8@gs

Work in the Cro protein system has identified different strustimetwo evolutionarilyrelated
proteins with 40% sequence ident{®7). Both Xfasol and Pfl6 contain heliMrm-helix motifs
characteristic of this protein family; however, theagdmirusf or ms hel i ces- i n

strands in Pfl6. In dimeric representations of both proteins, the outer helices are structurally

C

X f
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similar, only the central region representing thédomain that forms the dimer interface is
different (Figure 12 Panel D, colored by these regio(}). The fold of Xfasol is ancestral to
Pfl6 (27), suggesting that the Cro system may hagassed through a metamorphic or
intermediate structure during this conversion from helix to sheet topoRggearch to identify

a structural bridge or intermediate fold between Xfasol and Pfl6 is currently ongoing in the

Cordes laborator{36).

Many other studies have identified fold switches within diverse protein syst@mexample, a
directed evolutiorstudy by Yadid et. al. recently isolated fragments of tachyl&;tammonomer,

which form pentamers that have a single overall structure but contain three different backbone
topologies(37). And some natural proteins other than lymphotactin have been shown to switch
folds as a function obligomerization or posttranslational modificatig88, 39). Limited
mutagenesis of small natural proteins also populates alternate folds in certai(28a4@s41),

and as in the case of the Cro proteins above, accumulation of simple mutations can lead to

evolution of new foldg41, 42).

The emergence adxamples ofprotein fold switching suggests a high level of connectedness
between some folds in sequence space. Panel C of FigBirshidwsan extreme level of
connectedness: sequence "supernetwork43, 44) that spans multiple protein folds. These
structures contain many regions of overlap, suggesting a large number and variety of protein
sequences can bridge the structures. View also suggests the existence of mutational paths

that continuously preserve stability when moving between folds. This high level of
connectedness has been suggested as one explanation for permitting structural evolution, since
theaccumulation of simple otatiorsallowsa fAwal ko of small seqguence

folded structure to the nekt2, 27).
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structure 2

structure 2

metamorphic
structure

structure 2

polymetamorphic

metamorphic structure

structures

Figure 1-3: Traditional and emerging views of protein structure space.The ellipses represent groups

of sequences encoding a single fold, and the white background represtided protein sgiences

The area within the ellipse signifies the range of mutations which can be made while s#ilV/ipige the

native fold. (A) A classicaliew of protein structure spaceHere, the ellipses are separated by distances

in sequence space, so that a single fold requires many mutations, some through tedgadedo reach

a novel fold. (B) An emerging view of structure space. Here, two structures (ellipses) ovdrap. T
region between these sequences can be filled by a metamorphic structure, which adopts both folds or an
intermediate structure hve¢en the two folds. Here, tiigird structureis distant from the other two. (C) A
sequence 0super nereensuctiresdhare considdrable dverlaph i this tepresentation,
there may be multiple metamorphic structures, some of which adopt more than two folds. This view also
suggests a continuous mutational path between multiple native structures.
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While thefold switches identified above point to key subsets of residues controlling fold type in

a variety of protein systems, there have been few systematic attempts to generalize the
determinants of conformational specificity. Thus, the sequence requirerefaiifswitching

are not obvious, but fold switching is possible in a variety of proteins. Below, we discuss a

feature of folding stability which also plays a role in conformational specificity and aggregation.

Part 2: The Importance of Hydrophobic Interactions in Protein Stability, Conformational

Specificity, and Nonnative Aggregation

Hydrophobic interactions are an important factor in protein stability, native fold sptgcidind
aggregation. &ly protein folding experiments from Kauzmag#b) establishedhatwhile the
protein sequence itself is important in folding, interaction of the protein molecule with the
solvent is alsamportant During proteinfolding, tertiary structurecan form as a result of
favorable inteactions between multiple hydrophobic amino acids that are distant in sequence.
Kauzmann characterized this behavior aswdrophobic effecthe tendency of nonpolar amino
acids to group together and associate away from solvent during protein fM@ngdrhese
interactions tgether lead to the formation of kydrophobic coreto the protein structure, in
which many hydrophobic residues are protected from the solvent. The formation of a
hydrophobic core is one requirement for correct and efficient folding of a sequence into its native
structure. In a welstructured hydropHmc core, many hydrophobic residues are buried in the
interior of a protein structure and many polar residues contact the solvent. However, some
exposed hydrophobic residu@s) and buried polar residué47) are common in mogiroteins,

thushydrophobic coréormationi s not al ways a st r aicafldpgef or war d
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In this section, we investigate e¢hrole of sequence hydrophobicjtyor the content and
arrangement of nonpolar amino acids in a protein sequence, on protein structure. A number of
scales have been developed to measure the relative hydrophobicity of the twenty aminio acids.
this dissetation, we define relative hydrophobicities in accordance with the-Rygtdittle scale

(48) (shown in Appendix A Figure A).

The role of sequence hydrophobicity can be seenGdilocks problem: too little or too noh
hydrophobicity can be a hinahce to protein folding.In computational modeling studies, Dill
and colleagues studied the conformational space available toesiflde peptide which could
contain zero to fourteehydrophobic residues (the remaining residues would be p@l€y)
This peptide model formed singleompactfolded structures only when the semce contained

no fewer than four or more than ten hydrophobic resid@s(Figure 24 Panel A). From this
analysis, approximately 300% of ageneric protein sequence must be hydrophobic in order for

a protein to stably fold into a single, specific thomensional structur@t9).

Thefollowing sectionswill describe what may happen when a protein sequence contains too few
hydrophobic residues, slightly too many hydrophobic residues, or an excessive amount of
hydrophobic residues, in terms of protein stability, conformational spegifigitd nonnative

aggregation.

Hydrophobic interactions and protein stability: A threshold of hydrophobicity.

Protein stability is defined as the ability of a proteegence to form a compact three
dimensional structure. The formation of a hydrophobic core (and thus, protein stability) depends

chiefly on the presence and distribution of hydrophobic amino acids in a protein sequence; and
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Figure 1-4: Sequence hydrophobicity is an important determrmant of protein folding. This figure
represents a simple exact lattice model analysis of-medidue peptide. (A) A representation of the
hydrophobic content of sequences that encode stable, compactresuatwsinglydegenerate folded
states. In thd analysis, no fewer than 4 or more than 10 hydrophobic residues comprise the sequence.
Instead, approximately 300% of the sequence must be hydrophobic for the sequence to fold into a
single, compact structure. (B) In a peptide of the same lengtitwsablidegeneracy increases with an
increasing number of hydrophobic residues. Adapted from Chan ant Ohlem. Phy<.991(50).
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for proper folding to occur, there must be a minimal amount of these residues.

Uversky has shown that known natively unfolded protejeserally cordin low sequence
hydrophobicity (44). These proteins do not adopt ordered structure under physiological
conditions, suggesting that lower bound of hydrophobicitis necessary toofm a stable,
compact structure. Otherwiserange of transient topologies with few hydrophobic contaets

possible(44).

The solvent accessible surface area of an aminasgeherally, but not alwaysprrelated with
hydrophobicity. In order to determine whether buried or solvactessible residues were more
tolerant to substitutio®auer and colleagues exposed each position in the sequer@EprdEssor

to substitution with any of the twenty amino aci®d). More solvenfaccessible positions
(commonly polar) tolerated a larger variety of substitutions, while core positions (commonly
hydrophobic) tolerated fewer substitutions, and usually only conservative substitutions of similar
resdue typeq51). This result suggests that a baselaweel of hydrophobicity is required for a
protein b stably adopt its native structure, and that the buried, hydrophobic residues are often the

structural underpinnings of proper folding.

In a relatedstudy, Arnold and ceworkers utilized directed evolution to increase the stability of
p-nitrobenzyl estese from B. subtilis to the level of a thermophilic esterase, without a
significantloss of protein activity52). Eight key residues were identified that together resulted

in a 14°C stability increasg52). Seven of these residuggere solvent accessible, and in
general, introduced relatively neutral substitutions from the starting sequence. This experiment
suggests that whila baseline levehydrophobicity was maintained in the esterase to preserve a

well-defined core and preveninfolding, solventaccessible residues may provide subtle,
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additive increases in protein stabilibhdditionally, thermostable proteins do regem taequire
a higherbaseline quantityf hydrophobic residues tmaintain stability at high temperatures,
suggesting that once a minimal requirement of hydrophobicity is satisfied, other residue types in

a protein sequence bolster stability beyond the minimal threshold.

While many factors contribute to protein stability, the formation of a hydrophobic coeatisl

to proper protein folding. Too few hydrophobic residues in a given sequence may prevent
hydrophobic collapse, resulting in a disordered or pefmilyed threedimensional structure,
lacking a weHdefined hydrophobic central co(B, 45, 53, 54). Oncethe hydrophobic core is
established, othesequence changes (within limits) are permitted, although the contributors to
protein structural stability are not always obvid6s). While it can be shown generally that
substitutions of similar size/shape/charge will have the least effects on global stability, there are
also counterexampled.7), pointing to a complexelationship between protein sequence and
structure with hydrophobicity intertwined.The next two sctions focus on the opposite extreme:

outcomes of highly hydrophobic sequences.

Hydrophobic interactions and structural specificity: A reduction in conformational

specificity from too much of a good thing.

As mentioned in the previous part, conforroaél specificty deals with the question of way
given protein sequence adopts one particular tlireensional structure over anothefhis
qguestion is tied to sequence hydrophobicity in thegdaction in conformational specifity may

arise from an exas of hydrophobic residues in a given protein sequence.
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A simplified view of the protein folding process can be modeled using the simple exact lattice
models of Dill and coworkerb, 12). These modelbreakan amino acid sequence into a binary

code of polar R) and hydrophobic (Hjesiduesin order to predict a generic twor three

dimensional fold(5). In these representationsniao acids are representad heteropolymeric

beads on a string of connecting bonds, with the convention of black beads as hydrophobic (H)
residues and white beads as polar (P) resi due
positions on a grid but cannot overlap, andlocal H-H pairings can be observed directhA
two-dimensional represgation is shown in Figure-3. The only #Arul eo of the
to maximize nonlocal (topological) hydropholtigdrophobic contacts, which yield negative
(favorable) free engly under folding conditiongl2, 56). Thus, amaximum number of HH

contacts represents the lowest energy or native folded state. Since these simple exact models
focus only on favorable H#i contacts, surface hydrophobic residues are included in this

classification, as opposed to a focus on hydropghbbrial along57).

For most sequences, several possible arrangements yielding a hydrophobic core of comparable
free energy are possible (referred to by Dill et. aldegenerate statesr alternate fold$56)).

This suggestshat other factors, described in more detail below, also play a role in obtaining a
single native state, as observed in most real protddik.and colleagues analyzed how many
possible degenerate structures could be formed in-gesldue peptide, containing zero to
fourteen hydrophobic residues (Figuré Panel B). Note that in Figure4lPanel A, Dill and
colleagues found that an intermediatember of hydrophobic residues were necessary for a
sequence to adopt a single, compact folded statethe second panel, howevesequences
containing greater than seven hydrophobic residuesable to adopt multiple folds drave

higher degeneracy Thus, a protein wh a high hydrophobic content, 70%, for examgias
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Figure 1-5: lllustration of structural degeneracy from simple exact lattice models.A short peptide
chain of 13 amino acids can bededby the binary pattern of polar (open circles) and hydrophobic (filled
circles) residues. The wiype structure maximizes-H contacts (in this diagram 6-H contacts) and
hydrophaobic burial. A polato-hydrophobic substitution of residue 9 retains \hie -type structure and
the 6 HH contacts. A polato-hydrophobic substitution of residue 10, however, produces two
structurally degenerate folded states with the same numbertbitéhtacts as the witype structure
Adapted from Lau and DiPNAS.1990 (12).
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a higher likelihood of adopting multiple structures, since there would be multiple avenues for
burying the hydrophobic content of the segce(49). Together, these results suggest that an
optimal level of hydrophobicity is necessary for structspcificity, and that this range much

narrower than 30% sequence hydrophobicity required for protein stability.

Figure 15 presents a simple exact lattice models view of increasing structural degeneracy from
increasing sequence hydrophobicity. The sequence-ési@ue peptide ishown at the topf

the figure This sequence contains seven hydrophobic residues, for a total hydrophobic content
of 54%. As suggested by Figured1Panel A, this protein sequence can adopt a compaet two
dimensional structure with hydrophobic residussdpminantly buried in the protein interior. A
single polatto-hydrophobic substitution in residue 9 does not change the fold of the protein, and
maintains the same number ofHHcontacts. A single poldo-hydrophobic substitution in
residue 10, howeveallows the protein two additional arrangements to retain the same number
of H-H contacts. These two new arrangements are structurally degenerate states, with a similar
energy but different topology than the native fodoreover the additional substition pushed

this sequence over the cusp of single degendramy 8 out of 13 positions are hydrophobia$

in Figure X4 Panel B. However, not all iresises in hydrophobicity resul structural
degeneracy, as demonstrated by the position 9 mutastead, only substitutions which allow a

comparable number of-H contacts in the alternate structure(s) yield stable, degenerate folds.

In keeping with the idea that hydrophobicity is a major determinant of fold specificity, Lau and
Dill modeled the effets of substitutions on protein structures usingdsddue sequences (3263
single substitutions). Of all possible types of substitutions, hydrophoipiclar core
substitutions appear to bprimarily destabilizing whereas polarto-hydrophobic surface

substitutions appear to be neuti@?). As in natural protein sequences, these computational
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results suggest that protein structures are relgtioderant of a variety of substitutions, even

bet ween amino acids with wvastly different
Principle,d suggesting that t h eesults ana minimab mMmo n
effect on the native structure. This principleosuggest that small changes in sequence lead to
small changes in structure, while large or multiple changes in sequence lead to large changes in

structure(12).

High sequence hydrophobicity appears to favor sequence degenleoawsver most natural
proteins with moderate sequence hydrophobicity are conformationally specific tdeafsidg
Natural proteins are abl® increasetheir fold specificity through strategicallyplaced polar
residues, in an approach describedsegative desigc8). Bolon and Mayo showed thatolar
residues in a protein core are generally unfavorablieiwhen they form intermolecular hydrogen
bondsor electrostatic interactiongolar residues contribute to folgheificity in thioredoxin
(59). Polar core residues are patrticularly important in larger proteins, ghiodrallycontain a
similar ratio of polar and hydrophobic residues as smaller proteins, but bury more polar surface
area(59, 60). Surface polar sdues can also play a role in fold specificity. Hill and DeGrado
identified a single, surface glutamate residue in the desigiee 4 i x 4D whiah ldi¢ notJ
directly stabilize the native state but affected the balance between the native amativeon

folded state$61).

Thus, both hydrophobic and polar residues play a role in specifying a particular fold, and these
two types can contribute in different manners to conformational specificity. Next, we address
the issue of an excessive amount of sequence hydrophobicitjtsaotasionally catastrophic

implicationsfor protein folding.
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Hydrophobic interactions and amyloid-like aggregation: when hydrophobicity goes too far.

Although in most proteins 300% of the residues must be hydrophobic for formation of a stable,
specifc threedimensional structure (Figure-4l Panel A)(12), those residues are generally
distributed throughout a protein sequence. Databasesaafyprotein sequences and structures
suggests that high local sequence hydrophobicity is uncommon in most globular pi@fgins
Binary lattice model simulations have suggested that hydrophobic runs are more aggregation
prone than other sequend@®), althoughhigh local sequence hydrophobicity is one of many

mechanisms of misfolding and aggregation.

As suggested earlier, one possible outcome of protein folding is misfolding inteaapl@d
oligomer structure (Figure-1), which can continue onward to foram in®luble amyloid fibril
through anaggregatiorcascade The misfolding/aggregation pathwagriesdepending on the
system, but contains general theniés63). Many diseaseelated proteins begin as natively
folded or unstructured assembli@d that somehow (the mechanismshaiw are not currently
well understood and may differ depending on the system) change theif68)!dThis fold
changeallows these misfoldedsaemblies to be stabilized by oligomerizatigh 64). The
oligomers can exhibit many sizes and morpholo{#gseventually rearranging to form insoluble

fibrils, some of which have been shown to exhibit toxi¢).

