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Abstract

The HIV-1 Transactivator of transcription (Tat) protein is a transcriptional activator at the
site of nascent viral mRNA. Tat interacts with the Transactivation Response element (TAR) of
the 5” end long terminal repeat (LTR) of all newly formed HIV-1 mRNA transcripts and in
cooperation with TAR, recruits the host positive transcription elongation factor b (P-TEFb) in a
process that is essential for viral gene expression and viral replication. Tat has also been
implicated in numerous pathogenic processes including neurotoxicity. Although neurons of the
central nervous system are not initially infected by HIV-1, extracellular Tat can be transported
across the blood brain barrier. Tat is a 101-residue protein encoded by two exons. The first exon
encodes a 72-residue protein that is transcriptionally active. Tat;.7; is an intrinsically disordered
protein (IDP) at pH 4.1 as previously indicated by NMR chemical shifts and coupling constants,
and confirmed by analyses of the NMR '"N-relaxation parameters. Owing to the seven cysteine
residues, a high net positive charge at pH 7, and a hydrophobic core region, Tat; 7, is highly
prone to oxidative cross-linking and aggregation. The time-dependent solution stability of
Tat;_7, in various buffers approaching neutral pH in the absence and presence of reducing agent,
NaCl and various detergents was probed to determine conditions in which Tat;.7, could be
studied at neutral pH in the presence of binding partners. With and without reducing agent and
detergent, Tat, 7, is soluble in weakly acidic conditions, whereas in the presence of anionic SDS
detergent in the presence and absence of reducing agent, Tat,.7; is soluble at neutral pH. The
presence of SDS elicits a conformational change to a-helicity in Tat;_7,. In the presence of the
non-ionic DDM (dodecyl maltoside) detergent and zinc, Tat was found to be soluble at pH 4
when bound to TAR RNA; TAR binding also elicits a conformational shift to a-helicity in Tat;.

7. The B-sheet content of Tat, 7, is increased in the presence of NaCl. In similar conditions,



Tat,.7, aggregates stained with Congo Red displayed a yellow-green birefringence and a red-shift
in the Congo Red absorbance at 540 nm that is typical of f-amyloid fibril. The web-based
algorithm “WALTZ”, used to predict amyloidogenic regions of proteins, identifies the majority
of the Tat;.7; hydrophobic core region as amyloidogenic. Although Tat; 7, is an IDP, certain
regions of Tat undergo disordered-to-ordered transitions when interacting with ligands. The
helical propensity of Tat;_7; in 2,2,2-trifluoroethanol was determined to be most prominent in
residues 40 — 51 of the cysteine region and residues 64 — 74 of the hydrophobic and arginine-rich
regions. These residues may be molecular recognition features (MoRFs) that enable Tat to
interact with biologically relevant binding partners, in which case they may be the target of

future studies of small molecule inhibitors.
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Chapter 1

1. Introduction

1.1 The Human Immunodeficiency Virus

In 2009, there was an estimated 2.6 million people who became newly infected with
Human Immunodeficiency Virus (HIV) and in 2010, the UNAIDS report estimated that 33.3
million people are infected with the HIV®. However, the annual numbers of new infections is
declining and HIV carriers are living longer because of the reduction in HIV caused acquired
immunodeficiency syndrome (AIDS) related deaths due to antiretroviral therapy™®. Efforts to
control the progression to AIDS have been focused on the biology, biochemistry, and structure
biology of HIV and the interactions between viral components and drugs. Among the first viral
inhibitors were targeted towards the viral reverse transcriptase and protease inhibitors, and
treatment often involved a combination of inhibitors"”. This type of treatment does not prevent

©) " Strains

HIV infection, but delays the onset of AIDS, and gives rise to drug resistant mutants
of HIV that are resistant to current HIV treatment develop due to the error-prone reverse
transcription step of the viral lifecycle, and a very high frequency of recombination during viral
integration. One study estimates that point mutations in HIV occur 10*to 10° time per day in the
total viral load of a patient in a latent state of infection®. With the rise of mutant viruses that are

unresponsive to current HIV treatment, and a lack of effective vaccines, it is crucial to develop

HIV therapies that target interactions between viral proteins and host proteins.

HIV has been known to be the causative agent of AIDS since the early 1980’s. An

(7.8)

unknown virus was independently isolated from AIDS patients'” *’ that showed similar
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pathogenicity to T-cell viruses'”, and utitlized a magnesium dependant reverse transcriptase’”
DBy 1986, it became clear through phylogenetic studies that the cause of AIDS was a
lentivirus*’¥. HIV-1 (Figure 1.1) contains two, positive sense RNA strands encoding a reverse
transcriptase, and can persist dormant as a latent infection through a host-integrated DNA
proviral state'’”. It is CD4+ cell tropic and initial interaction occurs between the viral outer
membrane protein complex and cells displaying the CD4+ molecule’?. The host cell-derived
membrane surrounding the virus is penetrated by a glycoprotein complex responsible for CD4+
cell specificity. The complex consists of a trimeric association between gp120 trimers and gp41
trimers”’”. A depression between the outer and inner domains of the gp120 trimer facilitates
initial non-covalent interactions with a CD4+ molecule’®. The outer membrane proteins are
anchored in a spherical protein complex of matrix proteins (MA). Within the matrix exists the
conical complex of capsid proteins (CA) enclosing key enzymes, nucleocapsid proteins (NC),

and the viral genome /).
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lipid
membrane

MA (pl7) IN (p31)

Figure 1.1 A schematic representation of the HIV-1 virion. The virion is encapsulated by a host
cell-derived lipid membrane. The trimeric gp41 proteins make up the transmembrane (TM)
complex which are attached to the surface unit (SU) made up of trimeric gp120. The matrix
(MA) is beneath the lipid membrane and contains the conical capsid (CA) and a complement of
viral enzymes, diploid, positive sense RNA, and nucleocapsid proteins (NC). The enzymes
include reverse transcriptase (RT), integrase (IN), protease (PR), and the protein negative

regulatory factor (Nef). Image reproduced with permission from S. Shojania®”.
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The HIV-1 lifecycle (Figure 1.2) begins with the initial recognition and binding of the
CD4+ molecule by gp120 on T-lymphocytes. A conformational change allows gp120 to interact
with co-receptors (mainly CCRS or CXCR4). Co-receptor specificity has been attributed to a
variable loop (V3) recognition domain of gp120“”. Residue mutations within the V3 loop
region change the co-receptor specificity and vary cell tropism between cells of the immune
system displaying the CD4+ receptor®”??. The V3 loop domain of the virus may be a key
determinant in viral transmission to other immune cells displaying the main CD4+ receptor, thus
making it a target for therapeutic trials and vaccine development. In its inactive state, gp41 is
concealed, but upon gp120 co-receptor interaction, conserved structural elements of gp41 are
exposed and inserted into the host membrane for viral fusion'””. It’s possible that the structural
concealment of the conserved gp41, and the variability of the gp120 recognition domain allows

. . 2
the virus to evade immune pressure®”.

The viral capsid is released into the cell following fusion of the host cell-derived viral
membrane and the host lipid membrane. Along with two copies of its 10 kb RNA genome®”,
the uncoating of the viral capsid releases key proteins to its early lifecycle: a protease (PR),
integrase (IN), reverse transcriptase (RT), nucleocapsid (NC) and three accessory proteins (Nef,
Vif, Vpr). PR is responsible for cleaving viral poly-proteins into their active forms. It is

(25)

structurally and functionally similar to other aspartyl proteases of the pepsin family =,

containing the catalytically active triad Asp25-Thr26-Gly27. PR is the most crystallized HIV
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Figure 1.2 The lifecycle of HIV-1. Image reproduced with permission from S. Shojania
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protein, and many PR-inhibitor complexes have been solved, and have led to the development of
structure-based drug design of PR inhibitors that are in wide clinical use””. RT is responsible
for the reverse transcription of the viral RNA shortly after viral fusion. RT processes viral RNA
to form viral DNA, but can use both RNA and DNA as template for DNA synthesis®”. IN
catalyzes the integration of viral DNA into the host genome?®. Negative regulatory factor (Nef)
is responsible for downregulating the presentation of the CD4+ receptor at the host surface by
promoting the internalization of the receptor and trafficking from the membrane and Golgi
apparatus to lysosomes for degradation'’”. This process has been implicated in the prevention of
super-infection and in effective viral packaging by envelope (Env) proteins gp120 and gp41.
Viral protein R (Vpr) acts as a nuclear localization signal; as the viral capsid is uncoated in the
cytoplasm, a nucleoprotein complex believed to consist of MA, IN, NC, and RT bound to viral
RNA and viral DNA (referred to as the pre-integration complex) is transported to the nucleus as
mediated by Vpr, although there is disagreement about the involvement of MA and NC in this
complex®”*"). Viral infectivity factor (Vif) binds to host defence factor human APOBEC3G and

mediates its elimination through ubiquitination and degradation by the proteasomal pathwayw ),

The HIV-1 genome, like all primate immunodeficiency viruses, has three main genes:
gag, pol, and env (Figure 1.3). The existence of nine open reading frames and multiple protease
cleavage sites account for fifteen distinct proteins®”. Gag, Pol, and Env are synthesized as
polyproteins and cleaved into their functional units by PR. Gag proteins are structural, and
include NC, CA, MA and p6. p6 is believed to aid in viral assembly prior to budding”®. The

pol polyprotein is cleaved into RT, PR, and IN proteins. The env polyprotein gp160 is
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Figure 1.3 The open reading frames of the HIV-1 genome. Group-specific antigen (gag)
encodes a polyprotein for viral structural components (matrix, capsid, and nucleocapsid
proteins). Polyprotein (pol) encodes viral enzymes integrase, protease, and reverse transcriptase.
Vif encodes viral infectivity factor; vpr encodes viral protein R; 2 tat exons (blue) encode the
Transactivator of transcription; rev encodes regular expression of virus; vpu encodes viral
protein U; nef encodes negative factor. Env encodes a polyprotein for the envelope proteins

gp120 and gp41. Image reproduced with permission from S. Shojania**”.

proteolyzed to become the outermembrane protein gp120 and transmembrane protein gp41”).
The additional six reading frames code for the regulatory proteins Tat and Rev, along with the
accessory proteins Vif, Vpr, Vpu, and Nef. The Transactivator of transcription (Tat) is essential
to viral replication, and is responsible for activating the transcription of viral DNA at the site of
the Transactivation response element (TAR) stem-loop structure found in the 5’ end long
terminal repeat (LTR) regions of viral mRNA (Figure 1.3)%9. 1t has been implicated in many
viral processes and its multifunctional nature is the topic of this thesis. Regulator of virion (Rev)
functions to export from the nucleus unspliced viral mRNA for the translation of full length viral
proteins, and the packaging of full length viral RNA into progeny virions””. Rev interacts with

the Rev response element (RRE) located in the env coding region”® and via its leucine-rich
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nuclear export signal®”, facilitates the export of full length, or singly spliced viral mRNA®”. In
the absence of Rev, mRNA becomes multiply spliced in the nucleus, encoding the Tat, Rev and
Nef proteins. Viral protein U (Vpu) has been shown to increase the degradation of newly
synthesized CD4 proteins in the endoplasmic reticulum, thus preventing internal interaction with

gp120 and gp41, allowing their transport to the host cell surface for assembly*”.

HIV transcription will produce three classes of mRNA transcripts: full length transcripts
of about 10 kb, singly spliced transcripts of about 4-5 kb, and multiply spliced transcripts of
about 2 kb™". Different mRNAs are transcribed during different phases of the viral lifecycle.
During the early phase, the regulator proteins Tat and Rev along with Nef are produced from
multiply spliced mRNA’s“?. Tat upregulation at the site of the 5’ end LTR mRNA greatly

increases DNA processivity'*”

, while an increase in Rev promotes the export of full or singly
spliced transcripts to the cytoplasm for synthesis of replicative enzymes and structural proteins
for virion assembly”®. The transition from low to high levels of viral replication coincides with

a threshold level of Rev*”. An abundance of full length and 4 kb transcripts predominates

during the late phase of replication.

1.1.1 HIV-2 Subtype

Soon after the discovery of HIV-1, a separate sub-type was discovered in Western
Africa™. Early sequence analysis showed that the genetic code for the Env proteins of the new
sub-type differed by more than 55 %, whereas the Gag and Pol genes differed by about 40 %%,

Given the fact that a high proportion of HIV-2 carriers are deemed long term non-progressors
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(LTNPs) and that the virus is restricted endemically, it is not surprising that the majority of
research has been focused on HIV-1, but the attenuated pathogenicity of HIV-2 may be relevant
for HIV-1 therapy'*”. The relative transmission inefficiency of the virus is reflected by a long
term study of Senegalese sex workers. From 1985 to 2003, HIV-2 prevalence has declined from
8 % to 5.5 %, while HIV-1 increased from 1 % to 13.8 %“®  The relative transmission
inefficiency of the virus can be simply observed by the rates of vertical viral transmission. In the
absence of antiretroviral therapy, the transmission of HIV-2 from infected mothers to newborns
is less than 4% compared to 24.4% for HIV-1"". Transmission efficiency is directly correlated
to plasma viral load, and it has been observed that transmission of HIV-2 via sexual contact is
lower in comparison to HIV-1 and that the levels of HIV-2 in semen are related to the plasma

viral load®?,

Although the clinical syndromes of HIV-2 AIDS patients is indistinguishable from that of
HIV-1 AIDS patients, there is a higher proportion of non-AIDS HIV-2 carriers, CD4" T cell
decline is much slower, and there are fewer instances of the opportunistic Kaposi sarcoma®’”.
Baseline plasma viral load has been a good predictor of survival, and in comparison of HIV-1
and HIV-2 LTNPs, most asymptomatic, low-risk HIV-2 patients have undetectable plasma viral
RNA®?. The notion that HIV-2 is an attenuated version of HIV-1 has been refuted by in vitro
studies showing little difference in cytopathology”™. In vivo, the viral load and plasma viral
RNA levels during asymptomatic stages of infection are about 30-fold lower in HIV-2 than HIV-
199, Pro-viral loads at corresponding stages of CD4" T cell suppression are similar between the

subtypes, but plasma viral load is higher in HIV-1°?. This suggests that the sub-types have a

similar efficiency in attaining a pro-viral state, but lower levels of viral mRNA and a lower
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plasma viral load of HIV-2 suggests either tighter control of viral expression, or a lower

replicative fitness.

1.2 The HIV-1 Transactivator of Transcription

1.2.1 Tat’s Role as a Regulator

Tat is a two exon (Figure 1.3), 101 amino acid protein (Figure 1.4). The first exon codes
for the first 72 amino acids, and the second exon codes for the last 29 amino acids. Tat is
conserved among lentiviruses, and is essential to viral replication”®. An 86 amino acid version
of Tat arose from passaging in strains HXB2 and LAI, although no version of this protein has
been isolated in vivo””. This truncated version of Tat may be an artifact of a point mutation
introducing a premature termination codon®®. Tat arises from three different multiply spliced
viral mRNA’s in the host nucleus early on in the viral lifecyle””. In the absence of Tat, host
RNA Polymerase II (RNAP II) is inefficient in processing viral DNA, resulting in the premature
termination of viral transcripts®. In the presence of Tat, processivity is enhanced over a
thousand-fold.

