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Abstract

The type 1 Human Immunodeficiency Virus (HIV-1) transactivator of transcription (Tat)
is a 101-residue protein that binds the viral mMRNA, recruiting the cellular positive transcription
elongation factor-b (P-TEFb), increasing the processivity of RNA polymerase Il and leading to a
significant increase of viral transcription. The full-length Tat protein (Tati01) is encoded by two
exons yielding the first 72 and the last 29 residues of the protein, respectively. The function and
intrinsic disorder of the first 72 residues have been studied in great detail but relatively little is
known about the structure and function of the second exon product despite its conserved

expression in all lentiviruses.

My thesis, taking into account the biological importance of the second exon product of Tat,
aims to study the impact of this region on the full-length protein in terms of disorder, dynamics
and structural propensity. NMR spectroscopy has been used as the principle technique to study
Tatio1 protein in a fully reduced state. In order to study the Tatio: protein by NMR, multiple
labeling strategies were applied and the labeled protein was expressed and purified in high yield.
Backbone resonance assignment, chemical shift analysis, structure propensity analysis, fast (ps-
ns) and slow (ms) timescale dynamics and hydrogen exchange studies confirm the intrinsically
disordered nature of the second exon product and full-length Tat. The NMR results also revealed
a propensity to alpha-helix in the acidic and cysteine-rich regions, and the propensity to beta-
sheet/extended conformation in the core region and two other conserved motif regions. Reduced
spectral density mapping and model-free analysis show that the fast internal motion on the ps-ns
timescale dominates the relaxation, and that Tatio1 has no slow motion / conformational exchange
on the ms timescale. The hydrogen exchange measurements yield protection factors below 1,
which can be explained by the high local concentration of hydroxyl ions in the vicinity of this
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highly basic protein, leading to a higher local pH compared with the bulk solvent. Classical
molecular dynamics simulations were used as a complementary technique to verify the NMR
results, and more importantly, to sample the protein conformers that are invisible to NMR due to
ensemble averaging. The two 100 ns trajectories from the simulations of Tat’s first exon product
are dominated by non-structural elements such as coils, turns, and bends. The order parameters
derived from the simulations are below 0.8 and in agreement with the NMR results, confirming
the dynamic flexibility of the protein. The combination of NMR dynamics and simulation results
indicate that some regions of the protein likely bind partners through a conformational selection

mechanism while other parts of protein bind their targets through an induced — fit mechanism.
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Chapter 1

Introduction

1.1. Intrinsically disordered proteins.

Proteins are the major component of the living cell, serving as vital parts in the cellular
machinery. Protein dysfunction may lead to diseases. One of the best understood functions of
proteins is catalysis (i.e., enzymatic activity). In 1894, Emil Fisher observed the hydrolysis of -
glycosidic but not a-glycosidic bonds by enzymes and proposed that substrates need a correct
shape to fit to the enzyme active site like a “lock and key” in order to exert a chemical effect on
each other! 2, The lock and key model attracted much attention in the early days of protein science
for describing the mechanism through which proteins function. It still dominates our understanding

of enzyme catalysis today.

The structure — function point of view was further backed up by later studies. In 1936, a
survey on the structure of native, denatured and coagulated states of proteins by Mirsky and
Pauling showed that upon denaturation, certain highly specific properties of native protein were
lost, including enzymatic activity, immunological and physical properties®. In 1953, Anfinsen et
al. successfully re-natured RNase A from the completely unfolded state and observed the
restoration of the enzymatic activity*. This study clearly demonstrated the structure — function
relationship. Early X-ray crystal studies of enzymes with their competitive inhibitors such as

lysozyme in complex with N-acetyl-glucosamine and its dimer®, or RNase-S with uridine 2’, (3”)-
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phosphate in high concentration ammonium sulfate solution®, shed light on structurally how the
enzyme bound substrates. Thousands of deposited structures in the Protein Data Bank (PDB)’
throughout the last few decades again strongly support the necessity of a 3D structure for

explaining functionality.

In the 1950s and 1960s, optical rotary dispersion (ORD) was increasingly used to study
protein structure. Even though proteins were believed to need a stable structure to function, there
were studies that showed some proteins had “unusual structural properties”. Those included casein,
a milk protein, which was determined to lack a 3D structure by single wave length ORD in 19528;
and phosvitin, an egg protein, for which the lack of a 3D structure was shown by multi-wave length
ORD by Jirgensons in 1958°. Notably, Jirgensons also proposed a protein classification that
included a category named “disordered”’®. The observations on phosvitin were also confirmed by
circular dichroism (CD) spectroscopy (Grizzuti and Perlmann, 1970'%) and by Nuclear Magnetic
Resonance (NMR) spectroscopy (Vogel, 19832). Additionally, despite the explanatory power of
the crystal structure which strengthened the structure — function paradigm in protein science, there
remained a question about the missing electron density in most of the deposited structures in the
PDB. In 1971, two missing electron density regions in staphylococcus nuclease were proposed to
be “disordered”*3. Such local regions of missing electron density in protein crystal structures were
explained to arise either from static disorder, in which the missing region adopts multiple fixed
positions, or from dynamic disorder, in which the missing region remains mobile even in the

confines of the crystal lattice.

Interest in proteins that lack a stable structure began to increase in the late 1990s. Many
more of this type of protein were discovered and they were named differently: floppy, pliable,

rheomorphict®, flexible®™, mobile®, natively denatured!’/unfolded®®, intrinsically unstructured®®/
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disordered?’/denatured’’, vulnerable?!, chameleon??, protein cloud?, dancing protein?, etc. From
2005, the term “intrinsically disordered” has become the predominant term thanks to a concerted

effort in the field to use a consistent terminology.

An intrinsically disordered protein (IDP) is defined as having little or no ordered secondary
structure or tertiary structure to emphasize its difference from other proteins when being studied
by tools of structural biology. It has become increasingly common to define IDP as existing as a
dynamic ensemble, within which atom positions and backbone Ramachandran angles exhibit

extreme temporal fluctuations without specific equilibrium values®.

1.1.1. Amino acid composition of IDPs

The amino acid composition of disordered proteins is different from that of ordered

proteins. Figure 1.1 shows the result when | compared 2 data sets:

e | constructed the Disprot data set by including amino acid sequences of 1534
disordered protein regions reported by the Disprot data base?® of IDP/IDR, updated

on 26/09/2016;

e | constructed the Structured data set by including the amino acid sequences of 4091
proteins from the PDB, each of which has more than 20 amino acids where the
structure was determined by X-Ray crystallography, and contains no ligand or

modification.

All duplicated entries from multimeric proteins were removed. The amino acid

composition is calculated for each IDP/IDR/protein, then is averaged for each data set. Comparison
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between the two data sets is expressed as (Disprot — Structure)/Structure. Negative peaks indicate

depleted amino acids in IDPs compared to ordered proteins while positive peaks show the reverse.
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Figure 1.1. Relative amino-acid composition of IDPs compared with folded proteins.

IDPs/IDRs are shown to be enriched in P, S, Q, K, G, E, and D, which are charged, polar
and structure-breaking residues; and they are depleted in hydrophobic and aromatic residues,

including Y, I, W, L, F, V, and C residues which are termed “order-promoting amino acids”?’,

The low mean hydrophobicity and high net charge in the amino acid sequences of IDPs
contribute to charge — charge repulsion within the proteins and limit the driving force for structural
compaction. Uversky’s plot?® in Figure 1.2 reports the relationship between mean net charge and
the mean hydrophobicity of two sets of proteins; IDPs are in red and ordered proteins are in blue.
The IDPs are clustered on the left side of the separation line having high net charge and low mean

hydrophobicity compared to ordered proteins located on the right side.
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Figure 1.2. Charge-hydropathy plot of protein disorder. Mean net charge <R> vs mean
hydrophobicity <H> is plotted for disordered (red circles) and ordered (blue squares) proteins.
The two sets are separated by a straight line (R) = 2.743<H> — 1.109 shown as a green line.

Adapted with permission from reference 2. Copyright © 2014 American Chemical Society.

Low complexity in terms of protein sequence is also a distinctive feature of IDPs as they
normally have low compositional variability and relatively high repetition of amino acids within a
segment of protein, compared to folded proteins. And certain types of charged and proline — rich

repetitive regions were also found in a statistical study by Lise et al.?®.

25



1.1.2. Disordered protein prediction.

Prediction of protein secondary structure has long been a goal for protein scientists. The
above mentioned characteristics of IDP sequence are widely exploited in predicting protein
disorder. FoldIndex®, which uses Uversky’s plot?® was among the earliest methods. Other
methods, i.e. PreLink®! (no longer available) or GlobPlot®, also used the same approach to predict

IDPs/IDRs.

Along with the development of algorithms, more and more data became available and
databases of experimentally characterized IDPs were established. Presently, besides the
information about disorder which can be extracted from missing electron density regions in the
PDB, there are 3 large databases of IDP/IDR available: Disprot?®, IDEAL33, and MobiDB.
Making good use of the databases, a group of disorder prediction programs using machine —
learning algorithms are trained on the data from either regions of missing electron density from
the PDB, or from IDP/IDR databases. PONDR®*, DisEMBL®®, DISOPRED2%" and AUCpreD*

are among the ones using this approach.

Other prediction programs rely on an assumption that proteins are disordered because their
protein sequences do not allow them to make enough inter-residue contacts to compensate for the
reduction in entropy during folding. The FoldUnfold® program predicts protein disorder using the
expected average number of contacts per residue from the amino acid sequence. First, the mean
packing density for each of the 20 amino acids in a globular state is calculated from the database
of 5829 folded protein structures as an average number of close residues (within the given
distance). Next, an average of the mean packing densities of the residues within a window is
calculated, and then assigned to the central residue of this window. As the window slides along
the sequence, a profile of expected packing density is constructed for protein disorder prediction.

26



Another prediction program, the IUPred®, instead of counting the number of contacts, evaluates
the energy from the inter-residue interactions, taking the contact energy from globular proteins as
a reference, to predict protein disorder. The reference contact energy can be calculated using a
coarse-grained approach, as a sum of pairwise interactions between amino acid pairs within a

distance cutoff.

The above-mentioned predictors have their own strengths and weaknesses for using
different approaches. No standard definition of disorder or standard method of assignment for
disordered regions has been set across all methods. Different data training sets, containing varying
proportions of amino acid composition and/or different distributions of disorder lengths, are
utilized. The methods for self-assessing the accuracy and reliability of the predictions also differ
between prediction servers. Difference in the performance of prediction programs was
demonstrated in the study by Atkins et al.*!, where they submitted the cardiac Muscle LIM protein
(MLP) to various servers. All predictors returned different results, with some returning vastly

different predictions.

Therefore, using a combination of methods (programs and servers), with different attributes
for defining disorder, is the recommended approach, in order to obtain the most accurate prediction
in the absence of direct experimental evidence. The Database of Disordered Protein Prediction
(D?P?)*2 and several meta-predictors, such as metaPrDOS* or MFDp*4, allow the combination and
comparison of multiple disorder predictor outputs. The combined result is more objective and
reliable, thanks to a broader coverage of protein disorder properties from multiple predictors

chosen for their high predictive efficacy instead of their availability or their ease of use.

27



1.1.3. Functions of disordered proteins.

IDPs have been found to have multiple functions. In 2002, when doing a literature search
for the functions of proteins which contain disordered regions of at least 30 consecutive residues
under native conditions, IDPs were suggested to have 28 separate functions®. These functions
were then classified into 6 broader groups: entropic chain, effectors, scavengers, assemblers,
display sites and chaperones. The physical characteristics of IDPs facilitate their function,
including the presence of small recognition elements that fold on partner association (see 1.1.4);
conserved sequence motifs to mediate binding interactions; a degree of flexibility, which enable
them to interact with different targets; accessible sites for post-translational modification; and the
ability to bind partners with high specificity and low affinity, leading to fast complex
association/dissociation®®. In the next section, | will briefly summarize the activities of each of

these classes and give some examples of each.

1.1.3.1. Entropic chains

The function of proteins in this class of IDP comes directly from the flexibility and
plasticity of the backbone. They serve as linkers, spacers, entropic clocks, entropic springs or

entropic bristles.

e Linkers are found in a majority of protein crystal structures in the PDB often in
missing electron density regions. They serve to regulate the distance between

domains and enable conformational freedom in orientational searches.
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Microtubule — associated protein 2 (MAP2) is an example of an IDP that functions
as a spacer. MAP2 consists of a C-terminal microtubule — binding domain, and an
N-terminal projection domain which extends away from the surface of the
microtubule*’. The N-terminus of MAP2 is highly negatively charged and
unstructured, as proven by circular dichroism, fluorescence spectroscopy,
sedimentation equilibrium®, H* and C-NMR spectroscopy®®. When
microtubules with MAPs are sedimented, they form a gel where the microtubules
are widely spaced due to the long-range repulsion forces from the projection
domains*’. Spacing of microtubules by MAPs may contribute to cellular mechanics
by resisting mechanical compression and/or maintaining cell shape. The
unstructured projection domain would also occupy a very large volume, compared
to a folded protein of the same length, and tend to exclude other macromolecules in
a size-dependent manner (the larger the molecule the more it would be excluded),
leading to a significant increase in the effective concentration of excluded

molecules and thereby influencing their intracellular biochemical activity.

An example of the entropic clock is the IDR in the Voltage-gated potassium channel
(Figure 1.3). This tetrameric integral membrane protein consists of four domains:
the two domains forming the potassium channel are linked to the positively charged
inactivation domain (the ball domain) via a disordered linker (the chain domain).
The whole system cycles among three main stages: closed (A), open (B and C), and
inactivate (D). At the closed stage, prior to membrane depolarization, the pore is
sealed, and a positive charge on the cytoplasmic side excludes binding of the

inactivation domain. After membrane depolarization, the pore is open and the
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negative charge on the channel domain facilitates interaction with the ball domain
that is positively charged. The potassium channel is inactivated when the ball
domain occludes the pore. Transition from open-stage C to inactive-stage D is by a
random walk of the ball domain toward its binding position, and the timescale of
the process is determined by the length and flexibility of the disordered chain.
Modification of the length of the chain domain shows that a shorter chain speeds

up inactivation and longer chains slow the process down?®?.
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Figure 1.3. Example of an entropic clock. (a). Simplified model of the Voltage-gated K*
ion channel, (b). “Ball and chain” model, showing the dependence of channel inactivation timing

on the chain length. Adapted with permission from reference 2. Copyright © 2010 Elsevier B.V.
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1.1.3.2. Effectors

This group consists of IDPs that, upon binding, alter the action of binding partners. The
earliest studied IDPs in this class are the two cyclin-dependent kinase (CdK) inhibitors p21¢i°t 53
and p27XiP! %4 and the C-terminal half of the inhibitor of the sigma28 transcription factor in
bacteria, FIgM®. p21°*! and p27¥®! bind to the cyclin A — CdK2 complex via homologous
sequences of approximately 60 amino acids within the N-termini of the two proteins. Binding
inhibits the catalytic activity of the complex, inducing cell-cycle arrest in response to anti-
proliferative signals. FIgM protein binds to and inhibits the sigma28 transcription factor which is
necessary for the formation of flagella®, propelling devices for bacteria to propel themselves
through watery environments. Studies of these three proteins also uncovered the changes in their
conformation, leading to important concepts in the field of IDP’s such as folding induced upon

biding, pre-existence of binding-competent secondary structure, and structural adaptability?.

1.1.3.3. Scavengers

IDPs in this group bind to small ligands, e.g. ions or organic compounds, for disposal or
storage and later release depending on the needs of the organism. The extended protein
conformation is used mainly to maximize the ligand-binding capacity of the proteins. Proline-rich
glycoproteins in saliva, which neutralize polyphenolic plant compounds such as tannins®’, and

Desiccation stress protein (Dsp) 16, which retains water in plants®®, are examples of this group.
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1.1.3.4. Assemblers

IDPs in this group assemble, stabilize and regulate large complexes, having a central role
in regulation of signaling pathways and crucial cellular processes, including the regulation of
transcription, translation and the cell cycle. An example for this group is the early region 1A (E1A)
protein from the human adenovirus (HAdV)*. E1A protein forms a ternary complex with the
retinoblastoma protein (pRb, also called RB) and the TAZ2 domain of transcriptional coactivator
CREB binding protein (CBP) or its paralogue p300 (Figure 1.4). This complex brings the CBP
histone acetyl transferase (HAT domain) and the cell cycle regulatory protein RB into proximity,
promoting acetylation and degradation of RB, forcing S-phase entry and uncontrolled
proliferation®®. Another example is the axis inhibitor scaffold protein (AXIN). The long
intrinsically disordered region of AXIN binds -catenin, casein kinase Ia, and glycogen synthetase
kinase 3. The assembly of all four proteins accelerates interactions between them by raising their
local concentrations and leads to the efficient phosphorylation and subsequent destruction of j3-

catenin®®,
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Figure 1.4. Structural model of the ternary RB-E1A-TAZ2 complex. The flexible linker
between residues 83 and 120 of E1A is indicated schematically as a dotted line. Reprinted with

permission from reference “6. Copyright © 2014 Macmillan Publishers Limited.

1.1.3.5. Chaperones

There are chaperone proteins reported to be fully disordered including a-synuclein®, p-
casein® and late embryogenesis abundant (LEA) protein® . Chaperone activity is also found in
local disordered regions of other proteins, e.g. in the case of the small heat-shock protein a-
crystallin® ®’. Disordered regions make up over one-half of the sequences of RNA chaperones and
over one-third of the sequences of protein chaperones®: . Protein disorder seems well suited for
chaperone function for the following reasons, despite a scarcity of mechanistic evidence. Firstly,

disordered regions can structurally adapt to many different binding partners, allowing chaperones

34



to bind a wide range of proteins. Secondly, disordered regions also enable fast macromolecular
interactions. This is because of their highly dynamic nature enabling many different conformations
to be rapidly sampled, resulting in a higher probability of sampling the specific conformation that
exists in the stable interaction complex and thus increasing the association rate of the interaction’®.
Thirdly, binding of a misfolded protein may induce folding in the disordered chaperone protein,
and the entropic penalty from the folding counterbalances the enthalpy gain from the binding. This
allows weak and transient but still specific interactions, in contrast to folded proteins where
interactions are expected to have high specificity along with high binding affinity. The uncoupling
of specificity from affinity allows chaperone proteins to quickly cycle through the binding and
releasing of partners. Finally, the highly hydrophilic character of IDPs provides a solubilizing
effect, preventing the formation of toxic aggregates’®. One theory of IDP chaperoning activity is
the “entropy transfer” model whereby disorder in the chaperone is transferred to a misfolded

protein helping it to unfold and search for the proper conformation®.

1.1.3.6. Display Sites

IDPs in this group are subjected to post-translational modifications (PTM), which serve as
regulatory signals for cellular processes. Computational and experimental evidence also supports
the abundance of PTM such as phosphorylation’® and ubiquitination’? in IDPs. An advantage of
IDPs is that their structural flexibility allows full accessibility of the entire protein to modifying

enzymes’3,

The disordered N-terminal transactivation domain (TAD) of p53 is an example of an IDP

in this group. It has nine phosphorylation sites and simultaneous phosphorylation of two to four
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sites within the p53 TAD has been detected in cell extracts’®. In unstressed cells, p53 forms a
ternary complex with CBP/p300 and HDM2 (the human homolog of mouse double minute 2).
When DNA is damaged, p53 is phosphorylated, which modifies the ability of p53 to interact with
its cellular partners™. Increasing the number of phosphorylation events on the p53 NTAD also
increases its affinity for the Transcription Adaptor putative Zinc finger domains (TAZ1 and
TAZ2), and KIX domains of CBP/p3007®. In the case of p53, PTMs play an important role in fine-

tuning the binding affinity for its various cellular partners.

1.1.4. Coupling of folding and binding of disordered proteins, fuzzy

complexes and the fly-casting mechanism.

Most IDP functions, except for the entropic chain, are related to molecular recognition and
disorder-to-order transitions, or induced folding upon binding to some extent. Unbound IDPs in
cells do not adopt stable structures; instead, they are best characterized as ensembles of dynamic
structures that interconvert freely” """, When interacting with partners, most coupled folding and
binding events involve only relatively short motifs contained within longer disordered sequences®.
These motifs, termed molecular recognition elements/features (MoREs/MoRFs), usually have
fewer than 30 residues, and are possibly identified by bioinformatics analysis of protein
sequence®. They can fold into helix, B-strand or irregular structure on binding to a target (Figure

1.5).
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Figure 1.5. Examples of structurally divergent MoREs. MoREs (red ribbons) and partners
(green surfaces) are shown. (4) An a-MoRF, proteinase inhibitor 1A3, bound to proteinase A (PDB
entry 1DP5). (B) A f-MoRF, viral protein pVlc, bound to human adenovirus 2 proteinase (PDB
entry 1AVP). (C) An i-MoRF, amphiphysin, bound to a-adaptin C (PDB entry 1KY7). (D) A
complex-MoRF, p-amyloid precursor protein (BAPP), bound to the PTB domain of the neuron
specific protein X11 (PDB entry 1X11). Partner interfaces (gray surfaces) are also indicated.

Reprinted with permission from reference 2°. Copyright 2014 American Chemical Society.

Some IDPs also have longer binding regions, rather more of a domain than a motif, with
their lengths exceeding 20 — 30 residues®. These regions have typical properties of domains for

being independent, in term of structure and function, of the rest of the protein molecule, for being

37



recognized by homology due to sequences that are conserved through evolution, and for possessing

at least one specific function® 84,

By having the binding regions one after another, an IDP can bind to many partners®2. One
IDP binding region may also change its shape and thereby bind to different partners®-’. Figure
1.6 shows a fraction of the proteins that are known to interact with the disordered region of the
p53 protein. The disordered N-terminus of p53 may bind to more than 40 different partners, and
the C-terminus, which is disordered as well, binds to an even larger number of partners. As
multiple partners can bind to the same region of an IDP, the binding competition among them

certainly has biological consequences®®,
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Figure 1.6. Intrinsic disorder and molecular interactions of the tumor suppressor p53. The
graph in the center shows the PONDR VL-XT prediction of intrinsic disorder for p53. Values
above or below the 0.5 threshold indicate predictions of disorder or order, respectively. The
prediction indicates that the N and C termini are largely disordered, whereas the central DNA
binding domain is ordered. Also shown are the structures of several discrete regions of p53
(ribbons) that have been determined in complexes with partners (surfaces); the corresponding

horizontal bars indicate the region of p53 that participates in each structure. Five partners of the
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N terminus (clockwise from the lower right) are high-mobility group protein B1 (PDB entry 2LY4),
Taz2 domain of p300 (PDB entry 2K8F), nuclear coactivator-binding domain of p300 (PDB entry
2L14), MDM2 (PDB entry 1YCR), the N-terminus of replication protein A (PDB entry 2B3G), and
the PH domain of RNA polymerase Il transcription factor B subunit 1 (PDB entry 2GS0). Eight
partners of the C-terminus (clockwise from the upper left) are the histone acetyltransferase domain
of Tetrahymena general control nonderepressor 5 (PDB entry 1Q2D), SET9 (PDB entry 1XQH),
CDK2/cyclin A (PDB entry 1H26), Sir2 (PDB entry 1MA3), the bromodomain of CBP (PDB entry
1JSP), S100B(Bp) (PDB entry 1DT7), the Tudor2 domain of PHF20 (PDB entry 2LDM), and p53
oligomerization domain (PDB entry 3SAK). Four partners of the central DNA binding domain
(left to right) are 53BP2 (PDB entry 1YCS), the large T antigen of simian virus 40 (PDB 2H1L),
the BRCT domain of 53BP1 (PDB entry 1GZH), and DNA (PDB entry 1TSR). Reprinted with

permission from reference ®. Copyright © 2014 by Annual Reviews.

The mechanism through which IDPs fold upon binding is of significant interest. Two

extreme cases have been proposed and evidence has been obtained in support of each:

e Induced folding mechanism: Folding of an IDP takes place after the association
with its target, and the contact with the binding partner provides a major driving
force for the folding event. An example for this mechanism is the binding between
the disordered C-terminal domain of the measles virus nucleoprotein (NtaiL) and
the X domain (XD) of the viral phosphoprotein (Figure 1.7). Initially, NtaiL forms
a weak encounter complex in a disordered conformation with XD. Subsequently,
NraiL goes through a folding step, gaining a-helicity within a short region of the

domain, to form the final bound complex®.
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Figure 1.7. Induced fit mechanism for the binding between the disordered C-terminal
domain of the measles virus nucleoprotein (Ntail) and the X domain (XD) of the viral
phosphoprotein. The binding event goes through an intermediate step of forming an encounter
complex Ntail— XD where NtaiL remains disordered. The final bound form of the complex is Nyai
— XD, with a region within NtaiL adopting an a-helical conformation. Structures of XD and the

complex were generated using VMD®, using coordinates from the PDB entry 1T608°.

e Conformational selection mechanism: The bound conformation is populated in the
conformational ensemble of the unbound IDP, and this preexistent conformation
dominates the binding process. An example for this case is the binding of the
transactivation domain of the transcription factor c-Myb, a disordered protein, to
the KIX domain of the general transcriptional coactivator CREB-binding protein®:

(Figure 1.8)
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Figure 1.8. Conformational selection mechanism for the binding between c-Myb and KIX.
Structures of KIX and c-MybF-KIX complex were generated using VMD®, using coordinates from

PDB entry 1SB0%.

It is more likely that folding upon binding of an IDP to its target follows a mechanism that
is a combination of the two extreme cases just described®® ®. Both mechanisms work
synergistically in the binding event; and their contribution to the overall binding mechanism
depends on the required rate of binding, the concentration and the local flexibility of the IDP, the
degree of binding degeneracy (the ability to bind to multiple targets) and the type of disorder-to-
order transition®. The first step of this synergistic mechanism is a non-specific ‘reeling’ of the
IDP by the target molecule via a mechanism called ‘fly-casting’®®. The ‘fly-casting’” mechanism
proposed that the disorder of the IDP enhances its capture radius, improving its ability to search
for a partner® %. Once the IDP is close enough to its target, a specific encounter is facilitated by
MoRFs/MoREs. Conformational selection here comes into play by the selection of a specific
conformational state of the MoRF/MoRE among the ones existing in the free IDP. The different

capture radii in the fly-casting mechanism may assist the conformational selection of
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MoRFs/MoREs by filtering out irrelevant conformations. In the last step, formation of the final
complex is then largely dominated by the induced-folding mechanism. The driving force for this
last step is provided by both a favorable intermolecular interaction energy and a considerable
gain in solvent entropy from the release of solvation water molecules due to the folding and
binding of MoRFs/MoREs® ®. An example of this synergetic mechanism is the binding
between the KIX domain of CREB binding protein and the disordered phosphorylated kinase

inducible domain (pKID) of CREBY’.

Even though most IDPs will fold upon binding, there are cases where the IDP remains
disordered even after binding to its target®®, forming an ensemble of “fuzzy complexes”®. The
fuzzy regions establish alternative contacts between specific partners. Most fuzzy complexes that
have been experimentally characterized are involved in gene-expression regulation, signal
transduction and cell-cycle regulation. They also exist in viral protein complexes, in cytoskeleton

structures and a few metabolic enzymes®,

1.1.5. Characterization of disordered proteins.

Early characterization of IDPs was done by low-resolution techniques such as ORD and
CD. These techniques cannot provide a description of individual disordered regions, but only the
structural properties of the whole protein. When used in combination with intrinsic viscosity® or
size exclusion chromatography®®, ORD and CD are effectively methods to confirm the non-
globular, extended structure'® of IDPs. When using CD to study protein secondary structure,
measurements in the far — UV region are used. a-helices in proteins are characterized by large

positive bands at 193 nm and negative bands at 208 and 222 nm; 3-sheets yield a positive band at
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193 nm and a negative band at 218 nm; and random coils exhibit a negative band at 195 nm, and

very low positive ellipticity above 210 nm (Figure 1.9).
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Figure 1.9. Circular dichroism spectra of pure secondary structures. Reprinted with
permission from reference 1. Copyright © Frontiers in Bioscience, 1995.

