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CHAPTER 1

INTRODUCTION

1.1. Intrinsically Disordered Proteins

Divulging the principles of structure, stability, folding, and function of proteins is a
century-old huge burden mainly because the protein system presents a many-body
problem which is compounded by the aqueous environment in which it thrives and
works. Progress has been made in deciphering some of the basic principles of protein
phenomena even if newer problems continue to surface. Research of the past three
decades has also shown that a sizable set of proteins work only with inherent structural
disorder. This finding has greatly influenced the idea of the structure-function paradigm,
which initially considered that a uniquely folded 3D structure of a protein is needed for
its functional performance. The repertoire of structurally disordered proteins engaged in
the cellular functioning insists that the structure-function paradigm is not unique. It has
also raised numerous questions in the areas of amino acid sequence evolution, protein
folding, and functional preference of proteins. This dissertation describes facets of
structure, stability, and dynamics of a disordered protein by basic optical and NMR
spectroscopic methods. Some principles and the identity of structurally disordered

proteins are briefly reviewed below.

1.1.1. Unique 3D structure versus ensemble of conformers

With respect to structure and compactness, proteins are of two kinds — structurally
ordered globular and loosely packed disordered. A globular protein has a well-defined 3D
structure, which is the lowest energy structure the unfolded chain folds to, and which is
needed to carry out its specific function. Electron-transfer proteins, native functional
enzymes, and oxygen transporter and storage proteins all are ordered globular proteins,

the 3D structures of many of which have been determined to high resolution by X-ray
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crystallography and NMR spectroscopy. On the other hand, an amino acid sequence
containing polypeptide segments which can collapse but do not fold to a defined compact
structure produces an ensemble of conformers containing unstructured or disordered
regions. Since these disordered regions are inherent or intrinsic, obviously due to unfold
able composition of amino acids, the proteins containing such structural disorder are
called intrinsically disordered proteins (IDPs).

The flexibility of the disordered regions produces an ensemble of IDP conformers
within which the protein molecule equilibrates. These conformers can be treated as ‘static
disorder’ in the parlance of crystallography because the diffraction of X-rays is
instantaneous so that the different conformers are not resolved, and instead one obtains a
time-averaged diffraction pattern. In contrast, spectroscopic methods such as NMR and
fluorescence provide information about dynamic disorder, meaning the equilibrating
conformers are resolved during measurement. The prevalence of disorders in proteins
was however suspected in the 1970s when crystallographers began to sense limited and
widely separated conformers emanating from conformational flexibility of proteins.' The
disorder in the solution structure of many proteins has been decisively established by
NMR spectroscopy since the 1990s.>*° At least a third of the cellular proteins are now

thought to be intrinsically disordered.

1.1.2. Evolution, mutation, and disorder

IDPs are abundant across proteomes, from viruses to eukaryotes, and their complexity
increases with evolutionarily higher organisms.’*™° Of the respective total proteins,
disorder-containing proteins are in the range 7-33%, 9-37%, and 36—63% in bacterial,
archaebacterial, and eukaryotic proteome’s, respectively.’” Since the 3D structure is
encoded in the primary structure, the disorder of IDP structure must also be coded by
some composition of amino acids in the sequence distinct from that coding for compact
globular structures. The amino acid composition of IDPs is less complex compared to the

complexity encountered in ordered proteins®®?

which is likely due to higher rate of
evolution of disordered proteins.?** By corollary, the disordered regions within an IDP
generally evolve more rapidly than the structured regions.?® Since IDPs scarcely have
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long-range intramolecular contacts, the sequence is not constrained with respect to
evolutionary changes.?’

Evolution of IDPs by point mutations changes their sequences at a higher
frequency, albeit in a less conservative manner in comparison to that of ordered
proteins.?®? It should be obvious that such changes must be of the missense type,
because silent mutations will bring about no change in the sequence and the nonsense
type will halt translation, abrogating the protein. There are also abundant addition and
deletion mutations leading to expansion or collapse of the IDP dimension.®® Some
mutations in the disordered regions can lead to a loss of function and could be deleterious
even. Mutations leading to a disorder-to-order transition or various degrees of deviation
in the conformation of the disordered regions are expected to cause functional revocation
because IDPs function only when the disordered regions continue to be disordered. Some
mutations may result in aggregation of IDPs, and the plaques so formed can lead to

neurodegenerative human conditions.*%

1.1.3. Amino acid composition and backbone conformation

The low complexity amino acid sequence of IDPs**® have evolved to fold to an
ensemble of compact conformers, albeit the extent of compaction is much less compared
to that of ordered proteins. Such sequences are generally low in hydrophobic amino acids
and high in mean net charge.*® The low hydrophobicity should mean the lack of a
hydrophobic core, or a much loosely packed core if it exists. But the low hydrophobic
content may also prevent a chain collapse, an event that initiates folding. It is possible
that the IDP backbone, which fairly naked due to a high content of the neutral residue
glycine, interacts unfavorably with water — a poor solvent, and hence contracts.®*

IDPs carry a high load of amino acids with charged side chains (Asp, Glu, Arg,
His, and Lys), accounting for ~30% of the total residues,® suggesting that Coulombic
interactions may influence conformation and dimension of disordered proteins. The
number and distribution of opposite charges along the polypeptide is thought to
determine the chain compaction and conformations.**® Thus expansion and compaction

of IDP conformers depend on the charge content and intramolecular Coulombic attraction
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and repulsion. One senses that an imbalance of the interactions can lead to the loss of
both conformation and function. The imbalance can be brought about intrinsically by

substitution mutations, and extrinsically by screening the charges by solvent ions.

1.1.4. Binding and functions

IDPs bind to effective molecules for posttranslational modifications, are involved in
binding to target molecules for signaling and molecular recognition and assembly, and
bind to DNA and RNA molecules.***” When posttranslational modification of an IDP is
required, a short disordered region (usually ~10 residues), often also called interaction
peptide motif, interfaces with the partner molecule — an enzyme, for example. For
instance, the incising motif of caspse-3 interfaces with the [DE]JXXD[GSAN] motif of
the disordered region of the substrate protein and cleaves the site.*®

In carrying out its signaling function, the IDP binding to the target protein leads to
folding of extended regions of the former, even though disorder in small regions may still
prevail. The binding energy of such interactions is low, meaning low affinity interaction,
but the binding is highly specific. It has been proposed that lower binding affinity
(characterized by the equilibrium association constant K,=ka/kq, where k, is the diffusion-
controlled bimolecular binding rate, and kg is the dissociation rate of the complex) raises
the dissociation rate according to k,= Kgkg, resulting in a short life of the bimolecular
complex and hence a rapid release of the target protein at the end of signaling.®® For
example, the cyclin dependent kinase (CDK) whose activity directs DNA replication and
cell division exists as a CDK/cyclin complex, and the IDP p27X**, also called p27 simply,
binds to the complex to inhibit the kinase activity of CDK at G1/S and G2/M check
points of the cell cycle.*

IDPs have been shown to function as a hub for protein networking for molecular
assemblies™ that are often complex in size and structure. For example, AP2 is an adaptor
(hub) protein whose different domains bind cargo proteins and accessory proteins to
produce an assembly of proteins during endocytosis.* The disordered flexible linkers
essentially serve as hinges for moving the proteins bound to the adaptor molecule.

Kinases, transcription factors, and splicing factors bind to nucleic acids by using
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their disordered regions. To elucidate, intrinsically transcription factors, often also called
homeodomain proteins because they contain a highly conserved DNA-binding
homeodomain encoded by a homeobox (~180 base pair DNA sequence). The
homeodomain generally has 60 amino acids which fold to an N-terminal disordered
region followed by three helices. While the helices help in docking the homeodomain
near the surface of DNA it is the N-terminal linker which establishes multiple contacts
with the minor groove aided by electrostatic interactions. A well-studied example of
modulation of gene expression by IDPs is the interaction of HOX transcription factors
with DNA, the modulation of the expression of which regulate developmental patterns.*
In some instances, two homeodomain proteins may collaborate to regulate gene

expression.

1.2. AtPP16-1, an IDP

The Arabidopsis thaliana phloem protein 16-1 (AtPP16-1) is a RNA-binding protein
(RBP) and a putative mRNA transporter. There are at least 200 different RBPs coded by
the genome of A. thaliana,** and the homologs AtPP16-1 and AtPP16-2, both expressed

highly in flower and stem but sparsely or not at all in leaf*

are identical by 35% in terms
of conserved amino acid positions. The sequence conservation for AtPP16-1 and AtPP16-
2 appears to suggest that they are functionally similar. These speculations provided the
initial rationale to inquire into the structure and function of AtPP16. Since not much is
known about RBP structures and in vivo roles of RBP in phloem transport, the solution
NMR structure of AtPP16-1 was solved in this laboratory (Sashi et al 2018).* It is not a
compact globular protein, the structure consists of several disordered regions, the longest

one being the stretch of residues 10-55 that connects strands £ 1 and g 11 (Figure 1.1).



Figure 1.1. Ribbon diagram of AtPP16-1 showing many disordered regions.

The amino acid composition of AtPP16-1 listed in Table 1.1 is characteristic of

the composition of IDP — low in hydrophobic but rich in polar and charged residues.

There also are 18 Gly (G) residues, which are important because generic IDPs are rich in

glycine.

Table 1.1. Amino acid composition of AtPP16-1*

Hydrophobic
Ala(A) 6
le(l) 8
Leu(L) 14
Met (M) 4

Val (V) 13

Polar (neutral)

Asn(N) 3 Asp (D) 14
Cys(C) O Glu(E) 11
GIn(Q) 5

Ser(S) 13

Thr(T) 6

Acidic (charged)

Basic (charged)

Arg(R) 6
His(H) 3

Lys (K) 14



Phe (F) 6 Pro(P) 4
Trp (W) 3

Tyr(Y) 5

* There are 18 Gly (G) residues that are considered neutral.

AtPP16-1 binds nucleic acids. By combining NMR data and simulations, the
structure of the complex of the protein with Dickerson-Drew dodecamer self-
complementary sequence ds-(5" d-CGCGAATTCGCG 3’ ) was derived (Sashi et al
2018). Residues K14, L16, Y28, R60, T92, and S123 are found to interact with the
dodecamer DNA by H-bonding interactions (Figure 1.2), the hydrogen bond lengths
being in the range 2.4-3.0 A. Residues K14, L16, Y28, and T92 interact with DNA by
respective main-chain NH, while the main-chain carbonyls of T92 and S123 form two H-
bonds each. The side-chain OH of Y28, NH1 of R60, and OH of S123 also interact with
DNA by H-bonding. The DNA-binding residues belong to disordered sequence segments,
albeit a continuous stretch of interacting residues have not been identified, meaning
several disordered regions participate in the interaction.



Figure 1.2. Interaction of AtPP16-1 with the dodecamer DNA. Hydrogen bonding

residues and bond lengths (A) are labeled.
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CHAPTER 2

Amyloid fibrillation of AtPP16-1 under acidic condition

2.1. ABSTRACT

Arabidopsis thaliana Phloem Protein 16-1 (AtPP16-1) is a 156-residue intrinsically
disordered nucleic acid binding protein which is putatively involved in long-distance
systemic transport of RNA to budding regions in plants. Dimerization or oligomerization
of the protein at pH higher than about 4.1 leaves no apolar surface exposed for interaction
with the dye 8- Anilinonaphthalene-1-sulfonate (ANS). The most stable monomeric state
is found near pH 4 where the structure of the protein is determined to have three short 3-
strands and a single o- helix. By surveying the pH-dependent propensity of fibrillation
we find the protein enters the amyloidogenic state at pH 2, 60°C. The reaction product is
not amorphous aggregate, but simple amyloid fibrils with sparse or no branching. The
mean diameters of the fibril population scaled from AFM images are 13.2 and 21.2 nm
for precursor aggregates (PA) and proto- or elongated fibrils, respectively. These values
are somewhat larger than the fibril diameters generally cited, and the reason could be
larger lateral association for both PA and protofibrils. The question emanating is: do

phloem proteins fibrillate in vivo, and if so what implication fibrillation has for plant

physiology?
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2.2. INTRODUCTION

The association of un-branched elongated fibrils with a variety of amyloid diseases,
including prion and Alzheimer™? has been known for a long time. But numerous globular
proteins have been shown to form fibrils or forced to enter the amyloidogenic state under
a variety of conditions®® that may not even be physiologic. In general, the proteins are
partly denatured in acid or alkali, or by adding solvent additives so as to convert them to
branched or un-branched fibrillar-states. Fibrillation observed for overwhelmingly large
number of proteins establish that the fibrillar-state is the fourth state of proteins — the
native, unfolded, and molten globule states are the other three. In fact it is the premolten
globule-like state that is often found to enter the amyloidogenic state.” Structurally, the
fibrillar-state model of Astbury is characterized by a cross-B-sheet fibril.® Recent high-
resolution NMR has shown extensive rearrangement of the native-state B-structures to
produce a Bstrand conformation in the fibril core.® Since not only B-sheet proteins but
also those having both a-helix and B-sheet structures fibrillate, it is thought that the a-
helices may unfold and then refold to B-strands in the course of fibrillation.'® More recent
amyloid fibrillation studies endeavor to understand the details of the mechanism of
fibrillation, often at residue level.**** Another important subject involves studies on plant
protein fibrillation. Amyloidosis of plant proteins should never be a surprise because the
fibrous state is a generic state of proteins as speculated by Astbury. However, reports of
plant protein amyloid fibrillation have been relatively scarce, because of either sparse
study or a general lack of propensity for fibrillation or both. Plant protein fibrillation
most often reported are those of the well-studied monellin.”>™" Amyloid fibrillation and
amorphous aggregation of concanavalin A that belongs to the legume lectins family have
been studied in fair detail.***® Very recently concanavalin A has been induced to fibrillate
by the use of cationic Gemini surfactant.® Amyloid-like inclusions of maize Trans
glutamines that share structural features with Alzheimer's and Parkinson’s-associated
aggregates have been located in the chloroplasts of tobacco trans plastomic plants.?’ Even
though in vivo fibril-like aggregate formation in plant cells might be different from the

well-studied amyloid formation in mammalian cells, designed protein aggregation has
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been used for selective protein knockdowns in plants.** Recently, we solved the solution
NMR structure of AtPP16-1," a 17,316 Da protein that presumably serves as a RNA
transporter in the phloem conduit that runs into shoot or bud regions. The protein is
selective about the working pH that we set to 4.1 for structure determination. The

secondary structure consists of three B-strands, 1, B2 (56—62), and B3 (133—135), and an
o-helix, and are formed of residue stretches 3—9, 56—62, 133—135, and 96-110,
respectively (Fig. 2.1A).