While not the only factor in amyloid aggregation, hydrophobicity appears to be important. A
number of diverse short sequences have been identified as promoting amyloid formation, some
of which contain five to fifteen residuegth high local sequence hydrophobicity, including the

Ab peptide (KLVFFA) involvedi n Al z h e i nm@66s),3APRI ((NN)E-@ASLE involved

in Type Il diabegs (69, 70), a n d-synuclein (VTGVTAVAQKTV and GAVVTGVTAVA)
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invol ved i n P@y R nAnexhaustivedist of thess feagments can be found in
Table 1 of Harrison et. al73)) Interestingly, Kim and Hecht showed that replacing the
amyloidogenic portions of the PAprotein with other hydrophobic residues still promotes
aggregation(74). Therefore, the hydrophobicity of the residues and netséguence itself

appears responsible for aggregation at least in some of these systems.

In addition, nordisease associated proteins have been shown to exhibit afiikgopioperties

as a result of amyloid sequence inserti¢fs77), suggesting that most natural sequences are
susceptible to amyloid formation under the right set of conditions. Ngitotdins which have
turned to the amyloid Adark sided share the
charge, indicating that these two factors are important contributors to protein misf@éing
Natural proteins can also become amyloidogenic as a result of conditaitr®. Olivebergand
colleagues showed that the relatively soluble protein superoxide dismutase can be directed
toward amyloid fibril formation by agitatio(79), a relatively common technique for amyloid

fibril growth in diseasassociated protein®80, 81). The authors also show, rather surprisingly,

that the cytotoxic species in this pathway is neithergongloid oligomers, nor amyloid fibrils,

but instead ishe soluble, apdorm of the proteir(82).

Thus any protein is just a set of hydrophobic mutationglteration of conditionaway from
adopting a nonnative amylelike fold. While an initial baselinefeequence hydrophobicity is
required for formation of a stable, wétlided protein structure, high sequence hydrophobicity
may populate degenerate statasdin an extreme case, highly hydrophobic sequences may

encounter another type of trouble: forroatiof anincorrectlyfolded structure.
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The work described in this dissertation focuses oretfeets of sequence hydrophobiodsy fold
specificity in an experimental protein system. In this study, we explore the effects of progressive
increases in polao-hydrophobic surface substitutions in the P22 Arc repressor protein. This

system and previous work relevant to oudstis desribed in more detalbelow.
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Part 3: P22 Arc repressor: AModel for Investigating the SequenceStructure Relationship.

An investigation of whether poldo-hydrophobic substitutions lead to structural degeneracy in
natural proteins has taken place over past twenty years using the Arc repressor protein as a
model system. Arc repressor is a-rg3idue homodimeric ribbelmelix-helix transcriptional
repressor fronsdmonellabacteriophage P22. It is encoded by one of two immunity regions in
P22, and regulates expression of #rg gene during lytic growth(83, 84). Since the Arc
repressor structure was solved by crystallograf@3y 84) and solution NMR(85, 86) twenty
years agpthis protein has served as a model to study folding kin@it88), functional affinity

for target DNA sequenceg®4, 89), protein stability(90-92), and sequence mutabili{@3-96).

The wildtype Arc repressor structure shown in Figuré revealsthat eacltsingle chain of Arc
repressor contains the following structural features: a disordetedNhus from residues; a
b-ribbon from residues-24, which pairs with the sind from the other subunito form an
ant i p agsheet; Helix A flom residues 48, a short loop from residues-3@; Helix B

from residues 337; and a loop/coilC-terminus. Overall, the protein is approximately 50%
helical. The hydrophobic core is formed by the interaction of the two subunits; thus, Arc
repressor is commonly dimeric when folded in solut{88). The protein tetramerizes upon
binding to operator DNA, and contacts the operati@ through surface polar residues Q9, N11,
and R13-stramd regibn@4). bin keeping with its role as a DNA binding protein, Arc
repressor is positively charged at physiological pH, with a pl of 9.60. -kl Arc repressor is
also fairly stable, with aJof 62 °C at 50 uM concentratipandexhibits a reversible, apparent

two-state melt from 2@ 0 A Gof {1¢p ®ecal/mol at 25 °Q)13).
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Loop C-terminus
residues 48-53

Helix B
residues 33-47

Loop
residues 30-32

Helix A
residues 16-29

Disordered N-terminus
residues 1-7

Strand
residues 9-14

MKGMSKMPQFNLRWPREVLDLVRKVAEENGRSVNSEIYQRVMESFKKEGRIGA

Figure 1-6: The wild-type Arc repressor protein, colored by structural elenent. The sequence and

structure of wildtype Arc repressoflARQ), with structural elements coded by color. Residue P8 is

colored as part of the strand region for aesthetic purposes in the figtmets as a cap to the strand.
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Alanine scanning:General studies on Arctolerance to sequence substitutions

In order to determine the relative stability contribution of individual residues in the Arc repressor
sequence, each residue was individually substituted with alélhe For each alanine mutant,
thermal and chemical denaturation profiles were compared to theypédprotein(13). The

authors separated the Arc repressor alanine mutants into four categories: mutants with increased
stability relative to wildtype, mutants with similar stability to witype, mutants with reduced
stability relative to wildtype, and mutants that weeunfolded(13). A summary of these results

is shown in Figure-¥.

Arc-P8A was the onlyariantt o s how a signifi can®9kcal/ma,§ase i n
increase of 15 AC a-strand 1By or@ K¥idue ib sachairecti@drBd.i ng t h
(A related substitutio mutant developed later, ARSL, also showed a stability increase over the
wild-type protein(89); additional work on these two naitons is discussed in ChapterSection

1.) Alanine substitutions at solveexposed positions, particularly located on the surface of the

strand and in Helix A, showed similar stability to wilgpe Arc (13). Variantswith reduced

st abi | i+1.6to 4 .6paeEBmol)contained substitutiorst buried positions in the strand or

helices, and included those which would otherwise be involved in salt bridges or hydrogen
bonding(13). Five alanine substitution variangsoduced unfolded proteins. Four of the five
unfoldedvariantscontain alterations in Helix B, suggesting that this region (and in particular the
hydroghobic core) isperhps the most critical regidior Arc folding andstability (13). This

study demonstrated that the Arc repressor protein is relatively tolerant to mutation, and that most

residues contribute a small to moderate amount to the overall energy of the protein fold.

A related fundbnal study using DNA footprinting of Arc repressor alanine scanning mutants

showedhat there were several portions of the Arc repressor sequence critical for fifhdfion
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increased stability
relative to WT
similar stability
to WT M1 K2|G3|M4|S5| K6 |M7[Q9 |N11|R13[R16|E17|V18|D20|R23| K24 | V25| E27 | E28 | N34 | S35 | Q39| E43 | K46 | G52

decreased stability | g461) 45 lw14| P15| L19 [ L21 | N29| G30| R31| 532 | V33| Y38 | R40 | M42| s44 | K47 | E48| Gas| R50| 151
relative to WT

unfolded V22| E36| 137 | V41| F45 strand

P8

helix A helix B

Figure 1-7: Arc repressor alanine substitutions: effects on stability, colored by secondary structure.
Summary of alanine substituiton results in wijghe Arc repressor from Milla et. @&lSB1994(13). The

four categories of stabilities as described in Milla et. al. are shown vertically, with residues colored by
structural elements in wiltype Arc repressor. Residues without color are located in loops or flexible

regions of tle structure.
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Substitution of reidues which directly bind DNAQ9, N11, and RL13aused a large decrease in
DNA binding, along with residues M4, S5, or R23, which also contact the {fafesResidues

M1, K2, G3, K6, M7, P8, R31, and N34 decrease Arc repressor function by causing a change in
the protein conformation, charge, or cooperativity/linkage cont{dd)s Substitutions of S32

and V33 increase activity, presumably by altering the protein conformation to make it more
amenable to binding target DN@A4). All other substitutions produced a minimal effect on
activity (14). This study suggested that functional integrity is team@d by a number of
residuesmany nearhlie Nterminus and strand region. Additionalthese residues are different

from those ctical for structural integrityin particular, he hydrophobic core and Helix B

Studies of Arcrepressor tolerance to substitutions that increase sequence hydrophobicity

in the helices

Since the alanine scanning results in Arc repressor suggestetthahsirface residues of the
helices can be readily substituted with alanine without a large cost to protein folding or stability
or function(13, 14), theseregionswere substituted with a variety of hydrophobic residues in an
attempt to determine the maximum number of ptdanydrophobic subgutions that could be
tolerated in each helix. Using cassette mutagenesis, positions 17, 20, 24, 27, and 28 on Helix A
and 39, 43, 46, and 47 on Helix B were substituted with a combination of leucine, valine,
glutamine, and glutamai®3). (All of these positions except for K47 displayed nsad-type

stability in the alanine scanning experiments.)

When the five positions on Helix A are substituted, mutants were inactive if more than two

positions were substituted with hydrophobic amino adi@). Additionally, these two
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hydrophobic substitutions were highly positidependentonly hydrophobic substitutions at
positions 24 and 27 produced active varigi¥3. These active variants were less thermally
stable than wildype Arc, but tryptophan fluorescence emission spectra and similar melt profiles
sugges that these mutants do thondergo significant structural changes. Substitutions of the
four positions in Helix B with hydrophobic amino acids produced active variants if the sequences
contained three of the four possible hydrophobic substitu{@d)s Like the results in Helix A,
thesubstitutions seem to be positidapendent, favoring positions 39, 43, and 46 for full activity
(93). When all four positions in Helix B were substituted with hydrophobic aragids, the

protein retains partial activit§93). These results are summarized in Figuge 1

Theseresultssuggestedhat a small number of poko-hydrophobic surface substitutionsuld
betolerated in both helicesioweverthese mutations had variable and contiegpendent effects
on stability and folding reversibility93). Notably, none of these substitutions produced an

effect on structural degeneracy by populating detectable alternate folds.

Alternate folds as a consequence of high local sequence roginobicity in the Arc represor

strand region.

Substitution of the strand region of Arc repressor with hydrophobic resipekiced ery
different effectsfrom the surface substitutions in the helical region¥he wildtype Arc

r e pr e-stamrcontins buriethydrophobic residues and surface polar residues in an
alternatingpattern characteristic of a amphipathic strand; therefore, like the helical retens,
polar surface residues could be collectively or individually substituted with hydrophobic amino

acids. Similarly to the helix study, leucine and valine were substituted into the strand for polar
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Helix A Substitutions

sequence | substitutions in Yi\.’o thfermal stability
activity | relative to WT (5uM)
A-EDKEE (wild-type) active 0
A-EEVLE 2 active -4.2
A-EELVE 2 active -6.3
A-EVLQE 2 inactive -8.0
A-ELEQL 2 inactive -10.6
A-EEVQV 2 inactive -15.9
A-VVELQ 3 inactive -19.5
A-QVLVQ 3 inactive -23.0
A-VLQVL 4 inactive -26.4
A-LVELL 4 inactive ND
Helix B Substitutions
I in vivo thermal stability

sequence | subsfitutions activity | relative to WT (5uM)
B-QEKK (wild-type) active 0
B-VLVQ 3 active +5.7
B-LLVE 3 active ND (low solubility)
B-vvwvQ 3 active ND (low solubility)
B-VVLE 3 active ND (low solubility)
B-LVVL 4 partial ND (low solubility)

Figure 1-8: Summary of Helix A and Helix B polar-to-hydrophobic surface substitutions.Location

and identity of surface poldo-hydrophobic substitutions in Helix A and Helix B from Cordes and Sauer
Protein Scienc&999(93). Note that sequenddentities are listed by the mutable positions, and {iolar
hydrophobic changes are showrbisid. Thermal stability compared to witgipe is measured in °C.
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residuesQ9, N11, and R1397). These three residues bind DNA in the wige form;

therefore, the engimeed hydrophobic mutants were predicted to be nonfunctional, and were not
tested foiin vivoactivity, as in the previous studyTwo triple hydrophobic mutants, A&-LLL

and ArcSVLV, were designedby introducing three polao-hydrophobic mutations irthe

strand regior(97). Arc-S-LLL produced a far U\tircular dichroismspectrum slightly different

from wild-type Arc, suggestive of a alternate f@Rl/). Arc-S-LLL also displayed a biphasic,

partially irreversible melt particularly at higher concentrati@®g. (A representative thermal

melt of ArcS-LLL is shown in Figure €20 in Chapter 4 and will be discussed in more detail in

that chapter.) ArSVLV also showed a similar melt profile (Figure-1D). Analytical
ultracentrifugation of S/ LV suggested t kependenf) cheandueed t r at i

aggregationo was responsible f@r. the biphasic

Characterization of Arc-LLQL: A precursor for switch Arc.

To enhance the stability of the potentially novel fold detected iRSAttL and destabilize the

wild-t ype structur e, C o sstchedsfroneresidues® 4 rneopdled ceedd t bhye
helix (97). In this model, L12 is located on the surface of the protein, instead the
hydrophobic core as in the wilgipe protein. In order to break up the stretch of six hydrophobic
residues (L9 F10 L11 L12 L13 W14) irlEL, leucine 12 was substituted with glutami(g).

The resulting S LQL mutant did not display heamnduced aggregation buetained a far UV

spectrum similar to-&LL (97). Two and threglimensional NMR experiments on A&LLQL

suggested that a helix was present from reside®3 (97). From side chain solvent exposure

determinations, L11 and Q12 had swapped their roles relative to théypédstructurein this
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novel fold, L11 was buried i n t fexposedl®©D.t ei nod s
Additionally, both L9 and L13 appeared to be solvexposed in the model and so these residues

were backmutated to Q9 and R13 for future studi@g).

Detailed characterization of switch Arc.

In wild-type Arc, residue 11 is an asparagine, which is similar in structure and polarity to
glutamine, therefore Arbl11L/L12Q was converted into AM11L/L12N (97). Since the polar

and hydrophobic residues as positions 11 dghde$pectively in the wildype fold are swapped
inArc-N121L/ L12N, t his var i an%7, 98 aSwitcim ArencdmtaingitBewi t ¢ h
same structure as-1I3. QL by NMR, but certain resonances for residues L11 and Wikde

visible at 30 °C allowing these residues to be assig{@f. Determination of the secondary
structure of residues-B3 shows that the region is remodeled into an irregutaneix (97, 98).

Switch Arc contains a weljpacked hydrophobic core and is similar in stability to wylde Arc,

indicating that the remodeling is not significantly unfavorgBlé 98).

Arc-N11L: Two structures from a single sequence.

In order to determine whether a single pelashydrophobic substitution was sufficient to
populate the switch foldCordes et. albackmutated residue 12 to leuci(@9). The resulting
mutant, AreN11L, contained a single substitution in the solvent exposed positibe center of
t h estrabd in the wildype structure. By twalimensional NMR, residues® broadened and

resharpened from 15 °C to 35 °C, indicating that two conformations were in intermediate
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exchange, on the order of 2200 Seat 25 °C(99). Thus, a single pal-to-hydrophobic
substitution populated two folds, while an additional hydrophtdmolar substitution in residue
12 stabilized the novel switch fold of Arc repressor. This mutational work is summarized in

Figure 19.

To determine whether both foldsowd be populated from other pofarhydrophobic
substitutions, other hydrophobic residuy&ly, Ala, Val lle, Met, Tyr)were introduced into
position 11(94). All the variantsare foldedwith similar stabilities as detrmined by thermal
denaturation(94). In an L12N background (favorintpe switch fold(97)), all mutants adopt
switchlike folds, whereasn a P8L background (favorintpe wildtype fold (89)), all mutants
adopt wildtype-like folds, asevidencedby near UV circular dichroism and NME@4). In a
wild-type background, the substitution variants are able to adopt both folds, in an equilibrium
dependent on solution conditions and theipaldr substitution(94). N11l and N11V contain
the highest percentage of wilgpe structure (95%), followed by N11F (75%), N11M (65%), and
N11lY (60%)(94). N11A, N11G, and N11L contain approximately 30% vwiitde structure
under the same conditions, suggesting that the identity of the side chaininspartant
determinant of t {branched resalwesnin pagicular falvoo thedviiide fiold
(94). Thus, the structural degeneracy observed in the N11L mutant is not completdig speci
leucine; a widevariety of other polato-hydrophobic substitutions at position 11 are also able to

populate the switch topology.