Disordered regions are also detected by the absence of electron density in single-crystal X-
ray diffraction patterns. Because of their flexibility, such regions of the protein fail to scatter X-
rays coherently due to differences in the atomic orientation among those sections of proteins in the
crystal lattice. However, the conclusion of disorder needs to be verified because, in certain cases,
a well-folded domain of a protein may be highly dynamic. The mobility causes inhomogeneity in
the crystal lattice in a similar way that a disordered region does, leading to the absence of electron
density for the whole structured domain. Finally, the missing electron density could be the result

of a crystal defect or proteolysis during purification®,
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Small angle X-ray scattering (SAXS) is another method to characterize disordered proteins
and disordered regions of structured proteins in solution. A solution of particles (IDP) is placed in
a quartz capillary and illuminated by a monochromatic X-ray beam. The intensity of the scattered
X-rays is recorded at small angles by a detector. The scattering pattern of the pure solvent is also
collected and subtracted from the scattering of the sample, leaving only the signal from the
particles of interest. The resultant scattering pattern is related to the sizes and shapes of proteins
and complexes, ranging from a few kDa to GDa. A Kratky plot, defined in the legend of Figure
1.10 below, derived from SAXS data is used to qualitatively identify disordered states and
distinguish them from globular proteins. The Kratky plot of a typical globular protein is bell-
shaped, whereas the plot of a disordered protein will have no clear maximum?® 1% The radius of
gyration is an important quantitative parameter that can be derived from the SAXS data, providing
information on the average size of the particles. It can be compared to theoretical or experimental
values published for globular and unfolded proteins of the same number of residues to verify

the disorder of the sample!®,
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Figure 1.10. SAXS data simulated for three 60 kDa proteins: globular (dark blue), 50%
unfolded (light blue) and fully disordered (gray). (A) Logarithmic plot of the scattering intensity
I(s) (arbitrary units) vs. s (nm™), the momentum transfer defined as s = [4msin(0)]/A, where A is
the X-ray wavelength and 20 is the scattering angle. (B) Distance distribution functions p(r)

(arbitrary units) vs. r (nm).
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Figure 1.10. (Continued) SAXS data simulated for three 60 kDa proteins: globular (dark
blue), 50% unfolded (light blue) and fully disordered (gray). (C) Kratky plot. (D) Normalized

Kratky plot. Reprinted with permission from reference 1%.
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Single-molecule Forster Resonance Energy Transfer (smFRET) has recently emerged as
an additional powerful method to study IDPs. SmFRET measures the nonradiative energy transfer
between fluorescence donor and acceptor chromophoresi®, providing information about
intramolecular distance, the distance distribution between the chromophores and the underlying
dynamics on length scales of 2 — 10 nm and timescales from nanoseconds to days. An advantage
of SmFRET is that because the signal is recorded on single molecules, structural and dynamic
heterogeneity can be resolved, which is often impossible to resolve by ensemble-averaged
methods. From smFRET data, information about folding intermediates and pathways can be
extracted, as for example in the study by Ferreon et al.X%’, on the coupling between folding and
ligand binding of a-synuclein. In this study, the folding landscape of a-synuclein was mapped as
a function of sodium dodecyl sulfate (SDS) concentration (Figure 1.11). At very low SDS
concentrations, a-synuclein molecules bound to a single SDS molecule, and transitioned from a
disordered (U-state) to a folded conformation (lI-state). Increasing the SDS concentration resulted
in the binding of additional SDS monomers, and a-synuclein adopted a more extended, folded

conformation (F-state).
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Figure 1.11. The conformational states of a-synuclein. The unfolded state (U) is largely
disordered. The U-state transitions to an intermediate state (1) upon binding of SDS monomers.
The I-state is also known as the hairpin or horseshoe conformational state. The folded state (F) is

populated upon additional SDS monomer binding. Adapted with permission from reference .

In some cases where IDPs are amyloidogenic, high protein concentration samples often
lead to aggregation, so the low concentration required for sSmFRET allows the feasibility of the
experiment. Besides smFRET, other single-molecule methods, such as single-molecule Force
Spectroscopy (smFS) (atomic force microscopy and laser optical tweezers) and single-nanopore

sensing, are under active development and contribute to the exploration of IDPs®,

Nuclear magnetic resonance (NMR) spectroscopy and Molecular dynamics simulation are
two powerful tools to study IDPs that have been used in this research. Chapters 2 and 3 will present

further discussion of these methods.
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1.2. Transactivator of Transcription of Human Immunodeficiency

Virus type 1

1.2.1. Human Immunodeficiency Virus type 1.

In 1984, scientists discovered the virus responsible for acquired immunodeficiency
syndrome (AIDS)'°. Soon after its identification, the virus, later named Human
Immunodeficiency Virus (HIV), was predicted to be a “terrible disease” by U.S. Health & Human
Services. Indeed, 35 years into the epidemic, the disease is neither preventable nor contained.
During peak mortality in 2005, AIDS killed about 2 million people per year. The Joint United
Nations Program on HIV and AIDS (UNAIDS) estimated there were 36.7 million people living
with HIV at the end of 2015 and 1.1 million people died from illnesses caused by AIDS that year.
South Africa is particularly hard hit, with about 19% of the population between the ages of 15 to

49 living with HIV1L,

HIV belongs to a group of retroviruses called lentiviruses. There are 2 HIV strains: HIV-1
and HIV-2. Worldwide, the predominant strain is HIV-1, and generally when people talk about
HIV without specifying the type of virus they are referring to HIV-1. HIV-2 virus is relatively
uncommon and is concentrated in West Africa. It is thought to be less infectious and progress
slower than HIV-1. While commonly used anti — HIV-1 drugs are active against HIV-2, optimum

treatment is poorly understood*!? 113,

The genome of HIV is made of ribonucleic acid (RNA), and each virus has two identical
copies of the RNAM* that interact, forming a dimer!'®. The HIV-1 RNA is 9719 nucleotides

long!*® 17 with multiple open reading frames (ORF). There are 3 major genes, encoding major
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structural proteins and essential enzymes (Figure 1.12). Translation of these genes yields

polyproteins which are cleaved into individual protein units by a viral protease (Table 1.1)
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Table 1.1. Proteins encoded by the HIV genome.

Class Gene name | Primary products Processed products
Gag Gag polyprotein | Matrix protein, MA
Capsid protein, CA
Nucleocapsid, NC
Late assembly protein, p6
Spacer peptide, SP1, SP2
Viral structural proteins
pol Pol polyprotein Reverse transcriptase, RT
Ribonuclease H, RNAse H
Intergrase, IN
Protease, PR
Env gp160 gp120, gp4l
Tat Transactivator of transcription, Tat
Regulatory proteins
Rev Regulator of expression of virion proteins, Rev
nef Negative factor, Nef
vpr Lentivirus protein R, Vpr
Accessory regulatory proteins
vif Viral infectivity factor, Vif
vpu Viral protein unique, Vpu.
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For replication, viral RNA is reverse-transcribed into DNA and then integrated into the
host DNA of the infected cells. For HIV, its main target is the activated CD4 T-lymphocytes,
which play a vital role in the human immune system. Figure 1.13 shows a structural model of an
HIV-1 particle. The viral genome (two single strands of RNA) and other enzymes necessary for
early replication steps, such as reverse transcriptase, proteases and integrase, are enclosed by a
conical capsid composed of approximately 2000 capsid proteins (CA or p24)'%°. Reverse
transcriptase (RT or p51) is the enzyme that copies the viral RNA into viral DNA inside the host
cell; integrase (IN or p31) inserts the viral DNA into the host DNA in the nucleus; and protease
(PR) cleaves the viral polyproteins into their functional units. The inner core also contains the
negative factor (Nef), primarily involved in down regulation of CD4 surface expression;
nucleocapsid (NC or p9) protein, which functions to deliver unspliced RNA for assembly of new
virions and other accessory regulatory proteins such as lentivirus protein R (Vpr) or viral
infectivity factor (Vif). The capsid proteins also shield the viral genome from cytoplasmic sensors
that are capable of inhibiting infection and activating innate immune signaling pathways!?°-122, The
viral core is surrounded by a matrix composed of the viral protein p171%. A small protein, p6, is
located between the matrix and the capsid. It is important for virion budding and for the
incorporation of Vpr protein into the particle!?*. The viral particle does not have a cell wall or a
nucleus, instead, it is, in turn, surrounded by the viral envelope that consists of a lipid bilayer,
glycoproteins (SU or gp120), and a transmembrane protein (TM or gp41). The envelope proteins
form trimers, and an average virion contains approximately 20 surface glycoprotein trimers?® 12,

A mature HIV virion is spherical and has a diameter of about 120 nm*?’.
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Lipid bilayer

Envelope protein, gp120/gp41 Matrix protein, p17

Figure 1.13.a. Structural model of an HIV-1 particle. Lipid bilayer is in gray, viral
proteins are in orange, and membrane proteins captured from host cell are in black and white.

Adapted with permission from reference 28 .
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Figure 1.13.b. Structural model of the inside of an HIV-1 particle shows the capsid layer

and the inner core of an HIV-1 particle. Adapted with permission from reference 2

56



The HIV replication cycle (Figure 1.14) begins with virus entry into the host cell. HIV
enters macrophages and CD4 T-cells via the binding of gp120 protein to CD4, a glycoprotein
found on the surfaces of immune cells such as T-cells, monocytes, macrophages, dendritic cells
and microglia. Once gp120 is bound with CD4, the envelope complex undergoes a conformational
change, exposing the chemokine binding domains of gp120, allowing it to interact with the target
chemokine receptor (CCR5 or CXCR4)'%°, The HIV viral envelope then fuses with the host cell
membrane, and HIV RNA and enzymes are injected into the cell and the entry process is
completed. In order to uncoat the capsid correctly, HIV requires host cyclophilin (or CypA), which
is a peptidylprolyl isomerase that facilitates protein folding in the host cell. Cyclophilin is among
many host cell proteins captured from the budding process of an HIV particle. It is found attached

to viral capsid hexamers.

Following entry into a target cell, the relatively highly error-prone reverse transcription
takes place, copying viral RNA into complementary DNA (cDNA). The resulting mutations from
transcription errors may cause drug resistance or allow the virus to evade the immune system.
cDNA and its complement form double stranded viral DNA that is then transported into the
nucleus. The subsequent integration into the host cell chromosome takes place under the direction
of another viral enzyme called integrase®*°. The intergrated DNA, called the provirus, may remain

inactive for several years, producing few or no new copies of HIV.

When the host cell becomes active, the provirus uses the host enzyme RNA polymerase to
create copies of HIVV genomic material, as well as shorter strands of RNA called messenger RNA
(mRNA). Some of the full-length RNAs function as new copies of the virus genome, while others
function as mMRNAs and will be translated to produce structural protein: the polyprotein (Gag), and

the envelope protein (Env). The shorter mRNAs are translated into different viral regulatory
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proteins, including the transactivator of transcription protein (Tat) and the regular expression of
virus protein (Rev). Rev protein binds to full-length viral RNA, allowing it to leave the nucleus
for further translation or for viral assembly. Tat protein is essential for virus expression and its

function is described in the next section.

Maturation
Fusi | 'Protease |
usion : L
inhw’t_;lt@ \inhibitors |
A
Fusion F@}.._.@
- \A Release
. Ak
Entry ‘ W >
o IGos 8 33
ﬁ L| YUYICccRrs e __%M%
o Assembl)K Translation
= Uncoating ° s
RIMSa) — oo Q@ %
VAV, Vs

FAVAVAVAVAVAVAVAY S

@----l.APOBEcaq ——| Reverse NRTls - G S — =~ RNA export
NNRTIs /

@""1 SAMHDT) —— transcription Micleus \
/Integrase Transcription VV:R; \
P|CA d / inhibitors /‘ AVaV, ¥V, ¥
f Integration s W e
|
| !

Figure 1.14. Hllustration of the main steps of the HIV-1 replication cycle. Major families of
antiretroviral drugs (green), and the step of the life cycle that they block, are indicated. Also shown
are the key HIV restriction factors (tripartite motif-containing 5a (TRIM5a), APOBEC3G,
SAMHDL1 and tetherin; red) and their corresponding viral antagonist (Vif, Vpx and Vpu; blue).
CCR5, CC-chemokine receptor 5; LTR, long terminal repeat; NRTIs, nucleoside reverse
transcriptase inhibitors; NNRTIs, non-nucleoside reverse transcriptase inhibitors. Reprinted with

permission from reference 3. Copyright © 2013 Macmillan Publishers Limited.
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After transcription, new viral RNA and viral proteins translocate to the cell surface to
assemble into new immature virus forms, which then bud off and are released from the host cell.
During this process, HIV protease cleaves the polyprotein to form the mature Gag proteins,
resulting in new infectious virions. The virion also acquires lipid membrane from the host cell.
Therefore, some cellular membrane proteins, including cell adhesion molecules and major
histocompatibility complex (MHC) receptors, are incorporated into the HIV particle. For example,
the Human Leukocyte Antigen DR1 (HLA-DR1)*? and the Intercellular Adhesion Molecule 1
(ICAM-1)'* are proteins that increase HIV infectivity, whereas the Complement Decay-
accelerating factor (CD55)!3* (also referred to as DAF, decay-accelerating factor) participates in
down-regulating the complement system, which blocks the formation of the membrane attack

complex.

Medical treatment for HIV infection has made tremendous progress in terms of therapeutic
options available, transforming the disease from a fatal to a manageable chronic one. In the early
days of the epidemic, only the associated opportunistic infections could be treated with limited
success. Not until HIV was identified to be responsible, and its life cycle was characterized, were
the medical and scientific communities able to start investigating anti-HIV drugs. Azidothymidine
(AZT) was the first compound reported to decrease mortality and opportunistic infections in
patients with AIDS!%. AZT, originally synthesized for anticancer purposes, was found to block
the reverse transcription step of the HIV-1 replication cycle*®. Due to the high mutation rate, viral
resistance quickly developed and new drugs were needed. A decade later, the antiretroviral therapy
(ART), which used a combination of a protease inhibitor (PI) and 2 other nucleoside reverse
transcriptase inhibitors (NRTIs), was introduced and helped to reduce the morbidity and mortality

remarkably®*” 138, ART does not kill or cure, instead, it prevents the growth of the virus, thus,
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slowing down the progression towards AIDS. ART nowadays is recommended for all people with

HIV, regardless of how long they have had the virus or how healthy they are.

Besides targeting the reverse transcription process, drugs that target other steps in the HIV
replication cycle have also been developed. Drugs commercially approved by the Food and Drug
Administration (FDA) are categorized into 6 classes, including non-nucleoside reverse
transcriptase inhibitors (NNRTIs), NRTIs, Pls, fusion inhibitors, CCR5 antagonists (CCRS5s) also
called entry inhibitors, and HIV integrase strand transfer inhibitors (INSTIs). Standard treatment
of HIV nowadays consists of a combination of at least 3 drugs (often called “highly active

antiretroviral therapy” or HAART).

1.2.2. Transactivator of Transcription.

The HIV-1 transactivator of transcription (Tat), a small RNA binding protein essential for
viral gene expression and replication'3%-14! is expressed during the early stage of viral infection*.
During the early stages of infection, viral transcription is halted due to the binding between RNA
polymerase Il and negative transcription elongation factor (N-TEF). After intergration into the
human genome, HIV-1 establishes a low basal expression of Tat, Rev, and Nef proteins from
multiply spliced short transcripts. Expressed Tat is transported into the nucleus, and acetylated at
Lys28 by the p300/CBP-associated factor'#® 44 It then recruits the positive transcription
elongation factor b (P-TEFb) and an AF4 family member (AFF1/2/3/4) to RNA polymerase Il
(RNAPII) to form a super-elongation complex (SEC). The SEC binds to the transactivation
response element (TAR), a 59- nucleotide stem—loop RNA structure located at the 5’ end of nascent

viral transcripts*> 146, P-TEFb is composed of a regulatory cyclin subunit (cyclin T1), which
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interacts extensively with Tat, and a cyclin-dependent kinase 9 (CDK9). CDK9 hyper-
phosphorylates the RNA polymerase 1l (RNAPII) carboxy-terminal domain and other elongation
factors!*! such as negative elongation factor (NELF)}*’ and the 5,6-dichloro-1-B-D-
ribofuranosylbenzimidazole sensitivity-inducing factor (DSIF)*8, resulting in an increased
polymerase processivity. Tat also relieves nucleosome repression by recruiting histone acetyl
transferase (HAT)* to the HIV-1 promoter region, leading to nucleosome acetylation so that
transcription of the viral genes by RNA polymerase Il is not aborted. Tat is released from TAR
and P-TEFb after being acetylated at Lys50 by p300/CBP and hGCN5*°, Binding of Tat leads to
a significant increase in the transcription elongation rate and the production of long transcripts in

contrast to the short transcripts that result from transcription pausing in the absence of Tat.

Significant levels of Tat are detected in the serum of HIV-1 infected patients, even during
antiretroviral therapy'® 12, Uptake of Tat into neighboring non-infected cells!™ alters the
functions of components inside these cells'®*. For example, Tat has been proven to have an effect
on the development of HIV-1 associated neoplasms'®. Extracellular Tat also contributes to the
growth and tumorigenesis of human Kaposi’s sarcoma cells'®. Tat interacts with tumor suppressor
proteins (Rb2/p130), inhibiting the growth control activity of these protein!®. Interaction of Tat
with the component of the DNA repair systems, which protects the genome from deleterious
damage, may also result in cancer™’. Tat can cross the Blood-Brain-Barier (BBB) and is detected
in the central nervous system (CNS)®®8. It has been shown to adversely impact a variety of cell
types in the CNS including neurons, astrocytes, brain microvascular endothelial cells, microglia

and macrophages™®® , leading to a variety of harmful consequences®®®.

Tat is a 101-amino acid protein encoded by two exons'®-1%3, The amino acid sequence of

Tatio1 contains a low overall hydrophobicity and high net positive charge. Early reports suggested
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that the first exon product (residues 1— 72) is fully active in transactivation'®?, and indeed, many
of the important functions of the protein are present within this segment!®4, The first Tat exon
encodes a proline-rich and acidic segment (residues 1-21), a cysteine-rich segment (residues
22-37) through which Tat binds zinc and interacts with CycT1%, a hydrophobic core (residues
38—47); a basic segment (residues 48—57) necessary for TAR binding, Tat cellular uptake, and
nuclear translocation'*® and, finally, a glutamine-rich segment (residues 58—72) involved in T-cell
apoptosis'®®. Despite the high mutation rate of HIV-1, the first Tat exon product is relatively highly
conserved, especially its first 56 residues, among which are the tryptophan residue in the proline-
rich segment'®’” and the essential cysteine residues (except for Cys-31)'® in the cysteine-rich
segment. This is likely an indication of the functional importance of these conserved residues in

Tat activity and/or structure.

The second tat exon product (residues 73—101) has greater sequence variation than Tatzo.
Figure 1.15 shows no conserved residues within the Tat second exon. The high level of sequence
diversity is mostly due to the error-prone nature and low fidelity of reverse transcriptase, the poor
proofreading by the polymerase, and perhaps other pressures exerted by the host immune response
or by the antiretroviral chemotherapy®®l. Even though the transactivation function can be solely
accomplished by the first segment, the biological importance of Tat’s second exon product is
suggested by its conserved expression in all lentiviruses®®®. Tats;-101 has two identified sequence
motifs: the RGD motif, which is involved in cell adhesion!®®, and the ESKKKVE motif, which is
related to optimal HIV-1 replication in vivo!®l: 170, Previous studies showed that the second exon
is essential for Tat-mediated cell genome dysregulation!™. It may also control non-viral gene
transcription (TAR-independent activation) via binding to canonical enhancer sequences of

cellular transcription factors such as NF-kB or Spl and indirectly changing the expression of

62



several genest®® 171 172: this binding in turn may alter cellular functions such as T-cell activation
and apoptosis. The biological requirement for the second Tat exon in HIV-1 replication and
pathogenesis in vivo is further supported by a study that showed that macaques infected with
SlVtatlex virus, which expresses a one-exon tat gene, survived longer than animals infected with
wild-type virus SIVmac239*”. The authors also compared this result with the accidental infection
of three laboratory workers with HIV 111B (two cases in 1985 and another case in 1990), an HIV-
1 isolate that has a premature stop codon in its tat gene. The virus from one of the infected patients
had its one-exon Tat reverted to two-exon Tat, causing a steep decline in CD4+ T-cell count and

a rapid progression to AIDS within 1 year!’® 174,

P E K QK YN R A
N 7[p VIKYIVI1BYEE e
LA Mh-m”*‘e:ﬂﬂzwhéa;”ﬁﬂmﬁnﬁﬁaz'ﬁnﬁmj
c Region | Region I
E (proline-rich region) (cysteine-rich region)
LK RAV (0SN\QD 9
z Q PQ SE y
:II_'_I b i 4= gl;a EHEKI;—, HLS._\!{PE
ISEE:#?#EE';#”%EGREﬁﬂﬁmﬁ %”BSE$EE£BESE:EI
Region Il Region IV Region V
(core region) (basic region) (glutamine region)
: 9
-
30 P KK SETEID i)
| AP=EQ¥NS | VSERYIIE | MREARAY A
o lEEr‘E.‘E EEEE%‘EEEEEEESEESEE&E&E_E__E_I
L Region VI

Figure 1.15. HIV-1 Tatio1 protein sequence. The WebLogo was constructed using 3378

HIV-1 Tat sequences with 101 amino acids from the NCBI database. Identical sequences were
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removed. The letter size in the Weblogo is proportional to residue conservation. Reprinted with

permission from reference 1. Copyright © Springer Basel 2015.

Tat is multifunctional™® > with a wide range of interactions with many different
proteins®®l: 178, This is likely a direct effect of its intrinsic disorder®® 1%°. Because of its structural
flexibility, Tat may adopt different local conformations to interact with different binding partners.
One example of this can be observed in the crystal structure of Tat in complex with P-TEFb, AFF4
and TAR (Figure 1.16). The crystal structure reveals an extended loop conformation in the N-
terminal acidic/proline-rich segment containing two type II B-turns, one type II' B-turn, and a 310
helix'%. On the other hand, a peptide corresponding to residues 1—16 of Tat binds to an antibody
fragment (Fab’) in a standard type I B-turn conformation without forming the 319 helix or any of

the other turnst’’.

Figure 1.16. Crystal structure of complex of 58-residue Tat (red), P-TEFb complex of Cdk9

(blue) and CyclinT1 (green), AFF4 (purple), and TAR (gray). Tat and AFF4 are disordered
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proteins but they form helical regions in the complex. Structure representation was created from

entry 5L17*"® from the PDB using VMD.

1.3. Protein dynamics — the energy landscape.

Proteins in solution are not static objects, instead they experience fluctuations at various
timescales (s to s or even longer), amplitudes (from tenths of A to nm) and directions. Protein
motions result from thermal energy and cause protein structural deviations from the native state.
These structural deviations vary across proteins; some with lower, and some with higher structural
variability, measured by root-mean-square deviation (RMSD) and other parameters'’®. These
alternative structures exist in equilibrium and are so-called protein conformations. Proteins, thus,
are seen as dynamic entities that sample a large ensemble of conformations around an average

structure!®,

Functions of proteins are determined not only by their structures, but also by their dynamics
properties. Classic examples are myoglobin (Figure 1.17) and hemoglobin, where structural
fluctuations are needed to open transient pathways for substrate to get into the binding sites*. For
many enzymes, solvent and substrate molecules gain access to the binding sites, which are
completely buried in the interior of the protein, in a similar fashion. Another example is the case
of hexokinase!'®!. This enzyme transfers a phosphate to glucose much faster than to water
because the binding of glucose induces a large conformational change in the protein that
brings the two protein domains together and creates a protected catalytic site. The closure of the
domains is slow, but it would not be possible without the numerous rapid atomic motions that

allow groups of atoms to slide past each other, despite their repulsive interactions. Protein folding
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is another aspect of protein dynamics where understanding how the newly synthesized
polypeptide chain is able to fold to its native structure is fundamental to the description of life
at a molecular level. This issue is especially critical since misfolding of proteins typically leads
to disease®®. Protein dynamics are also crucial for signal transduction. In order to relay

signals, proteins shift among different energy states to respond to inputs®,

Figure 1.17. Crystal structure of Myoglobin in (a) ribbon and (b) surface representation.
The heme group is represented in ball and stick model. Structural fluctuations are needed to
open transient pathways’$! for substrates to access the heme group that is buried inside the
protein. (c) Close up view of the active site. The figure was created by VMD, using the PDB entry

1mbn'84,

Dynamic properties of proteins are characterized by their thermodynamics (the
populations/probabilities/lifetimes of conformational states of the ensemble) and the kinetics (the
transition times and energy barriers between conformations), both of which are governed by free

energy landscape theory. Figure 1.18 represents an energy landscape describing the energetic
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relationships between possible protein conformations in 2 particular sets of conditions (dark and
light blue) such as temperature, pressure, solvent composition and mutations. A change in any of
these conditions leads to the conversion of the landscape from one to another (dark to light blue),
and the redistribution of the population of conformational states. Within one energy landscape, a
state/conformation is a minimum in the energy surface, whereas a transition state/conformation is
the maximum between the wells. Each dynamic tier corresponds to one type of motion, happening

within a certain timescale.
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and the energy barriers. b, Timescale of dynamic processes in proteins and the experimental
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methods that can detect fluctuations on each timescale. Reprinted with permission form

reference 8. Copyright © Nature Publishing Group.

For the tier-0 dynamics, the conformations A and B are separated by energy barriers of

several KT, where K is the Boltzmann constant and T is the absolute temperature®®

. The population
of these conformations follows the Boltzmann distribution, depending on the difference in free
energy (AGag). The number of conformations in this dynamic tier is typically small (2 conformers,
A and B, for the energy landscape in Figure 1.18). The high energy barrier between the states
restricts the conversion rate, and the fluctuation events happen on the ps to ms timescale or
longer®®. Excited/transition states have important functional roles in biochemical processes,
including molecular recognition and ligand binding'®-1%2 enzyme catalysis!®*%, and protein

folding®®1%8, Conformational transitions in this dynamic tier are found in domain/multiple domain

protein motion.

Lower dynamic tiers (tier-1 and tier-2) describe fluctuations between large numbers of
closely related sub-states within each tier-0 state. Energy barriers that separate these states are low
(less than 1 kT), and therefore they can be easily overcome by thermal energy, leading to ps to ns
timescale dynamics. Motions of tier-1 dynamics are of a small group of atoms that are collectively
fluctuating (loop motion) whereas, tier-2 dynamics describe motions belonging to atomic
fluctuations such as bond vibrations or side-chain rotations. These motions are local and their
information is often obtained from spin relaxation NMR measurements, from other spectroscopic
methods such as fluorescence, UV-VIS, Raman, IR spectroscopy, or from room temperature X-

199

ray crystallography=~. Local fluctuations working concertedly lead to collective motions,

happening on the ps and longer timescales.
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The energy landscape for IDPs is significantly different from folded proteins. The folded
protein energy landscape has a “funnel-shape” with a global energy minimum corresponding to
the native structure?®® 291, The native state entropy determines the width of the “funnel”. In the
case of IDPs, the energy landscape has multiple local energy minima separated by small barriers,
forming “shallow wells”. These barriers can be easily and frequently overcome, leading to the
property of existing as an ensemble of a large numbers of states having approximately equal
energies. Figure 1.19 shows an example of a “funnel-like” energy landscape of a folded protein,
human nucleoside diphosphate kinase (NDPK, PDB ID: 1nsk)?%2, and an energy landscape of an
intrinsically disordered peptide (CcdA C-terminal, PDB ID: 3tcj)?°®, where the peptide may exist
in different conformations, occupying different shallow wells on the energy surface. The
disordered regions in NDPK also adopt different conformations, resulting in a rugged global

minimum as shown on the enlarged Figure 1.19.c.
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Figure 1.19. Schematic of protein free energy landscapes for (a) human nucleoside
diphosphate kinase (NDPK), (PDB ID: 1nsk) and (b) an intrinsically disordered peptide (CcdA C-
terminal, PDB ID: 3tcj); (c) close-up of the minimal free energy well in (a), where IDRs are shown
in red and ordered regions are shown in white. The example NDPK conformations are shown
again enlarged to the right for better visualization. In (a—c) lower free energy (dark blue)
represents more probable conformations whereas less probable conformations are represented in

red. Reprinted with permission form reference 2%,
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1.4. Purpose of the thesis.

Conformational ensemble and dynamics of proteins provide important information about
proteins functions and mechanism (see section 1.3). So far, there is only one dynamics study
conducted on the first exon product of Tat consisting of 72 residues in fully reduced condition
using nuclear magnetic resonance (NMR) spectroscopy'®. This study showed a predominantly
disordered and extended (random coil) conformation with some extent of folding propensity in
the cysteine-rich region and the hydrophobic core region of this protein segment. The fast
dynamics on the timescale of ps-ns of this segment were also explored, revealing the uniformly
distributed internal motion throughout the sequence, except for the two termini with a higher
degree of motion. Several earlier studies on shorter segments of Tat suggested conformational
transitions of the peptide upon binding. For example, NMR spectroscopy suggested a
conformational change in Tats> 7, in the region of Gly-42 and Gly-44 upon binding to TAR?®,
and the extended conformation of the bound form of Lys-50 acetylated Tats.ss with the
bromodomain of p300/CBP-associated factor (PCAF)?%. No study has been conducted on full-
length Tatio1 protein to explore the conformational ensemble and dynamics, especially on the

biologically importanttimescales of us — ms and longer.

My thesis, taking into account the biological importance of the second exon product of Tat,
aims to study the structure, dynamics, disorder and structure propensity of this region and of its
impact on the structure, dynamics, disorder and structure propensity of the rest of the full-length
protein. NMR spectroscopy will be used as the principal technique to study Tatioz1 protein in a fully
reduced condition. The chemical shifts and the data from relaxation and hydrogen exchange
measurements will be extensively analyzed to extract information about the protein conformational
ensemble and dynamics. Classical Molecular Dynamics simulations will be used as a
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complementary technique to verify the NMR results, as well as to sample the protein conformers
that are invisible to NMR due to ensemble averaging. The combined results on the full-length
protein may also provide a deeper understanding of the mechanisms through which it interacts
with partners as an IDP; and this is an important step toward rational drug design. Considerable
effort has been expended in the design of Tat antagonists to inhibit HIV-1 transcriptional
elongation. This continues to be an important goal, but more attention is now focused on promoting
proviral transcription to reactivate latent virus and so eradicate latent viral reservoirs. Whether the
therapeutic goal is activation or inhibition, the insight into the mechanisms derived from protein

dynamics information will be helpful in pursuing both.