Tat is an intrinsically disordered protein®*”

composed of functional regions that do not
constitute independent structural domains and are largely based on amino acid composition
(Figure 1.4). The first exon consists of an acidic, proline-rich N-terminal region (1-21), a

cysteine-rich region (22-37), a hydrophobic core region (38-47), a basic, arginine-rich region

(48-57), and a glutamine-rich region (58-72). The first exon product has been shown to be
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Residues 22 — 37, Cysteine-rich Region
CTNCYCKKCCFHCQVC

Residues 49 — 59, Arginine-rich Region
RKKRRQRRRPP

Residues 73 — 101, Exon 2 Segment

Figure 1.4 The amino acid sequence of the HIV-1, BH10 isolate Tat‘".

transcriptionally active, where conservation in the cysteine rich region and the basic region are

critical to transcriptional efficiency'®. Although the first exon is transcriptionally active, it has

(63)

been suggested that the second exon enhances transactivation'’, is critical for nuclear factor

(63)

kappa-light-chain-enhancer of activated B cells (NF-«B) activation'™”, is involved in blood-brain

(64) (65)

barrier (BBB) penetration by cellular uptake™”’, and enhances T-cellular apoptosis
Tat specifically interacts with the TAR element of the 5’ end LTR region of all viral
transcripts by its arginine rich motif (ARM) of the basic region (residues 48-57 of the first exon).
TAR is a 59 base stem-loop structure (Figure 1.5) that forms in nascent viral transcripts. It
contains a 6 nucleotide loop with a characteristic uridine23-cytidine24-uridine25 bulge that is

important for Tat recognition®. Tat binds specifically by its basic region to the bulge, and there
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is evidence that this region folds into a helix, allowing specific presentation of basic residues into

the groove of the TAR stem-loop'®”.
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Figure 1.5 The TAR/Tat/P-TEFb interaction complex. Reproduced with permission from

Elsevier and J. Karn®?,

Tat is a transcriptional activator at the site of viral mRNA because it acts to increase
processivity of RNAPII. Tat recruits the positive transcription elongation factor b (P-TEFb) by a
highly co-operative interaction with the TAR element (Figure 1.5). The role of P-TEFb in

uninfected cells is to promote transcriptional elongation by activating RNAPII that is paused at
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promoter sites and a feature common to about 70 % of all human genes'®”. P-TEFb is composed
of Cyclin T1 (CycT1) and Cyclin dependant kinase 9 (Cdk9). X-ray diffraction studies have
shown that P-TEFb binds to Tat by interaction with the proline-rich, cysteine-rich zinc-finger,
core, and basic regions of Tat, and mediated with numerous Van der Waal and water contacts
between the pair ?. Another X-ray diffraction study shows a tripartite interaction between
CycT1-Tat-TAR, mediated by the basic region of Tat'®”. The Cdk9 component of P-TEFb
activates RNAPII by hyperphosphorylation at its C-terminal domain. Early studies have shown
that Tat-TAR specificity is governed by specific interactions of Tat’s arginine-rich region and
the flanking glutamine and hydrophobic regions with TAR”. Phosphorylation of the carboxy
terminal domain (CTD) of RNAPII by Cdk9 of P-TEFB is achieved when Tat bound to P-TEFb
in a pre-formed complex interacts with the TAR element of halted mRNA transcripts'’?.  Tat
acetylation by p300/ CREB-response element binding protein (CBP) and p300/CBP-associated
factor (PCAF) at Lys-50 inhibits the Tat/TAR interaction””. In another study of HIV-1, Tat

acetylation at Lys-28 by PCAF enhances the stablility of the CycT1-Tat-TAR complex'?.

Tat’s role as a regulator of transcription at the level of mRNA is accomplished by its
ability to activate Cdk9 kinase to phosphorylate the CTD of RNAPII (Figure 1.6)”. Recently,
new research shows the manner in which P-TEFb activates transcriptional elongation by Tat
recruitment’? 7% 7 In its inactive form, P-TEFbD is associated with the 7SK small nuclear
ribonucleoprotein (snRNP) in a complex including the inhibitory protein Hexim1 and/or
Hexim2, LARP7, SART3, and MePCE (a 5’-end 7SK capping enzyme)?. Heximl and/or
Hexim?2 association with a 5’-end hairpin of the 7SK snRNP represses the kinase activity of P-

TEFb"Y. In the absence of Tat, it has been shown that the 7SK snRNP assembly can associate
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with the pre-integration complex (PIC) consisting of transcriptional factors on the HIV-1

promoter'’?. During initial, inefficient HIV-1 transcription, Tat is synthesized and associates

with the 7SK snRNP complex. Tat may associate with the 7SK snRNP complex before

i

(B)

Figure 1.6 Tat transcriptional activation
model. (A) Tat associates with the 7SK
snRNP complex, including the inactive
p-TEFb complex, and Hexim 1
inhibitor. Tat association with p-TEFb
may displace Hexim 1.

(B) 7SK snRNP assembly can associate
with the pre-integration complex
consisting of transcriptional factors on
the HIV-1 promoter. This may occur
before association with Tat.

(C) Nascently formed TAR at the 5’-end
of viral mRNA transcripts forms a
tripartite interaction with Tat/p-TEFb
mediated by Tat. The 7SK snRNP is
displaced from the pre-integration

complex.



Hexm 1

Figure 1.6 continued: (D) Carboxy-terminal domain phosphorylation at Ser-2 of RNAPII, DSIF,

and NELF by Cdk9 initiates elongation. Figure reproduced with permission from S. Shojania’””.

association with the PIC in compartmentalized regions of the nuclear space, referred to as
nuclear speckles, where P-TEFb and 7SK snRNP association takes place®”. Tat relieves P-
TEFDb inhibition by displacing Hexim1 or altering the conformation of P-TEFb, which in turn
displaces Heximl. A multisubunit negative elongation factor (NELF) and DSIF/Spt4-Spt5
(DRB sensitivity inducing factor) arrests RNAPII transcriptional elongation after promoter
clearance®”. The nascently formed TAR at the 5’-end of viral mRNA transcripts forms a
tripartite interaction with P-TEFb mediated by Tat. It is believed that once the P-TEFb/Tat/TAR
interaction is formed, the 7SK snRNP complex is displaced from the PIC and phosphorylation at
Ser-2 of RNAPII by Cdk9 initiates elongation. Phosphorylation of DSIF and NELF also

regulates transcriptional activation by relieving their inhibition.
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1.2.2 Other Biological Roles of Tat

The scientific literature on HIV-1 Tat contains thousands of reports of the effects of Tat
on cells, metabolic and signaling pathways and of direct interactions with many proteins. A
proteomics study involving the 1-86 amino acid Tat variant was conducted by subjecting Jurkat
T-cell nuclear extracts to affinity chromatography containing immobilized glutathione S-
transferase (GST) tagged 1-86 amino acid Tat, and a control column containing only GST®?.
Following extensive washes to remove non-specific interactions, the proteins were eluted under
denaturing conditions, separated by 1-D sodium dodecyl sulfate polyacrylamide gel
electrophoresis, digested by trypsin, and submitted to tandem mass spectrometry analysis for
identification. Following an in silico analysis, an interaction profile showed that Tat interacts
with 183 proteins in total. A motif analysis revealed that Tat interaction involves proteins
containing domains for mediating protein, DNA, RNA, ATPase, and helicase activities. This
suggests that Tat’s biological role is one involving gene replication, expression and regulation,

chromatin remodeling and organization, and nuclear organization with the most represented

process being transcription (39 %).

Neuronal loss and neurogenic inflammation occurs in patients infected with HIV,
although neurons are not initially infected®”. One hypothesis that has been put forward is that
neurotoxicity is mediated by HIV-1 Tat. Tat is actively secreted into the extracellular
environment by infected CD4+ presenting T-cells and macrophages, and can be taken up by
neighbouring, uninfected cells like neurons, astrocytes and glial cells®”. Tat can also be

(85

transported across the BBB', is neurotoxic, and capable of inducing oxidative stress in a dose-

dependent manner'®”. Tat has been detected in the sera of HIV-infected patients at low
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nanomolar concentrations, which may be an underestimation since Tat may become associated
with heparin sulfate (a protein widely expressed on cell surfaces)®”, whereas in vivo

measurements are difficult because Tat antibodies have weak affinity®. Tat mRNA levels are
elevated in brain extracts from individuals with HIV-1 dementia and Tat has been hypothesized

to be a contributor to HIV-dementia®” *?.

The aggregation and adhesion of rat cerebellum neurons was promoted by full length Tat

o1

in vitro, an effect that appears to be caused by the basic, arginine-rich region""’. Monoclonal

antibodies raised against the arginine-rich region prevented and reversed the aggregation of rat
cerebellum neurons in vitro, but antibodies raised against the proline-rich region had no effect®”.
The regions of the brain that are particularly susceptible to Tat toxicity are the striatum,

©2.99) " Tat-induced

hippocampal dentate gyrus, and the CA3 region of the hippocampus
neurodegeneration is believed to involve an excitotoxic mechanism involving calcium. When
interacting extracellularly, Tat is capable of depolarizing human cortical neurons, increasing
intracellular Ca*, and initiating neuronal apoptosis“”**?. Of particular interest to us is that the
central nervous system (CNS) regions susceptible to Tat toxicity and the pathological effects of

the protein are similar to those observed for p-amyloid in Alzheimer’s discase””.

9 8), and the

HIV-infected cells enter the CNS by a proposed “Trojan horse” strategy
disease related deterioration of the CNS is referred to as NeuroAIDS. HIV-infected monocytes
in peripheral tissue migrate across the BBB. The virus begins to replicate efficiently once the

host monocyte differentiates to a macrophage'®”. Following CNS invasion, infected

macrophages actively produce and release HIV, as well as a variety of proinflammatory factors,
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which adversely affect the function of surrounding cells, resulting in HIV-associated
encephalopathy and HIV-associated dementia. Once the CNS becomes infected, inflammatory
conditions associated with NeuroAIDS can increase the rate of leukocyte migration, stimulating
more infected monocytes to cross the BBBY””. CNS infection occurs concurrently with the
dysregulation of tight junction proteins produced by brain microvascular endothelial cells
(BMEC) that are responsible for maintaining the integrity of the BBB. Blood-borne Tat has been
shown to cross the BBB and has been implicated in disrupting the BBBY??. A study has shown
that Tat can induce the phosphorylation of focal endothelial kinase, leading to increased BMEC

permeability by altering focal adhesion assembly"’?.

Tat neurotoxicity can occur by specific interaction with the neuronal cell membrane when
exposed extracellurarly, but when introduced intracellularly, it does not alter the neuronal
membrane potentials’”. Tat binds to low-density lipoprotein receptor related-protein (LRP) on
neurons, becomes internalized, and transported to the neuronal nuclei’. The arginine-rich,
basic region of Tat is classified as a cell penetrating peptide and contains a nuclear localization
signal(105). Any deletion to this basic region (47-57) reduces the membrane translocation activity
of the protein"/’”. Peptides designed to contain the arginine-rich motif have been used to
transport into cells a variety of materials including proteins, genes, antibodies, magnetic

nanoparticles, drugs, and liposomes/?”.

Intracellular and extracellular activities of Tat have been attributed to the unique

sequence domains contained within the protein. Residues 1-24 of the Tat protein encompassing

the whole of the acidic, proline-rich region and residues 22-24 of the cysteine-rich region interact
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with the co-activator and acetyltransferase CBP (CREB-response element binding protein) KIX
domain binding site’’®. CREB (cAMP response element-binding) is a transcriptional factor
influenced by cAMPY”). CREB influences transcription by recognizing the upstream cAMP
response elements (CRE) of DNA and is co-activated by CBP. CBP interacts with numerous
mammalian and viral transcription activators, coactivators, corepressors and the transcriptional
machinery'’”. The presence of numerous, independently functioning domains of CBP has been
shown to be a key regulator of basic cellular processes"’’”. Aberrant influence of the co-
activator by competition between cell regulatory proteins and viral regulators during infectivity
may activate apoptotic pathways. The interaction between Tat and CBP may be an important
mechanism for histone acetylation leading to chromatin re-modeling for the accessibility of

transcription machinery to integrated proviral DNA//?).

Zinc co-ordination by cysteine and histidine groups often stabilizes structures that confer
specificity to nucleic acids and proteins. Zinc co-ordination occurs in proteins involved in cell
cycle regulation, gene expression and repair, cell growth, differentiation, signaling, and

metabolism. They are important in stabilizing both structural components and higher energy

(113)

transition state complexes of oxidoreductases' ", esterases'’’ 4), and reductases'’’”. The Tat

protein contains a cysteine-rich region (residues 22-37) that behaves like a zinc-finger. The

(116)

protein has been shown to form homo-dimeric complexes with zinc*' "™ and forms a zinc-bridged

interaction with CycT1’”. A mutation in any six of the seven cysteines eliminates

.. (118
transactlvatlon( )

. Structurally, Tat interaction with the human P-TEFb complex requires a
specific complementary Cys residue at position 261 of P-TEFb that is not conserved among

murine elongation factors’”. C261Y P-TEFb mutants form low affinity interactions with Tat
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that are independent of zinc, and cause poor transactivation in vivo. Tat can induce apoptosis in
non-infected cells by a mechanism dependent on zinc, and by a specific interaction between host

. . . (120-122
microtubule assembly and four conserved residues of the core domain' ),

The necessity for studying the Tat/zinc interaction stems from the in vitro evidence that
Tat forms a zinc-bridged association with the human cyclin T1 of the P-TEFb required for
successful synthesis of viral mRNA. Tat interaction with zinc by its cysteine-rich region may
prevent Tat oligomer formation by covalent cross-linking between cysteine groups and
subsequent precipitation. Zinc co-ordination with deprotonated thiol groups of cysteine has been

shown to be effective in preventing unwanted oxidation/*?.