Figure 2.1. Solution structure of AtPP16-1 (PDB ID 5YQ3). (A) The secondary structure
includes three antiparallel B-strands (BI, PII, and BIII corresponding to residues 3-9,
56—62, and 133—135, respectively, and an a-helix (residues 96—105). The disordered
tertiary fold is noticeable. The stretch of residues 10—55 that connects strands BI and BII
form a small lobe. (B) The space-filled model showing surface overhangs, a sign of
disordered structure. A deep cleft that is supported laterally by the BII strand runs through
the molecule and is thought to be important for DNA and RNA binding.

The remainder of the chain segments, the N-terminal residues 10—55 in particular,
are largely disordered with surface overhangs of side chains. As the space-filled
structural model shows, the surface ledges arising out of some disordered stretches

15



produce irregular depressions with a conspicuous cleft (Fig. 2.1B). These structural
features have already been incorporated in the description of AtPP16-1 as a prolate
shaped intrinsically disordered protein (IDP) whose global correlation time is 8.4 (£ 0.7)
ns.?

This identification makes the protein even more attractive for fibrillation studies,
because IDPs are thought to undergo some refolding at the earliest stage of fibrillation.
This work shows growth of unbranched or less branched amyloid fibrils under acid
destabilized conditions where most of the secondary structure but little tertiary structure

is retained.

2.3. MATERIALS AND METHODS

2.3.1. Protein preparation

Cloning and purification of Atpp16-1 has already been described.” Briefly, the cDNA is
initially cloned into pTZ57R/T vector, sub cloned into pET28a (+) vector, and
transformed into BL21 (DE3) RIL cells for protein expression. Cells are grown in Luria
Bertani broth containing kanamycin (50 pg/mL) at 37 °C up to 0.6 optical density at 600
nm before allowing protein expression at 28 °C by the addition of IPTG (0.5 mM). After
5 h of growth cells are harvested and suspended in phosphate buffer saline. All
purification steps are carried out at 4 °C. Cell lysis is achieved by a ‘20s on and 40s off
sonication cycle for 5 min in 20 mM Tris-HCI, 50 mM NaCl, 5 mM imidazole, pH 8. The
supernatant of the sonicated cell suspension is collected by a 20 min centrifugation at
23447g, passed through a Ni-NTA column equilibrated with lysis buffer, washed by
flowing the wash buffer (20 mM Tris-HCI, pH 8, 50 mM NaCl, 40 mM Imidazole), and
eluted with the elution buffer (20 mM Tris-HCI, 50 mM NaCl, 150 mM imidazole, pH 8).
The eluted fractions are dialyzed in 50 mM sodium acetate at pH 4, the part of the protein
precipitated during dialysis is removed by centrifugation, and the purity is checked by
SDS-PAGE. For production of *°N-labeled protein, all steps are identical except that the

cells are grown in M9 medium containing *>NH,CI.
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2.3.2. pH titration and ANS binding

The buffer mixture consisted of 10 mM glycine, 4 mM each of sodium acetate, HEPES
and PIPES, 8 mM Tris, and 2 mM CAPS. The protein concentration was ~8 uM.
Fractions of the stock solution were set to different pH values in the range 1.6 — 10.75
using minimal volumes of HCI, acetic acid, and NaOH. Following equilibration at 25°C
for 2 h 218-nm CD and fluorescence spectra (280-nm excitation) were measured. Each
sample of 450 puL volume was then combined with 10 pL of a I mM ANS solution so as
to obtain ~23 pM in ANS. Fluorescence spectra were measured again by ANS excitation
(380 nm). CD measurements were done in a AVIV SF420 spectrometer, and fluorescence

spectra were taken using a Jasco FP-8300 instrument.

2.3.3. Kinetics of fibrillation

A 12 uM solution of Atppl6-1 that contained ~50 uM ThT (4-[3,6- dimethyl
benzothiazol-2-yl]-N,N-dimethylaniline) was prepared in 50 mM Glycine-HCI buffer, pH
2. The solution was placed in a quartz cuvette and heated up to 60°C within ~4 min, and
ThT fluorescence at 478 nm (excitation, 432 nm) was monitored as a function of time at

the same temperature for 5 h.

2.3.4. NMR measurement

A 2D [1 H-15N] HSQC spectrum of Atppl6-1 (~120 uM) in D20 buffer of 20 mM
sodium acetate, pH 4.1, 25 °C, was recorded as the control. The pH of the sample was
then lowered to 2 by adding glycine, HCI, and spectra were recorded at 60 °C
continuously for 6 h. The FID size was 2048 x 128 for F2 and F1, and the duration of
each spectrum was ~19 min. A 500 MHz Bruker spectrometer was employed.

2.3.5. AFM, FESEM, and TEM imaging

Fibers were grown in 50 mM glycine-HCI, pH 2, 60°C up to different times in the
0—1800 min range. Samples for AFM were deposited on freshly cleaved mica sheets and
dried under a stream of nitrogen for ~20 min. The film was then washed with deionized
water and dried again under nitrogen. Semi contact-mode imaging was done using a 3

uM scanner in a NT-MDT Solver microscope. Images were processed and analyzed later
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using the NOVA software. FESEM images of gold coated samples were taken in a ZEISS
Ultra 55 instrument operating at 30 kV. For TEM imaging samples were deposited on
copper grids, treated with 2 mM uranyl acetate for ~30 s, and washed and dried. Images
were taken in a EDAX AMETEK instrument.

2.4. RESULTS

2.4.1. Purified AtPP16-1 and pH-dependent conformation

The N-terminal His6-tagged protein is easily purified to homogeneity (Fig. 2.2), although
~12 mg protein obtained per liter of culture growth is not considered a high yield. The
reason for seemingly low vyield is the precipitative loss of the protein that occurs while we
change the solution condition of the purified protein from 20 mM Tris-HCI, pH 8 to 50
mM sodium acetate, pH 4.1 by dialysis. On the other hand, this change of the solution
condition was necessary because the protein is more stable and monomeric at pH 4.1 as
observed in our NMR structure.?* The precipitated protein however does not appear
conformationally different from the one in solution, because the CD and fluorescence
spectra of the former re-dissolved in the same buffer (50 mM sodium acetate, pH 4.1) are
identical to the corresponding spectra for the latter (not shown). A detailed look at the
pH-dependent conformation was however necessary in order to check for protein
aggregation, and the propensity and rate of fibrillation so as to obtain a pH condition for
growing the fibrils. The experiments involved fluorescence and CD-probed protein
titration in the pH range 1.6-10.8.
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Figure 2.2 Silver-stained SDS-PAGE of samples in the purification of AtPP16-1. Lane
labels are: 1, cell lysate before IPTG induction; 2, cell lysate after IPTG induced growth;
3, supernatant obtained by centrifuging the cell lysate; 4, pellete; 5, the flow-through
fraction in Ni-NTA chromatography; 6—10, eluted fractions; M, marker proteins. The
molecular mass of AtPP16-1 is 17.3 kDa.

The maximum of tryptophan fluorescence emission is Stokes-shifted from 331 to 347
nm as the pH increases across the scale (Fig. 2.3a, b). The shift up to pH 4 is related to
acid-induced perturbation of the tertiary structure, and the larger red shift above pH 9
arises from alkali-induced large-scale conformational unfolding. The constant emission
maximum of ~335 nm between in the neutral-pH region is likely due to structure loss by
some mechanism the details of which we have not understood yet. It is also likely that
AtPP16-1 dimerizes in this pH range, but there is little confirmatory evidence except that
the pH-dependent emission intensity at the corresponding wavelength of maximum
emission shows the presumed dimerization (Fig. 2.3c, open circles). Fig. 2.3c also plots
the fluorescence intensity of the dye ANS that was added to the same set of pH-varying
protein solutions that was used for the titration. The ANS binding shows that the protein
perhaps dimerizes or even oligomerizes at pH values above 4, because ANS cannot bind
and hence would not fluoresce if the hydrophobic surfaces of the individual monomers

are concealed by self-association. The ANS fluorescence transition indicates that the self-
19



association is significantly stronger in the neutral pH region, and the alkali-denatured
state does not bind ANS at all. The observation here that ANS binds to the protein at pH
4, the conditions used in our earlier NMR structural studies,? is consistent with the fact
that AtPP16-1 is an intrinsically disordered protein (IDP). The ANS fluorescence at pH <
4 suggests the presence of acid-induced exposure of hydrophobic patches on the
monomeric protein surface that bind the dye. It is important to realize that the already
disordered protein at pH 4 undergoes further structural disorder when the experimental
pH is lowered. The fluorescence signal at pH < 4 in the presence and absence of ANS
also needs to be closely scrutinized. In the absence of ANS the intrinsic aromatic
fluorescence intensity of the protein reports on the loss of tertiary structure, and in the
presence of the ANS dye the fluorescence intensity reports on the binding of the dye.
They are thus complementary, because the dye would bind when the tertiary structure is
perturbed that would result in exposure of hydrophobic surfaces leading to dye binding.
Hence, the slight increase in the ANS binding below pH 4 means increase in hydrophobic
patches at the surface of the protein already disordered at pH 4. In an attempt to
understand the pH-dependent structural and conformational transitions further, we
studied the pH titration by near- and far-UV CD. The near-UV CD spectrum of AtPP16-1
at pH 4.1 (Fig. 2.3d) shows markedly larger absorption in the 260—285 nm region
peaking at ~273 nm, suggesting dominating contributions from side chains of Phe and
Tyr that are 6 and 4 in number, respectively, but the contribution of the two Trp residues

that absorb in the 280—290 nm region is minor.
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Figure 2.3. The pH-dependent conformations. (A) In tryptophan fluorescence spectra
taken without dye addition the emission maximum is Stokes-shifted from 331 to 347 nm
as the pH increases from 1.6 to 10.8. To avoid crowding, spectra are not labeled with
respective pH values. (B) Starting from pH 1.6 the emission maximum red-shifts by 4 nm
up to pH 4, remains constant in the pH 4-9 region, and then shifts by 12 nm up to pH
10.5 The small red shift in the acidic region is due to acid destabilization of tertiary
structure, but large-scale conformational unfolding under alkaline conditions gives rise to
relatively larger red shift. (C) The intensity at the corresponding emission maximum
shows the acid and alkali effects on the tertiary structure (o). The changes between pH 4
and 8 are likely due to reversible dimerization or oligomerization that quenches the
fluorescence. The binding of ANS monitored at the ANS emission maximum of 477 nm
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(®) shows exposed hydrophobic surfaces below pH 5. Maximum binding occurs near pH
2.5. (D) The near and far-UV CD spectra of AtPP16-1 at pH 4.1, 25 °C. (E) The result of
pH titration monitored by 273-nm CD is similar to that observed using tryptophan
fluorescence shown in panel C. (F) The presence of substantial secondary structure (CD
at 219 nm) in the acid pH region facilitates fibrillation. While the alkali transition arises
from large-scale denaturation, the transitions between pH 5 and 8 are not fully

understood.