In Chapters 2 and 3, I will describe some of the background and theory behind the principal
methods used in this research namely, NMR spectroscopy and molecular dynamics simulations,
paying particular attention to their application to intrinsically disordered proteins. Some readers

may prefer to skip or skim these chapters.
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Chapter 2

NMR spectroscopy in studies of

Intrinsically Disordered Proteins.

The phenomenon of nuclear magnetic resonance (NMR) was discovered and developed by
Purcell and his team at the Massachusetts Institute of Technology?®’, and Bloch and coworkers at
Stanford University?®®, The two scientists were granted the Nobel Prize in 1952 for “their
development of new methods for nuclear magnetic precision measurements and discoveries in
connection therewith”, marking the world’s recognition for their scientific contribution to the
invention of one of the most powerful tools available for structural biology. A few years after the
initial discovery, NMR was introduced into the field of chemistry following the observation of the
chemical shift from two different signals from nitrogen atoms in NH4sNO3, and three lines in the
spectrum of ethanol?®®. In 1953, the first evidence of spin-spin interactions, known later as the
“nuclear Overhauser effect” (NOE), was reported as an observed increase of nuclear polarization
upon the saturation of electrons in metals?°, The emergence of superconducting magnets in the
early 1960s helped solve issues related to magnet inhomogeneity and instability?*. Application of
the Fourier transformation to NMR in 1966 by Ernst and Anderson was another major
breakthrough, opening the door to the development of NMR pulse sequence?'?. Ten years later,
two-dimensional (2D) NMR, an experiment to show the correlation between spins via J-coupling

or the NOE, was introduced, paving the way for resonance assignment?*3, 2D NMR was quickly
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applied in the field of biomolecules and the first protein structure was reported in 19852 using

the NMR technique.

Rapid progress in the development of NMR hardware and software has been made.
Improvements in magnet technology and wire technology allowed the construction of NMR
machines with ultra — high field strengths up to 23.48 Tesla (Lyon’s European Nuclear Magnetic
Resonance Center, and Japan’s National Institute for Materials Science), compared with the first
commercial 0.7 Tesla machine available in the 1950s%'> 218, Introduction of cryogenically cooled
probes has significantly increased the experimental sensitivity. Modern console electronics allow
radio frequency (RF) digitization with timing resolution of a few tens of nanoseconds, enabling
the fast switching of frequency, amplitude and phase as required for modern NMR experiments.
Introduction of new pulse sequence programs?'’ granted access to the measurement of samples
with increasing molecular weight. For example, in comparison with the limit of 20 residues in
some peptide studies in the 1970s, molecular machines with aggregate molecular masses up to 1

MDa can be studied at atomic detail?*® today.

Besides X-ray crystallography and cryoelectron microscopy, NMR is the only method that
provides information at atomic resolution on the structures of biological macromolecules. In
contrast to X-ray crystallography where protein must be crystallized, NMR allows studies of
proteins in the liquid state. This makes structural studies of highly dynamic systems such as
intrinsically disordered proteins (IDPs), where the proteins do not crystalize, possible. Various
NMR experiments are capable of providing dynamics information over a wide range of timescales,
from slow exchange, where interconverting species are visible, to fast motions using relaxation
measurements, and under equilibrium conditions (Figure 2.1). In many cases, the exchanging

species with slightly higher free energy, called excited — state conformers, are sparsely populated,
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just a few percent of the whole population, and exist transiently with extremely short lifetimes,
making them invisible to many tools of modern biophysics. Understanding these conformers is
important for their functional roles in biochemical processes, and NMR spectroscopy has paved

the way for studying such ‘invisible’ excited states'®.
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Figure 2.1. Protein dynamics timescale (top) and NMR experiments suitable for dynamic
quantification (bottom). Reprinted with permission from reference 2'°. Copyright © 2013 Elsevier

Inc.

NMR is used in an integrated fashion with other experimental techniques in protein studies.
Dynamics information from NMR relaxation experiments is normally complemented with 3D
structural information from X-ray crystallography, SAXS, or cryoelectron microscopy. For
example, dynamic data can be interpreted in terms of interconversion between states that a protein
adopts when crystalized with and without ligands or among conformers with amino acid mutations.
Many molecular dynamics (MD) simulation force fields were developed and validated based on
NMR data??®. MD simulations and NMR are also used in tandem to study protein dynamics. For
example, in a study on the enzyme cyclophilin A, the authors compared the generalized order

parameters in the Lipari-Szabo approach??! 222 derived from nuclear spin relaxation data and
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calculated from simulations, to come to a conclusion that this enzyme catalyzed protein
isomerization via an electrostatic handle mechanism??3, SAXS and NMR in combination can
provide complementary information on highly dynamic systems, especially on IDPs. An ensemble
of structures representing the dynamic behavior of a protein can be calculated using paramagnetic
relaxation enhancements (PRES), residual dipolar couplings (RDCs) and NOEs along with SAXS
data®®®. Phillips et al. successfully used time-resolved SAXS and NMR to explore the relationship
between the internal motion and the activation of the protein cellular Inhibitor of Apoptosis 1

(CIAPL).

Albeit NMR is a powerful tool, it also faces some challenges when applied to proteins. The
foremost issue is the requirement for a concentrated isotopically-labeled protein sample. Solving
the problem means having to answer the questions of how to make enough labeled protein for the
study, how to keep the protein stable at high concentration in a certain amount of time (up to
several days), and how to reduce the amount of isotopic material to a minimum since they are
costly expensive in some cases (certain labeled amino acids for site specific labeling, or labeled
pyruvate for side-chain labeling). For IDPs, this problem becomes more challenging since IDPs
are more prone to aggregate at high concentration??*. The conformational dynamics and transient
structure of IDPs are highly sensitive to experimental conditions such as pH, buffer composition,
salt concentration and temperature. Under certain conditions, some parts of an IDP may undergo
conformational dynamics on a timescale that leads to extensive line broadening, and thus
diminished or missing resonance peaks. Another challenge for NMR is the limit on the size of the
molecule. Signals from proteins are typically weak, broadened and overlapped, hindering the

assignment of resonances and acquisition and interpretation of high quality data.
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An IDP is different from a folded protein in terms of structure and dynamics and therefore
NMR signals, chemical shifts and relaxation parameters, the quantities that describe protein
dynamics, are also different between the two classes. For an ordered protein, the local electronic
environment for each nuclear spin is unique due to the stable compact three-dimensional structure;
therefore the induced shielding fields are different, leading to a distribution of chemical shifts over
a broad range. In contrast, a less compact structure and conformational averaging in IDPs
significantly reduces the contributions of the local environment to chemical shifts, causing severe
overlap of resonances (Figure 2.2). The low chemical shift dispersion of IDPs makes resonance
assignment very challenging. To tackle this issue, two approaches have been used, namely residue-
specific NMR, and multi-dimensional NMR experiments. The former approach can be achieved
either by using different labeling strategies such as site specific labeling??® or unlabeling®?, or by
NMR experiments that can give rise to signals from only a specific amino acid type??”%L, The
later approach uses non-uniform sampling?®> 23, projection reconstruction?** 23 and parallel
acquisition?*® techniques to measure carbon-detected NMR signals at higher dimensionality (>
4D)Z7-2%_Carbon detection gives higher peak dispersion, superior to the conventional HN signal
detection. It is also particularly useful in the case of IDPs where amide proton signals are
broadened, sometimes even beyond detection, because of chemical or conformational exchange.
Notably, carbon-detected NMR allows the assignment of proline residues, which frequently are
abundant in IDPs?%. Proline residues do not give a signal in HN-detected spectra, causing breaks

in the sequential assignment of the protein backbone resonances.
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Figure 2.2. A comparison of chemical shift dispersion for a structured and an intrinsically
disordered protein in 2D H-1N HSQC spectra acquired on two proteins of similar size, but
characterized by different structural properties. (a) The HSQC spectrum of structured monomeric
Cu(l)Zn(1l) superoxide dismutase (1.5 mM sample in 20 mM phosphate buffer, pH 5.0, at 298 K;
PDB code: 1BA9). (b) The HSQC spectrum of intrinsically disordered a-synuclein (1.0 mM sample
in 20 mM phosphate, pH 6.4, 0.5 mM EDTA, 200 mM NacCl, at 285.5 K). The experiments were
acquired on a 700 MHz Bruker AVANCE spectrometer equipped with a CPTXI probe. Reprinted

with permission form reference 21, Copyright Springer International Publishing Switzerland.
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In terms of dynamics, the compact stable structure of a folded protein allows the description
of its Brownian motion with a single overall rotational correlation time. For an IDP, because of
the flexibility resulting from the inter-conversion between conformations due to their small
energy difference, a single overall rotational correlation time cannot be defined®*!. The high
flexibility of IDPs also strongly affects the relaxation rates (discussed in 2.2.1) and NMR line
widths. Compared to folded proteins, IDPs have lower spin relaxation rates. This dynamic
feature allows the use of longer magnetization transfer pathways in higher dimensional
experiments. Fast motion in IDPs gives rise to narrow line widths, making it amenable for NMR
characterization. Finally, the non — compact structure of IDPs allows exposure of the entire
protein backbone to solvent, resulting in high hydrogen exchange rates. Measurements of solvent
exchange rates can be used to distinguish between highly structured and disordered regions of
proteins, and to predict the folding propensity by identifying the amide sites that are exposed to

and/or protected from solvent?#?,

In the following sections, | introduce the NMR methods used in this project to characterize
the structure, dynamics on the ps-ns timescale (nuclear spin relaxation), dynamics on the ps-ms
timescale (relaxation dispersion), and dynamics on the ms timescale and slower (hydrogen

exchange NMR) of an IDP, the HIV-1 Tatio1 protein.

2.1. Chemical shift, secondary structure propensity and coupling

constant.

Chemical shifts have long been known to carry sufficient information to determine protein
structure?®®24°, The effect of protein secondary structure on a protein’s chemical shifts is

theoretically explained by the dependence of the nuclear shielding effect on the dihedral angles ¢
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and y?*. Structural information can be extracted from the so — called secondary chemical shifts of
each nucleus, which are derived as the difference between the measured chemical shift and the
predicted random coil values. For an IDP, because of the lack of a unique three-dimensional
structure, the secondary chemical shift of a spin indicates the relative tendency of a measured

residue to adopt a specific conformation at that point in the primary sequence.

For a *C and **N enriched protein, a large number of chemical shifts (*Hn, tHa, N, 3C’,
13C,, 13Cp) can readily and precisely be measured, therefore, the quality of the secondary chemical
shifts mostly depends on the predicted random coil chemical shifts used. Many data sets of random
coil chemical shifts have been reported either from experimental measurement of disordered
peptide?*’-2>3 or from statistical analyses of deposited chemical shift assignments®*+%>7 in the
Biological Magnetic Resonance Data Bank®*® (BMRB). These data sets have slightly different
values due to the differences in the methods used and the external conditions including pH, co-
solvents and temperature. The contribution of neighboring residues to random coil chemical shifts
is also necessary to be taken into account for many reasons. Firstly, the side chains of neighboring
residues may change the polarization of chemical bonds, leading to a change in nuclear shielding
that determines the random coil chemical shifts. Secondly, chemical shifts may be altered by the
through-space ring-current effect induced by the m-electrons in aromatic rings of some residues,
and the magnetic anisotropy shielding effect from all carbonyl bonds. Furthermore, the hydrogen
bonding potential of the neighbors may also affect the chemical shift through side-chain-to-
backbone hydrogen bonds. Finally, steric clashing between the side chains of neighboring residues
affects the free energy of the backbone conformations, thus affecting the populations of the major
wells in the Ramachandran map?®°. This effect is notably strong for the residues before a proline

because of the clash between the proline Cs and the preceding-residue’s Cs?®, explaining the
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abnormal random coil chemical shift of such residues®. The effect of neighboring residues on a
chemical shift is considered in some data sets such as the one reported by Tamiola et al.?*® and the

one by Kjaergaard et al.?3,

Chemical shifts of different nuclei are reporters of secondary structure to a different extent.
For example, several studies have shown that *H, experiences upfield shifts of about -0.3 ppm in
a-helical conformations, and downfield shifts of approximately 0.5 ppm for p-sheets. Amide
protons only show downfield shifts for 3-sheets, while the influence on the shifts for a-helices is
negligible. The distribution of secondary chemical shifts of amide proton are larger than those
observed for alpha protons?®*. This evidence suggests that the correlation between amide protons
and backbone conformation is not as strong as for the alpha proton. For 3C, secondary chemical
shifts of 3C, and *Cp are the most sensitive to backbone torsion angles. In helices, the 3C,
chemical shift is downfield by 2.2 ppm (for Ala) to 4.5 ppm (for Thr), whereas it is upfield by -0.4
ppm (for Thr) to -1.8 ppm (for Arg) in B-sheets?®L. 13Cg secondary chemical shifts are smaller, and
of opposite sign. The secondary chemical shift difference, defined by the difference between the
secondary chemical shift of alpha and beta carbons, has been used as an even better structure
predictor?®2, Using a joint probability calculation, Wang and Jardetzky?®* found that the reliability
to discern a-helix from random coil using chemical shifts is in the order 3C, > BC” > H, > 13Cp
> 15N > Hy, whereas the order for B-sheet structure is *H, > 3Cg > Hy ~ N ~ 3¢, ~ 13C’.
Algorithms have been developed to predict protein secondary structure using chemical shift data,
such as the Chemical Shift Index program (CSI 3.0)%%® and the Secondary Structure Propensity

program (SSP)?%* which is specifically designed for IDPs.

Mutual interactions between nuclear spins give rise to coupling, including scalar coupling

and dipolar coupling. Dipolar couplings happen through space and are averaged out in isotropic
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solution. Scalar couplings, mediated by the electrons in covalent bonds, contain structural
information because they depend on the intervening dihedral angle?®. 3Junu. depends primarily on
the @ backbone angle and has been used extensively to distinguish a from B secondary structure®,
3Jhnma O a-helices are below 6 Hz, above 8 Hz for B-strand. IDPs have 3Junnq distributed in the
range of 6 - 8 Hz. One-bond coupling constants YJcqne have also been used to validate IDP

ensembles?®’,

2.2. Nuclear spin relaxation, reduced spectral density mapping,

and model-free analysis.

Protein dynamics on the ps-ns timescale has long been explored by nuclear spin relaxation
measurements. This section will give a brief introduction on why and how fast protein motions

can be interpreted by NMR observables (mostly by signal intensities) in relaxation experiments.

2.2.1. Nuclear spin relaxation and the spectral density.

In NMR, populations of nuclear quantum states and coherence among the populations are
altered by applying a time — dependent magnetic field with a frequency wrr selected to satisfy the
energy requirement of a transition. The magnetic field fluctuations are an excitation when the spins
are forced into higher energy levels, and in this case, the system adopts an excited state. The
excitation process in an NMR experiment is achieved by using RF pulses. To return to equilibrium,
the excited system goes through a relaxation process that also requires a time-dependent magnetic
field. Such a field is usually not intentionally created in NMR experiments, instead, it is

spontaneously created by the random rotational motions of the molecule or by internal motions
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within the molecule. In proteins, there are two main mechanisms for the generation of oscillating

fields from molecular motions: the chemical shift anisotropy (CSA) and dipolar couplings.

CSA arises whenever the electronic environment around a nucleus is not the same
in every direction, i.e. is anisotropic, such that a nucleus experiences different
electronic shielding effects and, thus different effective magnetic fields, depending
on the orientation of the molecule with respect to the external field. CSA contributes
to relaxation, for example, when an amide nitrogen experiences a different local
magnetic field as the protein rotates relative to the main magnet field Bo due to
Brownian tumbling in solution, and/or the bond vector rotates relative to the protein
backbone.

Dipolar coupling is a through-space interaction between pairs of nuclear spins that
affects the magnetic field experienced by each spin. The distance and orientation
of the pair of nuclei relative to Bo, which may change over time due to ps-ns
motions, affects the strength of the dipolar field, leading to local magnetic field

oscillations.

It needs to be noted that only temporal changes in the magnetic field strength that contain

frequencies that match the nuclear resonance frequencies may cause relaxation. The contribution

of protein motions, or equivalently the intensities of the oscillating magnetic fields, to relaxation

as a function of frequency is represented by a spectral density function, J(®).

Nuclear spin relaxation includes the restoration of an excited spin system to thermal

equilibrium with its surroundings (spin — lattice or longitudinal relaxation), and the loss of

coherence of transverse magnetization (spin — spin or transverse relaxation). Longitudinal
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relaxation occurs due to the net loss of energy from the excited state; while transverse relaxation

occurs due to both the energy loss and the energy exchange between spins (Figure 2.3)
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Illl\.)'r \II'\.,-'IﬁI'-_-'I/\b IIII'\. ,-'If ﬁllt._zlr 1‘-ll'-.h z'ln*

— @ — 9, ®,

Figure 2.3. Relaxation of the excited state. Nuclear spin relaxation is a consequence of
time-dependent fluctuations in the magnetic field. These fluctuations can cause the net loss of
energy from the excited state (A) or enhance the rate of spin-spin exchange (B). The former
contributes to both T1 and T, relaxation while the latter only contributes to T, relaxation.

Reprinted with permission from reference 22, Copyright © 2006 Springer.

Longitudinal and transverse relaxation are characterized by time constants (T and Ta,
respectively), which are the times, on the average, required for a certain spin to relax to about 63%
of its equilibrium state. Relaxation rates (R1 and R2) are reciprocals of the relaxation time
constants. More details on longitudinal and transverse relaxation will be discussed below. NMR
relaxation also investigates the relationship between dipolar coupling and the NOE effect which
measures how perturbation of the ground and excited state populations of one spin affects the
populations of another dipole-coupled spin, given that dipolar coupling is one of two main

mechanisms whereby protein motions contribute to relaxation. T1, T2 (or equivalently R, R2) and
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NOE are the three most frequently measured parameters of protein NMR nuclear spin relaxation

studies.

The relationships between the spectral density functions (J(®)), which describes the

oscillating magnetic fields, and the relaxation parameters (Ri, R, and NOE) for °N are as

follow?®®;
Ry = d [J(wy — wy) + 3] (wy) + 6 J(wy + wy)] + ¢ J(wy)
R, = RY+R,,
R? = 3[4](0) +J(wy — wy) + 3] (wy) + 6] () + 6] (wy + wy)] + 2[4 ](0) + 3] (wy)]

NOE =1+ 216 ] (wp + wy) —J (@ — wn)]

where:

e d, dipolar constant, is defined as:

d=Z

1 (Z;)z (hynym)?

TN-h
e ¢, chemical shift anisotropy constant, is defined as:

_ (wyAd)?
3

e o, permittivity of free space,
e h, Planck’s constant divided by 2m,
e ynand yn, gyromagnetic ratios of 1°N and H, respectively,

e rn.n=1.02 A vibrationally averaged effective N-H bond length,
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e Ao =-172 ppm, chemical shift anisotropy,

e onand wp, Larmor frequency of °N and H in rad*

e R, pure transverse relaxation rate, not influenced by exchange processes.
e Rex, exchange rate. For a system exchanging between 2 states A and B:

ka

_
-

ke
where ka and kg are exchange rates between the states, and Rex is given by:

- pA(l - pA)kex

R, =
1+ (koy/Aw)?

pa and pg are populations of states, and A® is the chemical shift difference between

resonances in the two states.

The relaxation time constants are measured by NMR experiments in which the spin system
at thermal equilibrium is forced into an excited state by RF pulses; after that, the bulk
magnetization of the system is allowed to evolve in a defined amount of time, called a relaxation
delay, before detection. Figure 2.4 shows the behavior of the magnetization in 1D Ty and T»
experiments. At equilibrium before any RF pulse is applied, the spin system of the sample is
subjected to a static magnetic field Bo. The magnetic moments of spins are aligned in such a way
that when their contributions are all added up, there is a net magnetic moment, called bulk
magnetization, along the direction of the applied field Bo. The bulk magnetization arises from the

slight difference in the population of spins that are aligned with and against the field.
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Figure 2.4. Experimental approaches to the recording of Ry (inversion-recovery) and R2
(spin echo). Bulk magnetization is shown as an arrow on the Cartesian coordinate system. Varying
the delays allows the recording of signal amplitudes for relaxation rate measurements. In the case
of the spin-echo experiment, both delays are of equal duration. This figure does not take into
account details other than longitudinal and transverse relaxation. Reprinted with permission from

reference 2%, Copyright © 2010 Elsevier.

T1 measurement generally uses the inversion-recovery approach. The experiment starts
with a 180° pulse, placing the magnetization along the z axis. This serves as a perturbation pulse
to excite the spin system. After a delay during which the spins relax, a 90° pulse brings the
magnetization into the transverse plane (xy plane) for acquisition. Varying the delay between the
two pulses allows the system to relax to different extents, leading to different magnetization

amplitudes, or, equivalently, different signal intensities for each delay. The T value is extracted
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from fits of the decaying signals as a function of the delay times. For protein dynamics, the pulse
sequence for T1 measurements is derived from a sequence originally proposed for the recording of
'H-5N correlation spectra®®. This approach has higher resolution to overcome the problem of
overlapping peaks. In this case, the perturbation period increases the polarization of the pure
nitrogen longitudinal magnetization via 2 INEPT (Insensitive Nuclei Enhanced by Polarization
Transfer) periods. INEPT is a signal resolution enhancement method used in NMR spectroscopy.
It transfers nuclear spin polarization from spins with a larger Boltzmann population difference to
the spins of interest having a lower Boltzmann population difference using J-coupling®™®. During
the delay time, the nitrogen magnetization relaxes toward thermal equilibrium and it will then be
transferred back to a proton for detection. The intensity of the peaks at different delay times will

follow an exponential decay function:

-t
L =he T

where It is the peak intensity with delay time t, and lo is the peak intensity at time 0.

An NMR experiment to measure T generally uses the spin-echo approach implemented in
a pulse sequence that is also a variation of the sequence originally proposed for the recording of
H-5N correlation spectra?®®. The effect on the bulk — magnetization of the spin echo pulse
sequence in a 1D experiment is depicted in Figure 2.4. The experiment starts with a 90° pulse,
placing the magnetization in the transverse plane (xy plane) and creating coherence among the
spins, or in another words, bringing the spins into phase. After a delay, a 180° pulse “flips” the
magnetization, putting it on the other side of the x axis. The magnetization is then allowed to
evolve for a further delay of equal length compared with the first delay. An echo is created where
signals from different chemical shifts (i.e. different angular frequencies) are refocused to the same

position and coherence is recovered. Recording proceeds immediately after the second delay.
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Transverse relaxation processes occur during the two delays. Varying the length of the relaxation
delays will affect the signal intensity. Similar to T, intensity of peaks at different delay times also

follow an exponential decay function:

-t
]t' =10€ Tz

where It is the peak intensity with delay time t, and lo is the peak intensity at time 0. In practice,
for both T1 and T, measurements, a series of spectra with varied relaxation delays are acquired,

and peak intensities are fit to the exponential models to extract the relaxation time constants.

The steady — state heteronuclear NOE, which arises from cross-relaxation between two
dipolar — coupled spins (**N and H), is generally measured by calculating the ratio of the peak

intensities in two 2D spectra acquired with and without proton pre-saturation.

Isat

NOE =—-1
leg

In order to extract dynamics information, the measured °N relaxation data (T1, T2 and
NOE) can be analyzed using several approaches. A first quick analysis of the relaxation data, yields
valuable qualitative information on the global and local conformational properties of the protein.
Figure 2.5 shows an example of a quick analysis of the relaxation data of Myosin Phosphatase
Targeting subunit 1 (MYPT-1) in solution. The protein has a disordered region on the N-terminus
which is more flexible in comparison with the folded ankyrin-repeat regions on the C-terminus.
The raw relaxation parameters clearly show the differences in flexibility of MYPT-1 protein
domains where the N-terminus has clearly lower R relaxation rates (Panel B) and NOE values

(Panel C). Within the disordered region, relaxation data also reflect the populations of
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conformations such that the short segment that forms a transient helix also has higher relaxation

rates and NOE values than the rest of the region.

A Disordered Region Folded Ankyrin-Repeat Region
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Figure 2.5. (A) Secondary structure propensity scores, (B) experimental Rz relaxation
rates, and (C) heteronuclear *N[*H]-NOE measurements demonstrate the two-domain behavior
of MYPT1,-9s in solution. The cartoon representations above the SSP scores indicate the presence
of secondary structure based on the MYPT1—PPI1 complex structure. A dashed line separates the
two different regions of MYPT1,-0s, the N-terminal flexible region and the C-terminal folded

ankyrin-repeats, which constitute the MYPT1 PP1-binding domain. An element of transient
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structure and reduced backbone motion within residues 5—17 in the N-terminal disordered region
can be readily identified by SSP scores greater than ~0.2, elevated R rates and **N[*H]-NOE
values. This transient helix is colored in blue, which differentiates it from the fully populated o-
helices of the ankyrin-repeat domain, colored in gray. Reprinted with permission from

reference 21, Copyright © 2011, American Chemical Society.

Additionally, the T1/T2 ratio provides information on the local protein rigidity?’2. For
folded proteins, it is used estimate a protein's overall rotational correlation time. For IDPs, T1/T>
allows to distinguish regions having significant structural propensities, characterized by longer
effective correlation times, from segments lacking any residual structure, characterized by shorter

effective correlation times.

There are other approaches to extensively analyze relaxation data including the model-free
formalism??! 222 and reduced spectral density mapping® 2’4, The following sections will provide

a discussion of these methods.

2.2.2. Model-free analysis.

Model-free formalism was introduced by Lipari and Szabo??'2?2, further extended by Clore
et al.?’> and optimized in terms of model selection by d’Auvergne and Gooley?’® 2’7, It has been
the preferred approach for protein spin relaxation data analysis for allowing the extraction of
parameters with more physical meaning than the relaxation data alone. The approach relies on an
assumption that protein internal motions can be decoupled from the global tumbling of the

molecule, given that these two stochastic processes are separated by at least an order of magnitude
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(with global tumbling generally lying between a few ns to tens of ns, whereas local motions are
on the order of tens or hundreds of ps). Autocorrelation functions are used to define and decouple

global and internal motions:

C(t) = Co() C(T) (1)

where C(7) is the overall autocorrelation function, Co(7) is the autocorrelation function for overall
tumbling, and Ci(t) is the autocorrelation function for internal motions. NMR relaxation of the
protein backbone is often determined by the fluctuations of the *N-'H vectors with respect to the
external magnetic field, and the correlation function describes the dynamic tumbling of these
dipoles. It represents the autocorrelation between the orientation of the dipole vector at time 0 and
its orientation at time t. Fourier transformation of an autocorrelation function is another function
that represents the contributions of the motions, as a function of frequency, to the reorientation of

relaxation vectors and this resulting function is the spectral density function as mentioned above.

Overall rotational motion of a protein in solution is stochastic, thus it is reasonable to
assume that the autocorrelation function has the form of an exponential decay during protein

relaxation. According to the work by d’Auvergne?’8, the function can be written as:

Co(r) = X Wie ™ 2)
where

e W defines a weighting factor,

e the index i ranges over the number of exponential terms,

¢ and k, depending on the complexity of the diffusion tensor, may take value of 0, 1
or 2 if the global model of the protein is spherical, spheroidal, or ellipsoidal,

respectively.
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In the case of isotropic tumbling, or if the protein has a spherical shape in solution, the

equation is reduced to Cy(7) = ie_ﬁ , where tm IS the global rotational correlation time constant.

A simple correlation function for a protein with internal motion, introduced in the original
model-free theory by Lipari and Szabo??! 222, and the extended version for 2 internal motions,

proposed by Clore et al.?’, are respectively:
C(0) = S2+ (1 —§2e % 3)

C(0) =52+ (1—5?)e 7 + (57 — 52)e % 4)
where

e S?isthe square of generalized order parameter, and S = S7. SZ,

e 1 is the effective correlation time of the internal motion,
e and the subscripts s and f refer to the slower and the faster of the two internal

motions, respectively.

The internal motion of the relaxation vector (the NH bond vector) is restricted, so the
correlation function of the internal motion is not decaying to zero, but to S, when T — oo, The
order parameter describes the restriction of fast motions. S? is limited to values between 0
(completely unrestricted motion) and 1 (completely restricted, absence of motion). The higher the
order parameter, the more restrained the N—H bond motion is by its environment, i.e., the more
tightly the proteins is packed. Empirically, S? values for backbone amide *°N sites are found to be
>0.8 in the secondary structures and between 0.5 and 0.8 for loops, turns and termini?’®. The
correlation time constants account for the effective timescale of the motions. The overall rotational

correlation time represents the time required for the molecule to tumble through one radian in an
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arbitrary direction. The overall rotational correlation time provides information about the size and
shape of the molecule, indicating the presence of quaternary structure and providing useful
comparisons to other physical measurements such as viscosity, sedimentation data, fluorescence
anisotropy, and gel filtration retention times. The internal correlation time measures the timescale
for internal motions of bond vectors sweeping through an amplitude quantified by the order
parameter and thus reflects both the frequency and amplitude of the internal motion. This
parameter is extracted from model-free analysis with low precision for restricted residues (S2>0.8),

and usually is not analyzed in detail?®,

The general spectral density function is derived by Fourier transforming the autocorrelation
function (1), where the autocorrelation function of rotational motion takes the general form in
equation (2), and the autocorrelation function of internal motion takes the extended form in

equation (4):

2 a-sHap+ryry  (S3- 52)(rs+ri)rs> )

1+(w1)? (‘rf+rl-)2+(wrfri)2 (Ts+1)? +(wTs7))?