The glutamine-rich region (residues 60-72) has been implicated in T cell apoptosis’**. A
comparison of sequence homology of Tat between a rapid progressing patient and a long term
survivor reveals a mutation in the glutamine region’””. Equine infectious anemia virus (EIAV)
Tat contains a glutamine-rich region that is truncated in comparison to HIV-1 Tat‘””. In a study
of the 86 residue version of Tat, the glutamine region showed the most long range Nuclear
Overhauser Effects (NOE)'?”, suggesting a conformational homogeneity. A structure-function
comparison between subtype D Tat proteins from patients with different rates of disease
progression revealed a short a-helix in the glutamine-rich segment of Tat isolated from rapid
disease progressors'’??. In this study, it was observed that the rate of uninfected T-cell apoptosis
was greater in the presence of Tat isolated from a rapid disease progressor. Structural

heterogeneities were shown by circular dichroism (CD) studies and molecular modeling"/??.
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1.3 Intrinsically Disordered Proteins

Since the inception of three-dimensional study of proteins to an atomic resolution, there
has been an assumption that the biological function of a protein is rooted in its three-dimensional
structure, this being central to the structure-function paradigm?”. Presently we understand that
proteins can occupy diverse states of conformation ranging from well folded structures with tight
hydrophobic packing, to completely disordered proteins, with extended backbone conformations.
The term intrinsically disordered proteins (IDPs) has been applied to proteins that range from
partially disordered to entirely disordered (Figure 1.7)/?”. IDPs may contain terminal regions
lacking any stabilizing contacts, long loops or hinge regions separating folded domains, whole
domains of disorder, or they may be entirely disordered. The Protein Data bank contains almost
70, 000 experimentally derived protein structures using nuclear magnetic resonance spectroscopy
or x-ray crystallography. About 10 % of these structures contain regions of intrinsic disorder
greater than thirty residues in length and about 40 % contain regions between ten to thirty resides

(128)

of intrinsic disorder' “”. Low sequence complexity, along with regions of amino acid bias and

predicted flexibility, are criteria for the classification of intrinsically disordered proteins/*”.
Low amino acid variability and repetition of residues within a short region defines low sequence

complexity, and can indicate intrinsic disorder'’””

. A preference for charged over hydrophobic
residues is also observed in IDPs"?”. Smaller residues that do not restrict backbone movement
appear in IDPs at higher frequencies. The dependence of disorder on amino acid sequence
complexity, charge, hydropathy, and secondary structure propensity allows for the prediction of
disorder based on protein sequence analysis alone'’?” 1’ These observations have led to the

development of a number of algorithms to predict disordered segments in proteins/#*739.

40



(€] if)

Figure 1.7 Various degrees of intrinsic protein disorder: (a) Folded protein with no disorder;
(b) Terminal regions of disorder; (c) Disordered loops; (d) Disordered linker; (e) Disordered

domain; (f) Mainly disordered protein with some defined structure.
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Figure 1.7 continued: (g) Completely disordered protein in collapsed state; (h) Completely

disordered protein in an extended state. Reproduced with permission from V. N. Uversky.

A recent genomic analysis of the three kingdoms of life predicted that about 33 % of
eukaryotic proteins contain stretches of thirty or more residues lacking well-defined tertiary
structure, as compared to 2 % of archaeans and 4.2 % of eubacteria, and that disorder is often
associated with functions of nucleic acid interaction and kinase activity'’*”. The frequency of
IDPs in higher life forms suggests a complexity in their function and it is evident that protein
disorder and flexibility are important characteristics in the functional role of proteins. Sequence
disorder as a functional role in proteins has been suggested to allow for multiple biological
interactions with cellular environments containing an abundance of signaling proteins. A
different proteomics study shows that 37 % of viral proteins contain intrinsic disorder, compared
to 19% for archaea, 21.5 % for eukaryota and 30 % for bacteria””. The higher proportion of
multi-ligand binding IDPs found in viruses could explain how a genetically simple virus is able

to influence a complicated network of host cell growth factors for efficient viral replication.
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Protein intrinsic disorder must be a persistent evolutionary advantage that allows for binding to

numerous partners, or multiple substrates of similar structure.

1.3.1 The Roles of IDPs

Early classification of IDPs identified six categories: effectors, proteins that inhibit or
activate cellular activities like transcription and translation; chaperones, auxiliary proteins that
have protective roles when associated with other proteins or genetic material; assemblers of
macromolecular structures; display sites for post-translational modification; scavengers of small
molecules, ligands, or ions; and entropic chains, involved with dynamic linkers between
functional domain and regulation of active sites or pores'’*”. With the exception of entropic
chains, further classification of the six categories of IDPs is based on whether ligand interactions
cause transient conformational changes (display sites and chaperones) or permanent

conformational changes (scavengers, effectors and assemblers)*Y.

There have been several advantages proposed that explain why IDPs may be superior for

certain roles based on their properties'’*”

. IDPs, or regions of intrinsic disorder, display larger
surface areas compared to folded sequences of the same molecular weight. Extended IDPs form
large interaction surfaces that may be able to bind multiple ligands, or capable of surrounding the
binding partner'’*”. Upon recognition of a ligand, IDPs often undergo an entropic loss by
interaction-induced folding with a binding partner, referred to as a disorder-to-order transition/?”

140) " This entropic loss has been proposed to be part of an interaction mechanism that is

characterized by a low affinity between partners, but a survey of folded and disordered proteins
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shows that their binding affinities are within the same range'*”. The entropic loss in a
disordered-to-ordered transition may be overcome by the release of a large number of water

molecules from the binding site surface and the burial of hydrophobic surfaces'*?.

It has been observed that disordered proteins are frequently involved in transcriptional
and translational regulation'’’”. Disordered proteins are able to quickly conform to numerous
signaling factors. In some cases, a low affinity allows for rapid association and dissociation
from binding partners supporting a model of the role of IDPs in a finely tuned cellular
mechanism requiring very specific and rapid responses to stimuli, ie. rapid on and off rates that

allow specific binding to numerous transcription and translation factors.

Disordered-to-ordered structural transitions are known to occur in protein-nucleic acid
interactions. A study of the yeast transcriptional activator GCN4 showed a concentration
dependent, a-helical transition from unordered monomers to coiled-coil dimers, and another
transition to a-helical structure in the basic, unordered region upon addition of DNA containing
the specific AP-1 binding site’*. As a part of the same study, a similar folding transition
occurred in the presence of nucleic acid with a similar binding site containing an additional
central base pair, showing that in this case, the specificity of the DNA may not be important.
This suggests that the free energy barrier to folding is partially overcome by complementary
ionic interactions between the negatively charged phosphate groups of the DNA and the basic
regions of the leucine-zipper. The specificity of interaction is achieved as folding occurs in
response to specific DNA sequences, and it has been shown that a greater change in a-helical

content occurs between basic regions and their specific DNA binding sites as opposed to non-
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specific DNA binding sites*”. Nuclear Magnetic Resonance (NMR) measurements of the '°N
longitudinal relaxation rates, "°N transverse relaxation rates, and 'H -"’N nuclear Overhauser
effects of the GCN4 protein showed that the basic, DNA interacting regions were highly
dynamic, occupying ensembles of transient a-helical character’*”. This dynamic behavior
appears to be inherent to the disordered domain, and may be the mechanism allowing rapid and
specific interaction between nucleic acid and protein. NMR studies have revealed the existence
of specific “pre-ordered” regions of IDPs that are involved in ligand interaction/*> /", These
regions interconvert between bound and unbound forms in the absence of ligand on ps — ms

(127, 148, 149)

timescales . The binding partner selects the ligand when it is in the “bound”

conformation.

Structural ordering in response to zinc binding has been observed in the DNA binding
domain of the human vitamin D receptor. a-helical content of the receptor increased in the
presence of zinc, and NMR suggested a structural re-arrangement”””. It is quite possible that the
cysteine region of Tat becomes ordered upon zinc binding. An NMR study of the a-amylase
inhibitor tendamistat fused to a Tat peptide showed a-helical tendency in the cysteine-rich
region, and that the two proteins behaved as an ideal fusion protein; both of the proteins showed
no mutual interaction’’”. This is supported by recent crystallographic evidence of a short 3.9
helix formation in the cysteine region of Tat’?. Circular dichroism has shown minor structural
changes in Tat in the presence of two molar equivalents of zinc, and some a-helical induction by
interaction with the human co-activator and histone acetyltransferase CREB binding protein

(CBP)™,
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IDPs and regions of intrinsic disorder may possess significant amounts of non-random
(152) L 13 . 99 13 s 99(153)
structure" "~. This is referred to as “transient structure” or “structural propensity . As
opposed to the robust changes in sequence that folded proteins can experience while still being

(s 4), it is unclear how sensitive structural

reasonably well described by homology models
propensity is to mutations in the sequence of IDPs. A single point mutation in the IDP a-
synuclein favours a folded structure by disrupting a disordered region found in the disease-

causing state"’””

. Changes in the chemical shifts between the fibrillar and non-fibrillar variants
of a-synuclein suggest that the helical propensity of the fibrillar disease-causing variant is
sequence specific”’?. B- and y-synuclein do not possess the same fibrillar tendency as a-
synuclein, most likely due to changes in sequence'’”””. The helical propensity of a-synuclein
differs from B-synuclein by containing an extra eleven residues in its amyloid forming region.
Although the sequence identity and similarity of y-synuclein are similar (66 % sequence identity
and 74 % sequence similarity), the amyloidegenic properties of y-synuclein are significantly less
considerable; in vitro fibrillization occurs at much higher concentrations and at a much slower
rate'’””). It was determined by NMR chemical shift measurements that y-synuclein has a greater
a-helical propensity in the amyloid forming region. The helical secondary structure of this
region may be responsible for masking the B-sheet propensity of a-synuclein that is characteristic

of amyloid fibrils"/*.

1.3.2 IDPs and Drug Design

Many drugs target enzymes or receptors by mimicking the size, interactions, and contacts

of natural substrates””®. Rational drug design is based on the idea that 3-dimensional shape of
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the enzyme active site or the receptor-binding pocket can be used to guide the design of substrate
mimics or inhibitors. The nature of IDPs suggests that rational drug design is unfeasible because
IDPs do not conform to stable, 3-dimensional structures, and that specific, targeted small

molecule binding cannot occur. IDPs are abundant in major disease pathways that are associated
with signaling, cancer, neurodegeneration, cardiovascular disease, and diabetes, and therefore are

therapeutic targets'””

. In a study of yeast, it was found that about 80% of overexpressed genes
were not harmful, however, overexpression of many proteins containing intrinsic disorder was
harmful/”. The authors propose that although IDPs exhibit high specificity, their toxicity is

dose dependent. High concentrations of IDPs can lead to multiple ligand interactions that disrupt

cellular pathways, where specificity of binding is overcome by the force of mass-action.

IDPs lack 3-dimensional structure, therefore drug development must rely on the primary
amino acid sequence, but more specifically, regions within the sequence that undergo binding-
induced transitions, referred to as molecular recognition features (MoRFs)"*". MoRFs have
been classified into three categories according to their structures in the bound state: a-MoRFs
form a-helices, f-MoRFs form B-sheets, and -MoRFs form structures without any regular
pattern of backbone hydrogen bonding!’?”. An example of a MoRF that has been targeted by
small molecule inhibitors that resulted in the abolition of activity is the basic-helix-loop-helix-
leucine zipper (PBHLHZip) in the ligand pair c-Myc oncoprotein (Myc) and myc-associated factor
X (Max)%. Myc is a transcription factor that regulates genes associated with cellular growth,
differentiation, metabolism, and apoptosis, and Myc is overexpressed in most human cancers"*?.

Alone, Myc is a disordered monomer but it undergoes a coupled folding and binding transition in

the presence of Max. Small molecule inhibitors targeting the Myc/Max dimer showed that the
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ordered bHLHZip interaction region could be disrupted by small molecule inhibitor binding to
the bHLHZip of My, causing a reversion of Myc to its disordered, monomeric form"/*”. The
dissociation constant was determined to be 2.8 + 0.7 uM for the most effective inhibitor*.
Three independent sites for small molecule inhibitors have been identified on Myc and it has
been suggested that a higher drug affinity can be obtained by designing a multivalent

inhibitor'/%?.

1.3.3 The Structure-Function Paradigm

It is clear that the classic structure-function paradigm emphasizing that protein function is
rooted in a well defined, 3-dimensional structure does not accurately describe IDPs. It has been
advocated to revise a model to include intrinsically disordered proteins as a functional class
along with well-ordered, 3-dimensional protein structures””. The model for globular proteins

describes an equilibrium between four states:

globular «<» molten globule <> pre-molten globule <> completely unfolded

A globular protein exists in a state defined by a well folded structure, with a hydrophobic core
consisting of tightly packed, aliphatic side chains. The molten-globule state is characterized by
native-like secondary structure and a native-like folding pattern. In this state, the hydrodynamic
radius has increased, and the hydrophobic core is accessible to hydrophobic fluoroprobes. The

globular protein shows the existence of weak tertiary contacts that resemble a well defined
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globular structure, but lacks the compactness, and can be said to be partially denatured. The pre-
molten globule state is characterized by a secondary structure that resembles that of the native
state, but shows an extended conformation in between that of the molten globule state, and a
completely extended, unfolded state'/*”. The pre-molten globular state interacts with
hydrophobic, fluoroprobes with a lower affinity than a molten globule, signifying the existence
of hydrophobic clusters in the pre-molten globule, but with considerably more solvent
accessibility than hydrophobic clusters in a molten globule®”. The pre-molten globule is a
partially ordered form of a random coil. The final population of globular proteins is the
completely unfolded form, consisting of a random coil, with the backbone completely exposed to
solvent. To add functionally active disordered proteins (where disorder can exist on any order,
from short spans of peptides, to wholly disordered proteins) would mean to change the
structure/function paradigm to include intrinsically disordered proteins within these equilibria,
not as denatured forms of proteins, but as biologically active agents. Functional proteins exist in

each of these four states.

1.4 Structure and Dynamics Studies of Tat

A conformational and dynamic study of 5N and ""N/"C-labelled HIV-1 Tat;.7; using
multinuclear NMR spectroscopy by Dr. Shaheen Shojania and Dr. Joe D. O’Neil determined that
at pH 4.1 Tat, 7, exists in a random coil conformation based on the measurement of chemical
shift, coupling constant measurements, and backbone NMR relaxation data’?. Data for
backbone assignments for the '*C/"*N-labelled histidine-tagged Tat,.7, protein were obtained

from a 600-MHz INOVA spectrometer at 20 °C which allowed the assignment of 80 of the 84
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non-proline resonances. 3-dimensional heteronuclear triple resonance experiments, that use one
and two-bond scalar couplings to connect the backbone atoms, were used to determine the H",
N, carbonyl carbon, C* and CP chemical shifts, and the *JyNy* coupling constants'’®”. Chemical
shifts are sensitive indicators of conformation, and in comparison to random coil values, they
show that the entire protein exists as a random coil with a slight tendency to a-helicity. The
chemical shifts of the cysteine residues show that the protein is unambiguously reduced at pH
4.1. NMR relaxation parameters were analyzed by Lipari-Szabo and spectral density
approaches, confirming that the protein lacks structure. The dynamics analysis did show that the
most likely region to fold is the cysteine-rich region. '"N-"HNOE measurements for Tat were
more negative compared to the average '"N-'H NOEs for a folded protein of similar size,
indicating less restriction in dynamics on the ns — ps timescale’*”. Across the amino acid
sequence, the '’N-"H NOEs showed a flattened bell-shaped pattern that is typical of a disordered
polypeptide’®®. Circular dichroism studies of Tat showed that the CD signal has a strong
negative ellipticity at 198 nm that is characteristic of disordered proteins’”® /7). The addition
of zinc to Tat in solution results in minor structural changes resulting in a CD spectrum that is

still dominated by an intense negative band at 198 nm (Figure 1.8)/%% /7).
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Figure 1.8 Circular Dichroism Spectra of a Zn(II) titration of 190 uM Tat at pH 5.0. Image

reproduced with permission from T. Vo!/’?.