The far-UV CD spectrum at pH 4.1, apparently noisy in Fig. 2.3d due to the acetate
buffer, provides 219 nm as the peak wavelength. The pH titration monitored by 273-nm
CD (Fig. 2.3¢) shows loss of tertiary structure in the 4.2—8.5 region of pH, very similar to
the result obtained with fluorescence (Fig. 2.3c). In the 218-nm CD probed titration (Fig.
2.3f), marginal loss of secondary structure below pH 4 and relatively large loss above pH
9 are related to acid destabilization and alkali unfolding, respectively. The origin of the
two sharp transitions, one in the 4—6.2 range of pH and the other in the 6.8-9, is however
difficult to understand. If the presumed dimerization of AtPP16-1 indeed occurs about pH
6, then the CD signal should have been more negative. Even if the dimerization
assumption is not entertained, the CD signal of roughly —9 near pH 6 that implies a large
loss of secondary structure compared to pH 4 or 9 is not easily perceived. This issue will
be taken up with more experiments later, but on the basis of present results the fibrillation
experiments at higher pH (> 4) was not contemplated. We rather chose to work with 50
mM Glycine-HCI, pH 2, for growing fibrils. The rationale for choosing pH 2 was to
destabilize the tertiary and secondary structures to some extent (Figs. 2.3c, f). Under this
condition the protein is monomeric with exposed hydrophobic surfaces that bind ANS,
and has appreciable secondary and tertiary structures.

2.4.2. Kinetics of AtPP16-1 fibrillation

Fibrillation kinetics was followed by monitoring the fluorescence of the dye thioflavin T
or ThT (4-(3,6-dimethylbenzothiazol-2-yl)-N, N-dimethylaniline), which is widely used
to stain fibrils.?>?® A 12 uM protein solution containing ~50 pM ThT was set to pH 2 in
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50 mM Glycine-HCI buffer, and incubated at 60 °C while monitoring time-base
fluorescence of ThT fluorescence at 478 nm. After a lag time of ~30 min the fluorescence
rises apparently in a single-exponential phase to reach the steady-state at ~300 min (Fig.
2.4a). This kinetics is specific to the pH and temperature used here, and is expected to
vary with altered conditions. Fig. 2.4b shows the fibrillation kinetics up to an hour
monitored by 218-nm CD, although the signal continues to be more negative at longer
time (inset). The 218-nm CD monitored kinetics was found irreversible when the
temperature is lowered to 25 °C after incubation for an hour, suggesting that fibrillation is
accompanied by irreversible increase in the secondary structure content, because the.

The fibrillation kinetics was also checked with 2D [1 H-15N] HSQC spectra. Poor
chemical shift dispersion for a large number of resonances in the spectrum of the native
protein (~150 uM) at pH 4, 25 °C, is characteristic of intrinsic structural disorder (Fig.
2.5a). In the earliest spectrum at pH 2, 60 °C, the dispersion narrows down considerably,
typical of a denatured protein (Fig. 2.5b, resonance contours plotted in black), and
continues to collapse with time up to ~5 h (spectra plotted in red), which is better seen in
the time stack plot produced by 1D processing of the first FID of each 2D HSQC
spectrum (Fig. 2.5¢). The result that elongated mature fibrils are formed in ~5 h appears
consistent with the fluorescence-monitored fibrillation kinetics (Fig. 2.4a) even though
the protein concentration used for NMR was ~12-fold more than that for the fluorescence
experiment. Fibril growth is generally fast when higher protein concentration is used, and

hence fluorescence should have reported with slower Kinetics.
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Figure 2.4. Fibrillation Kinetics. (A) The
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2.4.3. Images and dimensions of AtPP16-1 fibrils

Figure 2.6 shows FESEM images of fibrillar structures raised up to ~2 h at pH 2, 60°C.
They are simple and mostly linear; occasional sparse branching was seen in a fewer
samples. Similar scanty branching is also observed in the TEM images taken after 1 and
2.5 h of heating at 60°C (Figure 2.7). To resolve precursor aggregates and protofibrillar
forms fibrillation was allowed with ~12 uM protein, and were imaged by AFM at
different stages of growth. Smaller precursor aggregates, their association to elongated
forms and nascent protofibrillar structures are seen soon after the growth lag phase of ~30
min (Figure 2.8a), and moderately elongated protofibrils appear by 60 min (Figure 2.8b).

The image taken 90 minutes after allowing the fibrillation reaction samples all of these
24



forms (Figure 2.8c). Prolonged growth appears to cause elongation and aggregation of
different forms to produce an irregular mesh-like supra structure (Figure 2.8d).

For a dimensional distinction of the precursor aggregates and elongated fibrils we
determined the distribution of the diameter of the respective form using a population size
of 70 each, and fitted the diameter distribution as percent population (Figure 2.9) to the

Gaussian formula

P(d) = P(dg)exp [—0.5 (d _bdo)]

in which d is the measured diameter, P(d,) the amplitude of the mean diameter d,, and b
the full width at half maximum (FWHM). The d, values for precursor aggregates and
elongated fibrils are 13.25 and 21.15 nm; the higher value for the elongated fibrils
presumably arises from larger content of B-sheet. The FWHM of 10.4 and 8.4 nm for
precursor aggregates and elongated fibrils, respectively, suggest larger heterogeneity in
the diameter of the former, and the heterogeneity implies content of different proportion

of a-helix and B-sheet amongst the aggregates.

2.5. DISCUSSION

2.5.1. The protein AtPP16-1 forms amyloid fibrils, not amorphous aggregates

Protein chains can gather together to form glass-like amorphous or crystal-like amyloid
aggregates. Although both are toxic to the cell, the growth mechanism and morphology
of the two are distinct. The kinetics of amyloid fibrillation is characteristically preceded
by a monomer concentration-dependent lag phase.?** This mode of fibrillation involves
substantial changes of both secondary and tertiary structure,*® and the fibrils are distinctly
viewed in microscopic images as rigid elongated structures. All of these requirements are
resolved for AtPP16- 1 — the presence of a lag phase and changes in secondary structure
followed by CD (Fig. 2.4B) and NMR resonances (Fig. 2.5C) leading to the appearance
of long and rigid fibers (Figs. 2.6-2.8), indicating that the aggregation at pH 2 leads to
amyloid growth. This distinction is important because concanavalin A, a lectin-family
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plant protein, has been reported to undergo amorphous aggregation at pH < 5.** More
specifically, fibril-like aggregate formation in Arabidopsis thaliana and Zeamays plant
tissues appear different from the typical amyloid formation in mammalian cells.’*? It
will be interesting to see if the deposition of Arabidopsis phloem proteins in vivo

produces amorphous aggregates.

2.5.2. pH-dependence and the mechanism of precursor aggregate (PA) formation
Although the assembly and growth of amyloid structures is a complex process a thematic
principle of initiation seems to arise from the results of numerous reports of pH-
dependent propensity of fibrillation.?®** Fibrillation is often achieved by destabilizing
proteins under acidic or basic conditions that produce the generic A- and B-states,
respectively. The acid-denatured state that serves as the precursor of the molten globule
state is highly mobile and generally characterized by fluctuating secondary structure but
little tertiary structure,® consistent with the observations made here for acidic AtPP16-1
(Fig. 2.4).
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Figure 2.5. Fibrillation kinetics observed by 2D [ 1 H-15N] HSQC spectra. (A) The
chemical shift dispersion in the spectrum of native AtPP16-1, pH 4, 25 °C, is still not
impressive which is due to intrinsic disorder. (B) Spectra after 10 min (black resonances)
and ~5 h (red resonances) of heating the protein up to 60°C, pH 2. The first spectrum
already shows substantial collapse of dispersion. (C) Stack plot of the first 1D spectrum
of each of the 2D spectra showing changes in chemical shifts as fibrillation progresses.
The resonances boxed correspond to the most narrowed dispersion region in the 2D

spectra.

These characteristics provide facile conditions for the initiation of fiber growth. First,
the loss of tertiary structure exposes hydrophobic surfaces on the protein chain that can
interface with the sequentially identical hydrophobic surfaces of another chain leading to
the formation of a steric zipper.*® Second, the conformational freedom of the protein
facilitates collapse of the self-complementary hydrophobic surfaces from different chains
that give rise to soluble oligomers called precursor aggregates (PA) or nuclei.®® The
formation of PA is not a favorable process, because this leads to not only a large decrease

in segmental.
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Figure 2.6. FESEM images of fibrils after 2 h (A) and 8 h (B) of incubation of AtPP161
at 60 °C, pH 2. The fibrils are linear and occasionally sparsely branched at shorter times of
incubation.

Flexibility of the individual monomers but also sequestration of charges from the
regions of chain contact and their burial in the interior. While reduced segmental
flexibility is entropically unfavorable, charge burial in the low dielectric interior is
energetically expensive. As such, the energy of soluble precursor aggregates must be
higher than that of monomers from which they are formed. Even when fibrillation is
initiated under conditions where the protein is not highly charged the factor of reduced
entropy alone will raise the energy of the aggregate. A few studies under mild to highly

alkaline conditions have also shown formation of soluble oligomers®"

and elongated
amyloid fibrils.****** Many alkali-destabilized pre-molten globule states of proteins
including AtPP16-1 appear to be highly unstable so as to adopt near-random structure
(see Fig. 2.3d). The lack of the required structural stability and perhaps the segmental

flexibility might be the reason for their not entering the amyloidogenic state.
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Figure 2.7. TEM images of fibrils. (A) Fibrillation after 1 h of initiating the reaction. (B)
The region boxed in A is zoomed to show the onset of branching (arrowheads). (C)
Fibrillation after 2.5 h of heating at 60 °C.
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Figure 2.8. AFM images of AtPP16-1 fibrils. (A) Structures at 30 min after incubation at
60 °C. This time bin corresponds to the lag phase of fibrillation kinetics. The colored
arrowheads point to precursor aggregates (yellow), elongated precursor aggregates (blue),
and the initial stage of protofibril formation (green). (B) Elongation of protofibrils at 1 h
(white arrowhead). (C) At 1.5 h protofibrils growth continues and larger ones appear. (D)

After 6 h of growth irregular mesh-like supra structures of fibrils appear.

(=} height
(5]
0
(oY}
= |
N
£ 10
-
Qi
w0 3
o
o
05 10 15 20 25 3.0
pm
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bl L ] percent population vs diameter graph are fits to data
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Diameter (nm) according to Eq. (1). Plotted in red are data for PA

whose mean diameter is 13.25 nm, and data plotted

in black pertain to elongated fibrils, the mean diameter for which is 21.15 nm. The

FWHM of the distributions are 10.4 and 8.4 nm for precursor aggregates and elongated

fibrils, respectively.
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2.5.3. Condensation of precursor aggregates to protofibrils

Even though this work has not studied the PA — protofibril condensation the
dimensional data scaled from the microscope images provide some indications regarding
the elongation process. The mean diameter of PAs is 13.25 nm which increases to 21.15
nm for protofibrils (Fig. 2.8), suggesting that the growth of the latter occurs not only by
condensation of the PAs to the end of the emerging protofibrils, but also by lateral
association of the fibrils (Fig. 2.9). It must be the lateral collapse of two protofibrils that
would account for their larger diameter. This type of condensation has been mentioned in
the growth of amyloid-p (AB) protein fibrils, although the monomer and protofibril

37-39

diameters recorded there are nearly one-third of that found here, which must be due

to the smaller size AP (1-42).

2.5.4. Fibrillation of IDP

A conundrum arises from the conditions we used to induce fibrillation of AtPP16-1. It is
thought that IDPs fibrillate by first refolding to some extent*® whereas ordered proteins
partly unfold first so as to enter the amyloidogenic state.***** Intrinsic disorder refers to
a relative scale of structural disorder, and a large majority of proteins can be listed under
the IDP class. The IDPs that are fairly structured like AtPP16-1 for which we used
destabilizing acidic conditions may rather have to unfold to some extent in order to
fibrillate. This is best seen from the chemical shift-collapsed HSQC NMR spectrum taken
immediately after induction of fibrillation, where the loss of chemical shift dispersion
indicates structural unfolding. Furthermore, the entire primary sequence is often not
needed to initiate fibrillation, as demonstrated with fibrillation of a 21-residue peptide of
the prion protein,* for example. If the involved stretch of amino acid sequence already
fulfils the required level of structural content and segmental flexibility, fibrillation would
appear favorable without undergoing further structural folding or unfolding. In essence,
the assumed distinction of requirement of structural folding and unfolding between IDP
and ordered proteins, respectively, should not be stressed too far. This work provided an
opening report of amyloid-fibrillation of a plant phloem protein that is intrinsically

disordered and presumably acts as a RNA transporter in the phloem conduit. There is a
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large class of such RNA-binding proteins that are thought to take part in long-distance
systemic transport of RNAs in plants,*"*® and it is quite likely that these RNA
transporters have the propensity to fibrillate in test tube. But do they fibrillate or
aggregate in vivo, and if so, it will be interesting to know the implications of such

suprastructures for plant physiology.
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CHAPTER 3

Negative Thermal Expansion of AtPP16-1

3.1. ABSTRACT

Despite immense interest in thermal expansion of solid materials, negative thermal expansion
(NTE) in particular, expansivity of proteins near ambient temperature is minimally reported.
One reason for the paucity of protein expansion studies could be the susceptibility of proteins
to conformational changes often within sudenaturing temperatures, given that the expansivity
phenomenon should include only vibrational fluctuations in atom positions in the absence of
a conformational change. This study encounters a disordered plant protein called AtPP16-1
(Arabidopsis thaliana phloem protein type 16-1) which shows negative thermal expansion in
the 292—-309 K range of temperature at no expense of conformational transition. Temperature
dependence of NMR chemical shifts of backbone atoms, global tumbling time derived from
N relaxations, and volume compressibility measurements yield a negative linear expansion
coefficient <a> ~ —5.3x10" K™ averaged over a sizable set of hydrogen bonds, and a
decrease in the root mean square volume fluctuation by ~40%. A frequency spectrum of
normal modes in which one or a fewer low frequency vibrational modes of large fluctuation
amplitudes are excited at the lower end, and many high-frequency vibrational modes of lower
fluctuation amplitudes are excited at the higher end of the temperature range can explain

negative thermal expansion.