The importance of a novel fold.

The N11L/switch Arc work is of particular import because it suggestadsingle substitidgn
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wild-type-like fold
hydrophobic residues

polar residues

protein core
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Figure 1-9: Substitutions and structures from wild-type Arc repressor to switch Arc. Models of
wild-type Arc (LARQ, top) and switch Arc XNLA, bottom) with stick representation of residue$4
coded by hydrophobicity. Hydrophobic residues are shown in ahdypolar residues are shown in red.
The sequence of the intermediate fold Art1L, which can adopt both forms, is shown between the two

structures.
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eventsnot just numeous, distributed substitutionspuld be responsible for fold switching. This
is similar to the single fold switch determined by Orban and B(28) but located in a natural
protein. Since this substitution was a pd@hydrophobic surface substitution, AR11L also
validated the suggestion from simple exact model that increasing sequgrophobicity
promotes structural degeneracy. In AtllL, a second fold is populated in the more
hydrophobic variant while still retaining the original wilghbe fold(99). Thus, some, but not all,
hydrophobic substitutions are able to promote structural degenéaggyer, theegionof Arc
repressofrom residues 94 appears to be one location where patahydrophobic substitutions

unlock novel folds.

Back to the triple strand region mutants: Arc-S-VLV revisited.

In this final section, we present some preliminary data which forms the basis of all the
dissertation work presentéa subsequent chapterdhis work concerns the questionvafether
additional polarto-hydrophobic substitutions in the strand region of Aepressor might yield
different or additional novel folds. To pursue this idea, we returned to the biphasic behavior
observed in the triple hydrophobic strand mutants&td L and Arc-S-VLV (97). The heat

induced aggregation detected in these mutants may represent the population of an alternate fold,
different from both wildtype and switch Arc. To establish the basic procedure which underlies
preparation and characterization of A&¢/LV, key preliminary results are discussed below,

which serve as the underpinnings of the data presented in subsequent chapters.

Initial purification and characterization of the A8VLV mutant confirmed the biphasic

behavior discussed previougl7). SVLV displayed two thermiaransitions: a reversible, low
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temperature transition at approximately 50 °C, and an irreversible, high temperature transition at
approximately 90 °C (Figure-10). (Like other Arc repressor variants, melting temperatures are
concentration dependent atttese results reflect a 50 uM protein concentration.) In order to
bias SVLV toward the potential novel fold, we incubated purified/Bv at 80 °C in a hot

water bath to bring about the irreversible phase of the thermal transition. This process will
susequently be referred to as a fdnheat -VBV\hneal ir
tolerated heat annealing well, remaining in solutitturing a heat treatment period of several
hours. Following heating, no precipitation or aggregate was aasénthe sample regardless of
protein concentration (data not shown). Analytical size exclusion chromatography of samples
heated for different lengths of time determined an optimal length for the heat annealing process,
in which all visible SVLV is converted to the higheorder form. In the absence of a heat
annealing step, -SLV populates ahigherorder species (discusséd Chapters 2 and 3) and a
second species with a size consistent with dimeric protein. Heat annealing steps of any length
dramaticdly reduce the size of the dimer peak, allowinylSV to populate more of the higher

order oligomer form. We determined that a heat treatment of four hours was sufficient to
convert over 99% of the protein to the higloeder oligomer form regardless diiffer or protein
concentration conditions (discessin more detail in Chapter 3 herefore, we utilized a four

hour heat treatment to facilitate octamer formation from this point forwardepresentative

chromatogram in NFDAc (pH 7.0) is shown in Fige :11.
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Figure 1-10: A thermal melt of Arc-S'VLV contains two transitions: one reversible, one
irreversible. Thermal melt 025 uM unheated NNTA-pure Ar¢S-VLV in 0.05 M Tris (pH 7.5) 0.25

M KCI (SB250) buffer in a 2.0 mm path length cuvette with 2 minute equilibration time, 25 s integration
time, and 2 degree step size. An irreversible transition occurs at approximately 50 °C and a reversible
transition occurs at approximately 90 °C.



56

70

60

50-

40-

30-

20-

absorbance (mAu)

104

tr']n;:té? % oligo | % dimer
0 46.1 53.9
0.5 88.1 12.0
1 90.2 9.8
2 93.9 6.1
99.9 0.1

J

|
15

elution volume (mL)

20

Figure 111: Four hours of heat treatment converts all visible AreS-VLV to the higher-order

oligomer form. 150 uM Arc¢S-VLV in 0.1 M NH,OAc (pH 7.0) heated for the specified time at 80 °C,
cooled to room temperature and analyirethediatelyon a Superdex 75z& exclusion column. Note that

both in this buffer and in SB250 (see Figur8)2a 4 h heat treatment effectively eliminates the dimer
form, although dimer repopulation can occur over hours to days, depending on conditions, as described in
Chapter3 Partl. (Methods for this experiment listed in Materials and Methods of Chapter
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Part 4: Detailed Layout of the Data Chapters within this Dissertation

This dissertation investigates the role of patahydrophobic surface substitutions in the strand
region of Arc repressor and thaplications for protein folding and conformational specificity in
general. Chapters 2 and 3 focus on a variant of Arc represse&-YALY, with three polarto-
hydrophobic surface substitutions in residues 9, 11, and TIBis variant was previously
identified and preliminarily characterizeoly Cordes et. a97). Chapter 2 discusses the basic
identity of the higheorder oligomer and dimer peaks observed by size exclusion, and Chapter 3
focuses on the isolation and characterization of the higitr oligomer form of AKS-VLV.
Chapter 4 investigates the Argressor sequence features that allow the population of a higher

order structure, in part through characterization of related substitutions in the strand region.

Chapter 2: A Polymetamorphic Protein.

In Chapter 2, we characterize ABVLV by size exclusion, and identifywo clear peaks
representing two distinct oligomeric states. The |leoreer state elutes at the same volume as
the wildtype and switch dimer, suggesting that this state is dimeric. We prep#tdadbelled
sample of dimeric LV and compare its chemical shifts to wilgbe Arc, switch Arc, and
Arc-N11L to determine that-SLV adopts both the wildype and switch folds. We employ
sedimentation equilibrium and ESIS to determine that a hetieated higheorder oligomer is
octameric. (Interestingly, an 80 °C heat treatment shifts the oligomeric state from dimer towards
octamer, and the unheated higbeder species appears to be heptamer rather than octamer.) We
also characterize the isolated, hratited octamer by near afa UV circular dichroism and

identify a novel topology, which contains half the helicity of the s#yde and switch folds. A
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thermal melt of the &LV octamer confirms that it folds reversibly with a high, &t
approximately 90 °C. Taken together, A¢/LV populates at least three distinct states. These
states represent an extension of the fold switch observed in the singléogojdrophobic
strand mutant ArdN11L, suggesting that two additional petarhydrophobic substitutions in

the strand ragn allow Arc repressor to populate additional novel folds.

Chapter 3: Toward a Structure of the SVLV Octamer.

Chapter 3 continues the characterization of th&L8 octamer,in order to define how it differs

from the two known dimeric Arc folds and to establish the structural basis of its formation. We
determine that the populations of dimernd higherorder oligomer dependn refolding
conditions, including temperature, peon concentration, anculfer saltby size exalsion. Bth

mixed samples (observed by size exclusion timecourses) and isolateddrigreoligomer or
dimer samples (observed by NMR timecourses), exchange with the other species at room
temperature on thhoursto-days timescale. Because the quality of the NMR spectra for the
octamer are not wetlispersed enough for higherder structwal characterization, we expoSe

VLV to limited trypsinolysis. A proteaseesistant core witla shortened @erminuspersistsin
SVLV, and this cee exhibitsan improved NMR spectrum. In order to limit the influence of the
dimer form and stabilize the proteassistant core of §/LV, we designa shortened construct

of Arc-S-VLV by deletion mutagenesis, and charactetiize variantsat each step. The resulting
construct, AreVLV 4-44, containg sequence shortened by 12dess. This construct exhibits
improved NMR spectral quality, but the sample still corgasome apparent structural
heterogeneity or disorder. Wig/psinolyze Arc-VLV 4-44 in an attempt to improve the spectral

quality further. Tihee sequence fragments perémkowing trypsinoloysis: fulllength VLV 4
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44, residues-81, and residues-24. We determine that only the44 fragment an adopinto a
higherorder octamer structurevhich suggest that the VLV 444 octameris composedof
subunits with different degrees of foldedness, some of which mciside residues 44, but
others which anbe shorter. A°N-labelled version of trypsinolyzed VL¥-44 shows the best
spectral quality to date, but may not be sufficient to determine the subunit configuration of the
octamer. Crystallographic investigations of this construct have produced several lehdsh but
resolutionstructure determination isilstongoing. As a result of this work, we have determined
that the higheorder octamer structure is not just a collection of dimers but instead a complex,
novel arrangement. The subunits comprising the octamer may be fully or partially folded and
may cane together to form dimers. Residue$4 which make up the strand region in wijghe

Arc, are particularly important in the octamer due to their resistance to proteolysis and may

represent a cor e-baegeshndwichtofologgynged i n a b

Chapter 4: Hydrophobicity Determinants of Structural Specificity in the Strand Region of

the Arc repressor Protein.

Chapter 4 explores the basis for octamer formation and determines the sequence elements that
permit octamer formation in-BLV. In orderto address the octamer formation question, we

note that residues-®4 are flanked by two proline residues at positions 8 and 15. We substitute
these prolines with alanine both independently and togetheMinVSand assess the effects by

size exclusion,dr UV circular dichroism and thermal denaturation. Substitution of proline 8 in
SVLV stabilizes the dimer form of the-8LV relative to the oligomer, and does not cause

aggregation. Substitution of P15 decreases thefTS-VLV but does notesult in nmspecific
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aggregationby size exclusion. When both P8 and P15 are substituted, the protein does not
express well and heateatment aB0 °C causes larggcale precipitation. An unheated sample
contains a peak at the void volume of the size exclusiomnugl indicative of aggregation.
Substitutionof P8 and P15n a wild-type background forms only stable dimsuggesting that

these proline residues are particularly important in hindering nonnative aggregation when
flanking highly-hydrophobic sequencesitbare otherwise neassential to maintenance of the
native structure. To test whether any hydrophobic sequence in the strand region would cause
aggregation, we substitute residues3®with the sequence LVFFA, which is a slightly modified
version of theamy | oi dogeni c region of theApd otcen Nt rAdbc
forms dimer exclusively by size exclusion. By NMR, A« cont ains -an amb
structured strand region, but the other parts of the protein resemble the chemical shifts of w
type and switch Arc. Thus, even known amyloidogenic sequences from other proteins produce a
stable variant when substituted in the strand region of Arc repressor. To probe the specific
determinants of highesrderolgiomerization, we substitutene o two residues at positions 9,

11, and/or 13 with hydrophobic residues. All single and double mutaetsimeric by size
exclusion and contaisecondary structure similar to watgpe and switch Arc by far UV circular
dichroism. Interestingly, double rants wth the N11L substitution adojmoth the wildtype

and switch folds by NMR. When all three positions are substituted with hydrophobic residues,
at least two products are visible by size exclusion in most variants, representingonitgrer
oligome and dimeilike forms. A correlation emerges that more highly hydrophobic
substitutions, such as isoleucine and valine, produce a larger amount ofdragreoligomer
whereas less hydrophobic substitutions, such as alanine and methopuakate maily dimeric

structures. Thus, as long as the proline residues flanking the strand region are in place, a vast
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array of hydrophobic residues can be substituted into residd@s Producing a variety of
higherorder oligomer products. As suggested by sangkact lattice models, an increasing
number of polato-hydrophobic surface substitutions in the strand region populate a variety of

stable degenerate states with novel topologidsc repressar

This dissertation characterizes a novel form of the emressor protein, Af8-VLV, with
particular focus on the hemtduced higheorder octamer state. Additionally, the rationale
behind higheforder oligomerization and structural degeneracy from gokarydrophobic
substitutions in residues B! is exploed. Ultimately, this work in the Arc repressor system
validates the predictions from the computational simple exact lattice models that increasing

surface polato-hydrophobic substitutions increases structural degeneracy.
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CHAPTER TWQ

A POLYMETAMORPHC PROTEIN

Overview: Sequence Hydrophobicity and Structural Degeneracy in Arc repressor.

Chapter lintroduced the sequenstructure relationship and the importance of sequence
hydrophobicity in facilitating structural degeneracy, as described in the simple exact lattice
models of Dill and colleagugd4?). We also introduced the Arc repressor system, which will be
utilized to test the assertions of the simple exact lattice models experimentally. In this and the
following chapter, we describ@n Arc repressor variant containing three podelnydrophobic

surface substitutions which adopts multiple folds.

AMet amorphicd proteins have been defined as
from a given sequend@0). These proteins can switch folds as a result of ligand bin@is)g

solution conditiong38), or disulfide rearrangeme(it00), among other factors. The AM11L

protein is one examplef a metamorphic protein which switches its topology based on solution
conditions and the presence of DN@avored bythe wildtype fold (28). The Arc-N11L
metamorphism results from a potarhydrophobic surface substitution, which Lau and [lif)

have suggested as one cause of struatsegimorphism in general.

Metamorphicproteinsare rare within the network of protein structures investigdted their
existence suggestomelevel of connectedness between protein folds (see Fig8rBdnels B
and Q. Here we present an exampleArc repressor of aegjuenceat the intersection dhree
folds. To date most proteins defined as metamorphic contain two distolds; thereforewe

call our protein fApol ymet amor phisetofstatesande gni f y
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acessed byn incrementaincrease in the number of polex-hydrophobic surface substitutions

in the ribbon region of Arc repressor protein.

As discussed in Chaptel, a single polato-hydrophobic substitution (N11L) in the Arc
repressor homodimer led the population of an alternate dimeric fold in which twg Belices

replaced a twa t r a nstieetd28)fand Fgure 21). A second Arc variant known as switch

Arc (N11L/L12N) formed the alternate dimer exclusively, allowing determination of its structure

(97, 98). While residue 11 isocatedon the solvenexposed face of h esheét in the native

di mer , it flips into the 970 The samé series of stugliesi or |
included wvariants in which alisheet werer repbaceds hyr f ac e
hydrophobic residue@®7). One such variant, Q9V/N11L/R13V-{A.V), included the N11L

mutation plus two valine substitutions (Figurel2 SVLV showed an unusual thermal
denaturation profile (Figure-10) and formed highesrder oligomers, but was not studied in

detail (97). We will now show that, while the single hydrophobic substitutioN11L populates

an alternative dimeric fold with increased helical content, the two additional substitutions in S

VLV preserve both dimeric folds but also populate a thermally stable octamer with about half the
helicity of the wildtype dimer. Thus, aingle sequence can encode at least three folds with
wide-ranging secondary structure content, and progressive increases in local sequence
hydrophobicity progressively reduce fold specificity. We also suggest that switches in native
folding topology invdving oligomerization can be part of a near continuum of structural changes

that includes amyloid aggregation. In the following two chapters, we describe the
characteration of ArcS-VLV. This chaptedescribes an initial characterization of the mugtipl

forms of SVLV, while Chapter3 provides a more detailed analysis of higbeter oligomer

form.
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Parts of this work have been previously published as: Stewart KL, Dodds ED, Wysocki VH,

Cordes MH (2013) A polymetamorphic protein. Protein Sci 22644

This chapter is a slightimodified version of that workExperimental work was performed by K.
Stewart and E. Dodds (nE®IS), and the manuscript was written by M. Cordes, E. Dodds, V.