The aforementioned crystallography studies of Tat are described in this section with
greater detail. An x-ray diffraction study of residues 13 — 69 of the equine infectious anemia
virus (EIAV) Tat peptide fused C-terminally via a flexible glycine linker region to residues 8 —
263 of the cyclin box domain of equine CycT1 co-crystallized with and without a 22 nucleotide
TAR stem-loop has been reported (Figure 1.9 (A)7. EIAV Tat only contains two cysteine
residues, simplifying expression and purification. In the absence of TAR, no electron density
could be observed for EIAV Tat in the complex, indicating that CycT1 could not induce a
structure for EIAV Tat'’®. In the EIAV CycT1 — EIAV Tat — TAR complex, Tat covers an area
of 3,164 Az, denoting the large interaction surface area of Tat upon assembly of the protein-RNA

complex'®”. The region of Tat whose electron density could be assigned corresponds to residues
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(C) (D)

Figure 1.9 X-ray diffraction structures. (A) The EIAV CycT1-Tat-TAR complex showing
CycT1 (teal), residue 41-69 Tat (yellow), and a stick representation of the major groove of TAR.
(B) The human P-TEFb-Tat complex showing CycT1 (blue), Cdk9 (red), Tat (purple), and zinc
atoms represented by grey spheres. (C) An alignment of the two structures shown in (A) and
(B). (D) An alignment of residue 1 - 49 HIV-1 Tat with residue 41 — 69 EIAV Tat. Reproduced

and adapted with permission from Anand®” and Tahirov"”.
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41 — 69. Residues 41 — 47 of the core region are in an extended conformation that is parallel to
helix1 of the first cyclin box repeat of CycT1. Residues 48 — 59 (ARM) adopts a helix that fits
into the major groove of TAR. The affinity of the ARM of Tat for TAR can be abolished by
acetylation of Lys50"”?. The following residues Glu61 and Gly62 form a tight turn so that the
C-terminus folds back around the cyclin box repeat. The C-terminus of Tat is stabilized by the
insertion of hydrophobic residues Leu68 and Leu69 into a hydrophobic groove formed by helix4,
helix5, and the interconnecting loop®”. This X-ray diffraction study shows how the specific
regions flanking the ARM interact with CycT1 in order to present the helix adopting ARM for

interaction with TAR.

The other X-ray diffraction study involved the 86 residue human HIV-1 Tat protein
crystallized with P-TEFb to elucidate structural characteristics of the Tat/P-TEFb complex that
could not be elucidated in the absence of Cdk9 (Figure 1.9 (B))?. The electron density of
residues 1 — 49 of Tat are defined, and shows that Tat adopts mainly an extended conformation
that has an interaction area of 3,499 A2, 88 % of this interaction is with CycTl1 and 12 % is with
Cdk9. The importance of the presence of Cdk9 for the interaction of Tat with P-TEFb is evident
in the lack of electron density in the N-terminal residues of the EIAV CycT1/Tat/TAR study®”,
and is made clear by noting that Tat is inserted in a groove at the CycT1/Cdk9 interface’”. The
first segment of the N-terminal proline-rich region is in an extended, U-shaped conformation that
interacts with a wide depression between the cyclin box repeats of CycT1. The second segment
of the proline rich region adopts a B-turn and interacts with the T-loop of Cdk9. It is this region
that is at the interface between CycT1 and Cdk9. The cysteine-rich and core regions form a

more compact structure with the first zinc finger coordinated by Cys22, His33, Cys34, and
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Cys37, separated by residues 29-33 forming a short 3;9-helix (zinc ions are denoted by grey
spheres in Figure 1.9, B and C). The second zinc finger is coordinated by Cys25, Cys27, Cys30
of Tat and Cys261 of CycTl1 (Figure 1.9, B and C). A short a-helix follows the zinc fingers,
spanning residues 35 — 43 Interestingly, Tat binding results in the disordering of a CycT1 a-
helix spanning residues 253 — 256 and a 4.6 A displacement of the C-terminal portion of the
preceeding a-helix H5’. This disordering is proposed as the mechanism for displacing Hexim1

and relieving its inhibition.

No aqueous solution state studies to date have shown the ARM region of Tat to adopt a
helix in the presence of TAR. A study of a 14 amino acid Tat peptide corresponding to the basic
region showed that it forms a -turn that sits in the major groove of the helical TAR hairpin of

(175) -

bovine immunodeficiency virus (BIV)" "’ in contrast to the aforementioned crystallographic

study of the fusion of CycT1-Tat protein and TAR of EIAV showing the basic region assuming

a helical conformation®”.

A previous study of Tat has employed TFE as a co-solvent'’?. Residue assignments for
the unlabelled, 75 amino acid EIAV Tat protein were determined by two-dimensional double
quantum-filtered correlation spectroscopy, total correlation spectroscopy (TOCSY) with
suppression of nuclear overhauser effect type cross-peaks, nuclear overhauser effect
spectroscopy (NOESY), "°N resolved three-dimensional NOESY heteronuclear multiple
quantum coherence (HMQC) spectroscopy and TOCSY-HMQC spectroscopy. A tight, type 11
-turn was observed by the hydrogen bonding between Ser44-Ile47, separating the helical,
hydrophobic core residues GIn38-Arg43 and helical, arginine-rich region residues Asp48-Ala64

(Figure 1.10)"7%.
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Figure 1.10 The helix-turn-helix structure of residues 38 — 64 of the 75 amino acid EIAV Tat

protein. The image was reproduced with permission from H. Sticht"’”®.

1.5 Intrinsically Disordered Precursors to Amyloid Disease

Amyloid diseases are characterized by the formation of extracellular aggregates called
amyloid plaques, composed of amyloid fibril””. Amyloid precursors fall into two categories,

ones that are disordered in their monomeric state and others that assume a partially unfolded
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structure before associating with fibril growth. Examples include Ap peptide of Alzheimer’s
disease, atrial natriuretic factor, calcitonin, pro-calcitonin, islet amyloid polypeptide (IAPP),
amylin, a-synuclein and the medin polypeptide!’’¥. A model linking early oligomerization to the
adoption of helical structure and helix-helix interaction as a promoter of amyloid growth

suggests that key intermediates are responsible for initiating formation of aggregates!”.

B-amyloid 1-42 is the main precursor to amyloid plaques in Alzheimer’s Disease’*”.
The self-association of this peptide is partly attributed to its hydrophobic nature, enabling it to
form extended, ordered oligomers. Increasing evidence about the formation of amyloid plaques
supports an equilibrium between intrinsically disordered amyloid precursors with helical
conformers (Figure 1.11)/”?. A kinetic study of the growth of amyloid fibril showed a three-
step sigmoid profile that is characterized by a lag phase, an exponential growth phase, and a
plateau phase’*”. The lag phase indicates a period of time when amyloid growth does not occur,
and is correlated with populations of amyloid precursors in a state characterized by an
equilibrium between disordered and helical monomers (Figure 1.11(A)). It is usually suggested
that small aggregates or seeds form during the lag phase upon which fibril growth can occur
rapidly. The conversion of disordered/helical monomers to multimers rich in f-sheet was
monitored by circular dichroism, and the rate of appearance of B-sheet secondary structure is
exponential, and is referred to as the exponential growth phase (Figure 1.11 (B)"*?. The
decrease in the rate of B-sheet structure formation along with a loss of soluble protein signifies
insoluble, amyloid growth, and appears as a plateau region after the exponential growth phase,
and is referred to as the platuea phase (Figure 1.11 (C)). Factors such as protein hydration,

protein dynamics, and the hydrophobic effect are important in the kinetics of fibril growth, but
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Figure 1.11 A proposed model for the growth of amyloid fibrils"”* /" /89 Amyloid growth is
initiated by the conversion of intrinsically disordered amyloid precursors and their a helical
conformers (A) to B-sheet populated structures (B). This is a slow process. The exponential
growth phase in the accumulation of amyloid fibril is represented by the conversion of
unordered/helical intermediates to a multimeric, 3-sheet populated plaque (C), and the plateau

phase consists of extended, insoluble fibril networks.

are also important in describing the populations of precursor monomers. The different phases of
amyloid progression can be prolonged by specific inhibitors targeting conformers unique to each
phase. The soluble, pre-amyloid disordered/helix populations unique to the lag phase can be
targeted by small molecule inhibitors; the end result is an increase in the length of the lag phase,
and in some examples, a prevention in the transition to the exponential conversion to p-sheet /*.

Soluble, amyloid precursors are also affected by solvents that alter their hydration, delaying the

onset of fibril growth along with a decrease in the rate of fibril formation. One of these that has
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been characterized is the polar, aprotic solvent acetonitrile*”. Certain molecules like Congo
Red and tetracycline can specifically decrease the rate of fibril growth, and are believed to be [3-
sheet specific ligands. It is presumed that the unique surfaces formed by the interaction of 3-

pleated sheets create cavities where amyloid-binding molecules like Congo Red and Thioflavine

T are intercalated/®?.

The low dielectric environment found near lipids has been shown to promote a-helical
content in disordered amyloid precursors like IAPP, and Electron Paramagnetic Resonance data
appear to be consistent with the formation of helices extended over the surface of lipid
membranes, and not as transmembrane domains/*” /%, This observation suggests that

intracellular and extracellular lipids may act as sites of concentration of amyloidogenic proteins.

1.5.1 Predicting Amyloid Precursors by Sequence Specific Determinants

Protein aggregation by assembly of short segments into B-sheet structures is the most

common mechanism by which proteins aggregate!’*”

. Although an enrichment in -sheet
secondary structure is commonly observed during aggregation, protein aggregates form various
tertiary structures, the most common being amorphous aggregates that do not possess a defined
three-dimensional structure/®”. There are many proteins that can be coerced to form ordered
fibrillar aggregates high in B-sheet content, either under physiological or non-physiological

conditions, however, amyloid formation is also a sequence specific process’*”. Amyloid fibrils

are highly ordered aggregates that are formed due to hydrophobic interactions, but their rate of
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formation and stabilization are influenced by hydrogen bonding and ionic forces*”.

Amyloidegenesis is side chain dependent, and thus sequence specific’*®. The sequence
diversity of more than 200 amyloid hexa-peptides has been explored using transmission electron
microscopy, x-ray diffraction, circular dichroism, and fourier transform infrared spectroscopy to
better understand the sequence specific determinants of amyloid structure. The results were used
to develop the web-based algorithm Waltz that predicts amyloid sequences and identifies

amyloid forming regions of proteins’*”.

A six residue amyloid nucleating insertion into a protein domain is sufficient to induce
amyloid formation, although nucleating cores in full-length proteins are often longer than six
residues, and the flanking residues can influence amyloid propensity'’*’*?. Most of the
experimentally verified amyloid sequences are hexa-peptides and are available in the AmylHex
database’”. The use of short hexa-peptides in developing an amyloid predicting algorithm
distinguishes whether or not the extra residues found in many longer amyloid sequences actually
participate in the B-sheet. Amino acid identity can be tolerated to various degrees depending on
the position within the minimal hexa-peptide amyloid forming unit. Positions 1 and 6 of an
amyloid forming hexapeptide sequence can accommodate almost any amino acid; position 5
favours isoleucine, phenylalanine, and tyrosine; positions 2,4, and 5 favour isoleucine; positions
3 and 6 favour valine. Generally, hydrophobic residues are favoured in the middle of the
hexapeptide and polar residues are favourable at the ends, but polar residues can sometimes be
accommodated in the middle. The presence of the polar residues asparagine and glutamine is

actually favourable in the middle and they are present in yeast prion amyloid/*".
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1.5.2 Congo Red as an Indicator of Amyloid

Ex vivo amyloid deposits and amyloid samples prepared in vitro have been detected by

the green-yellow birefringence of Congo Red binding!’¥. Congo Red staining has been used for

decades in identifying amyloid in tissue, and when viewed under a cross-polarizing microscope,

CR displays a green-yellow birefringence. When viewed by unpolarized light, CR-stained

amyloid tissue appears red. CR-stained amyloid fibrils can also be detected by the hyperchromic

shift in ultraviolet (UV) absorbance of CR from 500 nm (unbound CR) to 540 nm (CR/amyloid

fibril) (Figure 1.12) “*¥. In the absence of fibril the CR solution is an orange-red colour whereas

when bound to amyloid a red-rose colour is observed.
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Figure 1.12 The absorbance spectra of 5 uM Congo Red in the presence (+ Ins Fib) and absence

(CR Alone) of 11 uM insulin fibrils. This image is reproduced with permission from W. E.

Klunk*?.
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1.6 The Hofmeister Series and Hydrophobic Effect

In 1888, Franz Hofmeister defined an ion series based on their effect on protein

95)

solubility" His early studies observed the effects of ions on the solubility of proteins, and

much later it was realized that anions and cations also affect the stability of protein secondary
and tertiary structure. On one end of the series, ions increase solvent surface tension’*”,
decrease the solubility of nonpolar molecules and strengthen the interactions of hydrophobic
groups. This is classically referred to as “salting out” and the use of these ions has been used to
precipitate folded proteins during protein purification and crystallization, e.g. (NH4)2SO4 and

Na,SOs. The other end of this series describes ions that decrease surface solvent tension and

increase the solubility of nonpolar molecules, a term referred to as “salting in”.

Hofmeister’s ranking for the “salting out” of proteins by anions is:
SO,* > HPO,* > acetate > citrate > tartrate > Cl" > NO; > ClO; > > ClO, > SCN
and a ranking for the effectiveness of “salting out” by cations is:
NH, > K">Na">Li"> Mg*" > Ca*"
The Hofmeister series rationalizes the effects of guanidinium salts as protein denaturants.
Guanidinium thiocyanate destabilizes protein structure more than the guanidinium chloride,
whereas guanidinium sulfate stabilizes protein structure’*”. An alternative ranking of the
effectiveness of ions in “salting out” hydrophobic molecules was determined by McDevit and

Long using benzene as their model compound’*®. Their ranking for anions is:

SO, > OH ,F > ClI > Br > NOy >ClOo, > T
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and their ranking for the effectiveness of “salting out” by cations is:
Ba’ > Na' > K" > Li" > Rb" > NH," > Cs" > H'
Generally, divalent ions are more effective at salting out than monovalent ions, and ions with

small, hydrated radii are more effective than large ions"’*”.