J(w) =§ ik WiTi<

The general spectral density function (5) can be reduced to the original spectral density
function proposed in the original model-free theory by Lipari and Szabo??! 222 when the protein is

tumbling isotropically and has only one internal motion:

](w) _ %( %1y (1-s?)

-1 _ -1 -1
o) 1+(m)2), wheret™" =1, + 17, ", (6)

or to the extended version by Clore et al.?” when the protein is tumbling isotropically and has two
y

internal motions:

2 st 1-S%)th  (§2-52)7L
](a))=§< T _I_( f)f_l_ f ) (7)

1+(Tmw)? 1+(T}w)2 1+(T§w)2
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1

where ot =1t +stand Tt =Tt 4ot

Equation (6) and (7) are derived in the absence of a physical model delineating all
trajectories and microstates of the internal motions of the system. These motions are solely
characterized by the model-independent order parameters and correlation time constants. By
assuming certain order parameters or correlation times to be statistically negligible, either being

one or zero respectively, a number of model-free models can be constructed.
mO: (),
m1: (S?),
m2: (S?, 1e),
m3: (S%, Rex),
m4: (S%, e, Rex),
m5: (S?, SA, 1),
m6: (S2, tr, S, Ts),
m7: (S?, S, Ts, Rex),
m8: (S, tr, S, Ts, Rex),
mM9: (Rex),

The models of model-free motions above are constructed by combining the parametric
restrictions, in which statistically insignificant parameters are dropped, together with the addition
of a parameter accounting for chemical exchange relaxation. An order parameter is neglected and
dropped when the motion is statistically insignificant. In the spectral density function, it takes the

value of 1, meaning the motion is restricted. In the case of the correlation time constant, when the
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motion is too fast for this parameter to be reliably extracted, the time constant will take the value
of zero in the spectral density function. The local models m0 — m4 are used with the model
described in equation (6), and the local models m5-m9 are used with the model described in
equation (7). The special case of local model mO corresponds to the situation whereby no internal

motions are statistically significant.

To extract information about protein motion, model-free parameters of each residue,
including the order parameters and correlation time constants, are extracted by fitting relaxation
data to a system consisting of a spectral density function (equation (6) or (7)), and the functions
that describe the relationship between T1, T2, NOE and spectral density function in the previous
section (2.2.1). An appropriate combination of rotational motion model (sphere, spheroid, or
ellipsoid) and internal motion model (models mO to m9) that correctly describes the system need
to be chosen. A protocol for model selection and minimization was proposed by d’Auvergne and

Gooley, and it was applied in a program, called Relax?, to analyze relaxation data.

For IDPs, the important assumption of model-free analysis regarding the separation of
overall and internal motions may not hold true due to the structural flexibility of IDPs on the ps-
ns timescales, and this affects the accuracy of model-free analysis. Local reorientations of bond
vectors, due to conformational changes, may occur on timescales similar to that of the overall
rotational motions, making the statistical mutual independence of the two motion-types less
plausible. Additionally, one single overall diffusion frame is not sufficient to describe the
rotational motion of IDPs. At best, this overall diffusion tensor would only correspond to an
average over a set of time-dependent diffusion tensors?®2. A modified model-free approach can
still be applied for IDPs by using effective residue - specific or segmental correlation times that

vary over the polypeptide chain instead of a global correlation time, thus an overall diffusion tensor
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can be avoided. However, defining a single local correlation time per residue or per segment is
facing two issues. Firstly, the ensemble of conformational states is large for an IDP and it may
consist of both compact and extended conformers with different overall rotational times. Secondly,
an IDP will have many modes of motion?3, each of which has its own correlation time. For
example, in one peptide segment all residues will move in a correlated fashion, but even segments
that are distant in the sequence might move correlated because they (temporarily) interact
mutually. Further improvement has been made by introducing a distribution function for the
correlation times that is applied to the spectral density function. The spectral density function in
Lipari and Szabo’s work will become?4:

J(@) = €(0) f Fo T e

This method was successfully applied in the studies of disordered proteins (see reference
285 and reference 2%%). However, the application of a distribution function in this approach also
introduces a physical bias because one must choose a mathematical function to describe the
distribution. Modig et al.?®* recognized this limitation and proposed the Model Independent
Correlation (MIC) time distribution. This approach has distinct advantages for it completely avoids
the need to specify a functional form of the correlation time distribution, and the requirement of
statistical independence of three types of motions. However, one issue that still remains and that

is justifying increasing the number of correlation times or distributions in either approach based

on the empirical information available from nuclear spin relaxation which is limited.
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2.2.3. Reduced spectral density mapping.

As indicated above, the relationship between the spectral density values and the relaxation

parameters is described by the following functions:

Ry =d [J(wy — wy) +3](wy) + 6 J(wy + wy)] + ¢ J(wy)

d
RY = 5 [47(0) +](wy = wy) + 3] (@x) + 6] (wp) + 6] (wy + wp)] +%[4](0) + 3 J(wy)]
R, = RY+R,,
_ Yu d
NOE =1+ ——[6](wy + wy) — J(wy — wy)]
YN Ry

Spectral density mapping is a method allowing the quantification of motions by
reconstructing the site-specific J(®) of the coupled ®N-tH spin systems over 5 frequencies, n,
oH, ®H - on and oH + on and zero-frequency. It is not possible to unambiguously evaluate the 5
unknown spectral density values from only 3 measured relaxation parameters; at least 5
independent parameters would be needed. In order to overcome the limitation, Peng and Wagner
proposed an expanded set of 6 relaxation parameters, including Ti, T2, NOE and 3 more
parameters, allowing the spectral density values at all five frequencies to be experimentally and
uniquely determined?®”: 28, However, experiments to measure these rates can lead to multi-

exponential decays from which relaxation rates are difficult to extract with precision.

The insight that led to the spectral density mapping method is the observation that the
spectral density reaches a constant value at higher frequencies. Thus, the three spectral densities
values at three highest frequencies (oH, ®H - ®n and oH + ©n) are combined into a single value
(J(wpg)), the spectral density at the effective proton frequency?™ 2 28 This corresponds to

J(0.87wn) as described in Farrow et al.?”3,
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The reduced spectral density mapping approach determines the spectral density values at 3
frequencies, the zero frequency J(0), the nitrogen frequency J(wy), and the effective proton
frequency (J(wg)). The dependence of the three reduced spectral densities on the relaxation

parameters T1, T2 and NOE are:

J(0) =

15 (Rl R, + 0.6 )
3d+c\z 2T PooNoE

1
J(wy) = 3dtec (Ry — 1.40y0E)

U(wn)) = 2o

where gy g, the cross-relaxation rate, is defined as follows:

ONOE = (NOE - 1)R1y_N
14:

Results from spectral density mapping indicates whether the motions of a particular bond
vector are dominated by high- or low- frequency oscillations. It also helps to discriminate between
motions either faster, slower or on a similar timescale than the global tumbling. Ktizova et al.
proposed a graphical approach to analyze spectral density mapping by plotting either J(wy) or
(J(wg)) as a function of J(0) and comparing the distribution to theoretical functions describing the

simple case of a single motion defined as follows?®.

_ J(0)
UG T T PWIO)E
) = ——L O

1+ 6.25(w/(0))2
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The curve in Figure 2.6 was generated from the first equation above. Point P represents a
residue in which relaxation is dominated by motion on the global tumbling timescale (ns); point Q
represents a residue where relaxation is dominated by motion on a much faster internal correlation
timescale (ps). Most relaxation data in proteins should be distributed between points P and Q
around the connecting line, such as point R, depending on the contributions of the motions to the
relaxation. When slower motions (us-ms) and conformational exchange are present, the data are

shifted to higher J(0) values in the direction of the red arrow toward point S.
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Figure 2.6. Graphical analysis of reduced spectral density mapping. Reprinted with

permission from reference 28, Copyright © 2010 Elsevier.
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2.3. Relaxation dispersion.

Protein dynamics on slow timescales (tier-O dynamics, Figure 1.18) are associated with
many aspects of function, including molecular recognition and signaling, folding, enzymatic
catalysis, and allostery*® 2°1, They normally involve the inter-conversion of low-populated and
transient conformers that are commonly found in IDPs. NMR relaxation dispersion is a solution-
based NMR technique that can provide atomic resolution information on millisecond timescale
conformational transitions in proteins, including the effective relaxation rates, the populations of
conformers, and the chemical shift differences and rates of exchange between the conformers. This
section will provide a brief review of the effects of conformational exchange events on NMR
spectra, introduce the NMR relaxation dispersion experiment using a magnetization vector model

and discuss the analysis of relaxation dispersion data.

2.3.1. Effect of protein conformational exchange on NMR spectra.

Consider the exchange between the populated ground state A, and an excited state B of a

protein:

kAB
A — B

kBA

with the exchange rate defined as kex = kas + kea where kag is the rate constant for the conversion
of A to B, and kga is the rate constant for the reverse reaction. The chemical shift difference
between the two states is Ao = wa - mg. The populations of each conformer, pa and pg follow the

Boltzmann distribution.

102



The relationship between the rate of exchange, kex, and chemical shift difference, Aw, will
affect the observed spectrum as summarized in Table 2.1. Figure 2.7 shows the results of a
simulation, conducted by Palmer et al.?%2 on the effects of the exchange process on NMR lineshape.
The integrated intensity of each line is equal to the population of spins in conformation A and B,
respectively. For the very fast exchange limit, the spins do not exist in either states (A and B) long
enough to give rise to separate resonance frequencies. Thus, on the spectrum, a single resonance
line is observed representing the averaged resonance frequency. At the other limit, under the very
slow exchange condition where the process is incapable of averaging the chemical shifts while the
spins are precessing, two resonance lines are observed, representing the fractions of spins that are
found in each conformation. When the exchange rate is similar to the chemical shift difference,
the exchange causes significant line-broadening of signals from both states. The low-populated
excited state resonance usually becomes too broad to be observed (i and j on the right panel of
Figure 1.26). However, information about this invisible state can still be extracted from the

broadened signal of the ground state by the relaxation dispersion method.

103



Table 2.1. Summary of the effects of chemical or conformational exchange on the
properties of the NMR spectrum. The chemical shift separation is defined as Av = % (wy — wp).

The timescale of exchange is characterized by the dimensionless parameter o *** 2%, defined as

= %. Adapted with permission from reference 242, Copyright © 2006 Springer.
Exchange Rate o Observed spectrum
Very slow Kex << Av 0 Two resonances
Slow Kex < Av <1 Two broadened resonances
Intermediate Kex =~ Av 1 Complex lineshape
Fast Kex > Av >1 Single broadened resonances
Very fast Kex >> Av 2 Single resonance
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Figure 2.7. Chemical or conformational exchange lineshapes. (a—f) Symmetric exchange
with pa = ps = 0.5. (g—1) Exchange with skewed populations pa = 0.75 and pg = 0.25. Values of
kex are (a, g) 10,000, (b, h) 2000, (c, i) 900, (d, j) 200, (e, k) 20, (f, 1) 0.0 s™*. In (k) and (1), the
horizontal bar is drawn at 1/3 the height of the larger resonance. The spectra are simulated with

RY, =R3,=10s"" and Aw = 180 rad/sec. Reprinted with permission from reference **.

Copyright © 2001 by Academic Press.
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2.3.2. Carr - Purcell - Meiboom - Gill (CPMG) pulse train and the

relaxation dispersion experiment.

Relaxation dispersion uses the CPMG pulse train, which is built upon the idea of using a
series of spin-echo pulses, to refocus inhomogeneous broadening of the nuclear spins®t 294 2%,
First let’s consider the case of a protein in solution that exists in one single conformation. After
insertion into the external magnetic field of the NMR instrument, the bulk magnetization (red
arrow in Figure 2.8) aligns with the field (z-axis). After the 90° pulse, it is rotated into the x-y
plane and aligns with the x-axis. Because of the intrinsic transverse relaxation, after a short
evolution period, the magnetization loses coherence, represented by the spreading colored vectors.

The coherence can be restored by the spin-echo pulse as described in section 2.2.1, resulting in the

refocusing of magnetization on the y-axis for detection.

909 0
y 180
= echo
T T
z z z
Bo X X X
y y y
X X x x
y y y y

Figure 2.8. Behavior of protein magnetization where the protein exists in a single
conformation during a spin-echo pulse sequence. The protein NMR sample is subjected to a static
external magnetic field Bo. The spin-echo pulse sequence at the top of the figure consists of a 90°
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pulse that rotates the protein magnetization around the y-axis, represented as a small square, and
a 180° pulse represented as a large square that “flips” the magnetization around the x-axis,. The
protein magnetization is refocused after a delay time t that is equal to the separation time between
the two pulses. Evolution of the protein magnetization in a three dimensional Cartesian coordinate

and on the x-y plane are depicted in the middle and at the bottom of the figure, respectively.

Now consider the case of a protein that exists in two discrete conformations, which do not
interconvert. The bulk magnetization for each conformation is represented by a vector, red for
conformation A and blue for conformation B in Figure 2.9. At equilibrium in the presence of a
magnetic field Bo, both magnetization vectors align along the z-axis. For each conformation, the
magnetization decoherence caused by the intrinsic transverse relaxation will be eliminated at the
end of the applied spin-echo pulse sequence, therefore it is ignored in the following analysis. The
90° pulse puts both magnetizations along the x-axis. During the evolution period, each
magnetization rotates around the z-axis with a characteristic angular frequency, accruing different
phases a(t) = oat and @s(t) = ost. Next, a 180° pulse is applied to put the magnetization on the
other side of the x-axis, while maintaining the direction of precession. After the second evolution
period, magnetizations of both conformations return to the x-axis for detection, giving rise to 2
resonance lines. The intensities of the resonance lines provide a true readout of the relative

populations of the conformations.
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Figure 2.9. Behavior of protein magnetization where the protein exists in two
conformations (A in red, and B in blue) not undergoing any exchange during a spin-echo pulse.
The protein NMR sample is subjected to a static external magnetic field Bo. The spin-echo pulse
sequence at the top of the figure consists of a 90° pulse represented as a small square that rotates
the magnetizations of the two conformations around the y-axis and a 180° pulse represented as a
large square that “flips” the magnetization around the x-axis. The protein magnetizations are
refocused after a delay time t equal to the separation time between the two pulses. Evolution of

the protein magnetization in a three dimensional Cartesian coordinate and on the x-y plane is
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depicted in the middle of the figure. The bottom panel shows the accrued phases of the

magnetization over time. The gray box here represents the 180° pulse.

When exchange between the conformations is considered (Figure 2.10), the precession
frequency of an NMR spin may stochastically vary between wa and wgs. This makes the accrued
phases during the two evolution periods, before and after the 180° pulses, different, leading to an
incomplete refocusing of the magnetizations, so that the resonance lines of the 2 conformations
are broadened and the intensities weaken. Thus, the exchange process also contributes to the
relaxation process since it causes decoherence among the spins. The refocusing by the spin-echo
element for an individual spin can be achieved to different extents because each spin executes a
different trajectory (different times in each state, different numbers of conversions). Assuming ®a
> o, the phase that each spin accrues after a T — 180% — 1t block (¢(21)) will be distributed within

the range:

(oA — ©B)T > @(27) > (0B — ®A)T (8)
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Figure 2.10. Behavior of protein magnetization where the protein exists in two
conformations (A in red, and B in blue) in exchange on the same timescale as the repetition rate
of the interpulse delays during a spin-echo pulse sequence. The protein NMR sample is subjected
to a static external magnetic field Bo. The spin-echo pulse sequence at the top of the figure consists
of a 90° pulse represented as a small square that rotates the magnetizations of the two
conformations around the y-axis, and a 180° pulse represented as a large square that “flips” the
magnetization around the x-axis. The protein magnetizations are not refocused at the end of the
pulse sequence due to stochastic interconversion between the two conformations. Evolution of the

protein magnetization in a three dimensional Cartesian coordinate and on the x-y plane is depicted
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in the middle of the figure. Bottom panel shows the accrued phases of the magnetization over time.

The gray box here represents the 180° pulse.

When multiple T — 180% — t blocks are applied within an amount of time, called the CPMG

relaxation time tcpmc, we have a CPMG pulse train. If N T — 180% — 1 blocks are applied, the
evolution time for each block will be calculated as T = TCZP—;]”G By substituting this evolution time

into equation (8), the phase that each spin accrues after one spin-echo block (¢(21)) is within the

range:

(wq — wp) TC:% > 0(21) > (wp — wy) TCZP% 9)

Here we define a parameter, called the CPMG frequency, as vcpme = 1/(21). This parameter
represents the rate at which the spin — echo blocks are applied. Among N blocks, only the ones
that have conformational transitions taking place during the evolution time will have a reduction
in their refocusing capability. The number of such blocks, here called defective blocks, is N if
verme < Kex (multiple transitions in 1 spin — echo block, see Figure 2.11b), and is Kex tcpma (1
transition per block, see Figure 2.11c) if veemc > kex. After the number of defective spin-echo
blocks of the CPMG pulse, the phases accrued by the spins will be distributed within the range as

follows:
o if vepmc < Kex:

N(wy — wB)TCZP_Ii,WG > @(21) > N(wp — wA)TC;_II:G

Or:  (wa— wp) 51 > ¢(20) > (wp — w,) 2%

o if vepme > Kex:
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Tc G Tc G
kextcpme(wa — wp) _;Ii,w > 0(21) > KexTepme(Wp — wy) %

k k
Or: exTIfIPMG ((UA _ wB) TCI;MG > (p(2T) > exT:‘IPMG (wB _ (UA) TCPZMG

When vepmce > Kex, We have:

KexTcpma KexTcpma Kex
= = <1,

= £ =
N —C’; f’ & VCPMG

Therefore:

)TCPMG kexTcpme (

TcpMmeG

Wy — )

(wg — wp

k
And: exT;PMG (wB _ wA) TCPZMG > (wB _ wA) TCI—;MG

This means when vceme < Kex, the range of phase distribution, or equivalently

magnetization distribution, is broader than when vepme > Kex. When vepme > Kex, the magnetization
is nearly completely restored along the X-axis after each block, and the refocusing by the CPMG
train is improved. In this case, the contribution of the exchange process to transverse relaxation
(by the decoherence of spins) is limited, leading to a lower relaxation rate as shown in Figure 2.11c

and 2.11d. On the other hand, when vceme < Kex, the CPMG sequence becomes less effective at

refocusing, leading to a higher transverse relaxation rate (Figure 2.11b and d).

The observed transverse relaxation is contributed to by both intrinsic transverse relaxation

and conformational exchange, therefore, the effective relaxation rate, Rz efr, is a combination of an

intrinsic transverse relaxation rate and a conformational exchange rate. The intensity of a signal at

a relaxation delay time t is written as:

I(t) = Iye Reerrt

It is then referenced against the intensity at time 0:
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I _ e Raerrt

Therefore,

1. /1)
Roerr=—7In <T>

At t = tcpma, and with an increasing number of spin-echo blocks applied, or equivalently,
an increasing value of vcpme, the signal intensity is no longer a function of time, instead, it becomes

a function of vepma, I(t) = I(verma). The effective relaxation rate is written as:

1 I(vepme)
RZ,eff = — ln( )

TcpMe Iy

The relationship between Rz eff and vepme IS represented by a relaxation dispersion profile
as illustrated in Figure 2.11d. In the case of no exchange, the profile is flat, showing no reduction

Of R2|eff.
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Figure 2.11. A simple schematic of a CPMG relaxation dispersion experiment. A molecule
interconverts between two conformational states, A and B, as a function of time, with states A and

B denoted by red and blue colors, respectively. Each molecule will interconvert with its own
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trajectory, and a single example is shown. (b, ¢) During the trajectory, pulses are applied that lead
to a modulation of the relaxation rates of NMR spins. (d) A relaxation dispersion profile is
obtained from which details of the exchange reaction can be obtained. Reprinted with permission

from reference 8. Copyright © 2009, Nature Publishing Group.

In practice, conformational exchange can be characterized by following the signal
intensities of data points on the transverse relaxation exponential decaying curve, corresponding
to a relaxation time equal to Tcpma, When an increasing number of spin-echo blocks is used in the
CPMG train. Relaxation dispersion profiles allow the identification of regions in a protein where
us-ms dynamics exist and can be used to track changes in the dynamics with respect to changing

experimental conditions.

Extraction of information on the exchange process requires the fitting of experimental data
to an equation describing a two-state exchange model. The Carver-Richards equations?®® are valid

for any exchange regime:

1 1
R, = > R, +RY% + koy — (E) cosh™ (D, cosh(n,) — D_cos(n_))

_ 1 Y + Z(Aw)z
Di —E(il +—W>

n = () (v + v )"

P = (R34 — R2p — Pakex + Ppkex)® — (Aw)* + 4pappkiy
( = 2AO‘)(R(Z)A - RgB - pAkex + kaex)
The Ishima-Torchia equation 2is valid for a skewed population (ps < pa)
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R, = RO+ pApB(Aw)Zkex _ RO 4 PexKex

2T 144 \Y2 2 144\/2
2 2 4 2 2 4
kex+(pA(Aa)) +16T4) kex+(pA(Aw) +16T4)

The fast-exchange equation is valid when kex > A®

pAPB(Aw)2> <1 B 2tanh(kexr)) _ RO+ (%) (1 _ 2tanh(kexr)>

— 0
Ry =Ry + ( K o 2k, T K o 2k oy T

The analysis using Carver-Richards equations can easily be programmed for fitting via
standard computational tools despite their apparent complexity and therefore it is the method of
choice. Information on the exchange process, including the rate of exchange, the populations of
the conformers and the absolute chemical shift differences between the conformers, can be
extracted from the analysis. Such information gives insight into the secondary structures of the
excited states or of transient secondary structures in the protein dynamic ensemble, which are
commonly found in IDPs. Relaxation dispersion overcomes the limits usually encountered with
low populations and short lifetimes (us-ms) of excited states and transient conformations, which

make them invisible to many of the tools of structural biology*®® 2%,

2.4. Amide hydrogen exchange in proteins.

Hydrogen exchange (HX) is recognized as a powerful tool available to study proteins,
especially to study protein conformational exchange. It began as a simple idea to pursue a
straightforward goal, but later revealed both the unexpected complexity of the subject and the
potential power of the method for probing deeply into how proteins work. In 1951, Pauling and
Corey discovered the a-helix and B-sheet and postulated that the structures were stabilized by

hydrogen bonds. The hydrogen exchange method was developed by Linderstrgm-Lang?%8: 2%
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starting in 1954 in order to answer the question of how to identify protein hydrogen-bonded
structures. He proposed that NH protons in peptides underwent exchange with H,O by a
mechanism that involves hydrogen bonding, whereas C-H protons did not exchange measurably
in the same time frame, and that internally H-bonded peptide NH protons in proteins would
exchange much more slowly than non-hydrogen bonded peptide NH protons such that they can be
easily distinguished from each other. He further proposed that any given protein hydrogen-bonded
amide may exchange by being exposed to different kinds of dynamic conformations ranging from
small local fluctuations to whole molecule unfolding®® and that there was a relationship

connecting the hydrogen exchange rate with protein dynamics and energetics*.

2.4.1. Chemistry of hydrogen exchange.

The chemical basis of the hydrogen exchange process between water and solute molecules
involves reactions that are catalyzed by acids or bases®®> 3%, In the base-catalyzed reaction, an

amide proton is removed to create the imidate anion (the conjugate base of the amide),
RC(=0)NHR’ + OH — RC(-0)=NR’ (imidate) + H.0
The imidate anion then abstracts a H" from water to regenerate the amide:
RC(-0)=NR’ + H,0 = RC(=O)NHR’ + OH'

The mechanism of the acid-catalyzed reaction®® depends on the amide. For the CONH;
side chains of asparagine and glutamine residues, the exchange occurs by protonation of the

nitrogen, followed by removal of a different hydrogen as H*:

RC(=0)NHz + H* == RC(=O)NHs* = RC(=O)NH, + H*
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For backbone CONH groups, the catalytic H* bonds with the oxygen atom, which is much

more basic than the nitrogen, to produces a conjugate acid.
RC(=0)NHR’ + H* == RC(-OH) = NHR’*

A H" from the nitrogen is removed to produce an imidic acid, an unstable tautomer of an

amide.
RC(-OH) = NHR™* == RC(-OH) = NR’* (imidic acid) + H*

Finally, a solvent H* bonds to the amide nitrogen, followed by removal of a H* from

oxygen, and the amide is regenerated, but with its H having been exchanged:
RC(-OH) =NR’* + H* == RC(-OH)=NHR’* == RC(=O)NHR’ + H*

Because hydrogen exchange is catalyzed by H* and OH', a graph showing the log of the
hydrogen exchange rate and pH is V-shaped, with a minimum rate occurring near 3 (Figure 2.12).
Side chains of the nearest neighboring residues may exert inductive effects®® 3% and shift the

curve along the pH axis. Steric blocking effects from side chains may also decrease both acid and

base catalyzed rates®®,
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Figure 2.12. Effect of pH on hydrogen exchange rates. The hydrogen exchange rates are
shown for several exchangeable groups in proteins. NH indicates the backbone amide proton.
Other labels refer to side chains. The displayed rates assume that the group is fully exposed to
solvent. The left axis indicates the mean lifetime of the proton while the right scale gives the

exchange rate. Reprinted with permission from reference 242, Copyright © 2006 Springer.

2.4.2. Mechanisms of protein hydrogen exchange.

Linderstram-Lang proposed a general model for hydrogen exchange as follow3¢-3%°:

kOp kint

Closed =—— Open —> Exchange
kcl
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The model supposes that protected hydrogens (closed state) cannot exchange at all. In order
to be exchange competent, structural transitions are needed allowing the protein to change from a
closed to an open state. Such a transition is kinetically defined by opening and closing rates, kop
and k. In the exposed condition, an exchange event occurs at some rate, kine. The measured

hydrogen exchange rate, knx, is as follow:

_ kopkint
kop + kcl + kint

kHX

When kint >> Kop + Kci, the measured exchange rate approaches a maximum rate, knx = Kop.
In this so-called EX1 limit, the hydrogen exchange experiment measures the opening rate, or the
mean residence time of the closed state, tc = 1/kop. More commonly, hydrogen exchange
experiments are performed in the condition where kint << kop + ke, Or the EX2 limit, and the

measured exchange rate is as follow:

kint
kyy =——
B = e +1
where 1 = X = z_c is the effective equilibrium constant between open and closed states, and
op o

is the mean residence time of the open state.

In the open state, the hydrogen exchange process is free from any structural effects and
only subjected to the inductive and steric effects from neighboring side chains, which is similar to
the hydrogen exchange of a short peptide. The hydrogen exchange of peptide models were
thoroughly investigated by Bai et al.>® 31° and a method to precisely predict the exchange rates

in any sequence, at various temperatures and pH values was derived.

Hydrogen exchange of the open state is assumed to proceed at the same rate as in model

peptides with the same neighboring side chains, k;,,; = k9x, S0 k, the equilibrium constant
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between open and closed states, can be deduced from the measured protein hydrogen exchange

rate and the rate of exchange of a model peptide:

0
— kx4
kux

0
The protection factor, defined as P = iH—X =k + 1, represents the effect of structural
HX

protection on the hydrogen exchange rate. Amide protons with higher protection factors have

lower exchange rates.

Hydrogen exchange can only occur if the amide proton is accessible to solvent and able to
H-bond with solvent, so protein conformational fluctuations must be an integral part of the
exchange mechanism. However, the protection factor, which greatly impacts the exchange rate,
does not provide information on the structure and dynamics of the open state. Several attempts
have been made to correlate experimental protection factors with physical attributes of the amides,
such as solvent contact®315 purial depth®!, intramolecular H-bonds3'* 316318 packing
density?!®:31° and electric field®?°. However, upon conducting hydrogen exchange measurements
on the doubly-mutated Staphylococcal Nuclease (SN) protein, the Englander group®®® 3% has

drawn out some important conclusions:

e The solvent contact model suggests that hydrogen exchange is dependent on the
relative accessibility to solvent of exchanging amides in the static protein structure,
such that the more accessible the amide, the faster the exchange rate. This holds
true only for hydrogens on dynamically unstructured protein segments in contact
with solvent, as they exchange at the expected rate of unstructured peptide models.
Unprotected hydrogens on structured segments exchange slower than expected by

up to 40-fold. Hydrogens that are sterically protected by H-bonding exchange even
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more slowly by many orders of magnitude, suggesting that dynamic perturbations
are required to separate the protecting H-bond and expose the hydrogen to attack
by an exchange catalyst.

e  Other models correlate the burial depth and the solvent accessibility of amides with
the slow exchange of buried hydrogens, with an assumption that the hydrogen
exchange process requires the penetration of catalyst into the protein matrix.
However, the study shows that this model is incorrect because many hydrogens near
the protein surface can exchange as slowly as the well buried ones and therefore the
dependence of protection factors on depth of burial is in significant.

e H-bonding to water molecules that are held in place by protein interactions can also
block exchange. Structural reorganization is required to displace such water
molecules.

e In order to proceed, hydrogen exchange requires protein dynamics, ranging from
transient global unfolding of a protein molecule, through smaller cooperative
unfolding of secondary structural elements, and down to local structural
fluctuations that involve as little as a single peptide group or side chain or water

molecule.