Keywords: negative thermal expansion of protein; thermal expansion coefficient;
temperature coefficient of NMR chemical shift; negative volume expansion
coefficient; frequency spectrum of vibrational modes
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3.2. INTRODUCTION

Greater motion of atoms with higher thermal energy should increase the interatomic
equilibrium distances in matter. It is not always so. In one of the earliest studies of materials,
Hummel observed that thermal expansions of binary lithium aluminates are very large, one
form of the ternary lithium-aluminium-silica compound is very low, and another form of the
ternary compound is negative.> The finding of negative thermal expansion (NTE) of more
materials in later years® ™ led to envisage engineering devices built with material composites
of desired thermal expansion. Some success in device building has been achieved even as the
area of NTE of materials continues to grow rapidly.

Thermal expansion of proteins on the other hand has been studied less. The first
report of Frauenfelder and colleagues™ that both the crystal lattice and structure of
myoglobin in the 80—-300 K range expand with the expansion coefficient a~115 x 107 K™*

1417 gvalbumin,**

was followed up by studies with a few other proteins, including lysozyme,
RNAse A,"® and bovine pancreatic trypsin inhibitor.® It is also suggested that intramolecular
dissipation of thermal energy, from the photo-excited heme to the globin matrix of
myoglobin for example, can transiently expand the protein matrix.?° It has been generally
recognized that proteins having larger content of secondary structures, a-helix in particular,
exhibit greater thermal expansion. The roles of surface hydration, molar volumes of water,
and internal void spaces have also been discussed.’® A better understanding of thermal
expansion of biopolymers is thought to find application in industry®* and pharmaceuticals.
Thermal expansion coefficient varies from one protein to another because of protein
size and variation in the content of physical determinants and structural elements. Anomaly
in the temperature dependence of thermal expansion may also be detected.* No investigation
has however described NTE protein in contrast with numerous reports of NTE materials and
composites. One may encounter seeming instances of NTE proteins example, the amyloid
peptide A, in aqueous medium has been reported to exhibit an apparent thermal expansion
coefficient a®P~ — 0.8 x 1073 K~1.% Although credited for the rigor of the work, Afs
undergoes substantial structural and conformational changes in the temperature range
described. As we discuss later in this paper, a description of thermal expansion or contraction

must rely on atom motions, normal modes precisely, that do not lead to structural and
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conformational changes.

This work finds negative linear and volume expansion of AtPP16-1 in a narrow
temperature range in which no conformational change of the protein is detected. The protein
AtPP16-1 is involved in a variety of functions, including calcium binding and nutrient
transport. It is also likely to play a role in mRNA delivery, as suggested by studies with
phloem protein homologs.?® Recently, we determined the solution NMR structure of the
protein and found it to be intrinsically disordered.?* Briefly, only 32 of a total of 156 residues
are found in secondary structural regions formed of residues 3-9 (BI), 56-62 (1), 133-135
(B1), and 96-110 (a-helix); most of the chain otherwise is folded disorderly (Figure 1). The
disordered N-terminal lobe (residues 10-55) adjoins B to the rest of the molecule by a large
irregular cleft which appears important for interactions with nucleic acids by hydrogen-
bonding. The structure was solved at pH 4, because the protein unfolds in the region of
physiological pH. We have now carried out chemical shift analyses of the backbone atoms
'HN 4 and C,, NMR relaxation, and adiabatic compressibility measurements in the
292-309(+1) K window in which the protein conformation does not transform. We

determine thermal expansion coefficient of the H-bonds and find negative linear expansion

for all of them. It emerges that thermal fluctuations lead to contraction of the native state.

Figure 3.1. A cartoon of AtPP16-1 structure showing the intra- and intermolecular H-bonds.
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3.3. METHODS

Cloning, expression, and purification of °N-labeled recombinant AtPP16-1 have been
reported earlier.?** All experiments were done at pH 4.1 buffered with 7 mM acetate.
Thermal denaturation of the protein was monitored by both far- and near-UV CD using a
thermoelectric Peltier in an AVIV SF420 spectrometer. Equilibration time at each
temperature was 2 minutes. Reversibility of thermal denaturation was checked by a repeat in
which the sample heated from 293 to 363 K was cooled to the initial temperature of 293 K.
Tryptophan fluorescence anisotropy was monitored by 280-nm excitation and 360-nm
emission using the standard four settings of the polarizers HHo 0, VHo0,0, HV0,90, and VVgg go.

The anisotropy r as a function of time was calculated without applying the grating correction

factor
G = lyy/lyn,
— Iyy—Glyy
IVV+2GIVH.

Two-dimensional ["H-">N] HSQC spectra were recorded with a 9% D,O sample of ~150 pM
protein in the 296-308 K range at an interval of 2 K. Chemical shifts were referenced with
respect to DSS (4,4-dimethyl-4-silapentane-1-sulfonate) whose chemical shift has minimal
respectively, and the FID size for both F1 and F2 was 2048x128. The *°N spin-lattice and
spin-spin relaxation times, T; and T, were measured by using the inversion recovery and
CPMG sequences executed with ["H-""N] HSQC.?® Spectra were recorded in a 500 MHz
BRUKER spectrometer, and processed using Topspin 3.5 and Sparky software.

3.4. RESULTS AND DISCUSSION

3.4.1. Temperature window to study thermal shift of resonances.

The characterization of thermal expansion of materials should necessarily rely on
fluctuations of the atom positions rather than thermally altered structure of molecules. This
vital restriction on any drift in molecular structure mandates a careful evaluation of structure
and conformation in response to a change in temperature. For a protein system in particular,

the use of a set of temperature coefficients to characterize thermal expansion will be
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CD, 218 nm

legitimate only in the absence of any local or global conformational transitions. One
therefore needs to choose a range of temperature well below that corresponding to a
conformational change or unfolding. The most appropriate approach to ascertain the lack of
conformational drift could have been the determination of crystal structure of the protein in a
range of temperature to be chosen for thermal expansion. Generating X-ray maps in small
temperature intervals however are fraught with practical limitations, especially in the case of
a disordered protein that may not even crystallize.

With due consideration to these restrictions we examined the temperature dependence
of conformational transitions of AtPP16-1 using basic spectroscopic measurements. Figure
3.2a, b show CD-monitored thermal transitions, which are fortunately reversible and
reasonably sharp for an IDP. The slope of pre- and post-transition baselines in the far-UVv CD
melt (Figure 3.2a) is typical of thermal transitions of many proteins, and is probably not
related to changes in secondary structure. The temperature dependence was then probed at
273 nm which reports on the asymmetric environment of Phe and Tyr side chains. The
baselines of the melt are fairly flat here (Figure 3.2b), suggesting no detectable local
conformational transition. Further, the temperature dependence of tryptophan fluorescence
anisotropy (Figure 3.2c) does not indicate any considerable change in the fluorophore
mobility that would have changed the conformation. These results suggest the availability of
a window in the 292—-308 K range of temperature to study coefficients of NMR chemical

shifts and compressibility.
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Figure 3.2. Thermal melts of AtPP16-1 at pH 4.1 monitored by CD at 218 nm (a), CD at 273
nm (b), and tryptophan fluorescence anisotropy (c). The CD spectrum in the far- and near-
UV regions is shown in the inset of the first two panels. The hatched rectangles in yellow fill
is spread over the temperature range of 292-309(+1) K employed for NMR and

compressibility measurements.

3.4.2. Positive temperature coefficient for the chemical shift of backbone atoms.
Temperature coefficient (A6/AT) of protein backbone atoms was measured by NMR
chemical shifts (6) of *HN, *H%, and C, atoms in the 293-310 K range of temperature
referenced directly with respect to the chemical shift of DSS. Since AtPP16-1 is intrinsically
disordered, the chemical shift dispersion is rather narrow; however, working with the
resonances away from the crowded regions we could assign 33 residues in the [*H-"N]
HSQC and 47 residues in the ['"H-"3C] HSQC spectra. As shown for a few analyzed peaks
(Figure 3.3), the & of *H", *H®, and C, atoms of all residues shift linearly downfield from
DSS, indicating temperature-induced high-frequency shift or deshielding, and hence positive
temperature coefficient (as/ar > 0). The ranges of temperature coefficients observed are +4
to +10.5 ppb K™ (*H"), +8.4 to +13.3 ppb K™ (*H®%), and +0.1 to +26.1 ppb K™ (C,).

This is somewhat surprising, because positive values of as/ar hints at linear thermal
contraction, which is atypical of the commonly observed low-frequency shift or shielding of
'HN resonances with increasing temperature. A survey of data for *H™ in ~200 records
published during the past 25 years reveal that the temperature coefficients of folded and
unfolded states of proteins lie in the range from ~0 to ~ —12 ppb K™ unlike the positive
coefficients found from these results. Isolated instances of positive temperature coefficient
have also been reported for a very few *H" nuclei in ubiquitin,?’ GB3 protein,?® and cardiac
troponin C.% But the present finding of as/ar > 0 for a large number of *HN, *H® and C,

suggests the possibility that the protein undergoes thermal contraction.
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Figure 3.3. Temperature dependence of chemical shifts of *H" (left), *H (middle), and

C,, (right) resonances of AtPP16-1 in the 293 to 310 K range. The pattern of chemical

shifts in HSQC spectra is illustrated by a few assigned peaks on top of each panel.

3.4.3. Contracted H---O distances in the >N-H---O=C< H-bonds.

Chemical shifts of backbone *H" in proteins are particularly difficult to analyze by reference

to the structural model, which is why their quantitative use in structural analysis remains

extremely limited. The reason for this is their exquisite sensitivity to a multitude of factors

including hydrogen bonding, local solvent composition at the protein surface, magnetic

anisotropies of the surrounding groups, ring currents of the nearby aromatic systems, and

local dihedral angles. The entire body of literature on the use of the amide proton temperature

coefficients can be separated into two parts. The first one focuses on the idea that a hydrogen

bond between an amide proton and a water molecule is on average more labile and thus more

susceptible to temperature changes than an intramolecular >N-H---O=C< H-bond. Therefore,
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experimental *H" temperature coefficients are used to separate the amide groups in the
interior of the protein and those facing the solvent. This separation is distant from perfect
with a considerable overlap between the two distributions as observed from extensive
surveys including multiple proteins. Another group of studies focuses on extraction of
intramolecular hydrogen bonding parameters, mainly H---O distances in a N-H---O=C< H-
bond, from the observed amide chemical shift temperature coefficients of native-state
proteins.

Taking H-bond strength as the major factor affecting chemical shift of *H" nuclei®*>?
we look at their hydrogen bonding status. From the conformation-averaged solution structure
of AtPP16-1 whose secondary structure contains only 20% of a total of 156 amino acids®* we
obtain only 33 intramolecular H-bonds. However, the fact that &y of all amide protons
sizably shift with temperature should mean that all of them are H-bonded. This supposition is
consistent with the argument that backbone polar groups not engaged in hydrogen-bonding
are energetically expensive, and that all potential H-bonding donors and acceptors are
believed to be H-bonded intramolecularly or with solvent water for a sufficient fraction of

3437 and are thus

time.*®* In general, H-bonds contribute favorably to protein stability
indispensable. We therefore assume that all amide hydrogens are H-bonded on the NMR
timescale. Since H-bonds in our dataset are both intra and intermolecular we did not measure
$jue values, but relied on the following empirical relation between & and roy due to

Wagner et al*®

Ay = % ~23 (1)

OH

for determination of the changes in H-bond distances with temperature. Here, roy is the H-
bond distance, and Aoy is obtained by subtracting the corresponding random coil shift from
the observed chemical shift.