“Salting in” is a phenomenon in which the presence of a salt favours the solubility of a
protein, also known as salting in the peptide group®””). It is believed that the salting in effect
occurs between simple ions and polar molecules, and is dependent on ionic strength. These ions
interact much more strongly with unfolded proteins because of the greater solvent accessibility to
the peptide backbone, i.e. guanidine thiocyanate is a powerful protein denaturant because of the
strong interaction between thiocyanate and the peptide unit'?’”. The exact manner in which the
Hofmeister series affects protein structure is unclear and several theories have been presented to
explain the Hofmeister series effects on proteins. A salting in mechanism has been proposed in
which the salt initially interacts with side-chains of the protein, leading to backbone interactions.
In a molecular dynamics study of the guanidinium cation (Gdm"), it was observed that at non-
denaturing concentrations, the cation associates with planar side chains of Arg, Trp, and Gln in a
stacking manner, but also interacts with hydrophobic aliphatic side chains'’’”. A similar study
correlated the free energy of transfer of amino acid side chains from water to 6 M Gdn-HCl and
observed a correlation between the solubility of side chains with their surface areas (regardless of
side chain polarity)“™. It has been argued that “salting in” interactions occur between salts and
the peptide backbone by non-specific ion-dipole interactions. In this theory what differentiates
an ion’s ability to salt in or salt out are opposing interactions with the peptide backbone that

compete with solvent interactions that decrease solvent surface tension®””.
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The fact that ions at different ends of the Hofmeister series increase or decrease water
surface tension led to the idea that salting in and salting out of proteins is mainly caused by the
effects of the ions on water structure. lonic species that are strong “salting out” agents are
referred to as kosmotropes, and were believed to be “water structure makers”. These ions are
strongly hydrated. Chaotropes, or ions that promote “salting in” were believed to be “water
structure breakers”, and they destabilize folded proteins’*” ?*”. However, there have been
several experiments that have contradicted the notion that Hofmeister salts affect the bulk
properties of water. Water molecule dynamics were characterized in the presence of salt using
femtosecond mid-infrared pump-probe spectroscopy”””. The results showed that the water
structure outside the hydration shell of an ion is not influenced by the ion, regardless of whether
the ion is a kosmotrope or a chaotrope. The correlation times of the ionic solvation shell were
much slower than that of bulk water, regardless of the identity of the ion, but the hydrogen

bonding network outside the vicinity of the ion was not affected.

In another study that challenges the understanding that “salting out” ions increase the
solvent surface tension, and that this increase in free energy can be countered by an increase in
hydrophobic interactions often resulting in protein precipitation, the phase transition of a
detergent monolayer and the adjacent water structure were simultaneously observed using
vibrational sum frequency spectroscopy (VSFS)“???. VSFS is sensitive to alkyl chain
conformation and interfacial water structure, and from this data, it was ascertained that the ability
of anions to disrupt the hydrophobic interactions of the detergent monolayer follows the

Hofmeister series. Chaotropic anions were found to be able to penetrate the head groups better
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then kosmotropic anions, and by direct interaction, were able to disrupt the ordering of the

hydrophobic tail groups.

1.7 Trifluoroethanol Studies

2,2,2-trifluoroethanol (TFE) is often used as a co-solvent to promote the formation of
secondary structure in peptides and as a denaturant in protein folding studies. A low
concentration of TFE (10 % TFE) stabilized the tertiary structure of folded hen egg white
lysozyme as determined by an increase in NMR nuclear overhauser effect contacts , implicating
TFE as a stabilizing solvent in some cases'’””. At higher concentrations of TFE, tertiary
structures denature, whereas localized secondary structure remains intact'’’”. Native-like
secondary structure can be induced in peptides with alcohol-based co-solvents like ethanol, or
TFE. NMR and far UV CD data have demonstrated that TFE promotes a-helical and B-hairpin
formation in peptides, and quite often, the secondary structural elements are reflective of the
structure in the native protein. TFE solvation has found applications in the study of partially or
entirely disordered proteins. Studies have shown that TFE interacts weakly with non-polar side

chains, allowing it to penetrate into hydrophobic cores of proteins®’” 2.

Protein folding is a highly complex process involving numerous non-covalent
interactions between the peptide backbone, interactions of the side-chains, covalent cysteine
cross-linking, the characteristics of the solvent, the concentration of salts, temperature, the
presence of molecular chaperones, or the presence of ligands. The structures of proteins have

been shown to be dependent on their solvation states, and the presence of molecules that fold or
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unfold proteins. By investigating the properties of solvents and their effects on protein structure,
insights into the solvent dependent folding mechanisms can be deduced. The effects of TFE on

peptides suggest that solvation states and folding processes are connected.

The effects of alcohol-based co-solvents on protein and peptide structure have been
studied for more than 50 years. Early studies of denatured Ribonuclease in 2-chloroethanol and
2-chloroethanol-water mixtures showed localized, folding in the a-helical regions of the
protein®””. Early models suggested that less polar co-solvents could stabilize secondary
structure, but partially denature proteins by their ability to penetrate and interact with the
hydrophobic cores of proteins. Studies have tried to correlate helical propensity of peptides as
determined by structure prediction algorithms to their response in TFE, and have found
conflicting results including the appearance of unexpected p-sheet and p-helical structures®’”. It
has been claimed that amide-solvent interactions in dilute TFE are disrupted, maximizing amide-
amide hydrogen bonding. Similar studies have observed an increase in cis-trans proline
isomerization in polypeptides co-solubilised in TFE“/?). 1t also has been argued that TFE-
induced structure is a result of the low dielectric constant of the solvent relative to water and the
hydrogen bonding character (strong H-bond donor, poor proton acceptor) of the alcohol moiety.
In this model the replacement of the protein’s hydration sphere with TFE is entropically driven,
as the bifurcated hydrogen bond interaction of the peptide carbonyl group with two water
molecules is replaced by one TFE molecule®’?. Although the two waters have been replaced by

one TFE molecule, the peptide carbonyl group is still free to form two hydrogen bonds. One

hydrogen bond forms with TFE while the other hydrogen bond can form with an amide proton.
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The result is a net decrease in the protein’s hydration sphere and the promotion of inter-residue

interactions by hydrogen bonding®’?.

Water behaves as a proton donor and acceptor, and because of its high polarity (dielectric
constant & = 78.54 at 25 °C) “/?), it might destabilize conformationally unstable proteins by
interacting with ionic amino acid side chains that may otherwise be involved in intra-residue
ionic bonding. The promotion of secondary and tertiary structure has been attributed to the
lower dielectric constant of TFE (e = 26.69 at 25 °C)*/?. As the solution polarity is lowered,
the equilibrium between peptide-solvent and intra-peptide interactions is shifted. Intra-residue
ionic interactions and hydrogen bonding between amide hydrogens and carbonyl groups of the
backbone become favoured, although this correlation in TFE is not complete”’”. Although TFE
has been implicated to favour peptide backbone hydrogen bonding, direct interaction of TFE
with aliphatic side chains has been shown by proton and fluorine NMR studies. TFE penetrates

the outer hydration layer and associates with hydrophobic regions of proteins’”.

Chemokine-derived antimicrobial peptides are disordered in their truncated forms, and do
not reflect the secondary structures of their native states when they are a part of the full length

protein®’?

. In the presence of lipids, or TFE, these disordered peptides are induced to adopt
their native helical character. TFE studies may enhance our understanding of lipid-associating
proteins, and it has often been called a “membrane-mimetic” solvent. Attempts to study

transmembrane or membrane associated proteins in TFE have come to mixed conclusions, and

the applicability of organic solvents in this field of study is questionable. Transmembrane
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proteins rely on complex tertiary interactions that have been shown to be disrupted in the

presence of TFE.

A study displaying the effectiveness of TFE to support native protein folding was
reported?’”. Proper folding of a C-terminal helix of thioredoxin (TRX) was shown to be
dependent on proper hydrophobic packing with surfaces of the remainder of the protein. In its
native state, the C-terminal residues 94-108 adopt an a-helix as part of the 108 residue TRX
oxidoreductase enzyme. As a peptide, TRX94-108 is disordered. TRX1-93 assumes a partially
folded state, but when combined with TRX94-108, the near UV circular dichroism of tryptophan
and tyrosine and the fluorescence emission spectra match those of the wild type protein. This,
along with the re-establishment of wild-type enzymatic activity when TRX1-93 and TRX94-108
were combined, verified that the enzyme properly re-folded. By alanine mutagenesis of various
residues of TRX94-108, it was determined that proper folding and enzymatic activity was
dependent on the hydrophobic interactions of specific aliphatic residues with the larger TRX1-93
fragment. Co-solubilization of TRX94-108 in a TFE/aqueous mixture re-established the
peptide’s native-like helical secondary structure. Further screening of TRX94-108 mutants alone
in TFE correlated the lack of helicity with the same mutated residues that abolished proper

folding and activity in aqueous solution when in the presence of TRX1-93.

TFE has been used to test the IDP/ligand interaction “fly-casting” model. The “fly-
casting” model for IDP folding transitions proposes that the disordered protein makes an initial
contact with its ligand that does not initially result in binding-induced order. The ligand provides

complementary interactions that guide the protein folding”’®. An alternative IDP folding model
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referred to as “conformational selection” postulates that IDPs exist as rapidly inter-converting
conformers. The solution state equilibrium populations consist of the extended conformer, a
small, transiently populated folded, active conformer, and any subpopulation of conformers in
between. The folded, active subpopulation is able to rapidly bind to its ligand®’?. The kinetics
of folding and binding of the endogenous inhibitor [Aj; to yeast aspartic proteinase A (YPrA) of
Saccharomyces cerevisiae was studied to determine if the inhibitor followed a “fly-casting”
model or participated in “conformational selection”*”. 1A; contains an N-terminal disordered
region that adopts an a-helix by binding above the active site cleft and inhibits activity by
blocking substrate entry'“*”. Considerably faster folding rates were observed for enzyme
induced inhibitor folding, compared to the TFE induced folding rate, highlighting the efficient

coupling of recognition and folding in this case, thus supporting the fly-casting model.

1.7.1 Random Coil-to-Helix Two-State Transitions

Protein folding, at least for small, single domain proteins, is known to involve a two-
state, cooperative process. At equilibrium, the protein exists in only the native folded state or the
unfolded state; no intermediate states are thermodynamically stable. The transition between
states can be induced with pH, denaturant, salt, or temperature. A two-state transition implies
the existence of two energy minima, separated by an energy barrier”??. The folding of
intrinsically disordered peptides to their helical conformers in the presence of TFE has been
modeled by two-state transition'”’”. Helical propensities of 10 to 14 residue model polypeptides

in TFE have been quantified from the understanding of two-state transition models, suggesting
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that TFE influences a pre-existing random-coil/helix equilibrium®®. The application of two-
state transition theory to larger peptides or proteins in TFE may be questionable due to the
possibility that the protein may adopt intermediate conformers, in other words, display non-

cooperative folding.

1.8 Light Scattering as an Indicator of Protein Aggregation

Elastic light scattering in the near UV range has been used to measure the
multimerization of proteins. In an early study of blood clotting, Ferry and Morrison
characterized the activity of thrombin by observing the enzymatic polymerization of monomeric
fibrinogen to cross-linked, insoluble, and multimeric fibrin'*’¥. The near-ultraviolet absorption
spectrum of soluble, solution state fibrinogen is similar to the absorption spectrum of most
soluble proteins containing aromatic residues. Upon an elapsed exposure to thrombin, fibrinogen
is converted to the multimeric, insoluble “aggregate” form termed fibrin, and the conversion is
quantified by an increase in light scattering above 300 nm, where the protein does not absorb

light.

In a study of the regulation of Heat shock protein 27 (Hsp27) by phosphorylation, the
thermal aggregation of citrate synthase was monitored by ultraviolet (UV) spectroscopy®>”. The
phosphorylated, inactive form of Hsp27 was unable to prevent, or retard thermal aggregation of
citrate synthase at various incubation times at 43 °C. The temperature induced aggregation was

measured by an increase in light scattering at 400 nm.
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When the dimensions of a protein are considerably smaller than the wavelength of
incident light, changes in particle size have no effect on the absorbance of the particle. However,
when the particle is large compared to the wavelength of the incident light, the radiation
scattered from different points on the particle varies inversely as the result that the turbidity of a
(226)

solution of scattering particles varies inversely as the square of their radii and their volumes

Thus, in this regime increased particle size results in increased turbidity.

1.9 Circular Dichroism

Measurements of protein backbone circular dichroism (CD) allow for the classification of
global protein secondary structure in the solution state. Circular dichroism is the phenomenon of
the differential absorption of left circularly polarized light (LCPL) and right circularly polarized
light (RCPL), resulting in an elliptical polarization of light and is defined as:

tan(0) = EL — Er
ErL+ Er
where Er and Er describe electric field vectors of LCPL and RCPL. Ellipticity is defined as the
arctangent of the ratio of the difference (E; — Eg) and sum (E. + ER) of the two electric field
vectors and is reported in degrees of ellipticity (). Ep — Egr defines the minor axis of an ellipse

and E; + Egr defines the major axis of an ellipse (Figure 1.13).
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EptE,

Figure 1.13 The combination of circularly polarized electric field vectors (Eg and E;) describing
an elliptically polarized electric field vector (purple). Egr (blue) represents right circularly
polarized light, and E; represents left circularly polarized light. The addition of Er and Ep,
defines the major axis of an ellipse; the subtraction of E. from Er defines the minor axis of the

ellipse. This image image reproduced with permission from Y. H. Eric??”.

In the far UV region (180 nm — 250 nm), the peptide backbone is chromophoric. The
absorption of light by backbone amide electrons is accompanied by the promotion of a lone pair
electron to the pi bonding or anti-bonding orbitals (n—m, or n—m transition). CD of the peptide
amides is dependent on the asymmetry of the peptide backbone environment, allowing ensemble
secondary structural characterization of soluble protein. As illustrated in Figure 1.14, secondary
structural elements are easily distinguished by their characteristic CD spectra: helical proteins
have large negative bands at 222 nm and 208 nm and a large positive band at 193 nm. Proteins
high in B-sheet conformation have a negative band at 210-220 nm and a positive band at 195 nm.

Disordered proteins show a negative band below 210 nm with little ellipticity above 210 nm'*?®.

71



= a- helix
. =] - sheet
B = random coil

mdeg

180 1890 200 210 220 230 240 250

Wavelength (nm)

Figure 1.14 The characteristic CD spectra of a-helical peptide backbone conformation (yellow),
B-sheet peptide backbone conformation (blue), and random coil peptide backbone conformation

(red). This image reproduced with permission from K. A. Thomas**”.

Disordered protein CD spectra show much similarity to collagen proteins. Collagens are unique
proteins consisting of three polypeptide chains forming a triple helix. Each strand of collagen
resembles a poly-L-proline helix, in which the peptide bonds are in a trans arrangement. CD is a
useful tool for characterizing the secondary structure of unknown proteins. CD is also a quick
and effective method for monitoring secondary structural changes due to heat, chemical

denaturants, and ligand interactions.