Wysocki, and K. Stewart.
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Figure 2-1: Hydrophobicity mutations and structural changes in theb-sheet of Arc repressor. In

the wild-type Arc repressor homodimer (top left), residuelsAf each subunit alternate between polar

(red) and hydrophobic (cyan) residuasd interact to form a twstrandedb-sheet. A hydrophobic

surface mutation at residue 11 (A¥d.1L) populates an alternate fold in which thsheet is replaced by

310 helices (top right; determined in the switch Arc variant, which forms this fold éxelys . Two
additional polatto-hydrophobic substitutions produce a fully hydrophobic strand region HSAMCV .
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S-VLV contains two dimeric folds.

Arc-S'VLV was expressed in hexahistiditegged form, purified by denaturing nickel affinity
chromatgraphy, and refolded by dialysis into 0.05 M MES (pH 5.5), 0.05 M KCI. Size
exclusion chromatograms of\A.V at 300 uM loading concentrations (Figure22Panel A)
showed both an apparent dimer (~15 kDa) and a second oligomer, larger than dimer but smaller
than the column exclusion limit of ~100 kDa, indicated by the void volupeBy contrast, we
observed only dimer for comparable preparations of-tyitee Arc, AreN11L and switch Arc.
MALDI spectra of the higher and lower molecular weight size exclusictions of SVLV

give identical subunit masses (7600.9 Da), confirming that they represent different oligomeric
states of the same protein. In addition, the two separated forms undergo slow exchange over
hours to days as measured by size exclugilistussed in more detail in Chapt@r ™N-'H

NMR correlation spectra (Figure2 Panel B) of sizexclusion purified, uniform®N-labeled

VLV dimer are dominated by signals from the dimer, presumably due to rapid transverse
relaxation and slow repopulatioate of the higher order oligomer.

The SVLV dimer spectra show characteristics similar to those ofMt&L, indicating the
presence of both dimeric Arc folds. Previous NMR lineshape studies eNJAric (28) showed
relatively rapid exchange at 25 °C&2200 + 500 $ under slightly different solution
condi ti ons) -shbet and/@-teelical dirneac fdids, both of which are significantly
populated. For residues with small but significant chemical shift differences betweeypeild

and switch Arc, the resonances in Aa&1L are in fast exchange between the two folds, and
each shows aingle peak with an intermediate chemical shift value (e.g. Asn 29, Ser 32 and Ser
35, inset in Figure-2 Panel B). Resonances with larger chemical shift changes are on the edge

of the intermediate exchange regime and show limited exchange broadeahidgtenuation of



67

140

13.0 120
120

switch Arc 121
100
_ N11L
g
122
E g0 Wi
8 z
g s}
£ 60 - 123
?
Q
©
40 124
20 1 125
5 .~ switch
T T 126
5 10 15 20 95 94 983 92 91 90 89 88 87 86
elution volume (mL) HN

Figure 2-2: Characterization of the dimeric folds of Arc-S-VLV by two-dimensional NMR. (A) Size
exclusion chromatograms of A&VLV (orange), switch Arc (lavender), Afd11L (green), and Arc

WT (red), at 300 puM protein concentratiom 0.05 M MES (pH 5.5), 0.05 M KCI. Switch Arc, Arc
N11L, and WT migrate as dimers with elution volumes of 13.0 £ 0.1 mL, whil&SAfcV migrates as a
mixture of dimer (13.0 mL) and higherder oligomer (9.9 mL). ¥ (dashed line) indicates the void
volume of the column, measured using blue dextran. (B) Overlay of HSQC spectra for the four Arc
variants at 25 °C, colored as in panel A. Black lines track chemical shift changes for equivalent
resonances. For all resormas shown, ArdN11L and SVLV have intermediate chemical shift values,
indicative of two different Arc dimer folds in fast conformational exchange.
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signal intensity (e.g. Ala 26 and Val 33). Significantly, equivalent resonances of\h¥ S

dimer show very similar intermediate behavior except that the resonances are closer to the
positions observed in wittype Arc; while the resonances in A11L are closer to the switch

Arc positions (Figure 22 Panel B). We conclude that\&V, like Arc-N11L, exists in two
dimeric folds that exchange on the millisecond to microsecond time scale; in addition, the
resonance positions suggest that the equilibriumVhlSV f a v eshegt fotd byeabobit 3:1,

while the equilibrium in AreN11L favors the helical 1d by a similar ratio.

S-VLV also forms an octamer.

When refolded in a different, higher ionic strength buffer (SB250 buffer; 0.05 M Tris (pH 7.5),
0.25 M KCI, 0.2 mM EDTA), SVLV almost exclusivelyformed a higher order oligomer.ni
residual dimercould be removed by a heat annealing treatment at §Fi¢Qre t11; although

dimer is significantly repopulated in lower ionic strength buffers, as discussed further in Chapter
3.) After the heat annealing treatmettte oligomer remained stable over time. By analytical
size exclusion chromatography (Figure3R the heatnnealed S/LV eluted at avolume
consistent with a molecular weight of 65 kDa, much larger than thetyptl Arc homodimer

(15.0 kDa, apparent nrexular weight) and suggestive of an octamer or nonamer.

Sedimentation equilibrium analysis of hegated SVLV (Figure 24 and Table 21) suggests

an octamer. We fitted radial absorbance curves to models that assume a single ideal species,
across a thaefold range of loading concentrations and three rotor speedsthe Atiree rotor
speeds shown, theverage apparent molecular weightw(,) for heated S/LV corresponded

to approximately 5&Da over the average of three protein concentrations6B@&nd 90 uM).
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Figure 2-3: Molecular weight determination of Arc-S-VLV by isocratic size exclusion. Size
exclusion chromatograms of witgipe Arc (blue solid trace) and heate®/BV (orange solid trace), both

at 350uM loading concentration, along with calibration standards (green dashed trace) labeled with
molecular weights in kDa in SB250 (0.05 M Tris (pH 7.5), 0.25 M KCI). The column void volughés(V
measured as the elution volume of blue dextran. The insetsshaalibration plot for estimation of
molecular weight of $/LV (65 kDa based on the regression) and vi§igde Arc (15 kDa based on the
regression, with an actual dimeric size of 15.4 kDa).
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Figure 2-4: Molecular weight and oligomeric state determinatn of Arc-S-VLV by sedimentation
equilibrium. Representative sedimentation equilibrium curve for heafét\5at 60 UM concentration

in SB250 at 20 °C at 10000 rpm. The curve shows data fitted to a single ideal species model, with
residuals at bottom. his fit yielded an apparent molecular weight of 578@4see also Table-2).



heated S-VLV

unheated S-VLV

M,,, app. (Da) no. of subunits | M,,, app. (Da) | no. of subunits
10000 rpm 58097 7.6 51192 6.7
13000 rpm 57406 7.6 50938 6.7
15000 rpm 57909 7.6 50706 6.7
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Table 21: Apparent molecular weights of heated and unheated ArS-VLV from sedimentation
equilibrium.  Apparent molecular weights from sedimentation equilibriexperiments on heated S
VLV and unheated §LV averaged from three concentrations (30 uM, 60 pM, 90 uM) and shown at
three rotor speeds (10000 rpm, 13000 rpm, 15000 rph®.number of subunits is calculated using the
monomer rolecular weight of AreS-VLV of 7.60kDa.
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The sedimentation data are consistent with a single octameric spetiel® not exclude a
mixture of multiple species of similar oligomeric state, e.g. a heptamer and octamer. Nor can
we rigorously exclude such a mixture on the basitiefabservation of a single peak in the size
exclusion trace. Unheated S/LV produced lower average apparent molecular weights than

heated S/LV, suggesting a single heptameric species.

Native naneelectrospray ionization mass spectrometry (AESI) of heat-treated SVLV in 0.1

M ammonium acetate (pH 7.4) confirmed the presence of a specifically octameric species
(Figure 25). Peaks observed at mdsscharge ratios (m/z) > 3,500 corresponded to the charge
state envelope of a distinct octamer (charge meaated M, of 60.8216 + 0.0028 kDa, or
8.00309 + 0.00036 subunits; mean + 99% confidence interval for n = 5 measurements) rather
than a mixture of multiple higher oligomeric states. The narrow charge state envelope of the
octamer (only three charge statbserved) and the octamer charge states themselves (which fall
below the Rayleighimited maximum charge of z = 20 predicted for a native complex of this
molecular weight) are consistent with an ordered, nditkeestructure(101). Tandem mass
spectrometry (MS/MS) via collisiemduced dissociation(CID) further corroborated the
octameric stoichiometry of the high m/z signals, with the octamer dissociating to yield monomer
(charge deconvoluted Mof 7.60068 kDa, or 1.00012 subunits) and the complementary
heptamer (charge deconvoluted, Mf 53.2226 Ba, or 7.00319 subunits) in accord with the
typical CID behavior of protein complexé€d02). The high m/z peaks observed feWEV were
completely absent in the mass spectrum of \yifte Arc. Both wildtype Arc and S/LV

spectra also showed peaks originating from dimeric and monomeric forms. Size exclusion traces
of SVLV in the ammonium acetate buffer indicated a small populationnoéigic SVLV under

these conditionfdata not shown)
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Figure 2-5: Oligomeric state determination of heated AreS-VLV by native ESI-MS. Native nESI

MS of wild-type Arc and S/LV, each at 50 uM protein in 0.1 M ammonium acetate (pH 7.4), and CID

of theS-VLV octamer. Under native MS conditions, wilghe Arc shows peaks for monomeric (M) and
dimeric (D) states, while-SLV contains peaks for monomer, dimer, and octamer (O); note that relative
intensities do not directly reflect relative abundancesféérént oligomeric states because of instrument
discrimination at higher m/z. CID of the\&.V octamer (z = 17) produced highly charged monomer
(consistent with the commonly expected oligomer CID pathway that involves unfolding and release of
one subunjtand complementary heptamer (H). Charge states are indicated by superscripts.
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Figure 2-6: Oligomeric state determination of unheated AreS-VLV by native ESI-MS. Native
NESKMS of unheated wildype Arc and S/LV, each at 50 uM protein in 0.1 M anmonium acetate (pH

7.4), and CID of the &¥/LV heptamer observed in unheated preparations. As in the heated samples,
native MS of wildtype Arc shows peaks for monomeric (M) and dimeric (D) states; however, unlike the
heated preparations,-\B.V contains peks for monomer, dimer, and heptamer (H) when no heat
treatment was performed. Note that relative intensities do not directly reflect relative abundances of
different oligomeric states because of instrument discrimination at higher m/z. The heptamendrae
deconvoluted M of 53.2052 + 0.0009 kDa, or 7.00090 + 0.00012 subunits; mean + 99% confidence
interval for n = 5 measurements). CID of the/BV heptamer (z = 15) produced hightharged
monomer (consistent with the commonly expected oligomer @way that involves unfolding and
release of one subunit) and complementary hexamer (S). The charge deconvagjufed tkie
monomeric and hexameric CID products were 7.60028 kDa (or 1.00001 subunits) and 45.6165 kDa (or
6.00236 subunits), respectivelZharge states are indicated by superscripts.
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Figure 2-7: A closer examination of the oligomeric state determination of heated and unheated Arc

SVLV by native ESI-MS. Native nESIMS of Arc SVLV, unheated and heated, at 50 pM
concentration. Close examination of the higher oligomer m/z region allows distinction of the heptameric
(H) and octameric (O) states observed without and with heat treatment, respectively. Theoretical m/z
values for heptamers (at z = 13, 14, 15, and 16) are indicated by gray bars in the upper trace. In the lower
trace, the gray bars indicate theoretical m/z values for octamers (at z = 15, 16, 17, and 18). Charge states

are indicated by superscripts.



76

Surprisngly, nESEMS spectra of 8/LV in the absence of heat treatment show mostly heptamer
rather than octamer (Figures62and 27). As discussed abovegdimentation equilibriundata
from unheated samples also yield reduced apparent molecular weights ewgsigtent with

heptamer (Table-2), though greater populations of dimer in such samples could also produce

this effect. Size exclusion traces of unheated and heated samples have no systematic variation in

elution volume within experimental error. Howveg, the clear appearance of heptamer and
octamer in NESMS of unheated and hettated samples, respectively, indicates thatlLS

can fold into multiple oligomers of similar size and suggests that an octaifitelysthe most
thermodynamically stablgquaternary structure. Slow formation of a very stable octamer upon
heating may also explain why hdeg¢ated samples of-$LV are less prone to repopulation of
dimer. (Although, as discussed in Chap&rdimer repopulation does occur after standing

following heat treatment under certain conditions.)

The octamer is highly stable and differently folded from either dimer.

We next analyzed the secondary structure content oftiezded SVLV oligomers using far
ultraviolet circular dichroism (Figure-2 Panel A). Wildt y pe Ar c -hbliees pet wo
monomer and approximately 50% total helical content based on the natiensemlus the
affinity tag (84). Signals characteristiof helical structure (208 nm and 222 nM) were less
intense for SYLV than for wild-type Arc, with the 222 nm signal in particular being about half
as strong, S u g g e-Betical cantenm a jThe rspedtrars cE\VE\6 does Wot,
however, have thatrong signal at 200 nm expected for a disordered or unfolded structure.

Secondary structure analysis using CONTINILD3) and SELCONJ104) (Table 22) indicated

U
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Figure 2-8: Charcterization of the Arc-S-VLV octamer by circular dichroism. (A) Far UV circular
dichroism spectra of wiltlype Arc (blue), heated-8LV (orange), and Switch Arc (green) in SB250 (100
UM protein, 0.1 mm pathlength, 20 °C), (Rear ultraviolet circular dichroism spectra of wilthe Arc
(solid line), heated &LV (dashed line), and switch Arc (dotted line) at 50 uM protein concentration in
SB250 in a 1.0 cm pathlength cuvette at 20 °C. Ti®rmal denaturation of wiltype Arc (blue) and
heated S/LV (orange) monitored at 222 nm (50 uM protein, 2.0 mm pathlength, ferward melts
shown as solid lines and reverse melts shown as dashed lines.
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WT S-VLV
CONTINLL | SELCON3 average CONTINLL | SELCON3 average
% helix (total) 55.3 56.3 55.8 36.8 27.6 32.2
% strand (total) 5.60 6.00 5.80 16.7 19.5 18.1
% turn 15.4 16.1 15.8 201 212 20.7
% unstructured 237 222 23.0 26.4 28.8 276

Table 2-2: Secondary structure content prediction of AreS-VLV from far UV circular dichroism.
Secondary structure content of wilgpe Arc and S/LV, estimated by CONTINLL and SELCONS3
based on circular dichroism spectra shown in Figure 5A.
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an average of 56% helical content for wilgpbe Arc and 32% helical content for\&.V,
consistentith loss of one of the two helices present in the wylde structure. These methods
also calculate that the | ost helical content
strand (12%), turn (5%) and disordered content (5%), indicating tWat/Ss folded, but very
differently both from the wildype Arc dimer and the alternate dimer switch Arc (Figurds 2

and 28 Panel A). Near ultraviolet spectra (Figur8 Panel B) confirm significant but distinct

tertiary and quaternary interactions faattreatedS-VLV.

To investigate the folding stability of the\B.V octamer, we monitored thermal denaturation by
circular dichroism at 222 nm (Figure&Panel C). The dynamic range of th&ISV melt was
reduced relative to wildype Arc, due to the lowemagnitude ellipticity of S/LV at 222 nm.
Surprisingly, the thermal denaturation midpoift) of SVLV occurred near 90 °C, more than
25 °C higher than that of wHtype Arc at the same protein concentration (50 uM}VLY
unfolded and refolded revergib while wild-type Arc refolded only partially in a reverse melt
under these conditions. Thus, the structure-®LS exhibits remarkable ability to refold and

resistance to thermal denaturation.