Hydrogen exchange measurement is a valuable method to characterize IDPs. Typically,
protection factors are on the order of 10° — 10° for folded proteins, whereas, transient structural
elements in IDPs can only provide a protection up to about 10-fold®?*. This approach has been
322

successfully used for showing the lack of structure in the N- and C-terminal regions of Nogo

and segments of the HET-s prion amyloid®23, as well as for demonstrating the existence of transient
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helical segments in securin®* and in the N-terminal domain of histone mRNA binding protein

SLBP32,

2.4.3. Hydrogen exchange measurement by NMR Spectroscopy.

For folded proteins, H-bonding in structural elements provides protection to hydrogens,
leading to low exchange rates, and the time frame for the exchanges may range from minutes to
months. Measurement of hydrogen exchange in such long time frames can be conveniently done
by the deuterium substitution experiment. In a basic version of this experiment, a lyophilized
protein is dissolved in D20 and a series of 2D spectra is recorded to monitor the progressive loss
of amide proton signals®?. The accessible time frame of this experiment is limited by how fast the
experiment can be repeated. Introduction of the accelerated-acquisition 2D experiments
(“ultrafast” 2D NMR spectroscopy, SOFAST HMQC, and UltraSOFAST HMQC) with repetition
rates approaching 1 Hz has extended the limits of measurement by NMR spectroscopy®?’. Proton—
deuterium substitution can also be monitored in fast exchanging systems on timescales from ms to

second by stop-flow type experiments32,

Amide hydrogens of IDPs or unprotected amide hydrogens in folded proteins exchange
with solvent at much higher rates, which can be measured by equilibrium NMR techniques. In
these experiments, water protons are selectively excited, and the magnetizations are transferred to
other sites due to the exchange of protons. The rate at which the magnetization, or equivalently the
observed NMR signal, builds up on one site is equal to the rate of exchange®?°. While being simple

and robust, this approach encounters a number of difficulties®®, including:
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(a) Subtraction artefacts, and even false detection of hydrogen exchange, due to water
signal radiation-damping;

(b) Long recycling delays between scans are required to restore saturated water
magnetization to a true equilibrium;

(c) Initial degree of saturation of the water signal and the recovery rate of the water
magnetization must be known for data analysis;

(d) Alternative magnetization transfer pathways make isolation and quantification of
amide hydrogen exchange difficult. They include the intramolecular NOE and
TOCSY (Total Correlation Spectroscopy) transfers between saturated *H* spins and
IHN: the relayed transfer, where the saturation first propagates from water to
hydroxyl and amine sites via chemical exchange and then onto *HN spins via the

NOE: and the intermolecular NOE transfer from water to *HV,

Pursuing the equilibrium approach, the CLEANEX-PM (Phase-Modulated CLEAN
chemical Exchange),®! has long been considered a benchmark experiment for accurate
quantification of amide hydrogen exchange. In the beginning of the sequence, a (gradient)-
(selective pulse)—(gradient) combination is used to destroy *HN magnetization, while at the same
time preserving H.O magnetization. It avoids the interferences from unwanted magnetization
transfer due to the Overhauser effect by using a spin-lock module to lock the proton magnetization
during the mixing period, in which chemical exchange between water and amide protons takes
place. Effects from radiation-damping are suppressed by using a small gradient applied through
the whole mixing period. At the end of the mixing period, the FHSQC (Fast Heteronuclear Single-
Quantum Correlation) sequence is used as a detection scheme to resolve peaks and to flip the water

back to the z-axis before detection, thereby avoiding water saturation®?®. With the unwanted

123



pathways blocked, CLEANEX-PM monitors the flow of magnetization from water to amides due
to the solvent exchange. In practice, a series of spectra at different mixing times are acquired, along
with a reference FHSQC spectrum. Exchange rates can be extracted by fitting signal intensities to

the following equation®:

I _ k
Iy (RlA.app +k— RlB.app)

[e —RiBappTm _ e _(RlA,app +k)Tm]

where:

e [is signal intensity at a certain mixing time Tm;

e |, issignal intensity of a reference spectrum;

e K s the rate of exchange;

e Riaap IS @ combination of amide proton longitudinal and transverse relaxation
rates;

e Ty is the mixing time;

e Ruipapp IS measured by separate experiments, in which the dependence of the water
signal on mixing times is observed using 1D CLEANEX-PM without water

suppression.

When applied to IDPs, CLEANEX-PM is potentially affected by some issues as pointed

out by Chevelkov et al.3%:

e Although Hwang et al.®3! intentionally minimize the effect of radiation damping by
using a weak gradient during the mixing time, the uncertainty about the degree of

water saturation due to the short recycling delays and the loss of magnetization
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during the selective pulse, especially in cases where the sample is heated up due to
the rf pulse, may lead to a systematic error in the determined exchange rates.

e Unwanted exchange — relayed magnetization transfer from *H* to *HN for residues
experiencing fast internal motions (on the ps-ns timescale) cannot be compensated
perfectly, as pointed out by the authors of CLEANEX-PM33,

e Intermolecular NOE transfer from water to protein cannot be fully discounted.

e The powerful proton spin-lock applied may cause a significant amount of heating

in samples at high salt concentration, which in turn speeds up the exchange rates.

Based on the above mentioned observations, Chevelkov et al.>* proposed the SOLEXSY
experiment that overcomes such limits particularly for the study of IDPs. The SOLEXSY
experiment relies on the (HACACO)NH pulse sequence®*? 333 and monitors the interconversion
between proton- and deuterium-bound *°N spins in 50% H,0-50% D-O solution. The experiment
begins with the magnetization transfer from *H* to °N. The two species, proton bound nitrogen
15NHand deuterium bound nitrogen *°NP, are frequency-labeled during the first evolution time.
The respective °N resonances will be resolved by the isotopic shift difference of 0.7 ppm3“,
During the following variable-length mixing time period, the ®*NY moieties are partially
transformed into NP and vice versa due to the exchange with solvent. The magnetizations are

then transferred to tHN for detection.

The detected signal includes 2 types of peaks (see Figure 2.13). The first group of peaks,
called N peaks, represent the amides that are initially protonated, and remain protonated after
the exchange period. The second group of peaks, called *°NP peaks, represents the amides that are
initially deuterated, and become protonated after the exchange period. When the duration of the

mixing time is increased, the intensity of the °N* signals drops due to the partial displacement of
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amide protons by deuterons whereas the intensity of NP signals increases as some of the initially
deuterated amides become protonated. With sufficiently long mixing times, the intensities of the

2 groups become equalized since the solution contains 50% H>0-50% D-O.

(A) (B) (A+B) (A-B)
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Figure 2.13. Regions from *N"P_HN SOLEXSY spectra containing the signals from
residue S34 of the chemically denatured drkN SH3 domain. The spectra were recorded using the
SOLEXSY pulse sequence for three different values of wmix, as indicated in the plot. The
columns A and B display the spectra obtained with the positive and negative proton frequency
labeled magnetization of nitrogen (positive contour levels are plotted in black, negative contour
levels in red). The results of the addition and subtraction of these spectra are shown in the columns
labeled A + B and A — B. Reprinted with permission from reference 3%°. Copyright © Springer

Science+Business Media B.V. 2010
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In the SOLEXSY experiment, for each exchanging site, 2 peaks representing the 2
frequency-labeled magnetizations are used, leading to a doubling of the number of peaks in an
NMR spectrum. The following treatment is used to reduce the crowding: the magnetization of *N"
species is sign-encoded as positive or negative before the mixing period in 2 series of experiments,
resulting in a positive or negative peak on the spectrum. As shown in Figure 2.13, the positive
peaks of °NH are in black in the A series, and the negative peaks are in red in the B series. Addition
of the spectra of the same mixing time A+B results in the elimination of the ®N" peaks, whereas
subtraction A — B removes the NP peaks. By following the intensities of the 2 series A+B and
A-B, a hydrogen exchange profile of one site at different mixing times can be generated. The
exchange rate is extracted from simultaneously fitting the NMR signal intensities of the 2 series to
the McConnell equation33% 33:

i(Nf(T)) _(—RNH — Ky Kiup (Nf(r))
dt NZD(T) B kup —RiVD —kyp NZD(‘[)

where,

e 7 runs from 0 to Ty, and T,,i, IS the mixing time.

e knup and kpn are rates of exchange from proton to deuterium and vice versa,
respectively; and knup = 1.1 Kph;

e N} (7)and N2 (7) are the magnetizations of nitrogen atoms labeled with proton and
deuterium frequencies, respectively, as a function of .

e RNH RND are the relaxation rates of proton and deuterium frequency-labeled
nitrogen. They, along with N (0), N2 (0), ko and kon, can be extracted as fitting
parameters.
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One important note is that the SOLEXSY experiment is suitable for measurements at or

near physiological pH, but cannot be used with acid-denatured samples at pH ~2.
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Chapter 3

Molecular dynamics simulations of

disordered proteins.

Classical molecular dynamics (MD) simulations is one of the principal tools in the
theoretical study of biological molecules and complexes in terms of structure, dynamics and
thermodynamics. This computational method calculates the time dependent behavior of a
molecular system and thus provides detailed information on the fluctuations and conformational
changes of proteins and nucleic acids. Four decades after the first protein simulation of bovine
pancreatic trypsin inhibitor®*’, today in the literature, molecular dynamics simulations of solvated
proteins, protein-DNA complexes as well as lipid systems are routinely found, addressing a variety
of issues. The continuing growth of computing power and the appearance of supercomputers have
allowed a great expansion of the simulation technique in terms of the level of modeling (the world's
largest molecular dynamics simulation was the simulation of 4.125*10% particles on the
supercomputer SuperMUC, located at the Leibniz Supercomputing Centre, Garching, Munich33®),
simulation resolution (all atom, coarse grain), timescale (from sub-picosecond, up to ms), and
degrees of freedom of interest (variation in temperature, pressure, pH). Simulators are computer
programs that carry out the simulation calculation. They generally employ multithreading

techniques to enhance simulation speed. Some popular packages can be named such as
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CHARMM?3¥ LAMMPS3? NAMD?**, OpenMM3*2, and GROMACS?*, the program used in this

project.

3.1. Modeling of proteins.

In order to describe the dynamics of a molecular system, a protein in particular, the most
precise method is using quantum mechanics. However, due to the large number and the complexity
of the interactions of the electrons and nuclei of atoms and molecules, it is a great challenge to
apply a full quantum mechanical dynamics calculation on macromolecules like a protein system
in water on a biological timescale level (ns — ms). Such molecular systems, therefore, need to be
simplified. The first simplification is the employment of the Born-Oppenheimer
approximation®4 34, This approximation assumes that electrons move much faster than nuclei
because of being much lighter; therefore, they can quickly rearrange themselves to a stable
configuration almost as soon as the nuclei move. As a consequence, the wave function that
describes an electron configuration is parametrically dependent on the nuclear geometry. Each
configuration of a nucleus is associated with a single electronic quantum state and a single potential
energy level. Molecular motions change the atomic coordinates, thus giving rise to a potential

energy surface (PES).

Further simplification is made by using classical mechanics to describe particles instead of
guantum mechanics. In low-resolution (coarse grained) simulations, proteins are modeled as a
chain of beads, where amino acid residues are treated as soft, interpenetrating spheres, with or
without point charges at their centers, which are allowed to fluctuate during the simulation to
account for protein charge regulation. Higher resolution simulations use atomistic modeling, where
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protein atoms are treated as effective point charges with mass, instead of nuclei with explicit

electrons. Under classical treatment, a system of N particles is described by a position set,

{x',yt,z%, .., 2", yN, zN}, and a momentum set, {p,1, Py, D1, s Do, DyN, DN}

The total energy at one system state is the sum of the kinetic energy, T({p"}), and the

potential energy, V ({r"}):
Erotas =T +V

The kinetic term is calculated as the sum of the kinetic energies of all the particles:

Ipl
= 2
2m; 2
Where m; and v; are respectively the mass and the velocity of atom i.

The potential energy term in a coarse grained simulation has the following form3:

V= Vbonds + VPauli repulsion + Vhydrophobic + VDebye—Huckel + Vtitration
+VLennard—]ones + VGouy—Chapman
In atomic simulations, the potential energy term has the following form34:

N —
V({?" }) - Vbonds + Vangles + Vproper dihedrals + Vimpropper dihedrals

\ J
Y

bonded interactions

+ VCoulomb + Vvan der Waals

L J
T
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non-bonded interactions

In the potential energy formalisms above, each term represents one type of interaction and

is defined as follows343 346

e The bonding term V},,,4s represents the covalent connection of the 2 particles i and
J, while allowing their harmonic vibration around an equilibrium bond distance, ro:

Vbonas = V(rij) = Zb%kb(rij —1p)? 0:0

r
kp is a force constant where b stands for bond, meaning the sum is taken over all
pairs of bonded particles.
e The Pauli repulsion term Vpgy; repuision represents the overlap of the beads:

12
g; + O']
Vbauii repulsion = 4e, >
rij

ij

€, 1S a parameter inversely proportional to the degree of overlap allowed between
the beads. oi and o; are the radii of beads i and j, respectively.
e The hydrophobic term Vyyar0pnobic represents the attraction of the beads within a
certain cut off, reutoff, due to hydrophobicity:
Vhydrophobic = Xij€n  TOr 71 < Teurofy
® Vbebye—nucker represents the interaction of charged residues (in coarse grained

simulations) according to Debye — Huckel theory:

B z;ZjkpT -
VDebye—Huckel = Ap e Y
T Tij
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If gi and g are the charges of residue i and j, then gi = zj ec and q; = zi ec where ec is

the elementary electron charge, kg is the Boltzmann constant, T is the absolute

2
% with &, and & respectively

temperature, Az is the Bjerrum length, defined as Az = yr—
0

the vacuum permittivity and the dielectric permittivity of the medium, and x is the inverse

goEKT

2
o ) where Na is Avogadro’s number
2Nge2l

of the Debye screening length defined as k=1 = (

and 1 is the ionic strength.
The Viitration term represents the contribution from the protonated state of a residue
to the potential energy function if the deprotonated state of the residue is chosen as
the reference state with no overall contribution.

Viitration = i len[lO(pH - PKai)]'
if residue i is protonated.
The 2 terms Viennard-jones @d Vgouy—chapman ONly €Xist in surface adsorption
simulations.
Vangles represents the harmonic vibration of bond angles 6;j, around the

equilibrium angle 6,:

1
Vangles = V(Qijk) = Zike(eijk - 90)2
6 7]

where kg is a force constant.

%

proper dihedrats AN Vimpropper ainearats ePresent torsional potentials of bonded

interactions of 4 atoms. The torsional potential of a proper dihedral angle (Figure
3.1a) is the ability of a bond to rotate around its own longitudinal axis, while the

torsional potential of an improper dihedral angle (Figure 3.1b) is mainly used to
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maintain planarity in a molecular structure and to prevent a molecule from flipping

over to its mirror image.

Vproper dihedrals = V(¢ijkl) = z k¢[1 + Cos(n¢ijkl - 5)]
¢

Vimproper dihedrals = V(Eijkl) = z k$(fijkl - EO)
3

®ijie and &gy, are proper and improper dihedral angles, respectively, kg is the

height of the torsional energetic barrier, & is the equilibrium dihedral angle, and k: is the

force constant.

Figure 3.1. Proper dihedral (a) and improper dihedral (b) bond angles. The
torsional angles (¢;jx; and &; ;) are the angles between the plane going through
the atoms i, j and k and the plane going through the atoms j, k and |. Adapted from

webpage http://cbio.bmt.tue.nl/pumma/index.php/Theory/Potentials.

Veoutomp represents the sum of all Coulombic interactions between any pair of

charged particles (in atomic simulations) in the system:
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qiq;

— ATIENET
LJ

Veoutomb = U(Tij) =

o Vi,an der waais T€Presents the contribution of the van der Waals interactions in the

system:

12 6
O-.. O-..

Voan der waats = U(rij) = E 46ii [( U) _< U) ]
i Tij Tij

where € is the depth of the potential energy well, and gjj is the finite distance at

which the inter-particle potential is zero.

Other simplifications for protein modeling are that the electrons are highly localized and

no bond formation or breaking can happen during the course of a simulation.

Simulations are normally done with a periodic boundary condition (section 3.3) where the
molecular system within the boundary is considered isolated, therefore, the total energy is
conserved. At a time t during the simulation, if the coordinate set of particles of the system is
defined, the potential energy can be calculated, and the kinetic energy therefore is known. It needs
to be noted that the initial kinetic energy, or equivalently the initial velocities of the particles, is
generated as described in 3.5.a. By using the Lagrangian equation of motion®"’, the force acting

on each particle i in the system is derived as follow3*:

vy

fi - Orl-

and can theoretically be calculated. Newton’s second law of motion states that:
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fi = mya; = mi,

Therefore, the acceleration and velocity at time t can also be found and the new coordinates after
a period of evolution At can be calculated. The same calculation process is again done on the new
coordinates at time t + At. By repeating such calculations until the desired simulation time is

reached, a trajectory of the molecule is generated since the coordinates of atoms are found.

In practice, there are several algorithms available to solve the derivative equations above.

The leap-frog algorithm, presented pictorially below, is derived from the basic Verlet scheme34°

and is one of the most common methods typically used in molecular dynamics simulations.

Vg Varp Vs U7p

Iy ip iy Bp L By B By
Figure 3.2. Schematic representation of the leap-frog algorithm.
At any step, a velocity v at time step t + % is calculated from the velocity at time step t —
% and the acceleration a at time t:
At At
v(t+?> = v(t—?) + At a(t)

The position r at time ¢t + At is calculated based on the velocity calculated above and the

position at time t:
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r(t + At) = r(t) +Atv<t+%)

The velocity at time t is determined as:

o0 =3[ (¢-3) +o(t+ 7))

The time step At is chosen to be relatively short (typically 2 fs). If the time step is too long,
the change in energy is large enough to over-stretch the bond lengths / angles, which propagate

during the simulation, and can lead to “blowing up” of the molecule.

3.2. Water model.

Water is the most common solvent used in the study of biological molecules. In practical
experiments, how a protein behaves in solvent is of much interest, and studying the interactions
between protein and solvent may reveal a lot of information about protein dynamics and functions.
When doing a simulation, a single molecular system is simulated in a box, surrounded by a large
number of water molecules. The appropriate treatment of solute—solvent and solvent—solvent

interactions is also a key factor for the outcome of most atomistic simulations.

There are many water models that have been proposed, and the most commonly used in
classical molecular dynamics simulations are the Single Point Charge (SPC) family (SPC**° and
SPC/E®! models) and the TIPnP family (TIP3P3%2, TIP4P323 TIP4P/2005%** and the modified
version TIP4P-D39) (see Figure 3.3). All these models are non-polarizable in such a way that the
partial charges and dipole moments are conserved throughout the simulation, regardless of the

external electric fields they may eventually be exposed to.
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3-site model 4-site model

Figure 3.3. 3-site and 4-site water model.

The differences among the water models come from the number of interaction sites (or
particles) in their construction, and from the parameters for equilibrium bond length, angle, partial
charges and van der Waals interaction strength. The SPC family and the TIP3P are 3-site models,
and the TIP4P, TIP4P/2005 and TIP4P-D are 4-site models. In the 3-site models, each atom has a
point charge assigned whereas in the 4 —site models, the negative charge sits on a “dummy” atom
M instead of on the oxygen, which improves the electrostatic distribution around the water
molecule. Models with more parameters may describe the system better, but also demand higher
computational costs; therefore only the 3-site models and 4-site models are commonly used in
molecular dynamics simulations. Choosing a water model generally depends on the force field
selection since each model is developed in and for a specific force field family. For example, the
GROMOS force fields use the SPC and SPC/E models; AMBER force fields use TIP3P; OPLS
force fields use TIP4P and TIP5P; CHARMM force fields use TIP3P or mTIP3P, a modified
version of TIP3P. However, a certain water model developed for use in one force field can also be

adopted for use in another force field.

The choice of water model becomes more important when running simulations using force
fields (section 3.4) that are not optimized for disordered proteins. The resulting disordered-state
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ensembles tend to be structurally too compact compared to experiments®®. The TIP4P-D water
model, a modified version of the TIP4P/2005 model, is optimized for IDP simulations. When used
with non-1DP-suitable force fields, it shows excellent agreement with the best performing IDP-
suitable force fields**®. TIP4P-D also shows good performance with the Amber99SB-1LDN force
field, which is IDP-suitable. However, using the CHARMM22*%7 force field optimized for IDPs,

with TIP4P-D vyields poorer results compared with experimental data®*®.

3.3. Periodic boundary condition.

In molecular dynamics simulations, periodic boundary conditions are used to avoid the
boundary effects caused by the finite size of the simulation and to reduce the computational cost.
It allows the simulation of a small part of a large system by enclosing particles in a box, which is
replicated to infinity by rigid translation in all three Cartesian directions, completely filling space.
Particles in the replicate image boxes move in a coherent fashion with particles in the original box.
When a particle enters or leaves the simulation region, an image particle leaves or enters this
region, such that the number of particles from the simulation region is always conserved (see

Figure 3.4).

The 3 most useful box types for simulation of solvated systems are: the cubic box, the
truncated octahedron box, and the rhombic dodecahedron box. Even though the cubic box is the
simplest periodic system to visualize and to program, maximum performance is generally achieved
by using the rhombic dodecahedron box. Its volume is 71% of the volume of a cube having the
same image distance. By reducing the volume, the number of solvent particles is reduced, resulting

in a reduction of about 29% in computational time>*,
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Figure 3.4. (a) Hlustration of the periodic boundary conditions in 2D. The blue box
represents the system in simulation, while the surrounding boxes are replicates. Both the number
of particles and their velocities are identical between the simulation box and the replicate cells.
Whenever a particle leaves the simulation box, it is replaced by another with exactly the same
velocity, entering from the opposite cell face. (b) Cubic box and (c) Rhombic dodecahedron
periodic boundary box in three-dimensional space. (a) is adapted from www.compsoc.man.ac.uk,

(b) and (c) are adapted from www. wikipedia.org.

3.4. Force fields.

A force field is a mathematical expression describing the dependence of the energy of a
system on the coordinates of the particles. It contains all the parameters allowing calculation of
the potential energy terms as described in section 3.1. The quality of a force field is heavily
determined by the quality of its parameters. These parameters are generally obtained from quantum

mechanical calculations and/or by fitting experimental data, such as neutron, X-ray and electron
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diffraction, NMR, infrared, Raman and neutron spectroscopy, etc., for a finite set of related
compounds. Although a force field cannot completely reproduce all properties of a system, nor is
it possible to obtain general parameters that satisfy all molecular structures, most force fields are
designed to handle a series of related molecules. Specifically, simulation of globular proteins and
IDPs requires different force fields, accompanied by a specific water model as mentioned in
section 3.2. There are 4 commonly used force field families to simulate proteins including:
CHARMM, AMBER, GROMOS and OPLS. Details on the development, parameterization and
current status of the force fields are provided in references % 3%° For IDP simulation,
CHARMM22*3%7 = Amber ff99IDPs®* and Amber ff141DPs*®! are optimized for disordered

protein. The CHARMM36m?%? force field can be used for both folded proteins and IDPs.

3.5. Running a simulation.

In practice, a simulation consists of the following steps:
3.5.1. Setting up the initial conditions:

In this step, initial positions and velocities of the particles, force field and the force-field-
associated water model are provided to the simulation package. The initial positions of the particles
generally comes from an NMR or X-ray structure. In the case of IDP simulation, linear starting
structures may be used to avoid structural bias. The initial particle velocities are randomly
generated so that the resulting velocity set g (v;) follows the Maxwell-Boltzmann distribution at

a given absolute temperature T:
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Generating the velocities randomly may lead to a nonzero net momentum of the system,
which would create a systematic translational drift of the system. Thus, we typically adjust the

velocities so as to remove this effect.

The periodic boundary of the system is set and the boundary box is then filled with solvent
molecules. Counter-ions are added by replacing the same number of random solvent molecules to

maintain the neutral charge of the system.

3.5.2. Energy minimization and equilibration.

The energy minimization in this step is to ensure that the solvated molecular system has no

steric clashes or inappropriate geometry.

Particles in the system are assigned velocities associated with the low absolute temperature
at the initial condition setup step. In order to simulate a system at a desired temperature, it needs
to be heated up. The temperature of a system is directly related to the velocities of the particles,
and it can be changed by scaling the particle velocity vectors. This method is called the Berendsen
thermostat®®3, In order to raise the temperature, a modified method of the Berendsen temperature
coupling is used. New velocities corresponding to a slightly higher temperature are periodically
assigned to particles, and the simulation is allowed to continue to let the system equilibrate to this

new value. This is repeated until the desired temperature is reached. After the temperature
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stabilizes, the pressure of the system is then equilibrated by using pressure coupling that allows

the simulation box (volume of the system) and the particle coordinates to scale.

3.5.3. Production simulation

After the system is stabilized, production simulation is carried out by the simulation
package to generate a trajectory of the molecule over a desired simulation time. Theoretically, if
we run the simulation long enough, the trajectory will cover the whole potential energy surface
(PES), providing a full description of the protein’s motion. However, the simulation time is
normally limited, therefore only a limited region on the PES is explored. For folded protein, the
starting structure for simulation is generally the stable folded conformation residing in the energy
well of the PES. Regular simulation times (up to a millisecond) is sufficient to characterize the
PES minimum region. A folded protein may change to different conformations but it is required
to overcome a large energy barrier, which can only be achieved via binding with ligand or a change
in experimental conditions. A whole new simulation is needed in this case. When studying IDPs,
the proteins may have multiple transient conformations, and the PES may have multiple minima
distributed over a broad area. In this case, the simulation may not be able to sample all the
conformations of the protein in the study, leading to incorrect interpretation of the dynamic
behavior of the protein. To overcome the problem, several production simulation methods have

been proposed.

The first and foremost method to enhance sampling is to extend the simulation time by
increasing the computation performance with Graphical Processing Units (GPU), a hardware
initially developed for graphical processing and the video gaming industry. Simulations on GPUs
have resulted in tremendous acceleration of simulations at very low cost®®4,
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Other approaches involve algorithmic advances. Multicanonical molecular dynamics®®®
(McMD) and trivial trajectory parallelization of multicanonical molecular dynamics (TTP-
McMD)*% enhance sampling by doing multiple independent short simulations on different
conformations of the system, and aggregating the resultant trajectories in a statistical fashion,
resulting in a complete model of the system dynamics. For simulations on a supercomputer cluster
with multiple nodes, the later method has resulted in better performance for avoiding the frequent
communication between nodes, which is a highly time-consuming step within the simulation

process.

Replica exchange molecular dynamics (REMD) (or temperature replica exchange method,
tREMD) is another method in which a multiple of chemically identical systems (replicas) are
simultaneously simulated at different temperatures. Occasionally, the temperatures of neighboring
systems are exchanged (see Figure 3.5). Replicas may overcome conformational energy barriers
when their temperatures are high. Although simulations are done at higher than room temperature,

the resulting trajectory is a room temperature trajectory.
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Figure 3.5. Illustration of the replica exchange molecular dynamics (REMD) method. A set
of non-interacting replicas runs at different values of an exchange variable, usually temperature
(t-REMD). At specific intervals, replicas at neighboring values for the exchange variable are
swapped based on a Monte Carlo acceptance criterion. In an efficient run, all trajectories will
experience changing of the exchange variable value. At each value for the exchange variable, the
trajectories will be discontinuous, but follow a proper Boltzmann distribution for the specific value

being exchanged. Reprinted with permission from reference 7. Copyright © 2014 Elsevier B.V.

Metadynamics techniques enhance sampling by adding "memory" into the sampling
process, thus preventing oversampling of local energy minima. Once a state has been sampled, a
positive Gaussian potential is added to the real energy landscape to discourage the re-sampling of
previously visited states. This can be thought of as “filling the free energy wells with computational

sand”, and is illustrated in Figure 3.6.

145



Energy
JNIL

slzfafe

Conformational State

Figure 3.6. Hlustration of the metadynamics method. Described as “filling the free energy
wells with computational sand’*3%’, the metadynamics method allows the search inside each energy
well avoiding an oversampling of the same conformations. When the system reaches a point where
the energy is higher than a barrier separating two minima the system goes into a state of lower
energy in the new minimum, again searching many possible conformations there. Reprinted with

permission from reference . Copyright © 2014 Elsevier B.V.
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3.6. Limits of molecular dynamics simulations.