There are many different methods to analyze CD spectra to estimate secondary structure.

All methods represent the CD spectrum of a protein as a linear combination of the spectra of its
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secondary structural elements, inlcuding the contribution from such elements as aromatic

chromophores or prosthetic groups'?*®:

0, =0 T O+ 0Oy + 0O, + ¥

where O, is the ellipticity of a protein as a function of wavelength, Oy, is the ellipticity
contribution from helical secondary structure, ©); is the contribution from B-sheet secondary
structure, Oy, is the contribution from loop or turn secondary structure, ©,, is the contribution of
secondary structure from peptides that do not adopt dihedral angles specified by any of the
previous structures, and W is the contribution from elements such as aromatic chromophores or
prosthetic groups””. In some algorithms the estimation of secondary structure is based on the
measured ellipticities of protein standards with defined conformations determined by infrared
spectroscopy (IR), x-ray scattering or x-ray crystallography'”’”). The spectra of known proteins
are compared to those of an unknown composition using least squares analysis, ridge regression,
singular value decomposition, a self-consistent method, or a neural network analysis**®.
Secondary structure determination by spectral deconvolution is accurate to within about 10 % for

every population of secondary structure'”*?.

In the near UV region (250 nm — 320 nm), the aromatic residues tryptophan, tyrosine and
phenylalanine are chromophoric and their circular dichroism is sensitive to the asymmetry of
their environments. Asymmetrical environments occur when aromatic residues become buried
during hydrophobic packing of folded proteins, or upon exposure to a ligand. Near UV CD

studies are suited to observing changes in tertiary structure.
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A two-state transition influenced by pH, denaturant, salt, or temperature can be revealed
by CD, provided that the protein solution is homogeneous. A two-state transition is evident from
a point in the overlap of multiple spectra acquired over a stimulus range where all the species
exhibit equal molar ellipticity and where the stimulus can be thermal or chemical. The overlap is

referred to as the iso-dichroic point.

1.10 Nuclear Magnetic Resonance Spectroscopy

NMR allows researchers to determine the structure and dynamics of proteins in solution.
As a direct result of the sophistication of computers, the development of Fourier transformation,
specialized pulse sequences, stronger magnetic fields and cryoprobes, modern NMR
spectrometers are capable of characterizing the structure and dynamics of many biomolecules,
including proteins up to 100 kDa’*’. NMR is uniquely applicable to the study of
conformational exchange of proteins because it can obtain data that span timescales from
seconds to picoseconds*. For slow conformational exchange, direct structural characterization
is possible from the appearance of multiple resonance peaks in t he NMR spectrum and relative
conformer populations can be determined by peak integration. Protein dynamics occuring on the
millisecond to microsecond time scale can be observed by measuring the transverse relaxation
rate during the exchange of nuclei between different conformers. Exchanging nuclei cause their
coherent magnetization to be dephased, and can be refocused by a repetition of 180° radio-
frequency (RF) pulses as in the Carr-Purcell-Meiboom-Gill (CPMG) experiment, or with a
continuous-wave ‘spin-lock’ RF field as in the rotating-frame relaxation experiment”®. The

dependence of the transverse relaxation rate on the strength of the refocusing RF field defines a

74



relaxation dispersion profile, from which the conformer conversion rates, populations, and

chemical shift differences can be extracted?*?.

Nuclei such as 'H, "N, *C, and *'P have magnetic moments, or spin. The chemical
environment of these nuclei can be probed by NMR, and this data can be manipulated to give
information about the 3-dimensional structure and dynamics of proteins. When proteins
containing the aforementioned isotopes are placed in the strong magnetic fields of NMR
spectrometers, the spins of these nuclei precess about the field. The fundamental equation of
NMR tells us that the rate of a nucleus precessing in a magnetic field is dependent on its
gyromagnetic ratio:

w=-y By
where o is the precession frequency (or Larmor frequency) of the nucleus of interest, y is its
gyromagnetic ratio (constant for every nucleus), and By is the applied magnetic field. The
precession frequency is influenced by local magnetic fields, including currents from electrons
situated in nearby molecular orbitals and solvent interactions like H-bonding, in addition to the
magnetic field induced by the NMR spectrometer. The equation defining the Larmor frequency
can be re-written to inlcude a term referred to as the shielding constant (¢) which is an averaged
value describing local magnetic influences (or chemical shift anisotropy) of a nucleus:

;=Y (By— 0By)

The new precession frequency of the nucleus (w,) is defined in terms of its chemical shielding

constant, and converted to a chemical shift value (6) in terms of the operating frequency of the

NMR magnet (F). The different frequencies of nuclei that are detected by an NMR spectrometer
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are obtained relative to a reference frequency from a nucleus of a known standard, in some cases
4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS). The frequency of the magnet is usually
expressed in megahertz, and the difference between the precession of the nucleus of interest (®,)
and the precession of a nucleus of a standard material (i.e. DSS), w is usually expressed in hertz,
therefore the chemical shift of a nucleus in terms of the operating frequency of the NMR magnet
is expressed in parts per million (ppm). The chemical shift of a nucleus of interest is expressed

as:

Chemical shift dispersion describes the spread of chemical shifts of a particular nucleus
in an NMR spectrum. One of the main characteristics of intrinsically disordered or partially
unfolded proteins is the low chemical shift dispersion of resonances, especially those of
backbone amide hydrogens (Figure 1.15). Multi-dimensional NMR experiments combined with
isotopic enrichment of nuclei of interest in protein samples (‘"N and ">C) helps to resolve
resonance overlap in spectra characteristic of disordered proteins. Assignment strategies
utilizing "°N, '"HY, and ">CO nuclei in disordered proteins is particularly useful because they

show better chemical shift dispersion than *C* and *C® nuclei®™”.
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Figure 1.15 The 'H-">’N NMR HSQC spectra of: (a) native drkN SH3; (b) the guanidium
chloride unfolded state of drkN SH3". Spectra were recorded at 14 °C on a 600 MHz
spectrometer. Note the low chemical shift dispersion of unfolded drkN SH3 in 2 M Gdm" (b).

Reproduced with permission from L. E. Kay'”.

The preparation of intrinsically disordered proteins at concentrations suitable for NMR
studies is difficult. Inherent characteristics such as high net charge, regions of hydrophobicity,
poorly defined structures and a high degree of flexibility contribute to the precipitation of
intrinsically disordered proteins at concentrations desirable for NMR study (0.5-1 mM).
Uniform "°N and "*C isotopic enrichment of the Tat protein has increased the sensitivity for

NMR studies.

NMR spectroscopy is a powerful tool for the structural and dynamic characterization of

intrinsically disordered proteins as their flexibility and high dynamic nature makes their
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crystallization difficult for X-ray crystallography. Disordered proteins are not amenable to
crystallization, although some have been crystallized with binding partners. These structures
often lack complete electron density of the disordered protein because, upon binding only
regions associated with the interaction attain a fixed conformation, leaving the remainder of the
protein in a fluid-like state. An example of this is found in the study of the crystallization
complex of Tat and P-TEFb, for which residues 58-86 of Tat could not be defined, suggesting
that this region does not undergo binding-induced folding, and that this region of Tat does not

interact with P-TEFb?,

1.10.1 "H-" N Heteronuclear Single Quantum Coherence Spectroscopy

One of the simplest and most common multi-dimensional heteronuclear NMR techniques
that is the foundation for more complicated multi-dimensional NMR experiments is
heteronuclear single quantum coherence (HSQC) spectroscopy. The 'H-">’N HSQC experiment
is sometimes used as a quick test to determine if the protein sample is adequate for higher-
dimensional NMR studies. Once the assignment of backbone amide hydrogens has been
accomplished by three-dimensional NMR, resonance peaks of an 'H-'"N HSQC spectrum can be
easily observed for structural changes. In theory, the number of resonance peaks of a "H-""N
HSQC spectrum corresponds to the number of backbone amide hydrogens with the exception of
proline residues, but in practice this may not be the case. Conformational sampling on slower

timescales can lead to multiple peaks for a single resonance, as seen in cis-trans proline
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isomerization. Also, resonances may broaden and eventually disappear as conformational

sampling approaches timescales in the microseconds and millisecond time domains.

Chemical shift indexing (CSI) is a method of comparison of the experimentally
determined chemical shifts of a protein to experimentally determined shifts of residues in
random coil conformation for the purposes of secondary structure determination'”’”. The
presence of several consecutive residue chemical shift differences which are similarily biased by
their differences from random coil chemical shifts suggests the existence of secondary structure.
"HNand "N peptide backbone shifts upfield of the random coil shifts are representative of a-
helices, whereas shifts downfield are typical of residues part of a B-sheet conformation. The
magnitude of the chemical shift differences also reflects the certainty of the existence of
secondary structure. According to Wishart, the amide proton, C* proton, and the carbonyl
carbon are the most sensitive nuclei to conformation'’”. Once resonance peaks have been
assigned, variations in the chemical shifts from the standard “random” coil values provide insight
into the presence of any secondary structure, or the propensity to form elements of secondary

struc‘rure(2 37).

1.11 Purpose of the Research

The purpose of this work is to study the folding of the intrinsically disordered exon-1 Tat
protein to gain a better understanding of Tat’s role as a viral transcription activator in vivo. In
order to study Tat, a set of solution state conditions will be explored in which the disordered

protein remains in its monomerically reduced form. The effect of pH, counter ions, detergents, a
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binding partner, and solvent on the secondary structure of the intrinsically disordered protein Tat
are studied. The structural variability of Tat is an important characteristic of intrinsically
disordered proteins, endowing them with a wide functional repertoire. By gaining an
understanding of the forces that allow an intrinsically disordered protein to fold, we can begin to
understand the mechanism by which intrinsically disordered proteins interact with binding
partners, and the structural implications of these interactions. Also, the identification of
molecular recognition features and understanding the conformers of the intrinsically disordered
Tat; 7, protein, may contribute to the development of therapeutic agents in the treatment of HIV-

1.

The research presented in this thesis explores conditions in which Tat is soluble to
develop an understanding of the protein for study at neutral pH. Although first exon Tat and full
length Tat have been shown to be disordered in acidic conditions, it is not clear if the protein
remains disordered at neutral pH. Secondary structure characteristics of Tat are explored by
circular dichroism. The helical inducing effects of TFE are investigated by 'H-">N
Heteronuclear Single Quantum Coherence Spectroscopy in order to determine which regions

display helical propensity.

Because HIV-1 Tat has been implicated in neural dysfunction in AIDS patients and
because Tat is notoriously insoluble, the nature of insoluble Tat and conditions that lead to its
precipitation will be explored. A specific aim is to determine if Tat; 7, aggregates in a B-amyloid

conformation as this might suggest a new mechanism for Tat neurotoxicity.
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Chapter 2

2. Materials and Methods

2.1 Plasmid Construction

The E. coli codon-optimized exon 1 Tat;_7; gene of the HIV-1 BH10 isolate contained in
the pSV2tat72 expression vector was obtained through the AIDS Research and Reference

Reagent Program, Division of AIDS, NIAID, NIH from Dr. Alan Frankel®”,

2.1.1 Tat, 7, Sequence Properties

The version of Tat in this study is the 72 residue exon-1 product that is fused to a 20

residue His-tag. The sequence of the protein is as follows:

MGSSHHHHHH SSGLVPRGSH MEPVDPRLEP WKHPGSQPKT
ACTNCYCKKC CFHCQVCFIT KALGISYGRK KRRQRRRPPQ

GSQTHQVSLS KQ

Tat;_7, residues are designated in bold. It has been shown by spectral density mapping and
hydrogen-deuterium exchange that the His-tag itself remains disordered at pH 4*®). Previous
attempts at exploiting the thrombin cleavage site to remove the tag have resulted in significant
reduction of yield, possibly because of an internal thrombin cleavage site between Lys-61 and
Ala-62 or the existence of a thrombin inhibitory segment Arg-76 - Pro-77 - Pro-78%* %) The

use of a His-tag for proteins to be studied by NMR spectroscopy is advantageous because it
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permits rapid protein purification. Removal of the tag is not mandatory, as in x-ray
crystallography studies, because it has been noted for a large number of proteins that the
presence of the His-tag does not affect the structure or function of the fusion protein, having little

effect on NMR spectra®”.

The estimated charge of the His-tagged Tat,; .7, protein over a range of pH 1 -14 is

calculated using Protein Calculator v3.3 courtesy of Chris Putnam of The Scripps Research

Institute, and is shown in Table 2.1.

Table 2.1 Estimate charge of His-tagged Tat; 7, over a pH range of 1 -14.

pH Charge
1 27
2 26.9
3 26.4
4 25.2
5 23.3
6 20.6
7 15.1
8 11
9 5.9
10 0.1
11 -4.8
12 -8.9
13 -12.3
14 -12.9

2.2 Expression of Unlabelled His-tagged Tat, -,

50 mL of pre-sterilized Terrific Broth (TB) containing 30 pg/mL kanamycin, 34 ng/mL
chloramphenicol, and 0.8% v/v glycerol in a 200 mL baffled flask were inoculated with 100-200

uL of glycerol stock of E. coli BL21DE3pLysS cells transformed with the pSV2tat72 expression
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vector. Glycerol stocks containing bacterial culture in liquid medium combined with 60%
glycerol were stored at -80°C. The 50 mL culture was incubated overnight in a rotary shaker at
37°C along with 1 L of pre-sterilized TB in a 2 L baftled flask containing 34 ng/mL
chloramphenicol, 30 pg/mL kanamycin, and 0.8% glycerol. Approximately 10 mL of overnight
culture was aseptically transferred to the 1 L broth pre-incubated at 37°C. Tat,;.7, expression was
induced with the addition of 60 mg isopropyl--D-thiogalactopyranoside (IPTG) pre-dissolved in
2 mL of double deinonized H,O (ddH;O) to a final concentration of 250 pM when cell growth
achieved an optical density of 0.6 at 600 nm. After 5 hours, Tat; 7, expression was halted by
cooling the culture-containing flask in an ice bath for 15 minutes. Cells were harvested by
centrifugation for 20 minutes at 1700 x g at 4°C, the supernatant was removed, and the cells
were re-suspended in 170 mL of extraction buffer (100 mM sodium phosphate, 10 mM Tris-HCI,
10 mM tris-2-carboxyethyl phosphine (TCEP), pH 7.2). To the cell suspension 0.1 mg each of
deoxyribonuclease (DNase), ribonuclease (RNase), and lysozyme was added. The cell

suspension was purged with argon for 15 minutes, sealed, and stored at -80°C until needed.