A thermal melt of unheated\&LV which has not been sizexclusion purified for higheorder
oligomer resembles FigurelD, and contains two transitionan irreversible low temperature
transitin (presumably due to dimer conversion to octamer throughtiesdment and a
reversible high temperature transitiqoresumably due to the higherder oligomer). A size
exclusion purified octamer sample as shown in Figu8F2anel C contains only the reversible
high temperature transition,uggesting that a four hour heatatment prior to thermal

denaturations sufficient to convert dimeric protein to octamer under these conditions.
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Conclusions: Overlap of multiple stable folds in sequence space

We have shown thdhe accumulation of polato-hydrophobic substitutions in the Arc repressor
b-sheet first populats a more helical dimer with one mutation (At1L), and then a much less
helical higherorder oligomer with threenutations(S-VLV) (28, 99). In S-VLV, all three forms

coexist under the same solution conditions (Figw2 Ranel A). The oligomer is not a
nonspecific aggregate: it is an octamer following a heat annealing treatment, though a heptamer
may initially form under kinetic control duringfadding by dialysis. The heannealed S/LV

octamer is at least partially ordered and highly stable, but the low helicity implies that some, and
possibly all, of its subunits fold differently from the predominantly helical subunits in either
dimer. ThusSVLV has at least three folds that represent an extreme level of protein structural
plasticity and loss of fold specificity with respect to simple changes in aatidosequence.

The SVLV octamer structure will be exaned in more detail in Chapt8r

This work shows that multiple (more than two) stable folds may be connected by overlapping
regions in sequence space (Figu@ Raned B andC), and promotes the view that evolution of
new folds from preexisting folds is not strongly hinderedtliy requirement for continuous
preservation of folding stabilitfl05107). SVLV is in effect a threavay bridge or thre¢old

switch (15), capable in principle of acting as a hub for mutational traffic between at least three
stable foldingpatterns related by nontrivial changes in secondary structure. Proteins that exhibit
radical structural polymorphism involving simultaneous or successive population of more than
two specific folded backbone topologies in a single sequence or a seriesantsyamight

reasonablybeatled fipol ymet am@O)phi c proteins



81

The three hydrophobic mutations appear to increase the overall folding stability of Arc even as
they lower the ftd specificity. ArecN11L, a tweway bridge sequence, has a higher melting
temperature than wittype Arc(41); SVLV, a threeway bridge sequence, has a higher melting
temperature than Arbl11L. The multimerization of &LV may provide a mechanism for the
protein to maintain and even increase stability while undergoing structural rearran@ge®&ent

In general, it may be more common for bridge sequences to have lower native state stability than

sequences with a single nativeusture(33).

In a survey of the number of subunits in quaternary structuresdrarali octameric proteins
represent about 3% of known protein structff€¥), andcomprise a total 0f.7% of structures
in the PDB currently (588 structure§)10. An isolated octamer structure would provide
valuable insight into th&ansition from dimer to highesrder oligomer in Arc repressor, which,
based on the far UV circular dichroism data presented here (FigBresiygests a structural

rearrangement. This avenue will be explored further in the next chapter.

The sequence damminants of native state conformational specificity are not well understood,
despite an eloquent call by Lattman and Rose for efforts in this direction nearly two decades ago
(2). Some previous computational and esymental work points to the importance of
hydrophobicity. Simple exact models predict that proteins with a unique, compact native state
will have intermediate sequence hydrophobicity, because low hydrophobicity hinders
compactness and high hydrophobicitycreases structural degenera@®). Hydrophobic
mutations to proteins do reduce structural specificity in some cases, producing a molterhy gemisc
state(59, 61) or even an alternate fold in the case of-ANTlL (28). The lehavior of SVLV

now shows for the first time that progressive increases in hydrophobicity lead to progressively

higher structural degeneracy in the form of multiple, different folding patterns.
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Materials and Methods.

Mutagenesis, protein expression arftiraty purification: A plasmid encoding the Arc repressor
triple mutant SVLV was constructed by QuikChange (Stratagene; Santa Clara, CAlrsitéed
mutagenesis of thgyntheticarc-stl1gene in plasmid pET80(3). Thearc-stl1gene includes

the coding sequence for the stlite@minal extension (Bl KNQHE) to stabilize the proteins
against degradation during expression and to allow for affinity purificdfid). Wild-type

Arc and SVLV proteins were overexpressed Escherichia colist rain BL21 ( &DE:
transformed with the appropriate variant of pET800, and purified BY-NWA affinity
chromatography undedenaturing conditions by loading cleared cell lysates in 0.1 M,R@i

(pH 8.0), 0.01 M Tris, 6 M guanidine hydrochloride, 0.01 M imidazole onto 3 nil-WFA

resin per liter of culture, washing with 40, 40, and 20 mL fractions of the same lysis/loading
buffer, and eluting with low pH using 6 M guanidine hydrochloride containing 0.2 M acetic acid.
After elution, proteins were refolded by dialysis into S82muffer [0.05 M Tris (pH 7.5), 0.25

M KCI, 0.2 mM EDTA] for 48 h at 4 °C, with one buffer change after 24 h.

Heat treatment timecours€This method refers to Figure1ll in Chapterd, but is liged here in

the first materials and methods sectjorffinity -purified, ArcS-VLV was refolded in 0.1 M
NH4OAc (pH 7.0) and heat treated by incubation in a water bath at 80 °C. Following heat
treatment, samples were cooled to room temperatpra at 12000 xg for 1@, injected onto a
Superdex 75 size exdion column (HR 10/30, GE Healthcare) at 150 pM loading

concentrations (0.5 mL loading volumahd eluted isocratically in 0.1M NBAc buffer.
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NMR Spectroscopyeor the structural comparisons oM&V, Arc-N11L, wild-type and switch

Arc (Figure 22), expression plasmids were transformed ik&cherichia colistrain BL21
(DE3) cells and grown i n N\olabelledNHyOnaslsoleme di a
nitrogensource. Proteins were purified by?’NNTA affinity chromatography under denaturing
conditions as described above, refolded by dialysis ifi®® B.. MES (pH 5.5), 0.05 M KCI, and
further purified by size exclusion chromatography in the same buffer witpar&x 75 HR

10/30 column (GE Healthcare). Witgpe Arc, ArecN11L, and switch Arc each eluted as single
peaks at 13.0 mL, while-8BLV eluted in two peaks corresponding to dimer (13.0 mL) and a
higher oligomer (9.9 mL). Dimezontaining fractions for &four proteins were diluted to a low
protein concentration (87 pM) to allow maintenance of the dimeric staté/ifvV$Sand brought

to 10% DO (v/v) and 0.01% sodium azide (w/v). For heptamer and octamer comparison
(Figure 28), SVLV was prepared in theame manner as above with M9T growt-labelling,

and denaturing Rif-NTA affinity chromatography. Following refolding into 0.05 M MES (pH
5.5), 0.05 M KCI, AreS-VLV was subjected to a 2 h heat treatment at 80 °C or no heat
treatment. Fractions ofelated or unheated protein were subsequently purified by size exclusion,
concentrated, and brought to 10%(D(v/v) and 0.01% sodium azide (w/v). By size exclusion,
peak maxima between heated and unheated oligomer samples varied by +0.3 mL, which may be
aresult of column error or structural differences upon heating. For all preparations listed above,
NMR experiments were performed on a Varian Inova 600 MHz spectrometer equipped with a
H/N/C cryogenic probe™N-'H correlation (HSQC) spectra were emfled in 5 °C
increments from 5 °C to 25 °C. Data were processed with NMRPipe (NIH) and analyzed with

SPARKY (UCSF).
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Size exclusion chromatographéffinity -purified, refolded wildtype Arc and S/LV proteins

were injected onto a Superdex 75 size exclus@umn (HR 10/30, GE Healthcare) at 350 uM
loading concentrations and eluted isocratically with SB250 buffer. Two sharp peaks were
typically visible in the resulting -¥LV chromatogram: a large peak at 9.9 mL elution volume,
representing oligomeric-8LV, and a smaller peak (up to approximately 10% the integrated
area of the larger peak) at 13.0 mL, representing dimeXt\5 When heatannealed S/LV

was loaded onto the size exclusion column, only the putative oligomer peak was visible. The
size exclu®n fraction (1 mL) containing this peak was collected and centrifugally concentrated
(Amicon Ultra) for use in further analyses. Alaracterizatiorexperiments, unless otherwise
noted, were performed with heat annealed,-sk#usion purified S/LV. The void volume of

the Superdex column was determined using the elution volume of blue dextran (1 mg/mL; 2000
kDa) (SigmaAldrich). The molecular weight of-8BLV was estimated by a linear regression
analysis using the elution volumes of low molecular Wepotein calibration standards (Sigma
Aldrich) including aprotinin (3 mg/mL; 6.5 kDa), cytochrome ¢ (2 mg/mL; 12.4 kDa), carbonic
anhydrase (2 mg/mL; 29.0 kDa), bovine serum albumin (5mg/mL; 66.0 kDa). All standards and

protein samples were injectedla® mL volumeat 25 °C

Sedimentation equilibriumS-VLV protein at three loading concentrations (30 uM, 60 uM, and

90 uM ) in SB250 was analyzed at three rotor speeds (10000 rpm, 13000 rpm, and 15000 rpm) at
20 °C in a Beckman Xl analytical ultracentrifuge to generate radial distribution curves.
Absobance was monitored at 280 nm with a radial spacing of 0.001 cm. At each rotor speed, 20
replicate scans were collected. The apparent molecular weightvblVSvas determined by

fitting sedimentation curves to a standard single species model using dgasgitd (Synergy
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Software; Reading, PA). Buffer density and partial specific volume were estimated using
SEDNTERP (J. Philo; Thousand Oaks, CA) The apparent molecular weight estimated in
Kaleidagraph was used to determine the apparent number of subungsthes isotopically

averaged molecular weight for stidgged SVLV (7599.7 Da).

Mass spectrometryVild-type Arc and SVLV proteins were refolded and dialyzed into 1.0 M
ammonium acetate (pH 7.0) followirtenaturing Ni*-NTA affinity purification. Eab sample

was diluted to 5uM concentration and buffer exchanged into 0.1 M ammonium acetate, pH 7.4,
using size exclusion spin columns (BioRad, Hercules, CA). Mass spectra were acquired using a
Waters Synapt G2 quadrupole thokflight instrument (Mancester, UK). Typical operating
conditions for analysis of protein complexes using this instrument have been described in detail
recently (112). Briefly, native nESIwas performed using honpaulled borosilicate emitters
loaded with 10 pL of buffer exchanged protein solution and fitted onto a custom nESI source.
Instrument parameters were optimized for preservation otoealent protein complexes. Most
critically, the inlet pressure was raised to approximately five times the normal level to provide
collisional ion cooling, while DC offsets throughout the instrument were reduced to the lowest
practical values to prevent unwanted ion activatiomarGe state envelopaveredeconvoluted

to neutral masses using MagTi@mi?3).

Circular dichroism: Far ultraviolet circular dichroism spectra of wilgpe Arc, SVLV, and
switch Arc were obtained in SB250 at 20 °C using 100 pM size exchpsioaprotein in a 0.1
mm path length cuvette on a Olis DSN) CD spectrometer. Scans were collected using a 10

second integration time per scan and signal averaging of 3 scans measured at 1 nm increments
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from 260 nm to 195 nm. Thermal denaturation profiles of 4yifte Arc and S/LV were
obtained in SB250 using 50 pM size exclusmure protein samples in a 2.0 npathlength
cuvette. Samples were heated from 20 °C to 100 °C with a 3 minute sample equilibration time, 2
°C step size, and 60 s data collection time while ellipticity was monitored at 222 nm. Reverse
melts utilized the same parameters as the forwartsmalear UV circular dichroism spectra of
wild-type Arc, SVLV, and switch Arc were obtained in SB250 at 20 °C using 50 puM size
exclusionpurified protein in a 1.0 cm pathlength cuvette. Scans were collected using a 20
second integration time per scardasignal averaging of 3 scans measured at 1 nm increments

from 305 nm to 260 nm.
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CHAPTER THREE

TOWARD A STRUCTURE OF THE &LV OCTAMER

Overview: In Search of the Octamer Structure of AreS-VLV.

As described in Chapt&; Arc-S-'VLV representsone x ampl e of a HApol ymet an
containing at least three structures from a single amino acid sequence. Specifically, three polar
to-hydrophobic surface substitutions in the ribbon region of the-tygd Arc repressor protein
(Arc-S-VLV) lead to he concurrent population of two dimer and two highwter oligomer

folds. These degenerate states continue a pathway from a single-mddbehelix wild-type

structure, through two dimeric folds in AM11L, to multiple folds in AreS-VLV, including

higherorder oligomer folds that are less helical than the dimer folds. Since the structures of the

two dimer forms are known, determining the structure of the higidar oligomer(syvould be

particularly enlighteningespecially ifit represents one orerenovelfoldedstructures

As noted briefly in the preceding chapter, A¢/LV is actually capable of folding into two
possible oligomeric states, octamer and heptamer, depending on the application of an 80 °C heat
treatment. These two oligomers @iffin molecular weight by 7.5 kDa, and are indistinguishable

by size exclusiomn a Superdex 75 columrHowever, both sedimentation equilibrium and-ESI

MS (Figure 24 ard 2-5) suggest that an octamer, possibly exclusivislyprmed when AreS-

VLV is heaktd to 80 °C. Since the octamer seems to represent the lowest energy conformation,
which is accessible by the application of a heat treatment, we chose this form as a target for
higherorder characterization. At approximately 60 kDa in size, theSAVLV octamer is too

small to be welresolved by electron microscopy; however it is a possible target for high

resolution NMR and cutallography studies. The tasékisolating the octamer, developing a
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construct that minimizes protein size and disordereibmeg and attempting higiesolution

structural studies comprise thibapter.

As discussed in the preceding chapter, figgolution octameric structures make up less than 2%
of the PDB(110), although oligomers of some type are formed in78& of proteing109).
Smaller oligomers are more romnonly solved than larger onewjth homodimer structures
vastly nore common than oth@ligomers(109, 110). Additionally, homomer structures, like S
VLV, are more common than hetarers(110). An estimate for the conservation of quaternary
structures during evolution suggests that at a sequence identity level of 90% {AK¢ shares
94% sequence identity with wiiype Arc), 93% of proteins will exhibit the same symmetry type
(109, although in Arc represspas shown here, high sequence identibes not necessarily
correspod to the same oligomeric stat&Vild-type Arc is a homodimer with-fbld symmetry.
While the simplest symmetry type for thevV&V octamer would be an-8Id symmetric protein,

the prediction above suggestsut does not diate-a lowersymmetry homooctamer. The
symmetry of the S/LV octamer is one aspect of the pursuit of a high resolution structure, which

will be investigated in this chapter.

First, we identify the components that affect the relative oligomer and dirpetgtions upon
initial refolding and following isolation, showing that higkender oligomer is in exchange with

the dimer forms, even following heat treatment. We also show that the dimer forvlof S
shows good resonance dispersion by NMR at low teatypess following separation from the
higherorder oligomer, but slowly converts to higheder oligomerover a period of hours to
days At higher temperatures, walispersed resonances from the octamer are present in the
NMR spectrum, suggesting thaketloctamer contains a walldered specific structure (Part 1).