To obtain Ady values for each of the experimental temperatures, the Poulsen IDP/IUP
random coil chemical shifts for the AtPP16-1 sequence were calculated at the appropriate
temperatures using the NIH server (https://spin.niddk.nih.gov/bax). Figure 4a shows the
length of H-bonds donated by NHs whose proton chemical shifts are measured. We note that
the H-bond length given here is the H--O distance (ron), and not the donor-acceptor N-O

distance (rno) as found in many X-ray as well as some NMR literature. Four H-bonds,
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donated by NHs of K17, K114, L98 (not shown), and M101 appear relatively longer. Since
L98 and M101 belong to the sole helix of AtPP16-1, the larger length for the two
corresponding H-bonds of the >N-H---O=C< type might mean a bent in the helix such that
the two residues lie on the outer side of the helix curvature. The helix indeed appears slightly
curved in the model of the averaged NMR structure. The mean of roy for all other residues is
2.44 (SD 0.57) A at 296 K but decreases linearly to 2.27 (SD 0.50) A as the protein is heated
up to 308 K (Figure 4a), suggesting thermal strengthening of the H-bonds.

The slope of the temperature dependence of roy in Figure 4a forms the metric for the
linear thermal expansion coefficient () of the corresponding H-bond. In the temperature

interval of T, and T»,

1 0dr
a(T]J TZ) = (rOH)a_;iH (2)

where we take 2.3 A for the mean length <rop>. The variation of the « value in the
temperature range 296 to 308 K for hydrogen bonds of donor residues is shown in Figure 4b.
Clearly, the linear expansion coefficient is negative for all residues, reflecting thermal
contraction of the H-bonds, the mean expansion coefficient < @ > ~ — 5.6 x 1073 K™', the

modulus of which is the average thermal contraction coefficient for all H-bonds measured.
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Figure 3.4. Length and linear expansion coefficient of hydrogen bonds. (a) The linear
thermal dependence of hydrogen bond length of the indicated donor residues. Labels in red
and cyan correspond to residues in the a-helix and p-strands, respectively. The decrease in
bond length is a measure of increase in the bond strength. (b) The expansion coefficient of
each of the measured H-bonds is negative. The bars for donor residues in the a-helix and 3-
strands are distinguished by red and cyan, respectively. The dotted horizontal line represents

the average expansion coefficient.

The slope of the temperature dependence of roy in Figure 4a forms the metric for the
linear thermal expansion coefficient («) of the corresponding H-bond. In the temperature

interval of T; and T»,

1 0

where we take 2.3 A for the mean length <rou>. The variation of the « value in the
temperature range 296 to 308 K for hydrogen bonds of donor residues is shown in Figure 4b.
Clearly, the linear expansion coefficient is negative for all residues, reflecting thermal
contraction of the H-bonds. The modulus of the mean expansion coefficient, < a > ~ —
5.6 x 1073 K™', is the average thermal contraction coefficient for all H-bonds measured.
Instances of thermal contraction of H-bonds in proteins are not abundant. Of the >N-
H--0=C< type of H-bonds measured for ubiquitin® and GB3 protein,?® only one in the
former and three in the latter show negative thermal expansion. Cardiac troponin C, whose
sequence size is comparable with that of AtPP16-1, has 15 H-bonds with negative thermal
expansion.® Likewise, BPTI has about 15 H-bonds that register negative expansion
coefficient.® The present result however appears unusual in that <e> is negative for all the
analyzed H---O distances. Since no other instance of a protein with negative expansion for all
measured hydrogen bonds is known, we posit that the root-mean-square volume fluctuation

of the protein should decrease with increasing temperature.
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3.4.4. Temperature dependence of backbone C,, and *H® chemical shifts.

The difficulties associated with the interpretation of chemical shifts are substantially less
with regard to C, and 'HCa atoms, because their shifts are sensitive to a fewer factors
including magnetic anisotropies of the surrounding groups and backbone torsion angles.
Magnetic anisotropy arising from the bond magnetic susceptibility of O=C< should
produce a minor shielding (o) because of large proximity of the C,, nucleus, although the
shielding arising from the susceptibility of the C,—C' bond is likely to have relatively
larger effect. It has been discussed widely that the predominant factors affecting the
chemical shift of C,, are the backbone torsion angles ¢ and .*°**? But the chemical shift
of 'H® seems to depend little on the torsion angle y while both ¢ and the peptide
magnetic anisotropy produce shielding at the *H nucleus.*® These considerations appear
to suggest that the temperature coefficients of C,, (~ +0.1 to ~ +26.1 ppb K™*) and *H% (~

+8.4 to ~ +13.3 ppb K™) derived from Figure 2 truly reflect deviations of the backbone

atoms from their equilibrium positions due to thermal fluctuations.

3.4.5. Thermal shortening of global correlation time, ..

To examine if the purported negative linear expansion is also reflected in hydrodynamics, we
calculated the variation of 7. of AtPP16-1 in the 298-304 K range of temperature by using
the relaxation times T; and T of the resolved "N resonances (Supporting Information). One
assumes that fast internal motions influence T, and T, uniformly, and T, is not shortened by
chemical exchange or faster pseudo-first-order processes. The T,/T ratio of all residues is not
useful, but only those for which the ratio is within one standard deviation from the mean.*
The global rotational correlation time is then calculated by

6Ty

Tc = (47TVN)_1 T

7 3)

where vy is Larmor frequency of °N (=50.68 MHz). The decrease of 7, in such a narrow
range of temperature (Figure 3.5) indicates that the protein has contracted by ~40%. The
contraction is not because of a conformational collapse, because the thermal melts probing
secondary and tertiary structures and tryptophan side-chain anisotropy (Figure 3.2) did not

indicate a conformational transition in this range of temperature. The contraction may rather
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arise from decreasing volume fluctuation which is much faster than spin relaxation and

hydrodynamics.
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Figure 3.5. Global correlation time of AtPP16-1 with temperature.

3.4.6. Thermally demoted volume fluctuation.

To find out if atom fluctuations indeed decrease with temperature, we carried out protein
compressibility measurements using a vibrating tube density meter. Measured sound velocity
in the protein molecule (u) and the equilibrium density of the protein (p) were used to
calculate adiabatic compressibility coefficient B = 1/(pu?) in the range 292-309 K (Figure
3.6a). For an isotropic protein system in aqueous medium the adiabatic and isothermal

compressibility coefficients, Bs and B, respectively, are related as*

_ KT
Br = Bs + G, (4)

where C, is the heat capacity of the protein and x is the volume coefficient of thermal
expansion. Since the magnitude of C, is very large compared to that of x, the second term in
equation 4 is often neglected to project Bs~Br for aqueous solutions® so that B can be used

to estimate volume fluctuation of the protein by the precise thermodynamic relation“®*’

<5V2) = kgTVyPBr (%)
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Figure 3.6. (a) Decrease of S5 with temperature. (b) Root-mean-square volume fluctuation of
AtPP16-1, uncorrected (black) and corrected (cyan) for temperature dependence of the

intrinsic volume V).

where (8V?2) is the mean-square volume fluctuation. The intrinsic volume V,,;, which is the
sum of van der Waals volumes of the protein atoms and void spaces in the protein, can be
taken as 1.27 M.*** The molecular mass of AtPP16-1 is 17.3 kDa, which vyields
V3~2.19x107% m® at ambient temperature. It is however difficult to obtain the temperature
dependence of V,,. To this end, we used published data on amyloid peptide Ag? to
approximate the temperature gradient near the ambient temperature so as to estimate the Vy,
values for AtPP16-1 in the temperature range 292—-309 K. Figure 3.6b shows the root mean
square volume fluctuation, 8Vrums, as a function of temperature using both temperature-
corrected and uncorrected values of V,,. Clearly, 8Vrus decreases non-linearly with
temperature irrespective of introducing the correction for V,,. The decrease of 6Vrus from
292 to 309 K (Figure 3.6¢) is ~37%, which is in excellent agreement with ~40% reduction in
7. observed by NMR relaxation measurements (Figure 3.5), suggesting that the intrinsic

thermal expansion of the native protein is negative.
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3.4.7. Basis for Negative Thermal Expansion.

We conjecture a qualitative model without proof. Any model pertaining to thermal
expansion must be based on concerted motions of vibrational modes resulting in linear or
volume or both expansions. The frequency spectrum of 3N—6 normal modes can be given in
terms of both number density of normal modes and 6Vgrus (Figure 3.7). As general it is, the
number of low-frequency modes decreases to just one or two with the frequency approaching
as low as ~1 cm™. This should happen because concerted in-phase fluctuation of hundreds of
atoms is a rare event. It may so happen that a fewer low-frequency modes cause in-phase
fluctuation of all atoms, or nearly so, to bring about large 6Vrms, Whose amplitude reduces

with thermally promoted high-frequency modes.

V
g 'RMS

Number density of modes

Frequency,cm'1

Figure 3.7. Normal mode densities (grey curve) and root mean square volume fluctuations
(black curve) as a function of vibrational frequency. Large amplitude collective fluctuations
corresponding to only one or a fewer modes of very low frequency take place at lower
temperature.

Such frequency and amplitude spectra of normal modes of proteins are known from
earlier work,>®®" but the question is why negative thermal expansion of proteins is a rare

phenomenon? Although there is no definite answer as yet, one of the factors could be the
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corrugations of IDP surfaces which influence the density of surface hydration. Since
fluctuations of protein atoms are directly related to hydration dynamics, it is possible that
thermal fluctuations in normally structured and intrinsically disordered proteins are very
different. The rational for this suggestion is consistent with several recent reports that

temperature induces compaction of intrinsically disordered proteins,>*

even though there is
no clear mention if these proteins undergo conformational transition or they expand
negatively with temperature. The contraction must not result in conformational changes or
chain folding. The model surmised may not entirely reproduce experimental results, but

further experiments and normal mode computations can provide additional clues.
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CHAPTER 4

Electrostatic effect on the folding of AtPP16-1

4.1. ABSTRACT

The finding that the IDP AtPP16-1 is stable at pH ~4 (net charge +14.7) but not at pH ~6
(net charge —2.4) hints at the key role of sequence charges to maintain structure,
conformation, and dynamics of the protein. Screening the intrinsic charges leads to
reversible acquisition of additional secondary and tertiary structures not only at pH 4.1
but also at 6.1, suggesting that the salt-induced structure acquisition is not critically
dependent on net charge on the protein. Surprisingly, the charged-screened protein state
undergoes reversible and cooperative folding in the presence of high urea. Such urea-
induced reversible folding of proteins, globular or intrinsically disordered, is not known.
The urea-refolded state may be structured to a large extent, but is likely to be an off-
pathway abortive form.

4.2. INTRODUCTION

Several studies have suggested that charge distribution, and net and fractional charge per
residue critically determine the size, shape and conformational fluctuations of IDPs.*™
The importance of charge patterning has been analyzed by both theoretical®® and
experimental methods.?” Numerous influential reviews have also been published on the
charge—IDP problem” all of the literature is not listed here. It would appear that the vast
set of data on this subject implicates conformer fluctuations, molecular dimension, and
functional properties with changing charge pattern on the protein sequence, and many
invoke popular theories of polymer physics.* Despite the advances made, the effect of
screening of IDP charges by solvent ions has not been worked out in sufficient details.
The problem is analogous to stabilization of acid- or base-destabilized proteins to molten

globule-like states by ions, although there are specific objectives of charge-screening of
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IDPs. 1t is of interest to know if the charge-screened state is functionally active and
whether the structural alterations brought about is reversible. One may also like to know
the extent to which structural dynamics and chain fluctuations are perturbed. ampholyte
theory and all the large increase in protein structure induced by salt irrespective of the net
charge on the chain have been scarcely described.

This chapter describes the effect of solvent ions on the structure and conformation of
AtPP16-1 at pH ~4 where the protein is most stable and pH ~6 where it is least stable.
The secondary and tertiary structural alterations due screened charges are monitored by
the usual CD and fluorescence methods. The protein indeed acquires substantial structure
in the presence of NaCl, but surprisingly, the salt-stabilized state undergoes further

reversible and cooperative folding induced by urea.

4.3. MATERIALS AND METHODS

Production and purification of AtPP16-1 has been described already. Samples for urea
titration of the protein were prepared by mixing two stock solutions that were identical
with respect to protein content (~8 uM) and buffer (50 mM acetate, pH 4 or 20 mM
PIPES, pH 6.5), except that one contained no urea (native protein solution) and the other
did in the 69 M range (unfolded protein solution). If salt titration was to carry out, one
of the stock solutions contained the highest concentration of salt to be used, generally 2
mM NacCl, and the other contained no salt. The two solutions were mixed appropriately to
generate samples in the interval of 0.15 M urea or 0.1 M NaCl. This titration approach
not only ensures uniformity of the samples except variable urea content, but also tests the
reversibility of the unfolding reaction. Samples were equilibrated at 25°(+1)°C for ~1 h
before measuring CD and fluorescence in succession. Far-UV CD (218 nm) readings
were taken in a AVIV SF420 instrument by averaging ~30 points acquired in the time
base mode, and fluorescence at the appropriate emission wavelength was noted from the
average of two emission spectra (excitation at 280 nm) recorded in a JASCO FP—8300
spectro fluorometer. The pH and urea content of the samples were routinely confirmed by

reading pH and refractive index after completing the experiment.
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4.4. RESULTS AND DISCUSSION

4.4.1. A revisit to the pH dependence of AtPP16-1 conformers
Since the pattern and distribution of charges in the sequences of IDPs are dominant

determinants of conformations,*#*>%?

the solvent pH is expected to influence structure,
conformation, and stability of disordered proteins considerably. The pH-dependence of
the conformation of AtPP16-1 that we have been considering from time to time is
reviewed in Figure 4.1). The conformations at the extremes of pH, most likely resulting
from acid and base unfolding will be excluded from discussion here. The protein is
visibly most stable at pH 4.1(+1) and 8.3(x1) corresponding to net charges of +14.7 and
—6, respectively, but contains little secondary structure at pH 6.1(x£1) when the net charge
content is —2.4. This result restates the importance of sequence charges in the

determination of IDP conformation.
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Figure 4.1. (A) Net charge on AtPP16-1 with pH. (B) Secondary structure content with
pH. (C) Change in fluorescence at different pH. The solid line through data in (B) is
drawn by a multi-pK,; model described in Chapter 5.