2.3 Expression of N/ BC-labelled His-tagged Tat, -,

An overnight culture of pSV2tat72 containing E. coli cells was grown in the same
manner as for the unlabelled expression (50 mL TB containing 34 pg/mL chloramphenicol, 30
pug/mL kanamycin, and 0.8% glycerol) and incubated at 37°C in a rotary shaker. A 10 mL
aliquot of overnight culture was transferred to four 2 L baffled flasks pre-incubated at 37°C, each
containing 1 L of TB containing antibiotics and 0.8% glycerol. Cell growth was monitored by

optical density measurements at 600 nm until the absorbance reading was 0.6. Cell growth was
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halted by submerging the flasks in an ice bath for fifteen minutes. The culture was centrifuged
for 20 minutes at 1700 x g at 4°C, the supernatant was removed and the cell pellet re-suspended
in 50 mL of M9 minimal medium*? to wash away residual TB medium. The re-suspension was
centrifuged again for 20 minutes at 1700 x g at 4°C and the supernatant was removed. The cell
pellet was resuspended in 1 L of M9 minimal medium supplemented with vitamins and nutrients
and pre-incubated at 37°C. The contents of the M9 minimal medium are listed in Table 2.2. If
>N isotopically labelled Tat;.7, protein was desired, 0.7 g of ""NH4Cl and 2 g of D-glucose that
were pre-dissolved in 10 mL of M9 minimal medium were added to 1 L of M9 medium. If °N
and °C isotopically labelled Tat,.7; protein was desired, 0.7 g of 15NH4C1 and 2 g of 13 CeD-
glucose pre-dissolved in 10 mL of M9 minimal medium were added to 1 L of M9 minimal
medium. The cells were allowed to adjust to the medium for 15 minutes, and overexpression of
Tat;.7, was induced with 240 mg of IPTG, at a final concentration of approximately 1 mM. Tat
expression was allowed to proceed for 5 hours, and expression was halted by cooling the 2 L
baffled flask in an ice bath for 15 minutes. Cells were harvested by centrifugation at 1700 x g at
4°C for 20 minutes then the supernatant was removed. The cell pellet was re-suspended in 170
mL of extraction buffer. To the lysis buffer, 0.1 mg each of DNase, RNase, and lysozyme were
added, the suspension was purged with argon for fifteen minutes, sealed, and stored at -80°C

until needed.
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Table 2.2 M9 Minimal Medium used for the expression of ’N or ’N/"*C enriched Tat,.7,**?.

Component Concentration (mM)
KH,PO, 22
Na,HPO, 42
°NH,CI 12.8
MgSO, 2
CaCl, 0.01
NaCl 8.5
FeSO, 0.01
U-1306-glucose 10.7
(NH4)s(M0O7)24 3x10°°
HsBO, 4x107*
CoCl, 3x107°
CuSO, 1x107°
MnCl, 8x107°
ZnSO, 1x107°
Choline chloride 2.9x1073
Folic acid 1.1x107°
Pantothenic acid 2.1x107°
Nicotinamide 4.1x1073
Myo-inositol 5.5x10"°
Pyridoxal hydrochloride 2.4x107°
Thiamine hydrochloride 1.5x10°
Riboflavin 1.4x10™*
Biotin 4.1x107°

2.4 Purification of His-tagged Tat,_,

The frozen cell lysate was subjected to 3 freeze-thaw cycles. The lysate was thawed until
it was completely melted, but not allowed to warm to room temperature. After the last thaw, the
lysate was put onto ice and sonicated by three 30 s bursts at medium intensity, each period of
sonication separated by a 30 s rest interval. Guanidine-HCI was added to the lysate to a final
concentration of 5 M. The lysate was centrifuged at 12 000 x g at 4°C for 40 minutes. The
supernatant containing soluble Tat protein was removed, equilibrated to room temperature, and

adjusted to pH 7.2 with aqueous sodium hydroxide.
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The His-tagged Tat,.7; protein was purified by cobalt affinity resin chromatography. The
metal affinity column was prepared using 4 mL of TALON Superflow' ™ Metal Affinity Resin
(Clontech) stored in 20% ethanol. The resin was prepared following the recommendations in the
TALON™ Metal Affinity Resins User Manual. The resin was charged with 10 column volumes
(CV) of 50 mM cobalt (IT) chloride, washed with 7 CV of ddH,O, 3 CV of 0.3 M sodium
chloride, and 3 CV of ddH,O. The resin was equilibrated with 30 mL of extraction buffer
containing 5 M guanidine-hydrochloride (Gdn-HCI). The lysate was poured onto the column.
The column was washed with 20 mL of extraction buffer containing 5 M Gdn-HCI, then with 30
mL of wash buffer (50 mM sodium phosphate, 10 mM TCEP, pH 6.6) containing 5 M Gdn-HCI.
The protein was eluted with 10 mL of 0.22 pm filtered elution buffer (50 mM acetate, 10 mM
TCEP, pH 4) containing 5 M Gdn-HCI. The first 3 mL were discarded and seven 1 mL fractions
were collected. The first three fractions of darkest intensity were presumed to be of highest
Tat;.7; concentration, and were each diluted five-fold with elution buffer and dialyzed in separate
dialysis tubing. Fractions 4 and 5 were combined, fractions 6 and 7 were combined, and each
combination was diluted two-fold with elution buffer and placed into separate dialysis tubing.
The fractions were serially dialyzed against three 1 L dialysis buffers of 0.1 M, 0.05 M, 0.01 M
glacial acetic acid pH 3.5 and finally against 1 L of ddH,O pH 3.5. Each dialysis buffer was
prepared by pH adjustment with hydrochloric acid, degassing by sonication under a vacuum for
15 minutes, and purging with argon for 15 minutes. The duration of dialysis was as follows: 4
hour dialysis in 0.1 M acetic acid, overnight dialysis in 0.05 M acetic acid, 4 hour dialysis in
0.01 M acetic acid, and 3 hour dialysis in ddH,O. A 50 uL sample was removed from each bag,
was diluted ten-fold by the dialysate and the ultraviolet absorbance at 280 nm was measured; the

dialysate was used as a blank. The samples in the five dialysis bags were individually
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transferred to five 50 mL polypropylene conical tubes, were shell frozen, and lyophilized for 48

hours. The freeze-dried protein was stored at -20°C until needed.

2.5 Ultraviolet Absorbance Spectroscopy

The calculated molar extinction co-efficient (g) of Tat;.7; at 280 nm is 9090 em M. All
UV spectroscopy samples were placed into a 1 cm quartz cuvette. All spectra were collected
using a dual beam reference UV spectrophotometer. All Tat;_7, samples were referenced to
solutions containing the appropriate buffer blanks, all spectra were baseline corrected, and
control spectra were subtracted when necessary. The concentration of Tat, .7, protein was
determined by the application of the Beer-Lambert law: Absorbance = ¢ - concentration - cell

path.

2.5.1 Tat,.;; Solubility Studies

Tat;_7, solubility studies were conducted with the aim of finding conditions in which
Tat;_7, is stable, monomeric, reduced, and soluble approaching physiological pH. Various
criteria were taken into consideration when preparing solutions for these studies: presence of
reducing agent, buffer identity, ionic additives and ionic strength, presence of detergent, organic

co-solvent, biologically relevant co-factors.
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2.5.1.1 Detergent Assays

Detergent assays with reducing agent were prepared above critical micellar
concentrations*”. A stock Tat,.7, solution of about 1 mg/mL was prepared with an initial
concentration between 100-110 uM by solvating lyophilised protein with 20 mM sodium acetate,
20 mM MES, 2.5 mM TCEP, at pH 4. Stock Tat;.7; was diluted in half with various detergent
solutions to a final concentration of 50 — 55 uM. Detergent solutions were prepared so that their
final concentration after dilution with stock Tat;_7, would be about 10 times their critical micellar
concentration (CMC), and in a similar buffer (20 mM sodium acetate/MES, 2.5 mM TCEP, pH
4). Following a 30 minute equilibration period, a UV spectrum was collected. The sample was
titrated with 5 pL aliquots of dilute ammonium hydroxide, and allowed to equilibrate for 30
minutes. UV spectra were collected at the end of each equilibration period. A bulk absorption
of reference solutions of the same condition and pH was subtracted from every sample, and all
dilution corrections were accounted for (maximum dilution factor of 1.03). Figures 2.1 — 2.6
show the structures of the detergents, Figures 2.7 — 2.9 show the structures of the buffering
agents, Figure 2.10 shows the structure of the reducing agent TCEP, and Figure 2.11 shows the

structure of the organic solvent TFE.
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Figure 2.1 1-Lauroyl-2-hydroxy-sn-glycero-3-phosphocholine (LHGP)
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Figure 2.2 Sodium lauryl sulfate (SDS)
Ha

Figure2.3 n-Dodecyl-beta-D-maltoside (NDBM)

-

Br
WN
o

Figure2.4 Dodecyl trimethyl ammonium bromide (DTAB)
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Figure 2.7 Disodium citrate
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Figure 2.8 2-(N-morpholino)ethanesulfonic acid (MES)
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Figure 2.9 4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
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Figure 2.10 Tris(2-carboxyethyl)phosphine (TCEP)
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Figure 2.11 2,2,2-Tri-fluoroethanol (TFE)
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Detergent assays without reducing agent were done at concentrations above the CMC and
buffering agents included buffers chosen for their minimal “salt” effects in water, and their
compatibility with Tat;.7, at pH 4 as determined by initial solvation trials. It was observed that
for detergent solutions without reducing agent (in the absence of Tat,;.7;) no considerable change
in the bulk absorption of solution occurs when varying the pH. Samples were titrated with 3 pL
of dilute ammonium hydroxide and equilibrated for 24 hours between readings. All spectra were

referenced to appropriate blank solutions.

2.5.1.2 Trifluoroethanol Solubility

Tat;.7; was dissolved in 10 mM acetate, 10 mM MES, pH 4. The sample was centrifuged
at 13 000 X g until no visible protein pellet formed, it was spin filtered through a 0.22 pm filter,
and diluted with trifluoroethanol to a final solution composition of 30% TFE, 7 mM acetate, 7
mM MES, apparent pH 4.7. The concentration of Tat;.7; was 110 uM. Concentrated zinc (II)
acetate was added to the Tat;.72/30% TFE solution to a final concentration of 220 uM (two molar
equivalents of zinc to Tat;_72). The sample was incrementally titrated to pH 7.2 with dilute
ammonium hydroxide over a period of 6 hours (secondary structure analysis by circular
dichroism was done between pH changes). At pH 7.2, a UV spectrum was acquired between
240-320 nm. An additional spectrum was collected after a three day equilibration. All spectra

were referenced to appropriate blank solutions.
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2.6 Circular Dichroism Spectropolarimetry

CD spectra were collected using a Jasco J-810 spectropolarimeter. Samples were
equilibrated to 25°C (unless noted otherwise) by an external Julabo 25-HE water bath. The basic

acquisition parameters were (unless specifically indicated elsewhere):

Cell Length: 0.01 cm, Sensitivity: Standard (100 mdeg), Scan Rate: 5 nm/min,

Response Time: 8 s, Accumulations: 1, Bandwidth: 1 nm, Range: 180 nm — 260 nm

The measurements in units of millidegrees were converted to mean residue ellipticity (MRE) by

the formula:
[Ox]mre = [6,] + 0.001 « M
neCel+10
MRE is reported in degecm’sdmol™. [6,] is the ellipticity in units of millidegrees, M is the
atomic mass of the protein, n is the number of amino acids in the protein, C is the mg/ml
concentration of protein, | is the cuvette pathlength in centimetres. It is desirable to report
ellipticity as MRE because it expresses the ellipticity of a protein as contributed by the molar

concentration of peptide units.

The spectropolarimeter was calibrated with (+)-10-camphorsulphonic acid. Wavelength
is calibrated in reference to a negative band at 192.5 nm, and a positive band at 290.5 nm.
Intensity is calibrated by the absorbance at these two wavelengths, where the ellipticity (€) is

dependent on the concentration of the calibrant. At 192.5 nm, the Ae=—-49L - mol ™! cmfl;
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AAbsorbance (A) =-1.05 X 107, At290.5 nm, Ae=2.36 L - mol™' - cm™; AA=5.08 X 107"
The ratio of intensities should be 2, which is an indicator of the accuracy of the instrument at

lower wavelengths?*?.

2.6.1 Deconvolution of CD Spectra

Methods have been developed to deconvolute the various contributing secondary
structural elements present in a protein solution from the measured CD spectrum. These
algorithms rely on reference CD spectra of proteins of known structure, solved by IR, x-ray
diffraction patterns, and crystal structure determination. DICHROWEB is an analysis web
server hosted by the Department of Crystallography at Birkbeck College at the University of

London®#”

and was accessed for structural prediction using three different analysis programs:
CONTINLL"“? %9 Selcon3 (self-consistent method)?*” ?*® and CDSSTR“*. Deconvolution is

performed on the far UV spectrum between 185 nm — 260 nm.

2.6.2 The Effect of Sodium Chloride on Tat,.;, Secondary Structure

Two milligrams of lyophilized Tat,_7, was dissolved in 50 mM citrate, 100 mM NaCl, pH
5.5. The sample was centrifuged at 13 000 X g on a benchtop Fisher micro-centrifuge model
235A until no visible pellet was formed and then it was equilibrated for 24 hours. The final
concentration of Tat; 7, was 190 uM and a CD spectrum was acquired. The spectrum was

baseline corrected.
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For a separate trial, about two milligrams of lyophilized Tat;_7, was dissolved in 50 mM
citrate, 100 mM NaCl, pH 5.10. The sample was centrifuged at 13 000 X g on a benchtop Fisher
micro-centrifuge until no visible pellet was formed, titrated to pH 5.35 and then equilibrated for
24 hours. The final concentration of Tat was 220 uM and a CD spectrum was acquired and

corrected with a baseline.

2.6.3 The Effect of Trifluoroethanol on Tat, 7, Secondary Structure

2.6.3.1 Tat;.7; Solvation in 0% - 90% Trifluoroethanol

A stock Tat;.7; solution was prepared in 10 mM acetate, pH 4. The sample was
centrifuged until no visible pellet formed. The concentration of Tat,;_;, was determined to be 550
uM. A series of solutions ranging from 0-90% TFE, in 10 mM acetate at pH 4 was prepared. An
aliquot of Tat; 7, was added to each TFE solution so that the final concentration of Tat,_;, was
100 uM, except for the 85% and 90% TFE samples, which had a Tat, 7, concentration of 83 pM
and 55 pM, respectively. The solutions were equilibrated for 30 minutes prior to the
measurement of pH and acquisition of a CD spectrum. The spectra were baseline corrected and

dilution factor corrections were applied to the 85% and 90% TFE samples.

2.6.3.2 The Effect of Temperature on Tat; 7, in 20% Trifluoroethanol

A Tat;_7; solution was prepared in 10 mM acetate, 10 mM TCEP, pH 4. It was
centrifuged until no visible pellet was formed, and diluted with TFE to a final TFE concentration

0f 20% and apparent pH of 4.2. The concentration of Tat;.;; was 100 uM. The sample was
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allowed to equilibrate for 30 minutes at 25°C prior to the acquisition of a CD spectrum. CD
spectra were then acquired at 5, 25, 35, 50, 65, and 80°C after a 30 minute equilibration period at

each temperature. The spectra were baseline corrected.