Using limited proteolysis, we determine that /A84d/LV contains a proteaseesistant core, and
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can be reduced in size while still maintaining the higireler oligomer fold, mainly by removal

of residues from the @&rminus of the protein. An NMR spectrum of the/BV trypsin-
resistant core contains the same dispersed peaks present in a high temperig¢agHUEVLYV
sample, suggesting that the proteolysis improves the spectral qualibhe aictamer at low
temperature by reducing its size. Using the protechgsisstant core as a guide, we develop a
shortened, purely high@rder oligomer construct, ALV 4-44, through deletion mutagenesis
and characterization with circular dichroisnmdasize exclusion. ARY/LV 4-44 contains
chemical shift dispersion by NMR similar to trypsinolyzed/ISV, but contains some pooHy
dispersed, strong peaks, which we are able to assign to-téendal segment of the protein,
suggesting some subunits of AVLV 4-44 are partially disordered before residue 44 (Part 2).
From this new starting point, we perform additional limited proteolysis experiments in
combination with further NMR characterization and crystal screens/trials in order to progress
towarda threedimensional structure of the\A_V octamer (Part 3). Although at the time of this
writing we have not obtained a higlasolution structure of the octamer, the progress described
here provides some insight into the organization and topology obdtemer and suggests
obtaining a higkresolution structure isn attainable goal in the near futureThe results
presented hene suggest that the octamer structure contains lower than eightfold symmetry and
that the octamer is comprised of at least twbusits with different degrees of order, both with

less ordere-terminithanwild-type Arc.

This work currently forms dissertationchapter only, although it may constitute the foundations
of a paper if a detailed structure is obtained from diffracting crystals or some other method. All

work was performed by K. Stewart.
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Part 1: Exchange between the Multiple Forms of AreS-VLV.

Chagper 2 of this dissertation focused primarily on the higbeder octamer form of AFS-VLV.
However, the dimer form is also populated to a lesser extent in both high and low salt buffers
across a moderate pH range. The amount of dimer is diminishedday artnealing treatment at

80 °C for four hours, rendering dimer effectively absent for samples analyzed immediately
following heating. This section addresses what happens followirigl irefolding of ArcS-

VLV and isolation of the oligomer or dimer fas by size exclusion.

Buffer salt concentration, but not pH, affects the oligomeitto-dimer ratio in Arc -S-VLV .

The higherorder oligomer forms of AKS-VLV can be readilyresolvedfrom the dimer forms by
size exclusion, allowing for a semuantitative assessmeuitthe oligomeito-dimer ratio,since
there are no additional detectable impurities present in a size exclusion chromatograns-of Arc
VLV due to high expression levels thfe protein (Figure-2 Panel A). As discussed in Chapter

2, an 80 °C heat annealing treatment for four hours causes almost complete conversie® of Arc
VLV to the octameric form in 0.05 M Tris (pH 7.5), 0.25 M KCI (SB250), as detected by size
exclusionchromatography (Figure-2). For the NMR and ESWIS experiments discussed in
Chapter 2 (Figure-2 Panel B and Figures2 through 27), Arc-S- VLV was purified under
denaturing conditions by Ki-NTA affinity chromatography and refolded by dialysis at 4 °C into
0.05 M MES (pH 5.5) and 0.05 M KCI for NMR experiments and 0.1 MOt (pH 7.0) for
ESFMS experiments. Prior to heat annealing, weiceotthat ArcS-VLV adopteddifferent
ratios of oligomeric versusdimeric proteinin different buffers at similar protein concentrations

by size exclusion chromatography, following dialysis refolding (FiguteaBd Table ).
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In order to determine whether salt concentration, pH, or both factors were responsible for the
changes in the oligoméb-dimer ratio between buffers, we refolded identical concentrations of
Arc-S-VLV by dialysis at 4 °C into buffers with varying salt concentrations (50, 150, 250 uM)
and pH (over a range of 2 pH units per buffer). We measured thefatlee oligomer and dimer
curves as compared to thetal area of the chromatogram, whicbrrects for small errors in
proteinconcentrations between samp(€sgure 32 and Table ). SVLV refolded into high

salt buffer contained kargerpercentagef higherorder oligomer than-§¥LV refolded into low

salt buffer. While the low salt buffer still favored higleeder oligomer over dimer, these
samples containedlargerpercentage of dimer than the high salt samples in both fAdisvEES
buffers. Hgh salt favors the highesrder oligomer folgd suggestinghat electrostatic repulsions

may be worse in the octamer, but are diminishedrbyncrease in ionic strengthVariations in

pH, unlike salt concentration, do not seem to affect the oligbordimer ratio: across a range of

two pH units, the oligometo-dimer ratio in both buffers remains relatively constant. While this

is not an exhaustive study of conditions, it does suggest that more dimer form is present in low
salt SVLV samples, although imll samples, the higharder oligomer remains the dominant

species (when the protein concentration is above ~100 uM).

Exchange between the higheorder oligomer and dimer forms requires days to occur.

Arc-S-VLV initially refolded at 4 °Cbeginsto exclange from dimer to higherder oligomer
progressively over time if incubated on the benchtop at 25 °C. (Fig8i@n8 Table 38). This
trend is observed in both heated and unheated samples in Tris, MES, and amauetaie

buffers A kinetics curvditted to this dad produces an exponent@ddcayrelationship thatloes
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MES 50 55 103 71 29
MES 150 55 65.5 86 14
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tris 250 8.5 68.0 93 7
MES 50 55 51.6 71 29
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Figure 3-2 and Table 32: The Arc-S-VLV oligomer-to-dimer ratio is affected by buffer salt
concentration, but not pH following dialysis refolding. 150 uM unheated Ar&-VLV was refolded by
dialysis into the listed buffer at 4 °C. In (A) and (B), KCI concentration is varied in Tris and MES
buffers. In (C) and (D), pH is varied in Tris and MES buffers. In all chromatograms, the earlier elution
peak represents the highender oligomer form and the later elution peak represents the dimer form of
Arc-S-VLV.



94

not fit a simple rate lawwhen fit to an exponential decay equation, thisa appears to fit a 12

order rate(Figure 33, inset). Considering the dimer to higloede oligomer transition alone,

we know from far UV circular dichroism (Figure®and Table 2) that a reduction in helicity

and increase in strand content accompanies this fold change. Previous work determined that the
unfolding rate of AreN11L, which adpts both dimer folds, is 0.86¢" (97). This isfasterthan

the rate suggested for\B.V dimer to higherorder oligomer conversionndicating that dimer
unfolding or partial unfoldingould take place prior to higherder oligomer conversion from

dimer, although initial refolding is partitioned between dimer and higitde oligomer.
Another rationale for this complex rate may be that the reverse exchange process is important for
the conversion, which would explainetipoor fit to an exponential decay rate discussed above.
As detailed below, exchange can occur in the dito@ligomer or oligometo-dimer direction,
dependent on protein concentration and solution conditions. At present, however, the molecular

detaik of the conversion are unclear.

Relatedly, if dimer or higheorder oligomer is isolated by size exclusicmmomatographythe
isolatedform will slowly repopulate the opposite species. Even a sample of heat annealed,
isolated octamer repopulates a smathount (3%) of dimer almost immediately, and this
percentage increases on the heordays timescale (Figure-8 and Table 31). Thus, the
octamer, heptamer, and dimer form(s) are all presumably @apabkchange under appropriate

conditions.

As a second means to monitor exchange, we separated dimer fromdrggreoligomer by size
exclusion chromatography, then visualized the conversion from dimer to Huiglesr oligomer
over a period of days to weeks by collecting HSQC spectra over ti2te &. A companion

sample of separated high@mer oligomer showed poor dispersion at 25 °C, dulegdact that
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Figure 3-3 and Table 33: The Arc-S-VLV dimer form converts to higher-order oligomer on the
hours-to-days timescale at 25 °C450 uM unheated Ar&-VLV in 0.05 M MES (pH 5.5), 0.05 M KCI

was refolded at 4 °C, incubated at 25 °C for listed time, and chromatographed on a Superdex 75 column
in the same buffer. The inset graphs the decrease in dimer percentage over time frome.th€hiab
exchange does not obey a simple first or second order kinetics rateéNlete. that the minor shifts in

elution volumes between samples are within the range of error for the column and correspond to the same
oligomeric states.
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Figure 3-4 and Table 3-4: Isolated, heated AreS-VLV higher -order oligomer converts to dimer on

the hoursto-days timescale at 25 °C200 uM ArcS-VLV washeated for 4 h at 80 °C in 0.05 M MES
(pH 5.5), 0.05 M KCI, then immediately chromatographed on the Superdax th® same buffeto
isolate the higheorder oligomer formof the protein Samples were then-ran over the column
following incubation at 25 °Csadescribed above. sAthe incubation time increases, the dimer species is
repopulated, with a small amadusf dimer repopulated initially following high@rder oligomer isolation.
The inset graphs the increase in dimer percentage over time from the table.



97

ordered regions of the oligomer may exhibit rapid transverse relaxation because of the large
molecula size of the octamer. As a result, only resonances in poorly ordered regions are visible
(data not shown, but similar to the four day spectrum from FigeBe 3The higheorder
oligomer occupies the center of the spectrum throughout the-daylttime ourse, and lacks

any welldispersed peaks at 25 °C. By contrast, the initial dimer spectrum shows good chemical
shift dispersion, although a large group of poorly dispersed residues is pnebententer of the
spectrum perhaps reflectinggome initial repopulation of th higherorder oligomer species
(Figure 35). After four days, the spectra of dimer and oligomer overlay almost identically (data
not shown), suggesting that a portion of dimer is gradually converted to Joiglegroligomer.

This expeiment confirms the exchange from dimer to oligomer seen via size exclusion, and also

reveals distinct NMR spectral properties of the dimer and oligomer(s).

High temperature NMR spectra reveal welldispersed resonances for the -8LV higher -

order oligomer.

Since the large size of the highender oligomer complicated our ability to visualize this form at

low temperatures as a result of transverse relaxation, we incrementally increased the temperature
of the separated-8LV oligomer sample and collected IQ& spectra in TROSY mode (Figure

3-6). At 25 °C, the oligomer is poorly dispersed, and contains some level of dimer resonances,
similar to the spectra shown in Figurés3 When the temperature is increased to 35 °C, weak
peaks begin to appear in the regiivom 9.011.0 ppm, indicating the emergence of ordered
regions of the higheorder oligomer. The signals for these peaks increase further as the

temperature is increased by anotheil50°C, until they are quite prominent at88 °C. In this



98

10.0 9.5 9.0 8.5 - 80 75 70
Arc-S-VLV separated dimer
initial
1 day at 25 °C
1101 4 days at 25 °C r110
. ©
115- & £115
£ ;
a o &
-
& 1201 % -120
A @
3 o ® -
0 o
125- 125
]
130+ -130
1351, : , , . , : _+135
10.0 9.5 9.0 8.5 8.0 7:5 7.0

wo-TH (ppm)

Figure 3-5: The SVLV dimer slowly converts to oligomer at 25 °C: dispersed peaks diminish by
NMR. 2D 'H-"N correlation spectra of 0.5 mM AS VLV separated dimer in 0.05 M MES (pH 5.5),
0.05 M KCI, collected at 25 °C at the time points indicated above. Note the reduction in intensity of well
dispersed peaks by four days.
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temperature regime, the dimer resonances diminish due to either a lower dimer concentration or
exchange broadenirdpe to gbbal unfolding. A low temperatureghe dimer can be observed,
while hightemperatures cause the dimer signal to diminish and the rogter oligomer to be
visualized. Thisheatdependentransition indicates that wetlispersed dimer resonances are
apparent in an &LV spectrum at low temperatures. esbonances from the higherder
oligomer are also welllispersed, but must be viewed at high temperatures, due to the larger size
of the octamer. At 45 °C and 50 °C in particular, the higinder oligoner contains dispersed
peaks indicative of a wefblded core whichmay be potentially solvable by NMR. However, a
large group of poorkgispersed residues persists in the center of the hajyder oligomer
spectrum, suggesting some disordered regionthefprotein are also present. An additional
complication is that dimer signal is diminished greatly at high temperature, but is still present at
low levels, potentially adding additional chemical shifts to the spectrum. Thus, while obtaining
the struatire of the higheorder oligomer does appear to bepatentially feasiblegoal by
performing high tempature experiments in TROSY moddinginating the disordered regions of

the SVLV octamer and the interference of dimer would help to improve the spquatty.

Conclusions: Conversion between forms in a polymetamorphic protein.

The results presented here suggest that the oligtmytemer ratio in AreS-VLV is affected by
buffer salt concentration, but not pH. Once refolded, higihéer oligomer ad dimer exchange
on the hourgo-days timescale. Even upon isolation, higbeter oligomer will repopulate
dimerpopulationslowly under certain conditionsThereverses also true.By NMR, dimeric S
VLV contains more weldispersed resonances thagherorder oligomer at 25 °C, but these

well-dispersed peaks diminish after a period of hours, presumably as a result of conversion to
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Figure 3-6: Higher temperatures increase the relative resonance intensity of the\BV octamer
over the SVLV dimer. One portion of a 2BH-">N correlation spectra of 1.3 mM hedagated AreS-
VLV collected at increasing temperatures in 0.05 M MES &5 in TROSY mode. WIl-dispersed
resonances, presumably representing peaks from the ‘uglearoligomer species, begin tppear in the

region showrat 35 °C.
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higherorderoligomer. However, weltlispersed resonances corresponding to the hlder
oligomer are present in-8LV at high temperature, suggesting that the higireer oligomer
contains both mobile regions (low temperature peditpersed patch) and a foldedre (high
temperature weltlispersed resonances). This folded core could potentially be isolated for high

resolution structural studies.

Returning to the kinetics of higherder oligomer and dimer conversion, an analysis of the
exchange process is colicated bythree, potentially fourforms of the proteirthatare able to
interconvert. The brief analysis we have conducted reveals nothing about the mechanism of
interconversion between the forms, though the rate of dimer to oligomer conversion ssecnsi

with a requirement for prior unfolding of dimer. A technique that is able to differentiate protein
species based on shape as well as size, such as ion mobility spectrometry coupled to electrospray
ionization mass spectrometry (EBS-MS), could hgb answer this questiofi1l4). ESHMS-

MS meastes thecross ect i onal area (q) of protein speci
forms of the same oligomeric state; a timecourse of Arc conversion between dimer and higher
order oligomer could be tracked by EB®MS-MS, and would suggest relatip®pulations of the

multiple forms over a period of exchange. This information would provide valuable insight into
the higherorder oligomer structures by suggesting the initial template for their formation from

the dimer folds.

This exchange work proves a starting point for characterization of the higtreler oligomer,
suggesting that isolation of the higkmder oligomer from the dimer and removal of the
disordered regions of the-\A.V octamer could provide a pathway toward a hrgkolution

structue.
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Part 2: A Minimal SequenceConstruct for Higher -Order Oligomer Formation.

An NMR spectrum of the Ar&VLV higher-order oligomer at 25 °C is poorblispersed,;
however, a spectrum at high temperaturehich limits dimer interference and transverse
relaxation, suggests that the higloeder oligomer also contains wellructured elements (Figure
3-6). Although a significant improvement, the high temperature spectrum still contains- poorly
dispersed resonances suggestive of disordered regions incthmeo and some residual

interfererce from the dimer form. &noving these elements is the focus of this section.

Limited proteolysis of Arc-S-VLV reveals a trypsin-resistant core that is not present in

wild -type Arc.