4.4.2. Folding and stability at pH 4.1.

One notices that the protein registers little secondary structure and quenched fluorescence
in the region of instability. Using these two probes as markers we set out to determine the
reversible folding and stability of AtPP16-1 at pH 4.1(%+1) and 6.1(%1). It may appear odd
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to do experiments at the latter pH where defined structural elements are absent, but the
rationale is to modulate the action of protein charges by extrinsic ions and then examine
the conformation(s). We present the urea-induced folding data at pH 4.1 first (Figure
4.2). The urea-dependence of fluorescence spectra produces two isosbestic points (Figure
4.2a), suggesting that the tertiary structure must unfold by at least one folding
intermediate. The 14-nm red-shifted transition of the wavelength of maximum emission
(Amax) Shown in the inset indicates that tertiary structure unfolding results in surface
exposure of aromatic chains. These results already suggest that AtPP16-1 at pH 4.1 has a
defined tertiary structure that melts away with increments of urea. An inspection of the
331-nm fluorescence decrease with urea hints at deviation of the unfolding from a simple
two-state process (Figure 4.2b), characteristic of small globular proteins. The results are
affirmative of the involvement of at least one structural intermediate (N=I=U) which

leads to fitting the data by the use of the three-state equation

-AG1+mgy —AGz+mgy
e RT e RT
S = (Cf + mfx) + (cy1 + my1x) —AGitmgr + (cyp + muzx)ngz .......... 1)
1+e RT 1+e RT

where c,; and m,; are baseline parameters for the intermediate (i = 1) and unfolded
(i = 2) states, and AG; and my; are free energy of unfolding and equilibrium m-values,
respectively, for the first (i = 1) and second (i = 2) transitions. The iterated values of

AG; and my; are listed in Table 4.1.
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Figure 4.2. Urea denaturation of AtPP16-1 at pH 4.1, 50 mM sodium acetate, 25°C. (A)
Fluorescence emission spectra (ex: 280 nm) at different urea concentrations. (B)
Fluorescence-monitored denaturation by urea with the solid line drawn according to a
three-state model (N<I=U, where | is an intermediate). (C) Far-UV CD-monitored
denaturation is described by a two-state process, which is the overall N<U transition. (D)
Fractions of tertiary and secondary structure with urea are plotted to emphasize on the

accumulation of an equilibrium folding intermediate.

Table 4.1. Urea-induced equilibrium unfolding

CD Fluorescence
pH AG My AGq Mg1 AG, Mg2
4.1(+0.1) 9.11 3.00 3.00 1.86 5.59 1.80
6.3(+0.1) 4.38 1.38 2.16 0.30 4.30 1.62

AG is in kcal mol™ and my is given in kcal mol™* M ™.
Error in the determination of AG and mg are £0.2 and 0.1, respectively.



The secondary structure at pH 4.1 unfolds by a single cooperative transition yielding AG
and mg values of 9.11 kcal mol™ and 3.00 kcal mol™ M™ (Figure 2c). A comparison of
the fraction of each type of structure unfolded with urea (Figure 2d) clearly indicates the
operation of a minimal mechanism involving a structural intermediate ((N=I=U)). We
call it a minimal mechanism because we have not searched for more of such
intermediates. The result is however striking; this is perhaps one of few instances, if not
the only one, where an IDP is seen to undergo equilibrium unfolding by populating a
well-defined intermediate in which the tertiary structure is partially retained.

4.4.3. The excitement of charge screening
4431.pH6.3

The presence of little structure at pH 6.3 in spite of a net charge of —2.4 on the
sequence is atypical of globular proteins. This must mean that charge-charge repulsion, as
in pH 4.1, plays a significant role in the maintenance of IDP structure. To find out the
action of extrinsic ions on the unstable conformation of AtPP16-1 at pH 6.3 we titrated
the protein with NaCl in the 0-2 M range and monitored the levels of secondary structure
(Figure 4.3a). Clearly, the secondary structure builds up with Na* and CI™ ions,
suggesting that some mechanism other than minor charge screening leads to structure
acquisition and folding. The events of charge screening and secondary structure
formation are quick, and this must be a specific structural change because CD spectra of
the salt-containing samples recorded ~65 hours later (Figure 4.3b) showed no drift in the
ellpticity values. Similar results are obtained with NaCl dependence of fluorescence; the
spectra (Figure 4.3c) and the intensity of fluorescence emission (Figure 4.3d) are time-
invariant. Note that fluorescence of AtPP16-1 increases with tertiary structure formation.
Charge screening, which is purely an electrostatic effect operational at low ionic strength,
is unlikely to bring about the folding and structure formation to the extent observed. At
higher ionic strength, the salting-out effect on uncharged amino acid side chains sets in.
Polar side chains, which account for ~ 20% of the residues in the AtPP16-1, are likely to

be salted-out at higher ionic strength. This effect has been proposed to control
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conformational changes in IDPs,® but there is no explanation at present as to how salting-

out can restore structure and folding sequence.
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Figure 4.3. Charge-screening at pH 6.3. (A) NaCl titration of AtPP16-1 monitored by
218-nm CD. (B) The spectra of different salt-containing samples recorded ~65 hours
later. The NaCl concentrations corresponding to the spectra from top to bottom are 0, 0.4,
0.8, 1.2, 1.6, and 2 M. (C) Fluorescence spectra at different NaCl concentrations
showing the absence of an isosbestic point. (D) The 334-nm fluorescence intensity with
NaCl.

4432.pH4.1
Going by the charge screening idea, a reverse of the pH 6.3 result above should be
obtained at pH 4.1 where repealing the charge-charge repulsions may lead to structure

loss and chain collapse. This does not happen. Salt addition rather leads to the formation
0o



of additional secondary structure on the protein (Figure 4.4a), and the increase of
fluorescence indicates addition of tertiary structure (Figure 4.4b). We note that the
fluorescence spectrum across the 0—2 M NaCl scale hardly undergoes a shift in the
emission wavelength. The salt effect on AtPP16-1 at pH 4.1 (net charge +14.7) is typical
of charge screening by which extrinsic anions transform a protein to a more compact
structured form akin to ion stabilization of acid- or base-denatured states of globular

proteins to the respective molten globule states.™
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Figure 4.4. Charge-screening at pH 4.1 monitored by 218-nm CD (A) and 332-nm
fluorescence (B).

4.4.4. The NaCl stabilized/structured proteins are off-pathway

The substantial structure acquisition and folding in the presence of NaCl give rise to the
suspicion if the protein state so generated is native-like. To check on this, AtPP16-1 in
2M NaCl was titrated with urea at pH 4.1, 25°C, and the results shown in Figure 4.5a,b

are surprisingly disappointing. The 218-nm CD-monitored secondary structure undergoes
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nice cooperative and reversible refolding transitions (Figure 4.5a), but the fluorescence-
monitored tertiary structure unfolds with urea (Figure 4.5b). The results are even murkier
at pH 6.3, 2M NacCl, where urea refolds both secondary and tertiary structures, the former
IS a cooperative and the latter is not (Figure 4.5c, d). It is only a procedural exercise to fit

the transitions to the two-state equation

—AG+mg
RT

S=(cp+mx) + (cu + M) ~—=ggzmy e )

1+e RT

where the symbols have usual meaning. The fit parameters are indicated in the respective

figures.
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Figure 4.5. Urea-induced refolding-transitions of the 2 M-NaCl stabilized AtPP16-1. At
pH 4.1, the 218-nm CD-monitored transition shows refolding of secondary structure (A),
but the 334-nm fluorescence-monitored transition reveals unfolding of tertiary structure

(B). At pH 6.3, the CD-monitored transition shows a cooperative refolding of secondary
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structure (C), but the fluorescence transition is not cooperative, even though the increase
in fluorescence is indicative of refolding of tertiary structure.

Urea induced refolding of a globular protein is unknown. Now that we see this in
the case of a salt-stabilized IDP we seek an explanation; unfortunately we do not have
data at this stage to offer an explanation. There are several possibilities including
cooperative collapse and aggregation, and urea-induced protein stiffening and entropic
stabilization.""* This area of salt-stabilized IDP refolding by the urea denaturant is left
for future studies.

4.5. CONCLUSIONS

Charge-charge repulsion appears to maintain the folded conformation of AtPP16-1
around pH 4, but dwindling of net charge near the physiological pH (~6.5) leads to
unfolding. Screening of the intrinsic charges by solvent ions leads to folding,
stabilization, and structure acquisition irrespective of the net charge content. The
structure, conformation, and dimensional properties of the charged-screened proteins are
not known, but they undergo further acquisition of secondary structure in the presence of

~4-9 M range of urea.
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CHAPTER 5

Cysteine substitution mutagenesis of AtPP16-1 alters
the average conformational ensemble throughout the

backbone

5.1. ABSTRACT

Rapid evolution with mutation of intrinsically disordered proteins (IDPs) has drawn large
attention recently. To examine the effect of single mutation of non-bulky amino acids on
the energetic stability and average conformational ensemble of IDP, alanine-to-cysteine
substitutions in the mRNA transporter protein AtPP16-1 (Arabidopsis thaliana Phloem
Protein) were made. Mutations do not drastically change the stability of the protein, but
the equilibrium folding pathway is altered by introducing more folding intermediates.
The pH stability profile of the wild type IDP does not change much either. The tyrosine’s
of the mutants are largely buried compared to that of the wild type, and the degree of
burial varies within the mutants themselves. Chemical shift index of mutation (CSIM) for
the assigned 'H and N resonances reveal conformational changes throughout the
backbone irrespective of not only the mutation position in the sequence, but also whether
the substitution is in structured or disordered regions. This finding is consistent with the
idea that single mutation can perturb IDP conformation globally unlike local changes
found in most of the ordered and compact globular proteins.

Keywords:

Intrinsically disordered protein (IDP); mutation and evolution of IDP; chemical shift
index of mutation; Arabidopsis thaliana phloem protein.
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5.2. INTRODUCTION

Highly flexible proteins that do not fold to a fixed three dimensional structure and contain
disordered regions lacking one or both of tertiary and secondary structures are called
intrinsically unstructured or intrinsically disordered proteins (IDPs). They are of
universal occurrence, found in all organisms from viruses to humans, and account for
nearly 30% of eukaryotic cellular proteins. Even though IDPs are implicated in diabetes,
cancer, neurodegenerative, and cardiovascular diseases, they perform some crucial
functions such as molecular recognition, structural assembly, posttranslational protein
modification, and DNA and RNA binding.”” They do not or seldom take part in
metabolism, biosynthesis, electron transport, and enzyme catalysis.

A major area of IDP research seeks to find out the composition of the amino acid
sequence, evolution, and mutations with respect to their disordered regions of structure.
Compared to ordered globular proteins, IDPs have low complexity sequence,® undergo

9,10

rapid evolution with high mutation rates,” and play a role in evolutionary origins of cell

type diversification.'* With specific regard to IDP mutations, the intrinsically disordered
regions (IDRs) are nonconservative and more vulnerable to undergo mutations.***®
Patterns of mutation in IDPs are quite different from those in globular proteins, and the
analysis of mutational effects has many facts. Not all mutations are deleterious. Those
within IDRs that lead to aggregation of IDPs have been implicated in draining human
conditions such as Alzheimer, Parkinson, and Huntington diseases.>** Mutations that
induce various degrees of deviation in the conformation of the IDPs are expected to
influence the functional attribute. Substitutions that affect the existing charge pattern
distribution can alter the molecular dimension by expanding or collapsing the IDP chain,
and thus affect the function.”> Expansion is also affected by widespread insertion and
deletion mutations in IDPs.'?*® Another recent study suggests that the perturbation of the
average dimensions of the conformational ensemble can occur not only by single
mutation, but also double, quadruple and quintuple substitutions.” In spite of these
possible consequences of mutations, IDPs can still tolerate several potentially disruptive

mutations.®
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Clearly, studies on structure-function relationship of IDPs are hindered by rapid
evolution'? and amino acid mutations. More on the consequences of mutation needs to be
done for a better understanding of the structure-function relationship of IDPs. Our
interest in mutational studies arose from the finding that the solution NMR structure of
the putative plant RNA transporter Atpp16-1 (Figure 5.1) shows intrinsic disorder.'® The
objective initially was to carry out Ala—Cys single mutations of the cysteine less protein
so that extrinsic fluorophores could be attached to the cysteine side chain for mapping
distances within the chain. After producing the mutants we grew concerned about altering
the intrinsic conformational properties of the protein while modifying the cysteine side
chain with fluorophore. We then discontinued with the fluorescence resonance transfer
experiments and set out to examine the backbone conformational changes brought about
by mutation of alanine’s at different sequence positions. We were successful to produce
only three single Ala—Cys mutants — A2C and A68C, both of which are in unstructured
regions (Figure 5.1), and A61C located in the p—strand 2 (residues 56—62). Optical
experiments suggest varying degrees of aromatic chain exposure, and the chemical shift
indices of mutation (CSIM) establish perturbation throughout the backbone irrespective

of the location of the mutation.
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Figure 5.1. Ribbon diagram of one of the minor ensembles of conformers of AtPP16-1
showing the positions of A2, A61, and A68. The short B-strand immediately after the
helix is not observed in 17 of the 20 conformers generated from NMR data *°. The long

C-terminal tail also contains the Hg tag.