Although it is a powerful tool, molecular dynamics simulation also has some drawbacks.
The method is based on classical mechanics. It is acceptable for most atoms at normal
temperatures. However, hydrogen is an exception. Hydrogen protons sometimes express quantum
mechanical character by tunneling through a potential barrier in the course of a transfer over a
hydrogen bond. Such processes cannot be properly treated by classical dynamics. Chemical
reactions which involve formation and breaking of bonds cannot be simulated. In classical MD,
electronic motions are not considered, the electrons remain in their ground state, and electron
transfer processes and electronically excited states cannot occur. Electrons are highly localized
meaning that polarization is neglected, and electrons in atoms cannot provide a dielectric constant

as they should. Classical simulations do not explicitly include the hydrophobic effect.
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Chapter 4

Materials and Methods

4.1. Construction of the full-length Tati0: plasmid.

A pET28b plasmid with the Escherichia coli codon-optimized gene insert of full-length
Tatyo1 protein was constructed by Edis Dzananovic from Dr. Sean McKenna’s research group. The
insert was created by adding the codon-optimized gene of Tat’s second exon to the Tat72 gene,
which was provided in the plasmid pSV2tat72 by Dr. Alan Frankel'% 3% using PCR. The DNA
was ligated into a pET28b (Novagen, Madison, WI) vector that was then transformed into Top10
Cells (Invitrogen) for storage, and into E. coli BL21(DE3) (Invitrogen) for protein expression. The
plasmid was sequenced at Manitoba Institute of Cell Biology (MICB) and the sequence of the
insert is provided in the Appendix B. The expressed protein has an N-terminal hexahistidine tag

that adds an additional 20 residues to the 101-residue Tat. The protein sequence is given below:

MGSSHHHHHH  SSGLVPRGSH MEPVDPRLEP WKHPGSQPKT
ACTNCYCKKC  CFHCQVCFIT KALGISYGRK KRRQRRRPPQ

GSQTHQVSLS KQPASQPRGD PTGPKESKKK VERETETDPV D

where the his-tag region, the exon 1 and the exon 2 products are in green, red and blue,

respectively.
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4.2. Expression and purification of full-length Tatio: protein.

4.2.1. Culture media and protein expression.

Expression and purification of His-tagged Tatior were adapted from the previously
published method!?. For expression of non-labeled protein, rich medium that contains 25 g/L of
LB Broth (Sigma) and 34 pg/ml of kanamycin was used. For protein used in NMR experiments,

in addition to uniform labeling, Tatiox was prepared with N site-specific labeling??®

of lysine,
methionine, leucine, and valine, and a N unlabeling method®® 3° was used for lysine,
tryptophan, and arginine. In each labeling scheme, the culture was grown in a specific M9 minimal
medium. All minimal media were prepared by diluting a 5x M9 salt solution, which contains 15 g
of KH2PO4, 35 g of NaoHPOs, and 2.5 g of NaCl per liter, to working concentration, then
autoclaving. For each 1 L of autoclaved solution, 34 mg of kanamycin, 10 mL of MEM Vitamin

Solution (Gibco), 2 mL of 1 M MgSOs, 100 uL of 1 M CaClz, 1 mL of 1000x Trace Metals

(Teknova), and other appropriate supplements were added as follow:

e  For uniform [**N] Tat, 1 L of M9 minimal medium was supplemented with 1 g of

®NIH4ClI and 4 g of D-glucose per liter.

e  For uniform [**C, ©®N] Tat, M9 minimal medium was supplemented with 1 g of

NH,4Cl and 2 g of [**Cg]-D glucose per liter.

e In unlabeling experiments, M9 minimal medium was supplemented with 1 g of

1’ NIH,4CI, 4 g of D-glucose, and 0.1 g of the amino acid to be unlabeled per liter.
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e  For site-specific labeling, M9 minimal medium was supplemented with 0.1 g of a

1°N-labeled amino acid and 1 g of each of the 19 other amino acids per liter.

All solid materials were dissolved in water, and filter-sterilized before adding to the
medium. In the case of site-specific labeling, amino acids were added to the medium without
autoclaving, and the medium was filter-sterilized. All isotope-enriched chemicals were from

Cambridge Isotope Laboratories Inc. (Andover, MA).

For non-labelled protein, an overnight culture was grown from a single colony after
transformation or from a glycerol stock in 25 ml of rich medium. One ml of overnight culture was
added to 1 L of rich medium in a 4 L baffled flask. The culture was grown in an orbital shaking
incubator at 37°C, with shaking at 300 rpm for aeration. When the ODeoo reached 0.8 - 1.0, 60 mg
of isopropyl-beta-D-thiogalactopyranoside (IPTG) (Goldbio) were added to induce protein
expression. Cells were harvested 5 hours after induction by centrifugation for 15 minutes at 4°C

and 5000 xg.

For all labeling and unlabeling experiments, 1 ml of overnight culture was added to each
of two 4 L baffled flasks that contained 1L of rich medium each. The culture was grown in an
orbital shaking incubator at 37°C and 300 rpm until the ODgoo was 1.0 - 1.2, following which the
cells were harvested by centrifugation for 20 minutes at 4°C and 2600 xg. Harvested cells were
resuspended in and transferred to 1 L of appropriate minimal medium in a 4 L baffled flask that
was pre-warmed to 37°C. The culture was incubated in an orbital shaking incubator at 37°C and
300 rpm for 30 minutes to let the cells adapt to the new medium. After that, 60 mg of IPTG were
added to induce the expression of Tat. Cells were harvested after 5 hours by centrifugation for 15

minutes at 4°C and 5000 xg.
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4.2.2. Purification of full-length Tatio: protein.

Harvested cells were resuspended in 100 ml of resuspension buffer at pH 7.2 that contains
100 mM phosphate buffer, 200 pg of DNAse and RNAse each, and 10 mg of lysozyme. This cell
suspension solution was subjected to 2 freeze — thaw cycles, and then 3 cycles of sonication at
35 % power with 30 second bursts and 30 seconds between bursts using a sonic dismembrator
(Fisher Scientific, Model 500) equipped with a solid disruptor horn. 90 g of guanidine-HCI
(Sigma) was added so that the concentration of guanidine was about 6 M (the change in the volume
of the solution upon adding a large amount of guanidine was accounted for). Reducing agent, tris
(2-carboxyethyl) phosphine hydrochloride (TCEP-HCI or TCEP) (Goldbio), was added to a final
concentration of 10 mM, and the pH of the solution was readjusted to 7.2 since it was significantly
reduced by both TCEP and guanidine-HCI. The cell lysate was centrifuged for 30 minutes at 4°C

and 12,000 g and the supernatant was kept for purification by metal-affinity chromatography.

A 10 mL polypropylene gravity flow column (QIAGEN Inc.) was packed with 4 mL of
Talon™ (cobalt-Superflow™) metal affinity resin (Clonetech). The column was pre-equilibrated
with 50 mL of extraction buffer at pH 7.2 that contained 100 mM phosphate buffer, 6 M guanidine-
HCIl and 10 mM TCEP before addition of the cell lysate supernatant described above. The resin
was then washed with 20 mL of extraction buffer, followed by 30 mL of washing buffer at pH 6.4
containing 50 mM phosphate buffer, 6 M guanidine-HCI and 10 mM TCEP. Tatio1 protein was
eluted from the column with 20 mL of elution buffer at pH 4.0, containing 20 mM acetate buffer

and 10 mM TCEP.

Protein in elution buffer was dialyzed against 1 L of degassed acetate buffer at pH 4.0 at
concentrations of 0.1 M, 0.1 M, 0.05 M, and 0.01 M (approximately 6 hours each). The dialysis
buffer in the first step was supplemented with up to 10 mM EDTA to chelate any cobalt metal that
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might have leaked from the column. This adaptation came from the observation that resonances in
the His-tag region of HSQC spectra of the Tatio1 protein that had not been dialyzed against EDTA-
containing buffer were broadened in comparison with the resonances of those dialyzed against
EDTA. After the dialysis step, the dialysate was frozen and freeze-dried. Dry protein was stored

at -20°C before being used in later experiments.

An attempt to remove the hexahistidine affinity tag segment was made by treating
the purified protein with Thrombin protease. However, besides the primary cutting
site (L14VPRGS19), there, apparently, was a non-specific secondary cutting site for Thrombin
within the protein sequence as the sample treated with this enzyme showed multiple bands on an
SDS gel (data not shown). In another attempt to remove the affinity tag, the encoding gene was
modified to change the cleavage site into a Tobacco Etch Virus (TEV) protease cutting site.
However, the TEV protease performance at low pH condition (pH 4.0) was too low, making it
impossible to remove the affinity tag from Tat protein with this enzyme. Therefore, all of the

following studies were conducted on Tat protein with the His-tag present.

4.3. Expression and purification of cyclin T1 for Tatio1 — cyclin T1

complex formation attempt.

An Escherichia coli codon-optimized synthetic gene of human cyclin T1 (1-266)%° was
purchased from GenScript, and ligated into the pET28a vector (Novagen, Madison, WI). The
plasmid was then transformed into Topl0 Cells (Invitrogen) for storage, and into E. coli

BL21(DE3) (Invitrogen) for protein expression. The expressed protein has an N-terminal
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hexahistidine tag, a short linker and a TEV digestion site that adds an additional 44 residues to the

266-residue cyclin T1. The protein sequence is given below:

MGSSHHHHHHSSGLVPRGSHMASMTGGQQMGRGSDGPENLYFQGMEGERKNN
NKRWYFTREQLENSPSRRFGVDPDKELSYRQQAANLLQDMGQRLNVSQLTINTAIVYM
HRFYMIQSFTQFPGNSVAPAALFLAAKVEEQPKKLEHVIKVAHTCLHPQESLPDTRSEAY
LQQVQDLVILESHLQTLGFELTIDHPHTHVVKCTQLVRASKDLAQTSYFMATNSLHLTTF
SLQYTPPVVACVCIHLACKWSNWEIPVSTDGKHWWEYVDATVTLELLDELTHEFLQILE

KTPNRLKRIWNWRACEAAKK

An overnight culture of transformed cells was grown from a single colony on an LB-agar
plate after transformation or from a frozen glycerol stock in 25 ml of rich medium that contained
25 g/L of LB broth (Sigma) and 34 pg/ml of kanamycin. One ml of overnight culture was added
to 1 L of rich medium in a 4 L baffled flask. The culture was grown in an orbital shaking incubator
at 37°C, shaking at 300 rpm for aeration. When the ODgoo reached 0.8 - 1.0, 60 mg of IPTG
(Goldbio) were added to induce protein expression. Cells were harvested 5 hours after induction

by centrifugation at 5000 xg for 15 minutes at 4°C.

Harvested cells was resuspended in 50 ml of resuspension buffer at pH 7.2 that contained
50 mM HEPES buffer, 300 mM NaCl, 2 mM TCEP, 200 ug of DNAse and RNAse each, and 10
mg of lysozyme. This solution was subjected to a freeze — thaw cycle, and then 10 cycles of
sonication on ice at an amplitude of 50 % with 30 second bursts and 30 seconds between bursts
using a sonic dismembrator (Fisher Scientific, Model 500) equipped with a solid disruptor horn.
The cell lysate was centrifuged at 4°C and 12,000 xg for 30 minutes. The supernatant was then
loaded onto a 10 mL polypropylene gravity flow column (QIAGEN Inc.) packed with 4 mL

Talon™ (cobalt-Superflow™) metal affinity resin (Clonetech), that had been pre-equilibrated with
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50 mL of extraction buffer. Extraction buffer was at pH 7.2 and contained 100 mM HEPES buffer,
300 mM NaCl and 2 mM TCEP. The resin was then washed with 50 mL of extraction buffer,
followed by washing buffer at pH 7.2, containing 20 mM HEPES buffer, 300 mM NaCl, 30 mM
of imidazole and 2 mM TCEP, until the eluate OD2go reached about 0. Cyclin T1 protein was eluted
from the column by addition of 20 mL of elution buffer at pH 7.2, containing 20 mM HEPES

buffer, 300 mM NacCl, 150 mM of imidazole and 2 mM TCEP.

4.4. NMR measurements and data analysis.

4.4.1. NMR sample preparation.

Freeze-dried protein was dissolved in degassed NMR buffer containing 10 mM acetic
acid-ds, pH 4.0, 7% D20, 2 mM TCEP, and 75 uM 2,2-dimethyl-2-silapentane-5-sulfonate (DSS).
For NMR samples of Tatio1 prepared at neutral pH, the NMR buffer contained 10 mM HEPES
instead of acetic acid-ds. In all NMR experiments, DSS served as an internal reference in such a
way that the 'H water signal at 293 K resonates at 4.821 ppm relative to DSS. *N and *C
referencing were done indirectly relative to DSS?42. All NMR experiments reported in this thesis
were done on samples at pH 4.0, unless specifically indicated otherwise. The low pH was necessary

to suppress inter- and intra-molecular disulphide bond formation in Tat.

Tatyo1 protein was added into an NMR tube and carefully degassed and purged with argon
for 15 minutes. The NMR tube cap was sealed with Teflon tape. A C and *°N-labeled sample
was prepared for SOLEXSY hydrogen-deuterium exchange measurements® by dissolving the

protein in 50% H>O/D>0. The pH of this sample was corrected by 0.2 units (reading pH of 4.2 for
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a pH 4.0 sample) to account for the glass electrode isotope effect in the 50% H.O — 50% D,0O

SOlvent33O’ 371, 372

The protein concentration of NMR samples was estimated to be 500 uM using UV
spectroscopy on a NanoDrop 2000c spectrophotometer (Thermo Scientific™). The extinction
coefficient at 280 nm was estimated to be 8250 M? cm? using Protein Calculator 3.4

(http://protcalc.sourceforge.net).

4.4.2. NMR experiments for backbone assignment and 3Junna

measurement.

All NMR experiments for backbone assignments and 3Jiunu, measurements were conducted
on a Varian INOVA 600 MHz NMR spectrometer equipped with a triple-resonance probe head,
at 25 °C, on a reduced uniform 3C- and *N-labeled Tati01 sample at pH 4.0, using the following
standard Agilent/Varian BioPack pulse sequences: HSQC, HNCO, HN(CA)CO, HNCA,
CBCA(CO)NH and HNHA®3376 (see Table 2.1). All backbone assignment experiments were
sensitivity-enhanced and used pulse-field gradients for coherence selection and water suppression.
Radiation damping was suppressed by a water flip — back pulse. >N decoupling during acquisition
was done with the WALTZ-16 sequence®’’. Recycling delays for all experiments were 0.7 s. The
number of transients, complex points, and sweep widths for the experiments are provided in Table
4.1. NMR data were processed with NMRPipe®’®. All spectra were apodized using a squared
cosine-bell function, zero-filled to twice the data set size, and linear predicted before Fourier
transformation. Sequential backbone assignments were done manually, using SPARKY?37®: 380,

381

3Junma coupling constants®! were calculated as follows:
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I = —tanz(ZTIJHNHaZ)
diag

where lcross and laiag are the intensities of cross peaks and diagonal peaks, respectively, in the

HNHA experiment, and 2¢=26.3 ms which is the rephasing delay.

Chemical shift differences for each residue along the protein sequence were determined by
subtracting the chemical shifts from the backbone assignment by the random coil values, taken
from the nclDP (neighbor corrected IDP) Library by Tamiola et al.?®. Secondary structure
propensity was calculated using the SSP program?%, kindly provided by J. Forman-Kay’s group,

Hospital for Sick Children Research Institute, Toronto.

Table 4.1. Parameters for backbone assignment NMR experiments.

Experiment Transients | Complex points SWEH] | SWEECT | SWEEN]
ppm ppm ppm
1H/*N HSQC 16 1024x128 16 32
HNCO 4 1024x64x64 16 25 32
HN(CA)CO 8 1024x64x32 15 16 33
HNCA 8 1024x64x64 16 30 32
CBCA(CO)NH 8 1024x64x64 16 80 32
HNHA 8 1024x128x32 16/16 32
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4.4.3. Nuclear spin relaxation.

Relaxation data were collected on reduced, uniform N His-tagged Tat, using an
Agilent/VVarian INOVA 600 MHz NMR spectrometer at the University of Manitoba equipped with
a triple resonance probe head, and on an Agilent/Varian INOVA 800 MHz NMR spectrometer at
the University of Alberta (NANUC, Edmonton, AB) using a triple-resonance cold probe with the
assistance of P. Mercier. For R1 measurements, 10 data sets were acquired using relaxation delays
of 10, 200, 400, 600, 800, 1000, 1200, 1600, 1800, and 2200 ms. For R, measurements, 12 data
sets with relaxation delays of 10, 30, 50, 70, 90, 110, 130, 150, 170, 190, 210, and 230 ms were
acquired. The post-acquisition delay for each experiment was 5s. For NOE measurements, 2
spectra were collected with and without the 5 s proton pre-saturation period at the beginning of the
experiment. All experiments used pulse-field gradients for coherence selection and water
suppression. The number of transients, number of complex points, and sweep widths for the

experiments are provided in Table 2.2.

Table 4.2. Parameters for nuclear spin relaxation NMR experiments.

: : [ SW['H] | SW[*N]
Experiment | Transients | Complex points
ppm ppm
R1 16 1024x128 16 32
Rz 16 1024x128 16 32
NOE 128 1024x64 16 32

NMR data were processed with NMRPipe®’8. All spectra were apodized using a squared

cosine-bell function and zero-filled to twice the data set size before Fourier transformation. Cross-
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peak intensities were measured as peak heights and fit to a two parameter exponential decay using
the Relax?®! program to extract relaxation rates (R1 and Ry). The steady-state tH-°N NOE values
were obtained from the ratios of peak heights from experiments with (Inog) and without (Inonog)
proton saturation. Errors were calculated using the signal-to-noise ratios of the NMR peak heights

where the noise level was estimated using SPARKY 379 380,

Data from the R1, Rz, and NOE experiments were analyzed by reduced spectral density
mapping?’® 20 using Mathematica® notebooks kindly provided by L. Spyracopoulos®®
(University of Alberta) and by Model-Free analysis??® 222 using a Mathematica® notebook
provided by S. Shojania (University of British Columbia, Vancouver, BC). The errors in Ry, Rz,
and NOE measurement were estimated from the spectral baseline noise. Error analysis was done
using 500 iterations of a Monte Carlo simulation for the spectral density mapping and 100

iterations for the Model-Free analysis.

4.4.4. Relaxation dispersion.

Relaxation dispersion experiments were conducted at 600 MHz (University of Manitoba),
and 800 MHz (NANUC) with the assistance of P. Mercier. The constant relaxation time delay
(Tep) at 600 MHz was 40 ms and at 800 MHz was 80 ms. The Carr— Purcell-Meiboom—Gill pulse
chain was applied with rates (vcpma) 0f 50, 100, 200, 300, 400, 500, 600, 700, 800, 900, and 1000
Hz383.384 Each data point was collected with 16 transients and 1024x64 complex points; the sweep
widths on the proton and nitrogen dimensions were 16 and 32 ppm, respectively. Data were
processed with NMRPipe3’®, and the extracted peak heights were used in the analysis using the

relaxation dispersion program NESSY 38,
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4.4.5. pH titration.

In the pH titration experiment, the starting NMR sample was prepared at pH 7.0 (see 2.3.1),
and the titration was done by gradually reducing the pH of the sample using acetic acid-ds. The
reason for doing the titration by reducing the pH was because the protein readily aggregates upon
the addition of base (NaOH). HSQC spectra were acquired on samples at pH 7.0, 6.0, 5.0 and 4.0.

Data were processed using NMRPipe3’8, and overlaid using SPARKY 379 380,

4.4.6. Hydrogen exchange.

CLEANEX-PM hydrogen exchange measurements®?® 331 were made on a Varian 600 MHz
NMR spectrometer with eight time delays of 10, 20, 35, 50, 75, 100, 125, and 150 ms. SOLEXSY
hydrogen exchange measurements were made on a Bruker 800 MHz NMR spectrometer at the
University of British Columbia with the assistance of S. Shojania. Eight data points were collected
corresponding to time delays of 1.2, 31.2, 61.2, 101.2, 141.2, 201.2, 501.2, and 1001.2 ms.

Parameters for the NMR experiments are provided in Table 2.3.

Table 4.3. Parameters for NMR experiments to measure fast hydrogen-deuterium exchange.

: : | SW[H] | SW[*N]
Experiment Transients | Complex points

ppm ppm
CLEANEX-PM 32 1024x128 16 32
SOLEXSY 16 1024x386 16 24
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By using interleaved acquisitions, each collected data point contained 2 data sets (A and
B) corresponding to the positive and negative proton-frequency labeled magnetization of nitrogen.
The separation, addition (A+B), and subtraction (A-B) of the 2 data sets were done using
NMRPipe. Axial and cross-peak resonances (N and NP peaks) were quantified by measuring peak

heights.

For both experiments, exchange rates were calculated by fitting the peak heights to
appropriate hydrogen exchange models (see 2.4.3) using Mathematica® notebooks that | authored.
Error analysis was done using 500 iterations of Monte Carlo simulation and spectral noise. Rates
of exchange for unstructured Tat, corrected for sequence-dependent inductive effects and under
the same conditions of pH and temperature that were used in the hydrogen exchange
measurements, were calculated using a program provided by W. Englander (University of
Pennsylvania, Philadelphia, PA)3% 319, Protection factors were calculated by taking the ratio of the

predicted exchange rates for unstructured Tatio1 to the measured rates.

4.5. Molecular dynamics simulations.

Simulation of the first exon product of Tat (Tat72) was done using GROMACS 5.1.2
software with the CHARMM22* force field and modified TIP3P water model*> (mTIP3P). A
linear starting structure of the molecule was used to avoid structural bias during the simulation.

The structure was built using the Avogadro program?3s,

Protein was solvated in a rhombic dodecahedron box of mTIP3P water and Na* or CI™ as
the counter ions. The electrostatic interactions were treated using the PME method®** 387 with a

grid spacing for Fast Fourier Transform (FFT) of 0.16. The short-range van der Waals interaction
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cutoff was 1.0 A. The energy and pressure were corrected for long-range dispersion interactions.
The system was coupled to the modified Berendsen thermostat and Parrinello-Rahman barrostat
as described in section 3.5. The integration step time was set to 2 fs. All bonds were constrained
using the LINCS algorithm. After a 5000-step energy minimization, the system was equilibrated
at 300 Kand 1 bar. The last snapshot was used as the initial structure for subsequent productive
NPT simulation where the number of atoms (N), pressure (P) and temperature (T) remained
constant throughout the simulation. Structures were stored every 10 ps. The simulation was done

in duplicate resulting in 2 trajectories of 100 ns each.

The radius of gyration profiles and the secondary structure for each time frame were
calculated from the resulting trajectories using the built-in tools of GROMACS (gmx gyrate and
gmx do_dssp, respectively). The autocorrelation function profile that describes the internal motion
of each N-H bond vector was also calculated by using the GROMACS tool gmx rotacf after
removing the rotational and translational motions of the protein by aligning each frame to a
reference structure. The autocorrelation function values were fit to the Lipari - Szabo model-free
model, using a Mathematica® note book that | authored, to extract the per-residue order parameters

which were then compared with NMR results.
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Chapter 5

Results and Discussion

5.1. Protein expression and purification.

The full-length Tat101 gene was cloned into the pET28b vector, enabling protein expression
with an N-terminal, thrombin-cleavable, hexahistidine purification tag. The yield of unlabeled
protein was typically about 20 mg per liter of culture. For labeled protein, the yield was reduced
to about 15 mg per liter of minimal medium culture. High purity level was achieved with metal
affinity chromatography method. The SDS-PAGE gel image in Figure 5.1 shows a thick band at
about 13.6 kDa, corresponding to the molecular weight of His-tagged Tatio1. The second band at
around 27 kDa corresponds to the oxidized His-tagged Tatio1 which seems to form a dimer. The
formation of the oxidized protein is because the gel was prepared and run at neutral pH, allowing
the oxidation of a small portion of the protein. A cobalt affinity column was used instead of a
nickel column because this reduced the non-specific binding of other proteins to the resin. An
attempt was made to purify Tatio1 protein on a zinc column; however, there was no sign of protein
coming off the column during the elution step (OD2go = 0). The combined use of a strong reducing
agent (TCEP), denaturing conditions (6 M guanidine-HCI) and elution at pH 4.0 instead of using
buffer that contains imidazole effectively prevented protein aggregation and disulphide bond
formation. The modified dialysis step that added 10 mM EDTA to the buffer helped by chelating
the cobalt metal that leaked from the column. This adaption came from the observation that

resonances in the His tag region of HSQC spectra of the protein that had not been dialyzed against
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EDTA-containing buffer were broadened in comparison with the resonances of those dialyzed
against EDTA. This also prevented the possibility of interaction between the zinc-finger in the

cysteine rich region and the leaked metal.
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40
35
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Figure 5.1. SDS-PAGE gel image. Purified Tatio1 protein in 10 mM acetate buffer at pH

4.0 is on the left lane and protein ladder is on the right lane.

Interestingly, the shorter version of Tat lacking the second exon product, Tat7, more
readily aggregated during the final dialysis step that was therefore limited to 4 hours. In contrast,
the last dialysis step for full-length Tatio: could be left for 2 days without visible aggregation.
When preparing solutions of high concentrations of Tat7, and Tatio1, large amounts of each protein
were dissolved in 10 mM HEPES buffer at pH 7.0; then the solutions were subjected to 30 minutes
of centrifugation at 15,000 xg. OD2go measurement of Tatio: solution showed higher absorption
(OD2sgo, Tat101 = 6.389) than Tat72 solution (OD2so, Tat72 = 4.504). The second exon product, therefore,
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appears to increase the solubility of the protein. The expression and purification of Tat7, was

adopted from reference 1%,

5.2. NMR resonance assignment.

Figure 5.2 shows an assigned two-dimensional (2D) *H-*N HSQC spectrum of fully
reduced *3C- and *N-labeled Tatio1 at pH 4.0 and 298 K. The low dispersion of resonances and
the presence of proline residues in relatively high abundance made the assignment of the backbone
chemical shifts challenging. Site-specific labeling and unlabeling methods were used as a
complement to three-dimensional (3D) experiments (see Figures 5.3, 5.4, and 5.5) to support the
sequential assignment process (Figure 5.6) that was also aided by the previously assigned first-
exon product'®®, The well-known site-specific labeling method®® greatly reduces the extent of
spectral crowding and provides unambiguous residue-type assignments. ®N-Val and '°N-Leu
labeling provided keystones for the assignment of full-length Tat. Difficult-to-assign residues,
including M21 and several lysine residues, were also identified using this method (Figure 5.3). In

369 peaks of amino acids to be unlabeled disappear or have intensities much

unlabeling experiments
weaker than those of the peaks in the spectra of the uniformly labeled protein. This strategy is very
inexpensive in comparison with the site-specific labeling experiments of the same amino acid but
still provides a similar amount of information about the residue types of the peaks. Unlabeling can
also reduce the extent of spectral crowding and reveal overlapped peaks. W31 and several arginine

and lysine residues were identified using this method. Spectra can be found in Figures 5.4 and

Figure 5.5.

As a result of these experiments, 104 of 106 expected backbone 'H and '*N amide

resonances (97.8%) were identified, not including the 13 Pro residues and the two N-terminal
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amino acids (M1 and G2) that have proton amine and amide exchanging too fast to be observed.
Other backbone atoms were assigned at 98.3% of C,, 83.9% of Cg, and 95.8% of C’ resonances.
Missing °N-assignments correspond to K71 and R72. Backbone N, Hn, Hq, Cq, and C’ and side-

chain Cg chemical shift assignments are listed in Table A.1 of the Appendix.

In general, the H-®N HSQC spectrum of full-length Tatios protein has typical
characteristics of denatured and disordered proteins. Cross peaks are clustered in several distinct
regions: a Gly region, a Ser/Thr region, and a region containing the rest of the backbone amides.
The spectral dispersion of the resonances is also typical for proteins lacking regular secondary
structure in that all backbone resonances lie within a 1.4 ppm range in the *H dimension and within

18 ppm in the ®*N dimension.
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Figure 5.2a. Backbone °N and *H" assignments for full-length Tatio: protein from HIV-1.

'H-N HSQC spectrum of the fully reduced, uniformly *C- and **N-labeled protein sample at

pH 4.0 and 298 K.
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Figure 5.2b. Backbone °N and *HN assignments for full-length Tatio: protein from  HIV-
1. The dashed region of Figure 3.2a is expanded to allow labelling of the crowded central region

of the spectrum.
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Figure 5.3. Overlay of the HSQC spectra of site-specifically labeled **N-Leu (blue), °N-
Lys (red), *°N-Met (yellow), and **N-Val Tatio1 (green).
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Figure 5.4. The blue peaks are from 'H->N HSQC spectra of Tat;; protein unlabelled
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corresponding peaks are completely eliminated or have intensities lower in the unlabeled
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region (in blue) is overlaid onto the same spectral region of a uniformly labeled sample (in red).
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5.3. Chemical shift differences, J-coupling constants and secondary

structure propensities.

Protein backbone chemical shifts are a highly reliable indicator of protein secondary
structure®**, The secondary chemical shift, the deviation of measured chemical shifts from their
random coil values, has long been considered an indication of the tendency of a protein to adopt a
local conformation?43-245. 256, 262,263, 389 1 3 piased disordered state, a polypeptide may occupy
some secondary structures more frequently than others. This structural propensity can sometimes

also be detected by changing the temperature of a protein or by adding cosolvents®® .