In order to improve the spectral @ity of the SVLV octamer by eliminating the disordered
regions of the structure, we exposed an-8#¢LV sample to limited trypsinolysis. A limited
proteolysis should reduce the strong peaks of pemdgred regions and improve spectral
linewidths of @dered regions by reducing the overall size of the oligomer, yielding an improved
spectrum. Following four hours of incubation with a range of trypsin concentrations, a stable
core persists in AFS-VLV (Figure 3-7). This proteaseesistant core is notetiected in wild

type Arc, suggesting that a region elV&V is more resistant to trypsin, and may be structured
differently than the wiletype protein (Figure-3). In an SDS gel comparison of wilgpe Arc

and SVLV, full -length wildtype Arc persists lager than fullength SVLV, but is completely
digested to fragments < 3 kDa within 120 m with 0.2 mg/mL trypsin. By contrastefgth S

VLV is digested almost immediately, but two smaller fragments persist through the remainder of

the proteolysis (24@n). A comparison of theéands to the gel standards suggepioximately
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Figure 3-7: Limited trypsinolysis of Arc-S-VLV yields a proteaseresistant core not present in wild

type Arc. 100 uM wildtype Arc and AreS-VLV in SB250 digested with 0.2 mglotrypsin for O to 240

mi nut es. Low mol ecul ar weight standards are sho
protein without exposure to trypsin. The * represents the status of trypsinolysis at the point where
MALDI -MS samples were collecte@0 m in Tables & and 37, and 120 m in Table-8. Note that

wild-type Arc is completely digested by trypsin in 120 m, while two protessistant fragments persist

in Arc-S-VLV.
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wild-type Arc:
m/z intensity fragment size % sequence
(x1000) error
1344.602 1.8 7-16 0.00 MKGMSKMPQFNLRWPREVLDLVRKVAEENGRSVNSEIYQRVMESFKKEGRIGAHHHHHHKNQHE
1944.86 11 32-47 0.02 MKGMSKMPQFNLRWPREVLDLVRKVAEENGRSVNSEIYQRVMESFKKEGRIGAHHHHHHKNQHE
2006.885 0.9 1-16 0.03 MKGMSKMPQFNLRWPREVLDLVRKVAEENGRSVNSEIYQRVMESFKKEGRIGAHHHHHHKNQHE
2287.007 1.0 32-50 0.03 MKGMSKMPQFNLRWPREVLDLVRKVAEENGRSVNSEIYQRVMESFKKEGRIGAHHHHHHKNQHE
2829.007 1.0 24 - 47 0.01 MKGMSKMPQFNLRWPREVLDLVRKVAEENGRSVNSEIYQRVMESFKKEGRIGAHHHHHHKNQHE
3170.642 0.9 24 - 50 0.03 MKGMSKMPQFNLRWPREVLDLVRKVAEENGRSVNSEIYQRVMESFKKEGRIGAHHHHHHKNQHE
3717.103 0.5 1-31 0.02 MKGMSKMPQFNLRWPREVLDLVRKVAEENGRSVNSEIYQRVMESFKKEGRIGAHHHHHHKNQHE
3988.583 05 32-64 0.01 MKGMSKMPQFNLRWPREVLDLVRKVAEENGRSVNSEIYQRVMESFKKEGRIGAHHHHHHKNQHE
5327.593 0.6 7-50 0.08 MKGMSKMPQFNLRWPREVLDLVRKVAEENGRSVNSEIYQRVMESFKKEGRIGAHHHHHHKNQHE
5988.112 1.9 1-50 0.04 MKGMSKMPQFNLRWPREVLDLVRKVAEENGRSVNSEIYQRVMESFKKEGRIGAHHHHHHKNQHE
7689.453 0.7 1- 53 + st-11 tail 0.04 MKGMSKMPQFNLRWPREVLDLVRKVAEENGRSVNSEIYQRVMESFKKEGRIGAHHHHHHKNQHE

Table 35: Trypsinolysis of wild-type Arc yields fragments showing both N and C-terminal
cleavage. MALDI -MS fragments from 100 uM wikltlype Arc trypsinolyzed for 20 m in 0.05 M MES

(pH 5.5), 0.05 M KCI. These fragments are mapped onto the protein sequence in red. Percent error
represents the differea between the theoretical mass and the observed MAMPIMass.

Arc-S-VLV (20 m):

intensity %

m/z (x1000) fragment size error sequence
1944.863 4.4 32-47 0.02 MKGMSKMPVFLLVWPREVLDLVRKVAEENGRSVNSEIYQRVMESFKKEGRIGAHHHHHHKNQHE
2287.020 1.6 32-50 0.02 MKGMSKMPVFLLVWPREVLDLVRKVAEENGRSVNSEIYQRVMESFKKEGRIGAHHHHHHKNQHE
3628.718 4.8 1-31 0.02 MKGMSKMPVFLLVWPREVLDLVRKVAEENGRSVNSEIYQRVMESFKKEGRIGAHHHHHHKNQHE
4708.513 1.0 1-40 0.04 MKGMSKMPVFLLVWPREVLDLVRKVAEENGRSVNSEIYQRVMESFKKEGRIGAHHHHHHKNQHE
5902.419 4.0 1-50 0.06 MKGMSKMPVFLLVW PREVLDLVRKVAEENGRSVNSEIYQRVMESFKKEGRIGAHHHHHHKNQHE
7603.970 1.2 1-53 +st-11 tail | 0.04 MKGMSKMPVFLLVW PREVLDLVRKVAEENGRSVNSEIYQRVMESFKKEGRIGAHHHHHHKNQHE

Arc-S-VLV (120 m):

m/z 'F;?S;g fragment size e:lfor sequence
3411.635 35 3-31 0.00 MKGMSKMPVFLLVWPREVLDLVRKVAEENGRSVNSEIYQRVMESFKKEGRIGAHHHHHHKNQHE
3674.438 9.5 1-31 0.01 MKGMSKMPVFLLVWPREVLDLVRKVAEENGRSVNSEIYQRVMESFKKEGRIGAHHHHHHKNQHE
5303.868 1.1 3-47 0.04 MKGMSKMPVFLLVWPREVLDLVRKVAEENGRSVNSEIYQRVMESFKKEGRIGAHHHHHHKNQHE
5712.377 6.2 3-50 0.04 MKGMSKMPVFLLVWPREVLDLVRKVAEENGRSVNSEIYQRVMESFKKEGRIGAHHHHHHKNQHE
5958.091 35 1-50 0.24 MKGMSKMPVFLLVW PREVLDLVRKVAEENGRSVNSEIYQRVMESFKKEGRIGAHHHHHHKNQHE
5975.229 17 1-50 0.04 MKGMSKMPVFLLVW PREVLDLVRKVAEENGRSVNSEIYQRVMESFKKEGRIGAHHHHHHKNQHE

Tables 36 and 37: Trypsinolysis of Arc-S-VLV vyields a proteaseresistant core containing the

strand and helix A regions. MALDI -MS fragments from 10@M Arc-S-VLV trypsinolyzed 20 m in

0.05 M MES (pH 5.5), 0.05 M KCI (above) and 100 iM Arc-S-VLV trypsinolyzed 120 m in 0.05 M

MES (pH 5.5) (below). These fragments are mapped onto the protein sequence in red. Percent error
represents the differenbetween the theoretical mass and the observed MALBIMass.
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6 kDa and 4 kDa fragments.

To quantify the differences in the rate of digestion and the fragments produced between wild
type Arc and S/LV, we analyzed trypsinolyzed samples by MAL-DIS (Tables3-5 and 36).

A set of wildtype and SVLV samples were incubated with trypsin for 20 which allowed
partid digestion of both proteins. Theild-type Arc samplecontained a variety of fragments,
with major cut sites at residues K6, R23, R31, K47, ahd. Rin this protein, trypsin is able to
cleavefrom both the N and Gtermini. Arc-S-VLV contained a smaller number of fragments
from a 20 m digest. The strongest peaks correspond to residife$519 kDa) and -B1 (3.6
kDa), suggesting that these fragnt lengths represent the twtvong bands in the SDS gel. A
strong peaks also preserfor residues 3217, but at 1.9 kDa, this fragment would likely be too
small tobe resolved by SDBAGE All of the fragments present in theV&V proteolysis are
also presenin wild-type Arc, except a fragment for residued@, which may represent a partial
proteoysis of the SVLV 1-31 fragment, since the-31 fragmentpersistsin the 120 m sample,
but the 140 fragment does notThe major cut sites in-BLV occur at residues R31, K47, and
R50. Interestingly, there is no cut site iAVBV at residue K6. This suggests that the N
terminal region of S/LV is either folded differently in S/LV than in wild-type Arc (and
protected from proteolysis), or that thegalinerization interface of-8LV somehow protects

this region from proteolysis.

In order to further assess the identity of the persistent fragmen¥1iv Sve analyzed a 120 m
trypsin digest sample of-8LV with MALDI -MS (Table 37). In this sample, cleavage occurs
at K2 and a variety of positions near thée@minus which are alsobserved in the 20 m digest.
Thus, some proteolysis of the\&V N -terminus occurs over time but it is much slower than the

C-terminal cleavage. As in the 20 m sample, there is no trypsinolysis at residues K6 or R16,
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suggesting that the strand regionnportant for the higheorder oligomer fold. This result also
confirms that the 1/50 and 1/331 fragments persist throughout proteolysis and may represent

minimal sequence constructs for eliminating disordered regions of\thé/Sctamer.

We preparea °N-labeled sample of the proteassistant core of AKS-VLV to assess whether
the NMR spectral quality of Ar&VLV was improved by the trypsinolysis. Indeed, a fhon
TROSY spectrum of trypsinolyzed\A.V obtained at 25 °C shows comparable dispersioth
overall spectral qualityo full-length SVLV at 4550 °C in TROSY mode (Figure-8). The
trypsinolysis spectrum suggests that th¥LY spectral quality can be improved through the
removal of disordered regions, eliminating the necessity of high tatupeHSQC experiments

for visualizing the welldispersed octamer.

From this set of experiments, we determined that&xd_V contains a welfolded protease
resistant core. This core is not present in ajge Arc, suggesting that the A&VLV
oligomer forms a novel structure different than a simple multiplicity of syjoe or switch
dimers. Instead, two fragments made up of residue81L@d 1/3&0 resist trypsin digest in-S

VLV, but are shoHived in wild-type. These two fragments may reprederat different subunit
lengths which comprise the octamer structure or two different octamer forms which can be
assembled from subunits of the same length. An NMR spectrum of the pnasiasent core
resembles the fulength protein, indicating thahé SVLV octamer can be proteolyzed to a
smaller, welfolded structure without significantly affecting the global octamer fold. The
proteaseesistant core can be studied at room temperature without TROSY mode, reducing the

demands of obtaining data wiglood spectral quality.
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Figure 3-8: Proteolysis of SVLV improves spectral quality over full-length SVLV, suggesting some
disordered regions have been removed in the digest2D 'H-"N correlation spectra of fulength
(orange) and trypsinolyzed @gn) AreS-VLV. The full-length sample is 1.3 mM hettated, size
exclusion purified AreS-VLV in 0.05 M MES (pH 5.5) collected at 50 °C with TROSY. The
trypsinolysis sample is 0.9 mM size exclusion purified -&¥YLV in 0.05 M MES (pH 5.5),
trypsinolyzed with 0.6 mg/mL trypsin and TLCK quench, collected at 25 °C without TROSY.
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Deletion mutagenesis yields a minimalkgdisordered, exclusively higherorder oligomer

form of Arc-S-VLV.

We aimed to design a shortened construct of &KLV thatcontained the weltructured core
indicated by trypsinolysisand minimized poorly dispersed regions. Previous alanine scanning
results on wiletype Arc repressor suggested that some of the most critical residues for folding of
the native homodimewerelocated in the Helix B region of the protgib3). (Four of the five
alanine substitutions which cauasenfolding inwild-type Arc repressor are located in Helix B
(Figure 17).) Additionally, trypsinolysis results from-BLV suggest that the @rminus
(residues 4%3) can be removed in soroenstructsyielding a proteaseesistant core which still
adopts a higheorder oligome fold. Therefore, removing the-t&rminal region from the Ar&-

VLV oligomer should destabilize dimer formation and preserve higlaer oligomer

formation.

In order to form a minimal sequence construct, we removed residues frorm tine&CXerminus

of Arc-S-VLV in threeresidue blocks by deletion mutagenesis. (Thie@inalstlltag was

left intact for purification of the shortened constructs.) In Arc repressor, poor protein expression
correlates with poor folding and stabilif@l, 111), therefore a qualitative assessment of the
protein yield following preparatiordenaturingNi?*-affinity purification, and dialysis refolding

into high salt buffer can suggest the limits of the construct size initially from the purification
(Table 38, 3% column). Yield of soluble refolded protein decreases dramatically beyond a 12
residue Germinal deletion, and significantly beyond-ae3idue Nterminal deletion. Following
purification, all truncation mutants were characterized by size exclusimmatographyand
circular dichroism to determine whether the approximate secondary structure ofVibé S

oligomer remains intact, whether folding and stability are maintained, and whethefaimer



N—termi_nal C-termi_nal yield refolded T, (°C)*
truncation | truncation | protein (pM)*

350 91
3N 220 91
6N 80 85
6C 270 90
9C 280 85
12C 210 71

15C 10 no melt
3N 9C 220 82
6N 9C 15 44
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Table 3-8: Yield of refolded protein and thermal stailities for N- and C-terminal truncation

mutants indicates potential minimal sequences for AKS-VLV. This table describes the apparent
refolded protein yield and melting temperatures of-B4¢LV truncation mutants. Note in particular that

the yield ofsoluble purified protein is greatly reduced when 15 or more residues are removed from the C
terminus. Thermal melts of truncation mutants were collected at 50 puM protein concentration in SB250

buffer from 0 to 100 °C with a 2 degree step size and 2 miaquilibration time in a 2.00 mm path

length cuvette. Note that all melts except fD5C and 6N/9C were reversible, similarly to fidhgth

Arc-S-VLV.

A Fol

| owi

ng growth as

a 1

L dematutingNi%-NTA purificatioB, ,
collection of 10 mL purified protein andfolding by dialysis into SB250 buffer, as described in the

har v

materials and methods. The concentration measurements can be expected to vary approfibdately +

due to several sources of error which include defisity at time of induction and increases in protein

volume during dialysis.

*Due to the high T, values for most melts, reported values are + 3 °C.
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Figure 3-9: Characterization of three-residue Arc repressor deletion mutants by far UV circular
dichroism and size exclusion to arrive at a minimal sequence for the\B.V oligomer. (A) 25 pM
Arc-S-VLV truncation mutants in SB250 in a 1.00 mm path length cuvette at 20 °C. Names of mutants
are designated by the number of residues removed followed byrthi@ue of removal. (B) 150 uM
unheated @erminal truncation mutants in 0.05 M MES (pH 5.5) 0.05 M KCI. Note that some dimer is
still formed in VLV-6C, and a small peak with a late elution volume is present in bothrQ@ \and

VLV -12C, and appears to im@se in size with increasing truncation. \ilde Arc and heated-8LV

are shown as dashed lines for comparis®he variations in the oligomer elution volume between the
truncation mutants and heated Ad/LV can be attributed to the removal of ressdu which increases

the apparent elution volume.
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are present (Table -8 and Figure 39). These characterization results agreed well with the
protein yield results. Foexample, VLV 15C, which expressed poorly, also shows no therma

folding transition (Table &B).

When we removed residues3lof Arc-S-VLV (MKG; Arc-VLV-3N), the overall structure of
the higherorder oligomer appeared unchanged from the-lémgth construct in stability,
secondary structure, and the presenci@timer in an unheated sample (Tabl8 and Figure
3-9). Removal of the next three residues (MKGMSK;-XilcV -6N) produced a variant which
yielded considerably less protein than AtV -3N following initial refolding (Table 38). The

far UV circular dichraism profile and elution volumes of the oligomer and dimer peaks by size
exclusion of VLM6N differed from the S/LV oligomer and other truncation variants,
suggestinghatthis deletion is too close to residue44 and may disrupt the oligomer structure
(data not bown). An NMR sample of VLWN suggested some structural differences from S
VLV, but was not studied in detail (data not showrlhe minimal Nterminal truncations
tolerated in SVLV are alsosupported byArc-S-VLV trypsinolyzed for 120 m (Tabé 37),
which suggestethat thefirst three but not six, residues can be removed, despite the presence of

a lysine residue at position 6.