5.3. MATERIALS AND METHODS

5.3.1. Site-directed mutagenesis and protein purification
The pET28a (+) vector-cloned sequence template of AtPP16-1 that already has Nco | and
Xho 1 restriction sites was used for PCR amplification of the following primers for site
directed mutagenesis.
A2C F 5 AGATATACCATGIGTGTTGGAATCCTTGAGGTTAGTG 3

R 5GATTCCAACACACATGGTATATCTCCTTCTTAAAGTTAAAC 3

A61C F 5" GAAATGGAGATGTGAGTTTCCTGGCTCCGGC 3
R 5" AGGAAACTCACATCTCCATTTCAATTTATCATTCCATGTC &
AGBC F 5" CTCCGGCTGCGACTACAAACTCATCGTC 3

R 5" TGTAGTCGCAGCCGGAGCCAGGAAACTC &

The desired mutations were confirmed by DNA sequencing. The procedures for
expression and purification of Atpp16-1 have already been described.'® Briefly, cDNA is
initially cloned into pTZ57R/T vector, sub cloned into pET28a (+) vector, and
transformed into BL21(DE3) RIL cells for protein expression. Cells are grown in Luria
Bertani broth containing kanamycin (50 pg/mL) and chloramphenicol (50 pg/mL) at
37°C up to 0.6 optical density at 600 nm before allowing protein expression at 16°C by
the addition of IPTG (0.1 mM). After ~8 h of growth, cells are harvested and suspended
in phosphate buffer saline. All purification steps are carried out at 4°C. Cells are lysed in
20 mM Tris-HCI, 50 mM NaCl, 5 mM imidazole, pH 8. The supernatant is collected by a

20-min centrifugation at 14000 rpm, passed through a Ni-NTA column equilibrated with
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the lysis buffer, washed with the same lysis buffer, and eluted with 20 mM Tris-HCI, 50
mM NaCl, 150 mM imidazole, pH 8. The eluted fractions are dialyzed overnight against
7 mM sodium acetate at pH 4; the part of the protein precipitated during dialysis is
removed by centrifugation, and the purity is checked by SDS-PAGE. For production of
isotope-labelled protein, all steps are identical except that the cells are grown in M9

medium containing *>NH,CI or both **NH,CI and **C-glucose.

5.3.2. pH titration

The buffer system consisted of 10 mM glycine, 4 mM each of sodium acetate, HEPES
and PIPES, 8 mM Tris, and 2 mM CAPS. The initial protein solution (8 uM) prepared in
this buffer was aliquoted as samples of 0.5 mL each, whose pH was set to different pH
values in the range 1.4 — 12.6 using minimal volumes of HCI, acetic acid, and NaOH.
The dilution of the initial protein solution in the process of pH adjustment was considered
negligible. Following equilibration at 25°C for 2 h, the 218-nm CD value and
fluorescence spectra (280-nm excitation) were measured. Each CD value at 218 nm was
obtained as an average of ~30 readings measured in the time-base mode, and each

fluorescence spectrum was an average of two or four scans.

5.3.3. Equilibrium unfolding

The protocol we use requires mixing the two end-state solutions, one containing the
protein in the native state and the other in the unfolded state. The two stock solutions are
identical, 10 uM in protein concentration and prepared in 40 mM sodium acetate at pH 4,
except that the native protein solution contains no urea while the unfolded contains the
highest urea employed (5 or 6 M). This procedure serves to test the reversibility of the
unfolding reaction. Samples of the wild type, A2C, A61C, and A68C proteins in different
urea prepared by mixing the respective end-state solutions were equilibrated at 24(+1)°C
for ~2 hours before measurements at the same temperature. Tryptophan fluorescence
spectra were measured in a JASCO FP-8300 fluorometer, and far-UV CD spectra or 218-
nm constant wavelength CD measurements were done using JASCO J1500 instruments.

As a routine workup, the urea content and pH of the samples were determined again after
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the measurements. Since the mutants of AtPP16-1 at 25°C were found to be unstable
after ~15 h of sample preparation, freshly prepared samples of each mutant protein were

used for each of fluorescence and CD measurements.

5.3.4. NMR Spectroscopy

Protein samples for NMR experiments were prepared in a 10% D,0 buffer of 20 mM
sodium acetate, pH 4.1, and contained typically 100 puM uniformly 15N-labeled or
15N/13C doubly-labeled wild type, A2C, A61C, and A68C proteins. The spectral widths
for 'H and *°N in 2D [*H- "°N] HSQC spectra were 11 and 36 ppm, respectively, with
corresponding carrier frequencies positioned at 4.7 and 117 ppm. Since the mutant
proteins appeared unstable showing no resonance dispersion in ~20 h after the [*H— *N]
HSQC spectrum, 3D HNCO, HNCA, HNCACB and CBCA(CO)NH experiments were
performed in a restricted sense by non-uniform sampling (NUS). The mutant instability
also required the use of fresh samples after every 3D experiment. All experiments were
done at 298 K in a 500 MHz Bruker (Ascende I11) spectrometer equipped with a 5 mm
triple resonance probe (TXI). Data were processed initially using TopSpin 3.1 (Bruker)
and NMRpipe?® software before transferring them to Sparky for peak picking and

assignments.
5.4. RESULTS AND DISCUSSION

5.4.1. Secondary and tertiary structures of Ala—Cys mutants

The amount of secondary structure in the mutant proteins do not appear to match that of
the wild type AtPP16-1; while both A2C and A68C demonstrate slightly lower MRE
relative to that of the wild type, A61C registers significantly higher MRE (Figure 5.2).
The A61 residue is contained in the B—strand 2, but how its substitution with a cysteine
can lead to more 3 content is not clear. It is possible that the f—strand 2 is relatively more
constrained in the wild type protein; the substitution of A61 with the cysteine introduces

some flexibility so as to favor B-—structure, a suggestion emanating from molecular

78



dynamics simulation studies.?* There also are instances of stabilization of protein
scaffolds, the (B/a) barrel and the CSaf structure for example, by establishing disulfide
bridges between secondary structural elements.?>*® The A61C mutant can register more
B—content if two cysteines establish a disulfide linkage intermolecularly. This scenario
refers to protein dimerization, and possibly aggregation, some evidence of which was
obtained from NMR spectra and equilibrium experiments that indicated that the mutant
proteins tend to aggregate over tens of hours of incubation at room temperature. The
spectra reported in Figure 5.2a were however recorded with freshly prepared protein
samples stored at 4°C that were exposed to room temperature only to record the spectra.
We conclude that the p—content of A61C increases probably due to an increase in

flexibility of the B—strand 2 as a result of the mutation.

As a marker of tertiary structure, the 280-nm excited fluorescence spectra
recorded for both wild-type and mutant proteins are shown in Figure 5.2b. While all four
proteins emit at 334 nm, which is due to tryptophan fluorescing, the Ala—Cys mutants
also demonstrate tyrosine emissions appearing as a shoulder at ~310 nm. The shoulder
corresponding to the A2C is more distinct relative to that of A61C, and appears as a clear
emission peak in the case of A68C. In general, the band width of the excitation light is
sufficient to excite the tyrosine phenolic side chain whose absorption maximum is ~275
nm, but the result that the mutants show tyrosine fluorescence while the wild-type does
not indicates that the tyrosine’s in the mutant proteins are largely buried so that their
fluorescence is not quenched. Even the three mutants are different from each other by the
criterion of tyrosine burial, the tyrosine fluorescence of A68C is quenched the least.
Tyrosine emission is well known to be highly sensitive to the environment, making it a
very useful inherent probe to study structure and dynamics of proteins.?* We see that the
tertiary structure of the wild-type AtPP16-1 is perturbed sufficiently in the cysteine
mutants, the A68C being the most perturbed.
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Figure 5.2. Far-UV CD spectra (a), and fluorescence emission (excitation at 280 nm)
spectra (b) of wild type (black), A2C (red), A61C (yellow), and A68C (dark cyan) in 10
mM sodium acetate, pH 4.

5.4.2. Stability and folding

To determine the stability of the mutants we probed the protein conformation with urea
by measuring both 218-nm CD signals and fluorescence spectra (Figure 5.3). The
secondary structure of both wild type and mutants unfold in a single step, and the results
satisfactorily describe a two-state transition. The A61C mutant however stands out by a
significantly curved pre-transition baseline where the CD signal is ~70% more negative
at ~1.5 M urea relative to the value in 0 M urea or the native state. Although curved
pretransition in the secondary structure unfolding is fairly common — ferrocytochrome c

for example displays this,”® the prominence of the curvature observed here is however
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exceptional. An increase in ellipticity to this extent far outweighs any solvent effect that
may render the CD signal more negative with respect to that of the native state. The
reason for this increase could be urea-induced additional p—content in the A61C mutant,
since it is known that urea-denatured state ensembles contain extensive secondary
structure commensurate with hydrophobicity of the protein.?® The hydrophobicity need
not be rider here because all mutants and the wild-type have almost identical number of
hydrophobic surfaces; we suspect, it is rather the pointed mutation in the p—strand 2
which is responsible for an increase in the secondary structure in denaturing levels of
urea. It is already posited in the preceding section that f—strand 2 turns flexible as a result
of mutation, and the flexibility may favor extension of the p-strand. We have not
analyzed this problem experimentally or computationally, hence the suggestion is open to
scrutiny.

The secondary structure unfolding curves were fitted (Figure 5.3) to the following

two-state model (N = U) for transition between the folded and unfolded states
—AG+mg
e RT
S = (¢f + myx) + (cy + myx) ——xcEmy (1)

1+e RT
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Figure 5.3. Equilibrium unfolding of secondary and tertiary structures the wild type and
mutants of AtPP16-1 by urea in 50 mM sodium acetate, pH 4. The CD-monitored
transitions are fitted to equation 1, and the fluorescence-monitored ones to equation 2.

The urea dependence of fluorescence spectra are shown in the insets.
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where ¢, and m, are intercept and slope of the native-state baseline, c,, and m,, are
intercepts and slopes of the unfolded-state baseline, AG is the free energy of unfolding,
mg represents the equilibrium m-value (transition slope), and x is the molar
concentration of urea. A second order polynomial was used to fit the curved pretransition
baseline of A61C. The equilibrium between the two states is established by the procedure
of preforming the experiment in which the native— and unfolded—state protein solutions
were mixed appropriately to generate the transition curve. The values of AG and my
obtained from the fits (Table 5.1) establishes the stability order A61C>wild-
type>A68C>A2C, suggesting that the mutation pointed at p—strand 2 stabilizes the
protein by ~2 kcal mol™ with reference to the wild-type. As mentioned above, one of the
factors contributing to this increased stability originate from the mutation-favored
extension of the B content. This result however is not consistent with the thinking that

single mutation in a structured part, the f—strand 2 here, of an IDP is destabilizing.?’

Table 5.1. Urea-induced equilibrium unfolding parameters

CD Fluorescence
Protein AG Mg AG, Mg1 AG, Mg2
Wild type 9.11 5.48 3.27 1.86 5.59 1.65
A2C 4.38 1.38 2.16 0.30 4.30 1.62
A61C 1051 275 2.00 0.56 13.04 4.23
A68C 7.20 2.07 1.50 0.61 2.27 0.82

AG is in kcal mol™ and my is given in kcal mol™ M ™.

Error in the determination of AG and mg are £0.2 and 0.1, respectively.