Figure 5.7 shows the individual secondary chemical shift differences (C,, Cp, C’, *°N, H,,
and Hn) from the random coil values obtained from the neighbor-corrected Intrinsically Disordered
Protein Library (ncIDP)?%®. The results indicate that a majority of the resonances in Tatio: are
within the random coil range and there are no regions with more than three consecutive resonances
in the a-helix or B-sheet chemical shift ranges. The results are in good agreement with the
measurements on Tat7,'%. This shows that the second exon product, residues 73-101, has little
effect on the conformation on the first exon product. These results also show, for the first time,
that the second exon product adopts a predominantly disordered conformation as expected from
the prediction algorithms (Section 5.4). These conclusions are in good agreement with a prediction
done on the CSI 3.0 server?® indicating a random coil structure and fully flexible backbone for

HIV-1 full-length Tatyo: (Figure 5.8).
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Figure 5.7. Chemical shift difference plots of (a) C., (b) Cs, (c) C', (d) N, (e) Hy and (f)
H.. The random coil values for chemical shifts were adjusted for sequence dependence?®.
Reference lines are thresholds where differences begin to reflect the possibility of secondary

structure formation adapted from references 24262,
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Figure 5.8. Secondary structure prediction result from CSI 3.0 server?%

using the chemical
shifts from the backbone assignments indicates a random coil structure and fully flexible backbone

for HIV-1 full-length Tat.

174



The secondary structure propensity (SSP) algorithm aims to detect structural propensity in
IDPs using NMR backbone chemical shifts?®*. It combines several chemical shifts (Cq, Cp, and Hy)
into a single residue-specific score representing the expected fraction of a- or B-structure. Even
though the SSP value is not strictly quantitative, it provides valuable information about the
secondary structure propensity of IDPs at each residue along the protein sequence. The method
has been successfully applied to several IDPs, for example, in studies of a- and y-synuclein?®4, the

C-terminal V5 domain of protein kinase C,*, and members of the dehydrin protein family392 3%,

The absolute values of the SSP scores for Tati: are uniformly below 0.5 (Figure 5.9),
supporting the previous analyses of the individual chemical shifts showing that the protein is in a
disordered conformation. However, Tatio: contains two regions with SSP scores with a modest
propensity to fold into an a-helix (SSP scores between 0.2 — 0.3): (a) the region around the only
tryptophan residue (R27-K32) and (b) the cysteine-rich region (A41-159). Note that the residue
numbers used here are higher than those of the native Tatio1 sequences because of the addition of
the 20-residue purification tag. There are also three regions with a modest propensity to fold into
extended or B-sheet conformations (SSP scores between 0.15 — 0.3): (c) the arginine-rich region
(K70-G81), (d) the RGD motif region (P93-G99), and (e) the ESKKKVE motif region (E105-
E112). In both the Tat-P-TEFb X-ray structure'® and Fab'-Tat X-ray structure'’’, residues 29-32
form a B-turn whereas those regions have a propensity to form an a-helix according to the NMR
chemical shift data in Figure 5.9 (region a). This suggests that interactions with a binding partner
determine the bound structure in this region favoring an induced-fit mechanism over
conformational selection. In contrast, Tat forms a 310 helix between residues 49 and 53 and an a-
helix between residues 54 and 62 in the Tat-P-TEFb complex*®®, and these regions form the second

segment of the protein that has helical propensity in Figure 5.9 (region b). The built-in helical
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propensity makes conformational selection a favored mechanism for partner-induced folding in
this case. In the Tat-TAR-cyclin T1 structure®®, residues 61-67 are extended, and residues 68—79
form the TAR-binding a-helix that is followed by a turn at residues 81 and 82, and an extended
segment from residue 83 to 89. Interestingly, the region that forms the TAR-binding helix shows
a propensity to form f-structure in Figure 5.9 (region c), which means that the final folded state of
the protein is determined by interactions with RNA and cyclin T1. The structures of the two
remaining regions (d and ) have not been observed in any crystal structures making it impossible
to draw any conclusions about binding mechanism on the basis of the secondary structure

propensities.

0.4

L
|

SSP

046
0 20 40 60 80 100 120

Residue
Figure 5.9. Secondary structure propensity of full-length Tatio: protein from HIV-1. The
five regions with relatively higher absolute SSP scores are (a) the region around the only
tryptophan residue (R27-K32), (b) the cysteine-rich region (A41-159), (c) the arginine-rich region
(K70-G81), (d) the RGD maotif region (P93-G99), and (e) the ESKKKVE motif region (E105-

E112).
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In addition to chemical shifts, scalar couplings can be used to obtain information about
residual secondary structure. The backbone dihedral angles ¢ and ¥ can be derived from three-
bond scalar couplings based on the Karplus equations 2% and, due to the dependence of the angles

on the conformation of the polypeptide backbone, secondary structure elements can be inferred.

3Jinna of a-helices are below 6 Hz and above 8 Hz for B-strands. Most of the 3Junna coupling

constants (see Figure 5.10) for full-length Tatio1 fall in the random coil range of 5.9 — 7.7 Hz

suggesting that the backbone is disordered in good agreement with the chemical shift differences

and SSP values measured above.
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Figure 5.10. Coupling constant *Jun, of full-length Tatio: protein from HIV-1. Most of

the 3Junna coupling constants for full-length Tato: fall in the random coil range of 5.9 — 7.7 Hz (the red

lines) suggesting that the backbone is disordered.
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5.4. Predictions of Tatio1 protein disorder.

DisProt3®°3%®  |UPreD*® 3% and PrDOS*® disorder prediction programs were used to
predict disordered regions in full-length Tatio: protein. The disorder prediction programs in the
DisProt family use machine — learning algorithms trained on the datasets of disordered regions of
different length characterized by various methods. DisProt VL3-H and DisProt VL3-E programs
are trained on and thus, give accurate prediction results only on long regions of disorder (longer
than 30 residues)®*®. The DisProt VSL2P program is trained on a dataset of combined long and
short disordered regions and therefore it achieves better-balanced prediction accuracies on both
types of regions®®’. The algorithm used in the IUPreD program*® was discussed in Section 1.1.2.
The PrDOS prediction program*® consists of two predictors, one based on the local amino acid
sequence information and the other based on the template proteins. First, the input amino acid
sequence is converted into a position-specific score matrix (PSSM). Then, two predictions are
performed using the PSSM. The first predictor uses a machine — learning algorithm which is
trained on a large dataset from the PDB. The second predictor is based on template proteins and
uses the alignments of a query sequence with structures that are known. To combine the results of
two independent predictors, the weighted average between the results of two predictors is

calculated.

Prediction scores above the dashed lines in Figure 5.11 and Figure 5.12 indicate a high
probability of disorder, while scores below the lines indicate order in the sequence. All programs
predicted that the entire full-length Tatio1 protein, except for the cysteine-rich region (residue 42-
57), is disordered at high confidence. Some of the algorithms predicted that the cysteine-rich
region has some degree of order due to the fact that the prediction methods expected the cysteines
to be involved in forming intramolecular disulfide bonds or in coordinating with a metal ion (zinc
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finger). For the Pro-rich region (residue 20 — 41) and the basic region (residue 68-77), the lower
disorder scores in all disorder prediction results suggest the possibility of formation of transient
structures in these regions, in agreement with the SSP result measured by NMR (see Section 5.3
and Figure 5.9). In most of the prediction results (except for the DisProt-VVSL2P), the small
segment consisting of residues 105 — 110 has modestly lower disorder scores compared to the rest
of the second exon product of Tat, which is also in agreement with the SSP result, suggesting a

structural propensity, albeit at low probability, in this segment
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Figure 5.11. DisProt disorder predictions for the His-tagged full-length Tatio: protein

sequence using the algorithms: (a) VL3H*>3% (b) VL3E3%, and (c) VSL2P37: 3%,
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5.5. NMR relaxation.

5.5.1. ps — ns timescale.

5.5.1.1. Relaxation parameters R1, R2, and NOE

Figures 5.13 and 5.14 show sample spectra for the R; and R> relaxation measurements of
the His-tagged Tatio: protein at pH 4.0 and 293 K acquired on the Varian INOVA 600 MHz
spectrometer at University of Manitoba. As described in section 2.2.1, relaxation rates (R1 and R2)
were extracted from the NMR relaxation experiments by fitting the experimental data to

exponential decay models. Figure 5.15 shows sample fits for residue Val-111.

Figures 5.16 and 5.17 show spectra of the heteronuclear *H-'®N NOE measurements
acquired on the Varian INOVA 800 MHz spectrometer at NANUC. The steady-state heteronuclear
'H-15N NOE values were obtained from the ratios of the peak heights from experiments with (Inog)
and without (Inonoe) saturation of the protons for 5 s at the beginning of the experiment. The

heteronuclear NOE values were then obtained from (Inog - Inonog)/ InoNoE.
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Figure 5.13. Sample spectrum (at 600 ms relaxation time) for R; relaxation measurement

of His-tagged Tatio1 at pH 4.0 and 293 K. The spectrum was recorded on a Varian INOVA 600

MHz spectrometer.
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Figure 5.14. Sample spectrum (at 50 ms relaxation time) for R, relaxation measurement of His-
tagged Tatio: at pH 4.0 and 293 K. The spectrum was recorded on a Varian INOVA 600 MHz

spectrometer.

184



= = =
= o oo
/./

's

Normalized intensity
<&
[
A
’
{

=
=

0 500 1000 1500 2000
Relaxation delay
R =1.320.013 (s}

= = = =
-] [es] (o] =
T T T 74
L}
]
i
7
L ]
LI
#a
/
v
S .

Normalized intensity
=
[
b
i
/!

=
tn
L

50 100 150 200
Relaxation delay
R, =2.80 + 0.107 (s)

Figure 5.15. Sample fits for extraction of longitudinal (R1, top panel) and transverse

(R2, bottom panel) relaxation rates of residue Val111, measured on the INOVA 600 MHz NMR

spectrometer.
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Figure 5.16. Steady-state heteronuclear *H-1°N NOE measurement spectrum with no

saturation period of His-tagged Tatio: at pH 4.0 and 293 K. The spectrum was recorded on a

Varian INOVA 800 MHz spectrometer.
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Figure 5.17. Steady-state heteronuclear *H-'°N NOE measurement spectrum with a 5

second saturation period of His-tagged Tatio: at pH 4.0 and 293 K. Positive and negative peaks

are in red and blue, respectively. Spectrum was recorded on a Varian INOVA 800 MHz

spectrometer.

187



Relaxation data (R1, R2, and NOE) at two fields for non-proline residues are plotted against
the protein sequence in Figure 5.18, showing relatively uniform relaxation rates and steady-state
heteronuclear NOEs across the sequence. The mean values and standard deviations for R1, Rz, and
NOE at both fields are listed in Table 3.1 where they are also compared to the measurements on
Tat7,'%2. The negative values of the NOEs mean there is very little restriction of dynamics on the
nanosecond to picosecond timescale, supporting the conclusion that, in general, the protein is
intrinsically disordered throughout the sequence. Residues at the N-terminus have the most
negative NOEs and the lowest relaxation rate values, in agreement with the expectation of less
restricted dynamics at protein termini®2. The relaxation rates R1 and R; are fairly low, consistent
with expectations for a disordered protein® 41, The mean values of the relaxation data of the full-
length protein (Tatwo1) are close in comparison with the first exon (Tat72) which is also
disordered®®®. This is also consistent with literature reports, for example, a recent NMR relaxation
study*®* on the Merozoite Surface Protein 2 (MSP2), a disordered protein found in early stages of
a protozoan parasite that causes malaria in humans shows R; relaxation rates distributed in the

range of 1.0 - 1.5 s1, whereas the R; relaxation rates distribute in the range of 1.5 3.0 s,
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Figure 5.18. Relaxation measurements of full-length Tatio1 protein from HIV-1 at pH 4.0
and 298 K: (a) longitudinal relaxation rates, Ri; (b) transverse relaxation rates, Rz; and (c)
heteronuclear NOE values. Results are determined using relaxation data measured on 600 MHz
(blue o) and 800 MHz (red 1) spectrometers.
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Table 5.1.

Means and Standard Deviations of Relaxation Data of full-length protein, Tatio1, and

the first exon product, Tatz..

Tatio1 Tatz,
600 MHz 800 MHz 600 MHz 800 MHz
Ri (s 1.33+0.139 1.41 +0.145 1.5+0.2 1.4+0.2
Rz (s) 3.20 + 0.616 2.76 + 0.602 38+13 N/A
NOE -0.432 + 0.764 0.121 + 0.654 -0.27 £ 0.46 -0.07£0.33

5.5.1.2. Reduced spectral density mapping.

Reduced spectral density mapping was used to analyze the relaxation data. This method
allows the spectral density of motions J(w) to be sampled at different frequencies, zero, wn, and
0.87ww, corresponding to relaxation contributions from the motion of *N-'H bond vectors on

slow, intermediate, and rapid timescales, respectively?’®

. Values of the spectral density at five
frequencies, 0, 61, 81, 522, and 696 MHz, are presented in Figure 5.19. In general, the data show
fairly uniform contributions to relaxation throughout the protein at all frequencies with a few minor

exceptions.
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Figure 5.19. Reduced spectral density mapping at five different frequencies (0, 61, 81, 522,
and 696 MHz) of full-length Tatyoz1 protein from HIV-1 at pH 4.0 and 298 K. Results are determined

using relaxation data measured on 600 MHz (blue ©) and 800 MHz (red 0) spectrometers.
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In general, when analyzing spectral density mapping data, if the amide bond vectors are
highly mobile, the internal motions will greatly contribute to the protein relaxation and, therefore,
increase the value of the spectral density at high frequencies (J(0.87wn), i.e. J(522) and J(696)),
and decrease its magnitude at low (J(0)) and mid-frequencies (J(on), i.e. J(61) and J(81)) “°2. As
expected for a disordered protein, the full-length His-tagged Tatio: shows relatively high
contributions at high frequencies and smaller contributions at low frequencies. The tag region has
higher values of J(0.87wH), and significantly lower values of J(wn) compared to the rest of the
protein, strongly suggesting the high flexibility of this region. The protein C-terminus also has
lower values of J(wn), but the J(0.87wH) values are similar to the other parts of the protein. This
suggests that the C-terninus is flexible but to a lower extent compared to the N-terminus (the His-

tag region).

On the other hand, if the amide bond vectors are motionally restricted, the limited internal
motion has little effect on relaxation, and therefore the high-frequency contribution to the spectral
density will be minor. In this case, relaxation mostly comes from conformational exchange, and
the greatest contributions to the spectral density function will come from the low-frequency
components. This is observed at the region near the W31 residue where J(0) and J(on) values are
slightly higher , while J(0.87w®H) values are similar compared to those of other parts of the protein.
This observation suggests that the protein backbone undergoes significantly more local backbone
fluctuations on a timescale between nanoseconds and milliseconds compared to other regions of
the protein. This may indicate the formation of transient structures in this region on the
microsecond timescale. Folding nuclei around hydrophobic aromatic residues have been observed

previously*,
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In general, the field dependence of J(0) can arise from conformational exchange
contributions to Rz and micro- to millisecond timescale motions?®, with the expectation of an
increase in J(0) when going from 600 to 800 MHz when exchange is present and/or there are slow
motions. The observation of a minimal field dependence of J(0) indicates that most of the residues

are not undergoing conformational exchange on the millisecond timescale.

5.5.1.3. Model-free analysis.

Model-Free analysis is another method for analyzing relaxation data. The Lipari-Szabo
Model-Free approach??!: 222 and its extension, the Extended Model-Free approach by Clore et
al.?”, quantify the local backbone motions through the following parameters: the residue order
parameter (S?), the molecular rotational correlation time (tm), the effective residue internal
rotational correlation time (te), and the residue rate of slow conformational exchange (Rex). In

fitting the measured relaxation rates to the Lipari—-Szabo spectral density

](w)zz ST, (1-S)1

5(1+t3w? 1+ t2w?

where 1/t = 1/tm + 1/1¢, the method of Schurr et al. was used*®*, whereby S?, tm, and te are
optimized for each residue individually. The residue - specific rotational correlation times (tm)
help to avoid the use of a single global correlation time, or equivalently a single diffusion tensor,
which is insufficient to describe the rotational motion of a disordered protein. The order parameter
is a measure of the degree of spatial restriction of backbone amide motion, ranging from 0
(unrestricted motion) to 1 (rigid). The rate of exchange may be included or excluded in the analysis
to verify the effect of exchange on relaxation, depending on model selection criteria®’® 2’”. Model-

Free analysis is based on the assumption that local backbone motions are independent of overall
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molecular rotation. Even though this assumption may not hold when applied to highly disordered

proteins?®, IDPs exhibit parameters that are instructive.

The mean value for the order parameters of Tatio: (Figure 5.20) is 0.75 with a relatively
high standard deviation of 0.24, suggesting the protein is very flexible. Interestingly, the average
order parameter for Tatios is significantly higher than that measured for the Tatz, protein'® (0.55).
The highest order parameters are observed for the His-tag region, suggesting that charge repulsion
forces the backbone into a rigid extended conformation there. The Rex values are low, showing that
the protein has little slow motion on the micro- to millisecond timescale, in agreement with the
relaxation dispersion results presented below. In general, the internal rotational correlation times
are 10-100-fold faster than the overall rotational correlation times. This is in contrast to the case
for the Tat72 protein, for which most of the internal correlation times were ~10-fold faster than the
overall molecular reorientation®®. Thus, the addition of 29 residues appears to move the internal
and overall dynamics onto timescales that permit better separation of the two regimes. However,
it must be pointed out that the errors in the fits to the full-length protein are significantly greater

than those measured for the first exon product?®?.
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Figure 5.20. Order parameters and exchange rates estimated using model-free analysis on

relaxation data at 2 fields 14.1 T and 18.8 T.

5.5.2. ps — ms timescale.

Relaxation dispersion is a powerful method for characterizing slow motions and
conformational exchange on the millisecond timescale. Detection of this type of motion has been
very helpful in defining the mechanisms by which IDPs interact with their partners!®%4% |DPs that
undergo slow conformational exchange are sampling different conformations in solution, allowing
for the possibility of folding by a conformation selection mechanism. However, when fully
reduced and at pH 4.0, Tatio1 shows flat dispersion profiles for all residues measured at both 14.1

and 18.8 T (Figure 5.21), suggesting that the backbone of Tati: has no slow motion under these

196



conditions. Relaxation dispersion experiments were also conducted on Tatio1 at pH 7.0 for the
observable peaks even though these peaks were mostly not assigned (data not shown). The profiles
for all peaks are flat, indicating no slow motion at these sites. This result does not rule out the
possibility that slow motion may exist in other protein sites that are unobservable because of lost
intensity at pH 7. The origin of the peak loss, whether due to slow exchange broadening or fast

hydrogen exchange, was probed by hydrogen exchange measurements (see Section 5.6 below).

Since these experiments on HIV-1 Tatio1 were the first measurements of relaxation
dispersion on our spectrometer we made measurements on another protein suspected to have
regions undergoing conformational exchange to ensure that our experimental protocols and the
spectrometer were working properly. Figure 5.22 shows several relaxation dispersion profiles for
the 18 kDa Ovarian Tumour (OTU) Domain Protease provided by S. Saran. Several resonances
in this enzyme exhibited broadened resonances that also showed slow conformational exchange

by relaxation dispersion, indicating that our spectrometer and pulse programs were working

properly.
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Figure 5.21. Relaxation dispersion profiles for residue Gly35 (red), Ser66 (blue) and
Glull2 (orange) of full-length Tato; protein. The experiments were done at 14.1 T and 18.8 T.

Data were fit using the NESSY program’®’.
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Figure 5.22. Relaxation dispersion profiles for residue (a) Ile13, (b) Ser95, (c) Thr54 of
OTU protease. The experiment was done on the INOVA 600 MHz NMR spectrometer at University

of Manitoba. Data were fit using the NESSY program®®.
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5.6. Hydrogen exchange.

Hydrogen exchange rates can be a powerful high-resolution probe of protein folding and
dynamics on the millisecond timescale and longer*®’. Exchange rates and protection factors for
full-length Tatio1 were extracted from CLEANEX-PM?32% 33! and SOLEXSY3® experiments that
probe hydrogen exchange on different timescales. Figure 5.23 shows sample spectra at one mixing
time of the N" and NP cross-peaks in a SOLEXSY experiment of Tatio1 dissolved in 50% D-0. In
the figure, the N peaks represent the amides that were initially protonated and remained
protonated after the exchange period. The NP peaks, represents the amides that were initially
deuterated, and became protonated after the exchange period. Figure 5.24 shows a sample
spectrum at 75 ms mixing time for the hydrogen exchange measurement of Tatio1 using the

CLEANEX-PM pulse program.

Even though CLEANEX-PM is the benchmark experiment for hydrogen exchange
measurements in folded proteins, results may be confounded by errors introduced by water
manipulation and, in the case of IDPs, from unwanted NOE-mediated magnetization transfer
mechanisms33°. To verify the CLEANEX-PM hydrogen exchange results, we measured hydrogen—
deuterium exchange rates using the SOLEXSY experiment. SOLEXSY is considered accurate if
the exchange rates are faster than approximately 0.2-0.5 s and slower than approximately
2 s713%0 Figure 5.25 compares hydrogen exchange rates in Panel (a) and protection factors in Panel
(b) measured by CLEANEX-PM (empty bars) and SOLEXSY (filled bars). In general the
SOLEXSY results are in good agreement with the CLEANEX-PM measurements throughout the
protein. Only the residues in the Hig tag (residue 1-21) fall in the valid SOLEXSY measuring
range, and the SOLEXSY-measured exchange rates there agree very well with the CLEANEX-
PM measured rates. Even in the rest of the protein where the SOLEXSY-measured rates are outside
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the valid region, there is good agreement between the two methods, although, as expected, the
SOLEXSY-measured rates are slightly lower than those measured by CLEANEX-PM. However,
the protection factors measured by both methods are also in good agreement, suggesting that any

systematic error in the CLEANEX-PM results appears to be minimal.

In general, the high rates of hydrogen exchange and low protection factors throughout the
protein support the conclusion that the entire protein, including the second exon product, is
disordered. The rates of hydrogen exchange are much faster in the His-tag region (residues 1-20)
compared to the rest of the protein (Figure 5.25), giving rise to the lowest protection factors in the
protein. However, the protection factors of all residues are well below 1, paradoxically suggesting
faster exchange than in a completely disordered protein. A likely explanation for this is that
because Tatio1 has a high fraction of basic residues it is highly positively charged (+29.2 at pH 4
and +14.1 at pH 7, estimated by Protein Calculator 3.4) and condenses hydroxyl ions around it,
leading to a local pH higher than that measured in the bulk solvent. The higher local pH leads to
an increased rate of base-catalyzed hydrogen exchange. The highest positive charge density in the
protein can be found in the His tag region and in the basic segment, supporting this conclusion. In
both experiments, the protection factors in the cysteine-rich region are noticeably higher,
suggesting the possibility of conformational restraint in this region compared to the rest of protein.
Above, it was noted that the cysteine-rich region also shows a propensity to form a-helix. The
CLEANEX-PM results do not indicate the presence of any folding nuclei or folding propensity in

any part of the protein.
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Figure 5.23. Overlay of a region of two SOLEXSY*? frequency-labeled data points, N*

(red) and NP (green), collected at a mixing time (tmi) of 1000 ms. Peaks of the same residue are
resolved by the deuterium shift of 0.7 ppm.
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Figure 5.24. Sample spectrum (at 75 ms mixing time) for the hydrogen exchange

measurement of His-tagged Tatio1 at pH 4.0 and 293 K using the CLEANEX-PM pulse program3?

31 The spectrum was acquired on a Varian INOVA 600 MHz spectrometer.
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5.7. Oxidation of Tatio1 at pH 4.0 and pH effect.

During the course of these experiments, it was observed that the resonances of residues in
the cysteine-rich region shifted and weakened in intensity over the course of several days (see
Figure 5.26). By addition of TCEP and degassing of the protein, most of the resonances could be
restored, although a few peaks in the cysteine-rich region never fully recovered their initial

intensity.

8.4 8.3 8.2 8.1

120 ] = 120
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Chay — Cc47
E
& 3
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Figure 5.26. Cys-regions of H->N HSQC spectra of full-length Tatio1 protein in reduced
(red) and oxidized (blue) states. Without reducing reagent, Tatioz is oxidized in the course of a few

days, leading to the loss of peaks in the region.
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This suggested that, even at pH 4.0 where all the cysteines should be fully reduced, Cys
oxidation is still possible. This may be explained by the presence of basic residues present in the
Cys-rich region that likely lower the thiol pKa of one or more Cys residues, elevating their
reactivity at low pH*°%; the overall net positive charge on the protein also likely contributes. With
careful degassing and sealing of the NMR tubes, the protein could be kept in a fully reduced state
for >7 days. Broadening of peaks and loss of signal intensity for residues in the cysteine region

were noticeable even in sealed tubes after 15 days.

In an attempt to study the protein at pH values closer to physiological conditions, a pH
titration was conducted. At close to neutral pH, fully reduced Tati01 Shows many fewer resonances
and broadened resonances (Figure 5.27). Several explanations are possible. The loss of peaks may
be explained by protein aggregation, an increase in the rate of hydrogen exchange or by the effects
of conformational exchange. The flat relaxation dispersion curves at all pH’s (Section 5.5) rule out
conformational exchange on the millisecond timescale as an explanation for the observed line-
broadening. They do not rule out conformational exchange on the microsecond timescale.
However, the fast hydrogen exchange rates that were measured (Section 5.6) suggest that the loss
of peak intensity is best explained by rapid hydrogen exchange rather than the onset of slow

conformational exchange.
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Figure 5.27a. H->N HSQC spectrum of Tatio: at pH 4.0 and 298 K, measured at 14.1 T
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Figure 5.27b. *H-"*N HSQC spectrum of Tatio1 at pH 5.0 and 298 K, measured at 14.1 T
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Figure 5.27c. *H-*N HSQC spectrum of Tatio1 at pH 6.0 and 298 K, measured at 14.1 T
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pH 6.0 (cyan) and pH 7.0 (blue), measured at 14.1 T and 298 K. Several resonances can be

followed from pH 4.0 to pH 7.0, yielding a partial assignment for the higher pH spectra.
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5.8. Attempts to form a cyclin T1 — Tatio2 complex in solution.

In the crystal structure of the Tat - pTEFb complex reported by Tahirov et al.'®°, Tat was
shown to directly bind to cyclin T1. However, the Tat construct was 86 amino — acids in length,
and only the first 49 residues of Tat were visible in the electron density map, suggesting that only
the visible parts of the protein adopt a fixed conformation in the complex. I sought to measure the
changes in the structure and dynamics of full-length Tatio: upon interaction with cyclin T1 in

solution by NMR spectroscopy.

In order to make the complex for crystallization, Tahirov et al. co-expressed three proteins
of the complex, human Cdk9 (1-345), human cyclin T1 (1-266) and HIV-1 Tat (1-86) in insect
cells. However, this method does not allow selective isotopic labeling of Tat protein for NMR
study. Instead, | planned to mix °N-labeled Tatio1 protein with non-labeled cyclin T1, both of
which were separately purified, so that | could observe the resonances of °N- Tatio; without the
interference from the cyclin T1. Both proteins were found to be highly soluble in HEPES buffer,
and required TCEP for stability. Circular dichroism spectra (Figure 5.28) showed that cyclin T1
denatures at low pH, requiring that the pH for complex formation is higher than 6.2. As described
above in Section 5.7, a pH titration of Tatio1 Showed that the NMR signals of the Tatio1 protein are
significantly reduced as the pH approaches neutrality. Therefore, a pH of 6.35 was determined to
be a reasonable compromise for complex formation. Salt concentration also has a significant effect
on both the solubility of Tatio: and the stability of cyclin T1. High salt concentration significantly
reduces the solubility of Tatio: but improves the stability of cyclin T1. Therefore, the two proteins
were prepared in 25 mM HEPES buffer, 2 mM TCEP, 100 mM NaCl and pH 6.35 before adding

them together with the aim of seeing as many resonances of Tatio; as possible in conditions in
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which cyclin T1 would remain stable. I also speculated that cyclin T1 might be more stable when

bound to Tat.

20

Millidegrees

-10
Wavelength (nm)

—3.8 5.2 6.2 6.8 _—7.2

Figure 5.28. Circular dichroism of cyclin T1 at different pH.

In the first attempt, a small volume of concentrated cyclin T1 (2 pL) was added to 500 pL
of concentrated Tatio1 but unfortunately aggregates were observed to form immediately. In a
second attempt, both proteins were diluted to 5 uM, and 25 mL of each protein solution were added
together. The mixture formed no visible precipitate, and was subjected to spin concentration to a
final volume of 3 mL. An NMR spectrum of the concentrated mixture (blue) was overlaid onto a
reference spectrum of Tatior protein measured under identical conditions but in the absence of
cyclin T1 (red) and is shown in Figure 5.29. The spectrum of Tatios in the presence of cyclin T1

showed many changes, including the appearance of new resonances, the diminishing of some
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resonance intensities and the shifting of several resonances, as indicated in the figure. These
observations suggest that the Tati01 conformation was changed significantly upon interaction with
cyclin T1. However, because the spectrum of Tatio:1 assigned at pH 4.0 was so different from that
observed at pH 6.35 in the presence of cyclin T1, it was not possible to transfer any assignments
to the new conditions. No further attempts were made to assign this spectrum however, in the
future site-specific labeling of multiple amino acids or NMR experiments using residue — selective

pulse sequences might be able to assign some of the peaks.