We next removed residues from thete@minus of AreS-VLV beginning with six residues
(EGRIGA; ArcVLV -6C). By ske exclusiorchromatographya small amount of dimer was still
detectable (Figure -8 Panel B) in this samplalthough the far UV profile and melting
temperature oYLV -6C appeared unaffected by the truncation (Tab8ahd Figure ®). Since
VLV-6C was highly stable and weliolded, we removed an additional 3 residues
(FKKEGRIGA; Arc-VLV-9C). The VLV-9C truncation removed the F45 residue whizis

required for dimer folding in thevild-type alanine scanning experimém8). In this mutant, the
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melt profile remained reversible but contained a relatively minor 5 °C temperature reduction
relative to fulllength ArcS-VLV. However, VLV-9C showed no presence of dimer in heated
and unheated samples, in both SB250 and MES/KCI buffers (MES/KCI buffer shown in Figure
3-9 Panel B). A small peak at an elution volume of 14.9 mL representing 2% of the total peak
area (at 150 pM in MES/KCI) suggested that a small amount of disordered/monomeric protein
was populated, possibly as a result of the truncation. We then removed the nexttérraasél
residues (MESFKKEGRIGA; ArRY/LV-12C). A melt of VLV12C revealed thait was
reversibly folded with a J of approximately 71 °C, about 10 °C below VIOC (Table 28).
Arc-VLV -12C shows higher amounts thfe putativedisordered monomer, approximately 19%

of the total area in MES/KCI, which suggested a reduction in the wtalightegrity of this
variant. Additionally, Arc-VLV-12C elutes later than the other deletion variants by size
exclusion, suggesting some possible column interacflanbe certain that VLML2C was not a
structural anomaly, we also produced aVlS/ variant with a fifteen residue -@rminal
deletion (QRVMESFKKEGRIGA; Are/LV-15C). This variant expresses poorly, shows no
thermal unfolding transition, and does not form oligomer by size exclusion (T-8ude@ Figure

3-9), suggesting that residues in tiegion of 4144 are necessary for oligomer formation.

We thencombined the VLV3N construct with the VLWC construct to form ArRYLV 4-44.

We also eliminated thst5tail, leaving six Gterminal histidineresidues for purification, further
reducing the sequence lengtind eliminating additional disorder from thet&minus of the
protein. This minimal construct represents 41 of the original 53 residues in the protein (not
including Gterminal affinity tay), chiefly by remoing a portion of the B Helixhat is critical for

dimer formation. A schematic of the truncated sequence shown on thgympeldtructure of the

protein is shown in Figure-B0.
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disordered strand helix A helix B affinity tag
Arc-S-VLV MKGMSKMPVFLLVWPREVLDLVRKVAEENGRSVNSEIYQRVMESFKKEGRIGAHHHHHHKNQHE
Arc-VLV 4-44 —---MSKMPVFLLVWPREVLDLVRKVAEENGRSVNSEIYQRVMES - ——-————— HHHHHH-----

Figure 3-10: Comparison of full-length Arc-S'VLV and Arc-VLV 4-44 sequences.Truncation sites

are mapped on to the witgipe Arc repressor sequence and structure. Truncated regions absent in the Arc
4-44 construct (including part of thelielix) are shown in pink, with arrows indicating the new termini.
C-terminal affinity tags aralsopresent in both constructs, but are not shown in the figure.
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Characterization of the Arc-VLV 4-44 higher-order oligomer.

To ensurethat the AreVLV 4-44 construct structurally resembled the falhgth higherorder
oligomer, we characterized the shortened construct using techniques similar to those employed
for the fultHlength SVLV octamer(115. Both heated and unheated VL\4 elutesimilarly by

size exclusiorchromatographyas a single peak with an elution volume of 10.8 mL for heated
protein and 10.9 mL founheated protein (FigureBd). (The elution difference is within the
range of error for the column.) When plotted against calibration standards, these elution volumes
correspond to 45 kDa for heated VLV44 and 44 kDa for unheated VL4, or an averagef

8.0-7.8 subunits if this value is divided by eight subunitsdqgoutative octamer structureA
theoretical octamer would be 45 kDa from eight subunits with actual molecular weigh6$9f 5

kDa.

In the full length construct, heat treatment affectiee oligomeric state of the higherder
species, whiclconverted from aeptamer when unheatéd an octamer when heated. We
wanted to determine whether this was also true for the shortened construct, since this seemed
unclear from size exclusion alonélsing sedimentation equilibriunwe compared 30, 6&nd

90 UM heated and unheated VLV44 in SB250 buffer at 10000 rpm, 13000 rpm, and 15000
rpm. For all samples, the data fit well to a single species model (Fighg 3As in the case of
full-length SVLV, heat treatment of VLV 44 shifts the apparent oligomeric state from
heptamer toward octamer (Table9B For heated VLV 414, the average apparent number of
subunits is 7.&t three concentrations over three rotor speeds. By contrast, the average apparent
number ofsubunts for unheated VLV 44 is 7.0at three concentrations oviree rotor speeds.

These values approach whole numbers of subunits more closely than thmensation

equilibrium resultdor full-length SVLV (Table 21) possibly due to a lack of dimetterference
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Figure 3-11: Molecular weight determination of Arc-VLV 4-44 by isocratic size exclusion still
corresponds to an octamer.l75 pM ArcVLV 4-44 in SB250 with calibration standards showm
determine molecular weight. Heated AftV 4-44 has an apparent molecular weight of 45 kéxad
unheated Are/LV 4-44 has an apparent molecular weight4f kDa fromthe regression shown in the
upper right; theheoretical molecular weight fa VLV 4-44 octamer is 45 kDaNote that heated and
unheated VLV 444 elute in similar manner, within the range of experimental error for the column.
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Figure 3-12: Molecular weight and oligomeric state determination of Arc-VLV 4-44 by
sedimentation equilibrium suggess anoctamer upon heattreatment. A representative curve from
sedimentation equilibrium analysis of AWtV 4-44 in SB250 is shown above for heated 60 yuM-Arc
VLV 4-44 in SB250 at 10000 rpm and 25 °C. Theve is fit to a single ideal species.



heated VLV 4-44 in SB250

unheated VLV 4-44 in SB250

M,,, app. (Da) no. of subunits M,,, app. (Da) no. of subunits
10000 rpm 43138 7.6 39888 7.1
13000 rpm 44964 8.0 39195 6.9
15000 rpm 43745 7.7 38938 6.9
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Table 3-9: Apparent molecular weights of heated and unheated ARY/LV 4-44 from sedimentation
equilibrium suggested heated VLV 444 is octameric and unheated VLV 44 is heptameric.
Molecular weights determinday sedimentation equilibrium of both heated and unheated/Axt4-44
in SB250 at three protein concentrations and three rotor speeds. The number of subunits is calculated
using the monomer moleculeveight of ArcVLV 4-44 of 5.7kDa.
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in VLV 4-44, whichpresumably decrease the apparent molecular weight of the {uighear
oligomer when fitting the curves to a single species. Even without idipetein the ArcS

VLV oligomer initially forms as heptamer, but through a heat treatment at 80 °C, adepts th
apparently more thermodynamically stable octamer form. This result reinforces the idea that the
higherorder oligomer forms represent a different structural arrangement than theypeldr

switch dimer folds, rearranging some subunits to fit the highger structures and not

incorporating fullyfolded dimers directly into the higherder oligomer interface.

By far UV circular dichroism, the VLV 44 construct is similar in overall spectral shape te full
length SVLV, although the absolute intensiof VLV 4-44 is less (Figure-23 Panel A). The
limited trypsinolysisand alanine scanningxperimers on wild-type Arc suggesd that wild-

type Arc cannot be significantly truncated and still fold, since the exclusively dimeric fold would
be destabilized (Figure-B and Table &%). To test this prediction, we prepared a construct of
wild-type Arc containing only residues-44 (WT 4-44). WT 444 appears unfolded by far UV
circular dichroism (Figure-33 Panel A) and displays no change in 222 nm ellipticity upon heat
treatment, suggesting no measurable temperature transition (Fig@re@nel C). As suggested
from the truncation wrk, Arc-VLV 4-44, by contrast, folds reversibly with g ©f 82 °C at 50

UM concentration (Figure-33 Panels B and C). While this,Ts approximately 10 °C lower
than fulklength SVLV, this construct still remains wefblded and stable. A comparisohWT

4-44 to VLV 4-44 by size exclusion (Figure-18 Panel D) shows WT-44 elutingat a size
smaller than the wildype dimer;both the melt and far UV spectrum of W44 suggest it is
poorly folded. The results from WT-44 suggest that the three pslae-hydrophobic
substitutions in residues 9, 11, and 13 in -&¥LV permit C-terminal truncations that

destabilize the dimer fold, which are not tolerated in the-tyje protein.
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Figure 3-13: Characterization of Arc-VLV 4-44 by circular dichroism suggests a welfolded single
species that still behaves like fullength SVLV. (A) Far UV circular dichroism o5 yuM unheated
Arc-VLV 4-44 in SB250 in a 1.00 mm path length cuvette at 20 °C with other variants shown for
comparison. Note that the elligity of VLV 4-44 is reduced relative to fdiéngth VLV due to truncation

of the Bhelix. (B) Thermal melt of 50 pM unheated AVtV 4-44 in SB250 in a 2.00 mm path length
cuvette. (C) Comparison of thermal melts at 50 yM protein concentration in 2Zr0@ath length
cuvettes. Note that wiltype 444 does not show a melt transition, indicating that it is unfolded. (D)
Comparison of size exclusion data for 50 pM unheated\A¢ 4-44 and 50 pM wiletype 444 in
SB250. Heated fllength SVLV and wild-type are shown for comparison.
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We prepared &°N-labeled sample of VLV 414, to determine whether this truncation mutant
resembled the proteasesistant core of -§¥LV by NMR. The VLV 4-44 spectruncompares

well to the trypsinolyzeds-VLV spectrum, with similar peak dispersion and the same apparent
folded core (Figure-34). Some dominant, strong peaks near the center of the spectrum remain
in both cases, suggesting that the sequence shortening does not completely eliminate the
disardered regions. Using threlmensional NOESY and TOCSY spectra, we were able to
assign the strongest peaks in the VLM4 spectrum as residues-29 (Figure 315 and
Appendix C). A biemical shift comparison of the HN andJH r e s onanc e s-44ftoor r es
random coilchemical shifts suggests that these resonances occupy positions similar to disordered
residuesbut may also contain some transient heli¢Appendix C). Therefore, the-t@rminal

region of the VLV 444 sequence in particular compriske tlisordered regions observed in the
spectrum. S/LV proteolysis showed that a smaller 433 fragment also psisted following
trypsinolysis. Theresenc®f this fragmentmplies that the 44 sequence can be truncated back
further in some but not atictamer subunits (since VL-¥5C, which was truncated to residue 38

in all subunits, yielded unfolded, poorly expressed protein which did not oligomerize).

Another feature of the Af¥/LV 4-44 spectrum (Figure-34) is that the number of peaks present
appears to be larger than the number of residues in the protein. In particular, thenegidriO

ppm in the 15N dimensiotypically dominated by glycine resonances (blue box in Figttd)3
contains at least thretiscernable peaks, despite the fact trdy one glycine residue (Gly30) is
present in VLV 444. (It is alsopossible that serine residues may occupy this area.) The sheer
number of peaks and continued presence of disordered regions in the spectruns sunggest

both of the following:

(1) Arc-SVLV is an octamer made up of multiple subunits that contain structural
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Figure 3-14: The Arc-VLV 4-44 oligomer appears asymmetric by NMR. 2D 'H-"*N correlation

spectra ofl.7 mM unheated ARYLV 4-44 in 0.05 M MES (pH 5.5), 0.05 M KGlt 45 °C in TROSY

mode, overlaid with 0.9 mM trypsinolyzed A&VLV in 0.05 M MES (pH 5.5) at 25 °C without
TROSY. VLV 444 contains similar dispersion to the trypsinolyzed sample. However, for V44/ 4

the glycine region (blue box) contains at lgasee peaks, although this protein contains a single glycine
residue. Additionally, more than 50 peaks are present in both spectra, suggesting a low symmetry
oligomer.
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Figure 3-15: Assignment of disordered residues in Ar8/LV 4-44 indicates that C-terminal residues

are disordered in some S/LV subunits. Center region of 2DH-">N correlation spectra af.7 mM
Arc-VLV 4-44in 0.05 M MES (pH 5.5), 0.05 M KCI at 45 98 TROSY modewith strong (presumably
disordered) peaks shown in purplelwissignments, determined by strip plot analysis of companien 3D
NOESY and 3BTOCSY spectra of the VLV-44 sample. The assignment for G30 was also determined,
but is not visible in this figure. Chemical shifts for these residues are summarized in iXgpend
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differences, resulting in less than eigbid symmetry as indicated by the large number of

resonances.

(2) There are multiple octameric species with distinct structures which are not

distinguishableby size exclusion or sedimentation equilibrium.

There is also the added possibility that some peaks are a result of interference from another
oligomeric species such as heptamer. We have not eliminated the possibility that residual
heptamer is present the heattreated samples of 8LV 4-44 used in this analysis. However, at

least some of the spectral complexity appears due to asymmetry in the octamer or multiple forms

of octamer.

Conclusions: A minimal construct, with improvements and limitations.

In this section, we shortened the A3¢/LV sequence to fortpneresidues, chiefly by removing
C-terminal residues critical for dimer stability. Characterization ofYAtY 4-44 suggests an
unheated form of the protein is heptameric, while a heated fooctasneric, similar to the full

length protein. VLV 444 is reversibly and stably folded, with a secondary structure
arrangement presumably similar to fldhgth SVLV. An NMR spectrum of VLV 444
resembles the trypsinolyzed fldingth sample, suggesy preservation of a similar core with

good resonance dispersion in the deletion mutant, although the large number of resonances
suggests asymmetry in the octamer structure or multiple arrangements of octamersyp&Vild

Arc repressor is unfolded when mieated, and thus cannot access the highdgr oligomeric

states. The VLV 44 oligomer represents a shorter version of theléuljth oligomer without

interference from exchange with dimer, and watttions of the Nand Gterminusnot essential
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for folding removed by NMR. However, additional trypsinolysis must be employed to further

improve the spectral quality, and to determine the cause of the spectral complexity.
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Part 3: Toward a Construct for a High-Resolution Structure of the SVLV Octamer.

Onepossible avenuetimprove the spectral glity of the VLV 444 construcis to attempt to
increase the symmetry of the octamer or stabilize one octamer form over others by changing the
residues at mtion 9, 11, and/or 13, whidfirive octamer formatioand thusplay a role in core
packing of the octamer Another optionis to remove additional disordered regions of the
protein. Here,we describe efforts to further reduce and manipulate the VA4 4onstruct.

First, we develop core packing mutants, with different residues at positions 9, 11, and 13 in the
4-44 background, and determine their similarity to VLVA4} by circular dichr@m, size
exclusion, and NMR. Returning to the VLV\44 construct, we trypsinolyze the protein further

and analyze the three minimakyructured peptide fragments presumably comprising te\&6
octamer. These peptides provide clues as to the causeaifistt heterogeneity in the VLV-4

44 spectrum. Through trypsinolysis of VL\44l, we arrive at a further shortened construct of
the octamer, which remains our best hope for obtaining arbigiution structure of the A&

VLV higher-order oligomer.

Core packing variants of SVLV: characterization of Arc VLI 4 -44 and Arc-ILV 4 -44.

The apparent structural heterogeneity in the VI-¥44HSQC spectrum (Figure13l) suggests
that changes in side chain packing might favor one specific structure amonglsaveright
produce a symmetric octamer. To test this, we prepared two supl&itution variantsvith
valine substituted withsoleucine at position 9 or 13 in thed4 construct background. Similarly
to Arc-VLV 4-44, ArcVLI 4-44 and ArelLV 4-44 shav no difference irpeak profileor elution

volume between an unheated and Hesdted form by size exclusion, and show far UV circular
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Figure 3-16: More examples of related (but not simpler) oligomers: packing variants Ar/LI 4 -44

and Arc-ILV 4-44. (A) 200 pM heated Are/LI 4-44 and heated AtV 4-44 in SB250. Unheated

size exclusion curveshowedsimilar elution volumes tdhe heatd samples shown here(B) 50 pM
unheated protein in SB250 at 20 °C in a 1.00 mm path length cuvette. (C) 50 uM protein in SB250 in a
2.00 mm @th length cuvette. &h the melts and spectra of VLI4 and ILV 444 appear similar to

Arc-VLV 4-44.




























































































































































































































































































































