The urea dependence of unfolding of tertiary structures of both wild-type and
mutants is quite distinct from that of secondary structure. The overlay of the fluorescence
spectra with increasing levels of urea (Figure 5.3, inset) clearly shows a cooperative red

shift, suggesting that the unfolding of tertiary structure is characterized by a greater
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solvent exposure of the aromatic residues irrespective of wild type or mutants. The
transitions are shallow in general, shallower for the mutants with respect to the wild-type.
Each transition involves at least three states — N, U, and I, where | is an ensemble of
intermediate states. A closer look at the shallowness of the transitions raises the
possibility of occurrence of more than one intermediate, but the resolution of the
experiment and the signal-to-noise do not permit determination of how many
intermediates exist. Although each transition in principle can be fitted to a model having
more than one intermediate species, they may be overly determined. We therefore

describe each transition by a minimal three-state mechanism N=/7= U

-dGi+mgy —dGz+mgy
e RT e RT
S = (cf + mpx) + (cyg + M%) —aermgr T (Cuz + MuzX) ——a5,7my; 2
1+e RT 1+e RT

in which c,; and m,,; are baseline parameters for the intermediate (i = 1) and unfolded
(i= 2) states, and dG; and my; are unfolding free energy and equilibrium m-values,
respectively, for the first (i = 1) and second (i = 2) sequential transitions. Note that the
unfolded state mentioned here is specific to the unfolded tertiary structure, not the global
unfolded state. The extracted values of dG; and m; (Table 1) demonstrate that the N = 1
transition is lower in energy than the 7 = U transition, and the stability of 7 follows the
order A61C>wild-type>A2C>A68C. The available data does not allow a discussion on
the details of tertiary interactions responsible for stabilizing the intermediates.

One can nevertheless project a scheme for the unfolding of AtPP16-1 irrespective
of mutations by including two intermediate states corresponding to the two resolved
tertiary structure transitions,

NeL=2L=aU

where the intermediates I; and I, occur in the unfolding of both wild-type and mutants,
although the structure of an intermediate varies within the protein species. The details of
equilibrium unfolding of disordered proteins are less known at present, but the
occurrence of several variably stable intermediates may be a common phenomenon to
them. As mentioned, a general probe like fluorescence may not resolve the intermediates
confidently especially when shallow transitions occur within a lower range of a
denaturant.
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The unfolding results of single mutation of IDP presented here do not indicate a
drastic change in the stability of the protein, which is dissimilar to a dramatic change in
stability generally observed with single mutations of ordered proteins.®*=? This is
especially true when substitutions are made in the hydrophobic core, consistent with the
fact that even a subtle change in the tightly packed core can be destabilizing.** There is
no well-defined core in IDP, except for occasional hydrophobic clusters, which does not
allow projecting the principles of mutation in ordered proteins to disordered ones. We
conclude that single mutations in IDP does not change the stability greatly; the folding-

unfolding pathway can however be modified.

5.4.3. pH-dependent changes in the structure

The working condition of AtPP16-1 at pH 4 stems from many earlier observations that
the protein is most stable at this pH. It should be the working pH in vivo as well because
the protein unfolds reversibly in the pH range 6— 7 even in a dilute solution. It is
interesting to study the pH titration curve, the experimental data for which are shown in
Figure 5.4 (FigureCC.jnb) for both wild-type and mutant proteins. Five transitions across
the 1-13 range of pH can be identified by inspection, of which the lowest amplitude one
occurring at pH <2.5 and which is likely due to the ionization of the a-COOH group was
excluded from further analysis to avoid overestimation of parameters. The rest of the

transitions were fitted according to

AS; .
S = ZiSi + 1+10™iPH-PK}) |—1,213,4 (3)
in which AS;, n;, and pK; are change in the signal amplitude, number of protons titrated,
and the corresponding pK-value, respectively, for the i transition, and the iterated fit

parameters are listed in Table 5.2.
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Figure 5.4. pH titration curves for the wild type and mutants of AtPP16-1. Data below
~pH 2.5 in the CD-monitored curves have been excluded from the fits according to

equation 3.
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Table 5.2. pH-induced conformational changes and the number of protons titrated

AtPP16-1 pKi  pKz pKs pKy Ny Ny N3 Ny
Wild type 2.78 548 7.82 9.64 20 27 16 238
A2C 3.00 571 891 10.83 30 13 22 30
A61C 360 640 910 11.46 30 19 05 21
A68C - 577 952 11.72 - 06 12 31

Before contrasting the titration characteristics of the four protein species it is
useful to assign the four pK values to probable titratable groups by considering the
parameters for the wild-type alone. It has been known for a long time that accurate
accounting for pK values in protein titration is not an easy task®® because a number of
factors, including electrostatic and dispersion interactions, the dielectric of the resident
environment of titratable groups, and ionic strength of the medium, influence their
dissociation. The interactions and the environment polarity may generally be determined
if crystal structure is available, but the titrations are carried out in aqueous solutions
where the same interactions and the environment need not exist. Regarding disordered
proteins, intramolecular Coulombic attraction and repulsion are known to significantly
influence structure and conformations of disordered proteins, and the number and
distribution of opposite charges along the amino acid sequence are thought to determine

the chain compaction and conformations.**

There are 14 aspartic acid (E) and 11 glutamic acid (D) residues in AtPP16-1, and
we tentatively assign the pK; (=2.78) of the wild-type (Table 5.2) to two aspartate
carboxyl’s in K44-E45, K96-E97, and E104—K105 stretches on the basis of possible
electrostatic interactions between the carboxyl’s and side chain amines, which can lower

the intrinsic pK's of the carboxyl’s and stabilize the protein conformation. Assigning two

aspartates can account for the two-proton titration, n;=2 (Table 5.2). The value of pK,

87



(=5.48) appears fairly higher than the generally observed pK (~4) for carboxyl groups of
glutamic acid in protein. This difference may be accounted for if the occurrence of
electrostatic repulsion of an aspartate side chain with a nearby anion can be invoked. By
perusing the sequence one finds the stretch D85-D86 in which short-range Coulombic
repulsion between the ionized carboxyl’s can shift the intrinsic pK of the carboxyl’s to
the observed value of 5.48. Assigning pK, to D85 and D86 satisfies the two-proton
titration, n,=2; the number 2.7 appearing for n, in Table 5.2 is in error of data taking and
analysis. The value of pK; (=7.82) is higher than the intrinsic pK for histidine side chain
and lower than those for K, Y, and R. One can take help of n3=2, within experimental
error, to spot stretches D55-K56, D69-Y70 and D139—R140 in which cation-anion
Coulombic attraction can anomalously down-shift the intrinsic pKs of the basic side-
chains, the dissociation of two of which can account for pK5. The pK, (=9.64) with n,=3
should again be assigned to three basic side chain group whose dissociation is down-
shifted. Although one or more of unused basic side chains mentioned above may be
involved, but AtPP16-1 has 13 serine’s and the it is tempting to invoke the serine
richness. Provided the serine hydroxyl interacts with the side chain of the contiguous
residue in stretches S19-D20, S94-D95, D119-S120, and H152-S153, the serine
hydroxyl may dissociate at a lower pH. The possibility of involvement of other basic
residues also cannot be dismissed. These assignments must be considered tentative, and
are based only on charges contiguous along the linear sequence; possible long-range
electrostatic interactions and the influence of other factors listed above are not analyzed.
Each of the Ala—Cys mutants shows a shift of the titration curve to the right
(Figure 4), which is not due error of pH measurement. With reference to the wild type,
the shifts for pK5 and pK, are greater than those for pK; and pK, (Table 5.2), and the
number of protons titrated in each transition also changes. The results suggest widespread
perturbation in tertiary interactions to alter the strength of electrostatic interactions so as
to change the pK shifts. Accounting for the difference in the number of titrating protons
is however problematic, one can only suppose that the altered tertiary interactions, as
shown by the fluorescence probes in Figure 5.4, add or delete dissociating groups having

the same pK. Unlike the cysteine less wild type protein, the cysteines of the mutants may
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also contribute to the respective titration curve, but we do not have data to discuss this

possibility.

5.4.4. *H, N backbone assignment of the cysteine mutants

Since we already have the solution structure of the wild-type AtPP16-1, the initial
conception of this work was to determine the 3D structures of all the mutants and
calculate their spectral densities. This ambition suffered a blow when it was found that
the NMR spectrum of every cysteine mutant (~100 uM) loses dispersion after ~15 hours
of experiment at 24(z+)°C. For example, at the end of recording a 2D CPMG or a 3D
HNCA spectrum in the non-uniform sampling mode, which sufficiently shortens the data
collection time, a HSQC spectrum shows complete loss of chemical shift dispersion as
though the protein is unfolded or aggregated. We did not sense the occurrence of this
phenomenon during the optical experiments described above, perhaps because the protein
concentration was one-tenth of that of NMR and the time taken to complete the
measurements was ~5 hours at the most. Nonetheless, tests and optimizations at 24(+)°C
confirmed the feasibility of performing HSQC experiments alone. With this limitation we
set out to assign the backbone *H and **N resonances to the extent possible.

The overlay of [*H-""N] HSQC spectra of the wildtype and cysteine mutants
recorded under identical conditions (Figure 5.5), HSQC-Mutants-Overlaid.ppt) blotches
widespread changes in chemical shifts from one to another protein. For reference, the
wild-type spectrum with resonance assignments in the sparsely crowded regions is also
plotted. Apart from the changes in the chemical shifts, the resonance dispersion in the
mutant spectra has decreased, suggesting more conformational disorder in the mutants.
The disorder is not introduced locally to the cysteine mutation sites, but across the

backbone.
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Figure 5.5. ['"H-""N] HSQC spectra of the wild type and overlaid with those of the
mutants (right). The correlation peaks are color coded as black (wild type), red (A2C),
yellow (A61C), and dark cyan (A68C). Some assignments in the dispersed regions of the
wild type spectrum (left) are labeled.

To determine the extent of shift of the *H and >N backbone resonances of the
mutants with reference to those of the wild type, the initially processed data were moved
to Sparky software for peak picking and assignment. The difference of the chemical shift
of an assigned mutant resonance from the corresponding chemical shift of the wild type
protein gives the chemical shift index of mutation (CSIM) for that resonance. CSIM is
primarily determined by the extent to which the secondary (local) magnetic fields of the
wild-type backbone groups is altered through mutation-induced changes in the backbone
dihedral angles, ¢ and . The general practice in mutational studies is to calculate the
conventional chemical shift index (CSI), defined as the difference in the chemical shift of
a protein resonance with respect to the shift of the same resonance disposed in a

predefined random coil, for the wild type and mutants individually. Since the interest
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here is to determine the extent of disorder with reference to that of the wild type, CSIM
was calculated for all resolved resonances of each of the three mutants.

Figure 5.6 shows CSIM for 15N resonances across the backbone. Values larger
than +0.5 or —0.5 were arbitrarily discarded from consideration because they are very
likely due to wrong assignments. Clearly, mutation-induced disorder in the backbone
conformation is least for the A2C protein, apparently due to N-terminal location of the
mutation, and most for the A68C. The mean CSIM values are +0.069 (SD, 0.12) and
—0.069 (SD, 0.089) for A2C, +0.103 (SD, 0.121) and —0.153 (SD, 0.151) for A61C, and
0.122 (SD, 0.127) and —0.176 (SD, 0.154) for A68C. Identical results are obtained with
CSIM for the amide *H resonances — backbone conformation is perturbed most for the
AG68C mutant.
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Figure 5.6. Widespread changes in backbone conformation of A2C (top), A61C
(middle), and A68C (bottom) assessed by >N chemical shift index of mutation. Sequence

stretches corresponding to secondary structure elements are shown on top.

The observation that Ala—Cys single mutations perturb the IDP conformation all
along and throughout the backbone is inconsistent with the long known result for
structurally ordered proteins that single mutation does not produce widespread structural
changes.** Single mutation in ordered proteins brings about only local changes,
especially when substitutions are made in the flexible surface overhangs. Even if the
local protein environment is averse to the mutated residue, the residue introduced is
forced to adapt to the local surrounding without producing extensive changes.* Since
IDPs do not have a well-defined ordered structure, the adaptive accommodation of a
substitution to an already fluctuating environment is irrelevant. The effect rather
manifests as conformational changes in all parts of the molecule, which is shown in the

case of AtPP16-1 as changes in the backbone dihedral angles all along the protein chain.
5.5. CONCLUSIONS

The nucleic acid carrier plant phloem protein AtPP16-1 is intrinsically disordered and
most stable at pH 4. The Ala—Cys mutants A2C, A61C, and A68C of the protein do not
show radical changes in stability and pH response. The mutants differ within themselves
and from the wild type in terms of both secondary and tertiary structures. Although A2C
and A68C appear to have similar extent of secondary structure, slightly lower than that of
the wild type, the A61C protein acquires extended secondary structure which may be due
to the residence of A61 in B-strand 2. The mutations also produce different tertiary
structures with respect to that of the wild type, evident from more quenched fluorescence
for most part of the pH scale. Specifically, the tyrosine emission peak, which overlaps
with the tryptophan’s in the wild type protein, appears as a distinct shoulder centered at ~
310 nm for all three mutants, suggesting greater burial of tyrosine’s in the mutants. The

mutations perturb the backbone conformation of the wild type protein extensively,
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virtually all along the backbone which might be the outcome of non-adaptive mutation.

The mutated residue is not adapted to the local environment because most of the

disordered regions are sparse in tertiary interactions, loosely packed, and less compact,

hence IDPs do not offer an adaptive environment for the substitution.
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