Another notable feature of the spectrum of Tatio1 interacting with cyclin T1 is that the
chemical shift dispersion of the peaks is small suggesting that although the Tatio1 conformational
ensemble may have changed significantly in some parts of the protein upon interaction with cyclin

T1, it still appears to be substantially disordered.
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Figure 5.29. *H-*N HSQC spectrum of Tatao: - cyclin T1 complex (blue) overlaid onto *H-
15N HSQC spectrum of Tatio1 (reference spectrum) at 298K and pH 6.35 (red). The arrows indicate
peaks that shifted, or changed in intensity compared with the reference. Spectra were acquired

on the INOVA 600 MHz NMR spectrometer at University of Manitoba.
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5.9. Molecular dynamics simulations.

Recently, advances in hardware and software have permitted long time-course classical

molecular dynamics simulations of proteins including 1DP’s*%

. In order to explore the
conformational preferences of HIV-1 Tat, | computed two 100 ns simulations of the protein
solvated in water using GROMACS®*®. An IDP is an ensemble of many different conformations.
Therefore, simulation of an IDP requires sampling a large potential energy surface (PES) with
multiple minima corresponding to the possible conformations. By starting with a linear, fully-
extended conformation, the bias toward any conformation or class of conformations can be
avoided since the protein can randomly adopt any conformation during the simulation time.
However, in comparison with a condensed, globular conformation a completely extended protein
structure requires a much larger boundary box and a much higher number of water molecules to
solvate the protein. And the longer the protein sequence, the more computationally demanding the
simulation becomes. Therefore, instead of using full-length hexahistidine tagged protein, only the
first exon of Tat (Tat72) was simulated. A cubic solvent box required 1126485 mTIP3P water

molecules to solvate Tatz2. This could be reduced significantly by using a rhombic dodecahedron

where the number of water molecules was reduced to 442085 mTIP3P water molecules.

Two 100 ns simulations of Tat72> were conducted. Each simulation took 15 days to complete
on a computer that had 36 physical cores (72 logical cores) and 2 GTX1080 Pascal GPUs, and
generated 50 million structures for each of the 2 resulting trajectories. The resulting trajectories
(A and B) showed different conformational evolution pathways, suggesting that the PES of Tat7.
was not fully explored. In order to fully sample the PES, a multicanonical simulation method, such
as replica exchange, would be needed*®. However, the simulations still provide instructive
information about the dynamics of Tatz>.
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Figure 5.30. Radius of gyration of the two 100 ns simulations of Tatz2. The simulations
were conducted on a computer with 72 logical cores and 2 GPUs, using a linear starting
conformation. After the first 35 ns, both resulting trajectories (A in red and B in blue) adopt lower

and fairly stable compactness.

The radius of gyration (Rg) represents the compactness of a protein. Formally, it is the root-
mean-square distance of the atoms in the protein from its center of mass. Structural elements such
as o-helix and B-sheet greatly increase the compactness of protein, resulting in a lower Rg. Folded
proteins are much more compact compared with IDPs, and therefore have lower Rg values. Radius
of gyration profiles for the two simulated trajectories are shown in Figure 5.30. At the beginning
of the simulations, Rg values in both trajectories are high due to the highly extended starting
structures of Tatz.. After 35 ns, the protein in both trajectories adopts lower and fairly stable
compactness, reflected in the low standard deviations of 0.31 nm for trajectory A (red) and 0.13
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nm for trajectory B (blue), for the remaining 65 ns in both simulations. The protein in trajectory
B (blue) adopts a very stable Ry between 50-100 ns (1.2 - 1.4 nm) whereas the protein in
trajectory A (red) is less compact (2.0 - 2.6 nm). The radius of gyration of trajectory A (red) has
a small reduction after 10 ns (from 35 ns to 45 ns), and the protein becomes more compact for
40 ns (from 45 ns to 85 ns) before the compactness is increased again. This suggests a
structural fluctuation during this time frame, and it happens on the nanosecond timescale. The
radius of gyration of trajectory B remains stable over the final 60 ns of the simulation. The radius
of gyration of a folded protein of similar size to Tatz, (8.345 kDa) is estimated to be 1.2 nm
using the method proposed by Smilgies et al.*!! In both simulations, Tat7, shows a lower

compactness, reflected in a higher value of radius of gyration, compared to a folded protein.

A timeline analysis was done using a program integrated in the GROMACS package, called
DSSP (Define Secondary Structure of Proteins)*2 413, showing the structure of the protein at each
time step of the simulation (called a trajectory frame). The DSSP algorithm defines cooperative
secondary structure as repeats of the elementary hydrogen-bonding patterns “turn” and “bridge”.
Repeating turns are “helices,” repeating bridges are “ladders,” connected ladders are “sheets”, and
curved segments are defined as “bends.” Results for trajectory A and B are shown in Figure 5.31

and 3.32 respectively.
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Both trajectory timelines, are dominated by non-structural elements such as coils-white,
turns-yellow, and bends-green. This is expected from the NMR data reported above. In addition
however, the trajectories show the formation of several transient structures. On trajectory A, the
most obvious is the segment from Ser46 (Ser66 in hexahistidine tagged Tatio1) to GIn54 (GIn74 in
hexahistidine tagged Tatio1) that forms a fairly stable a-helix after about 40 ns (blue in Figure
5.31). In trajectory B (Figure 5.32), this helix does not exist, instead, the segment contains a turn
that transiently converts into a 310 helix with a life time of around 2 ns. Therefore the existence of
the helical segment is evidence of conformational fluctuation of Tat protein. This fluctuation may
happen on a timescale longer than ps-ns as it is stable over the course of more than 60 ns on
trajectory A. However, it is undetectable by NMR relaxation dispersion and likely does not remain
stable on the pus — ms timescale. It also seems to be biologically relevant because the crystal
structure of EIAV Tat and TAR in complex3* also shows the formation of helical structure in the
arginine-rich region (Leu48 - 11e59 of EIAV Tat) that covers this segment (Figure 5.33), in

agreement with the simulation.
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Cyclin T1

TAR RNA _
37c24

Figure 5.33. Structure of the cyclin T1 - EIAV Tat - TAR complex. The C-terminal region
of EIAV Tat (residues 41-69, magenta) binds to the first cyclin box repeat of CycT1 (residues 5-
267, blue) and also interacts with the major groove and loop region of TAR (nucleotides 3-24,
gray). The cyclin-specific N- and C-terminal helices of CDK9 are colored yellow and red,
respectively. Nucleotides A3 and U24 were mutated to G3-C24 to stabilize the stem formation at
the 5' and 3' ends of TAR. Reprinted with permission from reference *°*. Copyright © 2008 Nature

Publishing Group.
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Other short transient structures that consist of 3 or 4 residues are also observed such as the
a-helix from Prol7 to Ala21 (Pro37 - Ala4l in Tatio1) with a life time of around 15 ns, and the 310

helix from Pro59 to Gly61 (Pro79 - Gly81 in Tatioz1) with life a time of about 40 ns.

Figure 5.34 shows some conformations of Tat7> that are sampled during the simulation.
Besides the structural elements (helices and sheets) recognized by the DSSP algorithm, a hairpin
is formed at the N-terminus in both trajectories. Interestingly, it is also found in the crystal structure
of Tat — pTEFb*®® (see Figure 5.34). This structure is stabilized in the complex by wrapping around
the cyclin T1 of pTEFb. Overlaying structures from the simulation results onto the experimental
structure does not yield a perfect fit due to the constant local fluctuation in the hairpin region in

the free protein.
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: ‘%/\../

Trajectory A, frame 3250 Trajectory A, frame 4000

N-ter

N-ter

Trajectory B, frame 3961 Trajectory B, frame 3758

N-ter

C-ter

Tat in complex with pTEFb (not shown)

Figure 5.34. Sampled conformations during simulations of Tat7> and the structure of the
visible segment, (residues 1 — 49), of Tatsg in the crystal structure of Tat-pTEFb complex!®® (PDB
entry 3mi9). The structures were generated using VMD and the structural elements are color

encoded as follows: coil — white, turn — yellow, a-helix — blue, 310 - helix — gray.
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Figure 5.35 shows the order parameters for the N-H bond vectors of Tat7» that were
calculated using the last 60 ns of each simulation where the protein adopts a lower and fairly stable
compactness as shown on the radius of gyration analysis (Figure 5.30). The values of S? below 0.8
throughout the protein in both simulations suggest the high flexibility of the Tat7> backbone. In
both simulations, the C-terminus of Tat7> is more flexible than the rest of the protein, reflected in
the lower order parameter value of the last 10 residues in this region. These observations are in
agreement with the previously reported results on this protein segment'®°, and also in agreement
with the NMR results on the full-length Tatio1 protein described in previous sections. During the
course of the simulations, the sampled conformations of Tat7 in trajectory A (in red, top panel)
are more flexible than in trajectory B, reflected in the significantly lower order parameters. Several
residues have order parameter values close to zero with excessively high errors due to the
insufficient simulation time. The discrepancy between the simulated and measured order

parameters is further evidence that the entire PES was not sampled during each of the simulations.
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Chapter 6

Conclusions

Full-length Tatio1 protein was successfully expressed and purified in high yield by using a
bacterial expression system and metal affinity chromatography. The protein was isotopically
labeled using different labeling strategies including uniform labeling, site-specific labeling and
unlabeling, and the product was suitable for NMR study. During the purification, I found some

evidence suggesting that the second exon of Tat increases the solubility of the protein.

The backbone resonances of non-proline residues of Tatio1 protein were nearly completely
assigned. The sequential assignment process was facilitated by uniformly *C- and *N-labeled
protein. The site-specific labeling and unlabeling methods greatly reduced the spectral crowding
and provided keystones for the assignment of full-length Tat. The unlabeling method used much
cheaper chemicals (**N-NHsCl and non-labeled amino-acids) compared to the site-specific
labeling method which requires expensive isotopically labeled amino acids, and still provides a

similar amount of information to support the sequential assignment process.

Relaxation and hydrogen exchange measurements on reduced Tatio; at pH 4.0 confirmed
the disordered nature of the protein and the second exon product. The protection factors in
backbone hydrogen exchange experiments were less than one and this suggested that the highly
basic Tat protein concentrates hydroxide ions. To my knowledge this is the first time this has been
observed for a protein. Spectral density mapping showed a high flexibility in the termini, and a

slightly more restricted region around the only tryptophan residue suggesting the possibility of a
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propensity to fold there. Secondary structure propensity was mapped along the sequence, showing
the protein tendency to adopt different conformations. Molecular dynamics simulations on the first
exon of Tat showed transient structural elements formed during the simulation that is dominated

by disordered conformations.

Comparisons of my results to published X-ray diffraction structures of Tat complexes
strongly suggest that different segments of Tat function by different mechanisms. The
acidic/proline-rich region has a propensity to form a-helix, but in the Tat-P-TEFb structure, the
bound conformation contains B-turns and extended regions'®® (see Figure 1.16). Because the
fraction of B-structure is undetectable, conformational selection seems unlikely unless the binding
affinity of the bound conformer is sufficiently high to compensate for the very small fraction of
protein in the B-conformation. It is more likely that this region of Tat forms the bound

conformation through interactions with cyclin T1 in an induced-fit mechanism.

The TAR-binding region (Gly48 — Arg57 in Tatio: without the His-tag) shows a similar
behavior. Free in solution, it has a propensity to form a B-conformation, which is likely to be a
consequence of the high positive charge density in this segment. In contrast, in the EIAV-Tat-
TAR-cyclin T1 complex, the structure is helical®*** (Figure 5.33) suggesting that binding to TAR
induces the helical conformation. Another possibility is that the interaction between Tat and TAR
is initiated by conformational selection by TAR for the transient a-helix on the N-terminus of Tat’s
arginine-rich region (Ser46 — GIn54) which is observed in MD simulation A (see Figure 5.31).
After the initial contact, the anionic RNA would help direct the folding of the basic segment of Tat
(Gly48 — Arg57) through charge compensation to form the helical structure. It has been argued
previously*!* that despite the apparent entropy penalty in flexibility, preformed secondary structure

may be advantageous during IDP binding interactions, suggesting a mechanism that combines
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elements of conformational selection and induced fit. This argument rests partly on experiments
that show weaker binding of IDPs rigidified in the apparent bound conformation®!®. However, the
reduced affinities of rigidified structures could be the result of an imperfect match with the bound
conformation rather than a requirement for flexibility during the binding process. They also do not
take into account the likelihood that bound structures are flexible. TAR, for example, is a highly
flexible molecule, and flexibility in the bound conformation of Tat may lower the entropy penalty

of rigidification of TAR.

The cysteine-rich region (C22 — C37 in Tati01 Without the His-tag) was found to be prone
to oxidation even in reduced conditions and low pH. It is predicted to form an a-helix region in
most structure prediction programs (Figure 5.12). Experimental data shows a measurable
propensity to form the helical structure that is found in the Tat-P-TEFb structure. However, in the
two 100 ns simulation trajectories, this conformation is not observed, suggesting that the formation
of the helix may happen on a longer timescale that requires a longer simulation time to sample. It
is also possible that this region requires zinc ions to chaperone the folding. Indeed, it’s very likely
that the folding of the cysteine-rich region is strongly influenced by zinc ions in vivo and their
absence both from NMR experiments and in the MD simulations is a weakness of these studies.
The addition of zinc would significantly improve the validity of the structural and dynamics

information obtained for this region of Tat.

IDPs are often described as having low complexity because they are rich in some amino
acids and sometimes exhibit residue repeats’®. Especially in the case of multifunctional hub
proteins such as Tat, the low sequence complexity hides an exquisite design that has been fine-
tuned by evolution. HIV-1 Tatio1 contains multiple segments that can bind to multiple proteins

and/or nucleic acids with different affinities while at the same time avoiding misfolding and
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aggregation in the unbound state. Random polymers, while highly flexible, tend to form glassy
structures in which single mutations lead to local free energy minima and kinetic traps preventing
folding and the biological activity upon which it depends®®. In contrast, the Tatio: sequence is
highly conserved to allow it to exist in an unfolded conformation that avoids kinetic traps but is
poised to fold in the presence of partners. Understanding the relationships among IDP sequence,
structure, and dynamics will not only deepen our understanding of IDP behavior but also likely

lead to new inhibitors in a variety of diseases, including viral infections*6:417,

Given the results of this research, there are many directions in which to take future studies.
Of key importance is to study Tatioz in the process of binding with partners, which will require
development of protocols to form Tatior complexes in vitro. In the crystal structures of Tat-
PTEFD® and Tat - pTEFb - AFF4%8:41% only the first exon product of Tat (Tatss) was used. In
the most recent study that reports the crystal structure of Tat - pTEFb - AFF4 - TARY® the Tat
construct used was even shorter, having only 57 amino acids in length. In both cases, only the first
49 residues of Tat were visible. Therefore, NMR or molecular dynamics simulations of the
complexes using the full-length Tatio1 protein will provide a lot more useful information on the

remaining regions of the protein.
FUTURE DIRECTIONS:

In my research, | attempted to make soluble complexes of full-length Tat with TAR RNA
as well as with cyclin T1 in order to study the changes in the structure and dynamics of Tat induced
by its binding partners. All of the complexes | made were insoluble at the relatively high
concentrations needed for analysis by NMR spectroscopy. In contrast, as mentioned above, several
soluble complexes of Tat fragments have been achieved for the purposes of crystallization for X-

ray diffraction analysis'® 1’7419 |t’s possible that the methods used in those studies might permit
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the formation of soluble Tat complexes for NMR purposes. One approach is to express Tatioz as
a fusion protein with a binding partner. Another approach is to co-express Tatio1 with a binding
partner and isolate the soluble complex from the expression host. However, neither of these
approaches has been shown to work with full-length Tatio1 and it’s possible that the large amount
of disordered unbound protein may result in insolubility of complexes, at least at high
concentrations. So, these approaches may work only for short Tat fragments. Also, it’s important
to point out the solubility requirements of NMR and X-ray diffraction are different. For X-ray
diffraction, concentrated samples must be temporarily soluble and crystallizable whereas for
NMR, samples need to be stable and soluble at high concentrations for about 1 week. Finally, it’s
worth mentioning that in one of these reports among dozens of trials complexes prepared under
identical conditions only one yielded useful data illustrating the difficulties and unpredictability in

the preparation of these complexes.

Following the X-ray crystallographers, one might also consider studying fragments of Tat
that might be much more soluble in complexes than the full-length protein. If each of the binding
regions of Tatio: interacts with a binding partner independently of the rest of the protein regions
then this could be a powerful approach to understanding Tatio1 Structure, function and dynamics
both by NMR spectroscopy and MD simulations (see below). Indeed, we have shown here that
the entire protein is intrinsically disordered and this suggests that each region might fold and
function independently of the rest of the protein. We were reluctant to take this approach in the
present study as it presupposes the independence of each part of the protein and it is certainly
possible that the folding of one region of Tat might influence the folding of adjacent regions.
Furthermore, in vivo, the functioning protein is 101 residues and we wanted our results to be as

directly applicable to a living cell as possible.
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Along these lines the in-cell NMR technique*?° might also be used in the future to further
study the full-length Tati01 protein. Both prokaryotic and eukaryotic cells can be used as the host
system. For prokaryotic host cells, the cell culture is subjected to cell growth and induction
protocols so that the recombinant protein will be overexpressed to a sufficient level to be detected
by NMR above the other cellular components. For eukaryotic host cells, the labeled protein is
usually purified first, and then incorporated into cells by microinjection, or through re-sealable
pores in the membrane. High-resolution heteronuclear multidimensional NMR spectra of proteins
in living cells can be observed. As opposed to “in vitro NMR”, the technique is capable of
providing highly important information about the behavior of the protein in its functioning
environment, as well as indicating effects such as crowding in the cellular environment on the

protein.

In my research, | used NMR-based chemical shift and scalar coupling constant
measurements to characterize the conformational landscape of unbound Tatio:. These
measurements were supplemented with preliminary MD simulations. More detail about the
conformations of Tatio: may be measurable by several different NMR approaches. For example,
residual dipolar coupling (RDC) measurements*?!, in which the protein is dissolved in an
anisotropic medium to restrict the overall reorientation, giving rise to non-zero RDCs, may provide
additional information about specific structural properties such as transient secondary and tertiary
structures. Another experiment may be used is the paramagnetic relaxation enhancement (PRE)
measurement*?! which can provide the transient long-range contacts of the protein. Both of these
approaches have been used successfully when applied to IDP’s and yielded valuable information

about the conformational landscape of the proteins.
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The molecular dynamics simulations in this project generated two 0.1 ps trajectories, which
likely insufficiently sampled the PES of the Tat protein. A possible improvement is to use
multicanonical molecular dynamics simulations to enhance sampling of the system and explore
the full conformational ensemble. Also, by extending the simulation time to the millisecond range,
the dynamics on the microsecond and millisecond timescales can be explored, providing close to
the full dynamic landscape of the Tat protein. In the long-term, when computational speed has
increased sufficiently it should be possible to simulate the full-length Tat protein in interactions
with each and all of its binding partners. Such studies will help to determine the mechanism(s) by
which Tat interacts with its partners and enhances transcription activation. This knowledge might
lead to the design of new anti-HIV-1 therapies because Tat is essential to viral replication.

Unfortunately, we may have to wait perhaps a decade for this approach to become a possibility.

One of the difficulties encountered in the MD simulations of Tat is the large number of
water molecules that must be simulated because the simulation starts with a fully extended
polypeptide. The number of water molecules could be greatly decreased by simulating the
dynamics of each of the individual binding segments as discussed above. It might even be possible
to run long simulations of Tat fragments with small binding partners such as TAR and cyclin T1
using current technology. Another possibility is the simulation of full-length Tatio1 or of its
arginine-rich fragment in a lipid bilayer that might provide insight on the mechanism through

which the protein crosses membranes and is expelled from HIV-1 infected cells.
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Appendix A

Resonance Assignments for
His-tagged Tatio1

Table A.1. Resonance assignments of the His-tagged Tatio1 from HIV -1 determined at pH 4.0

and 293 K.
. . Chemical shift (ppm)
Position Residue type
Hq Ca Cs c N Hn
1 MET . . . .
2 GLY . 43.6 . 170.45 . .
3 SER 4.524 58.34 64.22 174.65 115.6 8.681
4 SER 4.396 58.46 64.04 174.55 117.9 8.481
5 HIS 4.665 55.33 29.02 174.25 120 8.556
6 HIS 4.651 55.32 29.3 174.25 119.2 8.54
7 HIS 4.666 55.39 29.4 174.25 120 8.716
8 HIS 4.669 55.46 29.49 174.25 120.4 8.784
9 HIS 4.661 55.65 29.48 174.25 120.9 8.792
10 HIS 4.72 55.52 29.53 174.25 121.5 8.769
11 SER 4.497 58.43 64.14 174.55 118.7 8.564
12 SER 4.49 58.73 64.16 174.95 118.4 8.563
13 GLY 3.958 45.4 . 173.85 110.6 8.424
14 LEU 4.365 55.26 42.59 177.25 121.8 8.115
15 VAL 4.404 59.99 . 174.55 123.2 8.188
16 PRO . 63.25 32.26 177.05 . .
17 ARG 4.317 56.59 31.05 177.15 122.1 8.49
18 GLY 3.982 45.41 . 174.25 110.4 8.481
19 SER 4.413 58.54 64.13 174.45 115.5 8.208
20 HIS 4.716 55.51 29.06 174.15 120.2 8.599
21 MET 4.319 55.49 33.19 175.85 121.8 8.391
22 GLU 4.635 54.23 . . 123.5 8.475
23 PRO . 63.16 32.24 176.75
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24 VAL 4.03 62.13 33.16 175.75 120.5 8.182
25 ASP 4.854 51.79 . 175.25 125.9 8.387
26 PRO . 64.01 32.3 177.65 . .

27 ARG 4.143 57.17 30.33 176.95 118.8 8.377
28 LEU 4.287 55.08 42.32 177.05 120.2 7.87
29 GLU 4.208 54.07 . 174.45 120.4 7.94
30 PRO . 64.27 31.81 176.85 . .

31 TRP 4.605 57.47 28.77 176.35 117.6 7.45
32 LYS 4.167 56.29 33.14 175.75 122.3 7.609
33 HIS 4.861 53.32 . 172.35 119.2 8.096
34 PRO . 63.76 32.27 177.75 . .

35 GLY 4.012 45.42 . 174.35 109.8 8.601
36 SER 4.467 58.4 64.17 174.35 115.4 8.186
37 GLN 4.611 53.95 174.05 123 8.426
38 PRO . . . . . .

39 LYS 4.341 56.7 33.13 177.05 121.9 8.52
40 THR 4.309 61.81 70.19 174.25 115 8.068
41 ALA 4.363 52.72 19.52 177.65 126.4 8.36
42 CYS 4.559 58.72 28.17 175.05 118.9 8.39
43 THR 4.356 62.18 69.93 174.45 116.4 8.264
44 ASN 4.712 53.53 39.03 175.15 121 8.408
45 CYS 4.44 58.77 28.13 174.35 119.2 8.231
46 TYR 4.585 58.25 38.73 175.65 122.6 8.276
47 CYS 4.435 58.52 28.26 174.25 1211 8.109
48 LYS 4.252 56.84 33.37 176.55 124.3 8.317
49 LYS 4.312 56.65 33.26 176.55 123.5 8.351
50 CYS 4.457 58.66 28.25 174.45 120.6 8.378
51 CYS 4.466 58.57 28.23 174.05 121.7 8.369
52 PHE 4.598 57.94 39.96 175.45 122.8 8.259
53 HIS 4.642 55.28 29.27 173.85 120.8 8.453
54 CYS 4.424 58.65 28.29 174.35 120.6 8.349
55 GLN 4.32 56.21 29.74 175.95 123.3 8.576
56 VAL 4.08 62.66 33.13 175.85 121.9 8.224
57 CYS 4.461 58.47 28.33 174.15 122.9 8.327
58 PHE 4.679 57.91 39.85 175.55 123.5 8.348
59 ILE 4.193 61.23 39.03 176.15 122.9 8.103
60 THR 4.29 62.15 69.99 174.55 118.9 8.156
61 LYS 4.273 56.65 33.24 176.25 124.2 8.282
62 ALA 4.28 52.69 19.29 177.75 125.2 8.277
63 LEU 4.306 55.52 42.72 178.15 121.5 8.192
64 GLY 3.931 45.56 174.35 109.1 8.32
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65 ILE 4.141 61.42 39.1 176.45 119.9 7.931
66 SER 4.434 58.28 64.02 174.45 119.2 8.299
67 TYR 4.537 58.52 39.03 176.55 122.7 8.219
68 GLY 3.894 45.65 . 174.25 110 8.334
69 ARG 4.296 56.49 31 176.65 120.6 8.134
70 LYS 4.28 56.62 33.17 176.65 122.8 8.322
71 LYS 4.274 56.55 122.8 8.324
72 ARG . . . . .
73 ARG . 56.3 31.03 176.25 123.3 8.498
74 GLN 4.337 55.85 30.04 175.85 122.6 8.511
75 ARG 4.32 56.26 31.21 176.25 123.6 8.525
76 ARG . 56.15 31.17 176.15 123.3 8.498
77 ARG 4.603 54.17 173.95 124.5 8.513
78 PRO . . .

79 PRO . 63.18 32.19 177.15 . .
80 GLN 4.324 56.19 29.94 176.75 121 8.544
81 GLY 4 45.44 . 174.35 110.5 8.495
82 SER 4.436 58.73 64.07 174.95 115.6 8.288
83 GLN 4.401 56.11 29.54 176.35 122.2 8.54
84 THR 4.27 62.18 69.97 174.45 114.8 8.128
85 HIS 4.717 55.36 29.11 174.15 120.6 8.525
86 GLN 4.362 56.08 29.73 175.95 122.5 8.473
87 VAL 4.136 62.49 33.13 176.15 122.2 8.326
88 SER 4.479 58.21 63.99 174.65 119.7 8.426
89 LEU 4.396 55.4 42.53 177.55 125.1 8.406
90 SER 4.407 58.56 64.05 174.55 116.5 8.269
91 LYS 4.339 56.29 33.16 176.35 123.5 8.345
92 GLN 4.591 53.91 . 174.15 122.8 8.359
93 PRO . 63.25 32.27 176.75 . .
94 ALA 4.315 52.76 19.38 177.95 124.4 8.459
95 SER 4.425 58.24 64.1 174.25 114.9 8.243
96 GLN 4.649 53.9 . 174.15 123 8.339
97 PRO . 63.38 32.29 177.05 . .
98 ARG 4.331 56.35 31.17 176.95 121.6 8.5
99 GLY 3.931 45.21 173.45 110 8.369
100 ASP 4.908 52.31 . 174.85 121.2 8.311
101 PRO . 63.78 32.24 177.45 . .
102 THR 4.356 62.12 70.03 175.05 113.1 8.253
103 GLY 4.099 45.19 . 172.05 111 8.118
104 PRO . 63.42 32.29 177.45 . .
105 LYS 4.284 56.66 33.07 176.95 121.4 8.467
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106 GLU 4.349 56.38 30.01 176.45 121.4 8.352
107 SER 4.424 58.61 64.05 174.65 117.5 8.38
108 LYS 4.337 56.43 33.13 176.45 123.2 8.312
109 LYS 4.256 56.62 33.2 176.55 122.5 8.246
110 LYS . 56.62 33.2 176.55 122.5 8.246
111 VAL 4.092 62.49 32.96 176.25 122.3 8.214
112 GLU 4.36 56.32 30.03 176.15 125 8.474
113 ARG 4.326 56.37 33.26 176.35 122.1 8.379
114 GLU 4.456 56.47 29.72 176.35 123 8.405
115 THR 4.311 62.11 70.04 174.65 114.7 8.163
116 GLU 4.308 56.46 29.72 176.25 122.8 8.401
117 THR 4.342 61.93 70.03 174.15 114.7 8.163
118 ASP 4.93 52.47 . 173.75 123.5 8.376
119 PRO . 63.41 32.25 176.95 . .

120 VAL 4.115 62.44 32.88 175.45 119.4 8.197
121 ASP 4.507 54.6 126.6 8.035
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Appendix B

Gene sequence of the full-length HIV-1
Tatio1

CATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGGAACC
GGTCGACCCGCGTCTGGAACCATGGAAACACCCCGGGTCCCAGCCGAAAACCGCGT
GCACCAACTGCTACTGCAAAAAATGCTGCTTCCACTGCCAGGTTTGCTTCATCACCA
AAGCCCTAGGTATCTCTTACGGCCGTAAAAAACGTCGTCAGCGACGTCGTCCGCCGC
AGGGATCCCAGACTCATCAAGTTTCCTTGTCCAAGCAACCGGCGTCTCAGCCGCGTG
GTGACCCGACCGGTCCGAAAGAATCTAAAAAAAAAGTTGAACGTGAAACCGAAACC
GACCCGGTTGAC
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