2.6.3.3 Zinc Titration of Tat;_7; in 30% Trifluoroethanol

Tat;.7; was prepared in 10 mM acetate, pH 4.0, equilibrated overnight and diluted with
TFE to a final TFE concentration of 30% and apparent pH 4.28. The final concentration of
Tat;.7, was 140 uM. The solution was titrated with 0.5, 1, 2, 3, and 4 molar equivalents (MEQ)
of zinc (II) acetate. Prior to the acquisition of a CD spectrum, the sample was allowed to

equilibrate to the new condition for 15 minutes. The spectra were baseline corrected.

2.6.3.4 pH Titration of Tat;7; in 30% Trifluoroethanol with 2 Molar Equivalents of Zinc(1l)

Tat; 7, was dissolved in 10 mM acetate, 10 mM MES, pH 4 and allowed to equilibrate
overnight. The solution was diluted with TFE to a final concentration of 30% TFE. The
concentration of Tat; 7, was 100 uM and 2 MEQ of Zn(II) were added to the solution. The
sample was titrated from pH 4.69 to 7.02 with aqueous ammonium hydroxide. After the addition
of titrant, the sample was allowed to equilibrate for 15 minutes, followed by the acquisition of a
CD spectrum. The spectra were baseline corrected and a dilution correction was applied

(maximum dilution factor of 1.0035).
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2.6.4 The Effect of SDS on Tat,.;, Secondary Structure

A 95 uM stock solution of Tat;.7; in 10 mM acetate, pH 4.0 was diluted to 15 pM in a
solution of 2 mM SDS. The SDS was 2 mM in 10 mM acetate at pH 4. The sample was
equilibrated for 15 minutes followed by the acquisition of a far UV CD spectrum. The spectrum

was baseline corrected.

2.6.5 Tat;.;; and TAR in the presence of DDM and 2 MEQ Zn(Il)

TAR was provided by Professor Hashim M. Al-Hashimi of the Department of Chemistry
& Biophysics Research Division at the University of Michigan in Ann Arbor, Michigan. The
ribonucleotide was prepared by Ms. Liz Dethoff. The TAR ribonucleotide in this study consists
of 29 nucleotides. The stem-loop RNA is the shortened version of the 5* viral mRNA beginning
at guanosine-17 and ending at cytidine-45. The secondary structure of the truncated version of

HIV-1 TAR is shown in Figure 2.12.
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Figure 2.12 The 29 nucleotide truncated version of HIV-1 TAR.

A 95 uM stock solution of Tat; 7, in 10 mM acetate, pH 4.0 was diluted with 10 mM
acetate, pH 4.0 to a 50 uM working solution. To the Tat; 7, solution, 2 pl of concentrated zinc
(IT) acetate was added to a final concentration of 100 uM. 200 pl of 20 uM TAR in 10 mM
acetate at pH 4 containing 15 mM DDM was prepared. 80 ul of the Tat; 7, solution was added to
the TAR/DDM solution. The final concentrations were: 14 uM Tat, 7, 14 uM TAR, 10 mM
DDM, 28 uM zinc(II) acetate, 10 mM acetate. The sample was equilibrated for 15 minutes
followed by the acquisition of a far UV CD spectrum. The spectrum was baseline corrected.

The sample precipitated after a 24 hour equilibration at pH 4.0.
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2.7 NMR Sample Preparation

For NMR samples without TFE, lyophilized, uniformly '°N enriched Tat,.;, was
dissolved in 700 pl of 10 mM acetate aqueous buffer pH 4 containing 10 mM TCEP, 5% D-O,
and a trace of 2,2-dimethyl-2-silapentane-5-sulfonate (DSS), to a final Tat;.7; concentration of
0.5 mM — 0.7 mM. The appropriate volumes of TFE were added to the sample for final TFE
concentrations of 7% and 15% TFE. After the addition of TFE, the protein sample was purged

with argon for 5 minutes and sealed prior to NMR acquisition.

The *C/**N-labelled Tat; 7, in 30% TFE for two and three dimensional NMR analysis
was prepared by addition of lyophilized *C/*°N-labelled Tat;.7, in 500 ul of 10 mM acetate
buffer pH 4, 10 mM TCEP, 5% D-0, and trace amounts of DSS, to a concentration of 0.7 mM —
0.8 mM protein. The sample was diluted with TFE to 30% and purged with argon for five

minutes prior to NMR acquisition.

2.8 Nuclear Magnetic Resonance Spectroscopy

All NMR spectra of "N and "°N/"*C labelled Tat,.7, were acquired using a 600 MHz
Varian INOVA spectrometer with a 14.1 Tesla field strength. The spectrometer was equipped
with a triple resonance probehead at 25 °C. The pulse sequences for 'H-"N HSQC*?,
HNCO“", and HN(CA)CO(252) were standard gradient sensitivity enhanced Varian BioPack
pulse sequences®”. Proton shifts were referenced to water resonating at 4.82 ppm from the

internal standard DSS; "°N and *C were referenced indirectly®*?.
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The sweep widths for the 2-dimensional 'H-">’N HSQC spectra of °N enriched Tat,.7, in
0%, 7%, and 15% TFE were 16 parts per million (ppm) in the direct dimension (centre frequency
0f 599.68 Hz), and 32 ppm in the indirect dimension (centre frequency of 60.76 Hz). An
excitation pulse width of 6.7 us was employed. 1024 X 128 complex points were collected, with
an acquisition time of 0.107 seconds. A total of 32 scans were collected. Data were Fourier

239 and Spinworks. Prior to transformation spectra were zero filled

transformed using NMRPipe
to twice the data set, apodized using a squared cosine bell function and Zhu-Bax linear predicted.
Spectra were analyzed using Spin Works 3.1.7 (courtesy of Dr. Kirk Marat at the University of

Manitoba) and Sparky®*”.

The sweepwidths for the 3-dimensional HNCA and HN(CO)CA for partial assignment of
N/PC Tat,.7, in 30% TFE was 8 ppm in the 'H dimension (centre frequency of 60.76 Hz), 17
ppm in the °C dimension (centre frequency of 150.82 Hz), and 32 ppm in the '°N dimension
(centre frequency of 60.77 Hz). An excitation pulsewidth of 6.7 us was employed. 1024 X 128
X 32 complex points were collected with an acquisition time of 0.054 seconds. A total of 8
scans were obtained. Data were Fourier transformed using NMRPipe. Prior to transformation,
spectra were zero filled to twice the data set, apodized using a squared cosine bell function, and

linear predicted. Spectra were analyzed using Sparky(255).
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2.8.1 Chemical Shift Indexing

2.8.1.1 'H-"N HSQC Spectra of °N enriched Tat;.7;in 0 %, 7 %, 15 %, 30 % TFE

Chemical shifts can be useful indicators of secondary structure. The chemical shifts of
peptide backbone nuclei like "H" and "’N depend on their local orientation and the electronic
shielding effects of local nuclei. The chemical shift dispersion of 'H" and '°N in denatured or
intrinsically disordered proteins make them viable candidates for study by NMR. Chemical shift
indexing of "N and '°N/"*C enriched Tat,.;, was done by determining the difference in chemical
shifts between Tat, .7, residues and those of experimentally determined residues in the random
coil conformation. A reference set of random coil values were determined by Schwarzinger et
al.”’Y. The chemical shifts of residues in the random coil state were determined from a series of
model pentapeptides of structure Ac-G-G-X-G-G-NH; in 8 M urea. Due to the sensitivity of
amide proton and amide nitrogen chemical shifts on neighbouring residues, the reference random
coil shifts were corrected for the identity of the preceding and proceeding residues” by the

correction factor calculation:

or(corrected) = dangom(R) + AS(R;) + AS(R.)
where Jr(corrected) is the corrected random coil shift value for residue ‘R’, d;angom 18 the
uncorrected random coil shift value for ‘R’, AS(R.) is the chemical shift correction based on the
identity of the preceding residue, and AS(R+) is the chemical shift correction based on the

identity of the proceeding residue.
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Chemical shift indexing has been useful in showing the existence of secondary structure
in well folded and partially unfolded proteins'®” **®. The shift differences in wholly disordered

proteins are smaller, but have indicated transient structure or structural propensity ***.

2.9 Congo Red Binding Assay

Congo Red is the sodium salt of benzidinediazo-bis-1-naphthylamine-4-sulfonic acid,
formula: C3,H»;N¢Na,O¢S,, molecular weight: 696.66 g/mol (Figure 2.13). It is a derivative of
benzidine and naphthionic acid. The molecule is referred to as an azo dye, containing two azo
groups. These dyes are intensely coloured due to n-electron delocalization. When dissolved in
aqueous buffers of alkaline or weakly acidic pH, CR solutions are red and absorb maximally at
500 nm. In unpolarized light, the dye appears red in stained amyloids, due to a maximal
absorption at 540 nm. The exact mechanism by which CR interacts with amyloid fibrils is
unclear, but it is believed that it forms non-covalent interactions by hydrogen bonding with -
sheet structure. The molecule contains two amine and two sulfate groups assumed to intercalate

with B-sheet structures, as typically seen in amyloid.
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Figure 2.13 Di-sodium salt of benzidinediazo-bis-1-naphthylamine-4-sulfonic acid.
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A stock CR solution was prepared by 0.2 um filtration of a 0.4 mM CR solution in 5 mM
potassium phosphate, 150 mM sodium chloride, pH 7.2. The final concentration of CR was
0.375 mM. A 20 uM solution of Tat;.7» was prepared by solubilising lyophilized protein in 50
mM citrate, 100 mM NaCl, pH 4. The 1 mL solution was centrifuged for 1 minute at 13 000 X g
until there was no visible pellet using a benchtop Fisher micro-centrifuge model 235A. The Tat,.
72 solution was adjusted to pH 5.35 with aqueous ammonium hydroxide. 10 pL of CR stock
solution was diluted into 490 uL of Tat; 7, solution (50 mM citrate, 100 mM NaCl, pH 5.35) to a
final concentration of CR of approximately 7.5 uM. After a 40 minute equilibration period, a
UV spectrum was acquired in the range 400 nm — 600 nm. The addition of 10 pL of 0.375 mM
CR to 50 mM citrate, 100 mM NaCl, pH 5.45 was repeated in the absence of protein and a
spectrum was acquired in the range 400 nm — 600 nm. An increase in absorbance at 540 nm of
the CR + Tat;.7; spectrum compared to CR alone is indicative of an association between CR and

an amyloid-like structure!’** 297,

2.9.1 Polarized Light Microscopy

A 1 mL sample of 200 uM Tat,;.7; in 100 mM NaCl, 10 mM acetate, pH 4 was combined
with 5 pL of CR from a CR stock solution consisting of 10 mM CR, 5 mM potassium phosphate,
150 mM sodium chloride, pH 7.2, giving a final CR concentration of 50 uM. A 5 pL aliquot was
placed on a glass slide, and observed through an Olympus BX51 polarizing optical microscope

for green-yellow birefringence.
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2.9.2 Amyloid Specific Sequence Determination Using Web-based Algorithm
“WALTZ”

The sequence of the 92 residue His-tagged Tat, 7, protein was submitted to the web-based
algorithm “WALTZ” provided at the internet address http://waltz.vub.ac.be/submit.cgi, accessed

Oct. 13, 2010459,
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Chapter 3

3. Results

3.1 Expression of His-tagged Tat,_;,

Typically, a 1 L TB culture of BL21(DE3)pLysS cells grown to an optical density of 0.6
— 0.9 absorbance units at 600 nm and expressing unlabelled Tat,;.;, would yield a wet mass of
cells of 10-12 g after centrifugation. A 4 L TB culture of BL21(DE3)pLysS cells grown to the
early stages of exponential growth (~ 2 hours) for expression of "°N or °N/"*C Tat,_, would also
yield 10-12 g of cells. Cells were resuspended in a large volume of re-suspension buffer for
numerous reasons. Tat;.;, forms multimers possibly by ionic interactions of its acidic, proline-
rich region and basic, arginine-rich region, and irreversibly via cysteine linkages between thiol
groups. Dilution is thought to reduce the likelihood of multimerization. In smaller lysis buffer
volumes, the cell extract was particularly viscous, possibly slowing the diffusion of each of
DNase, RNase, and lysozyme throughout the solution. Lysate viscosity was decreased by the
addition of 0.1 mg of DNase, RNase, and lysozyme. Tat,.7; is basic, and at pH 7.2 the estimate
net charge is +25, thus it adheres to anionic molecules. Cell lysis is achieved by freeze-thaw
cycles in preference to the French press. Once the plastic bottle containing the cells is purged
and sealed under argon to prevent oxidative cross-linking of the protein, the cells can be lysed by
freeze-thawing with minimal exposure to atmosphere. A French press is not applied because it

would be more difficult to keep the solution reduced?®”.
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3.2 Purification of His-tagged Tat,_;, and B¢/ N-enriched
His-tagged Tat;_;,

Purification of the recombinant His-Tat;.7; fusion protein is achieved by making use of
the affinity of the poly-His tag for immobilized cobalt ions of a resin. Cobalt resin is employed
over nickel resin for its selective affinity of the His-tag, even in the presence of high
concentrations of denaturant. The Talon Superflow Metal Affinity Resin is part structural
sepharose bead, and part functional chelator of cobalt. It co-ordinatets to cobalt ion through 4 of
6 metal co-ordination sites leaving two sites available for His. When the resin is equilibrated
with cobalt ion, it is pink in colour. The imidazole group of Histidine has a pKa of
approximately 6 depending on the effects of neighbouring amino acids. The protonation of
either tautomeric form of Histidine creates a resonance stabilized positive charge over the
imidazole ring that is repulsed from the cationic cobalt. Thus, affinity for the cobalt-resin can be
controlled by pH. His-Tat;_7, is retained on the column when the lysate is poured over the
column at pH 7.2. Tat,.7; retention on the column was observed by a brown discoloration of the
pink resin. The brown band was eluted at pH 4, returning the pink colour of the cobalt-resin.
Denaturant and reducing agent are removed by serial dialysis, and the protein appears as a fine,
fluffy lyophilisate. Protein expression of unlabelled, ISN, and N/"*C enriched Tat; 7 usually

yielded 10-15 mg of unaggregated, pH 4 soluble, lyophilized protein after purification.
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3.3 Ultraviolet Absorption Spectroscopy

Routine determination of Tat;.7, concentrations were done by ultraviolet absorption
spectroscopy. The concentrations of Tat; 7, solutions were determined by absorption at 280 nm,
using the theoretical Tat; 7, molar extinction coefficient of €,59 = 9090 M'em?. The precise
determination of Tat; 7, at higher concentrations is difficult due to Tat; .7, self-association that
causes light scattering, therefore Tat;_7, was always measured at concentrations below 100 pM.
The absorption spectrum of Tat;_7; in this range (Figure 3.1) is dominated by a characteristic
tryptophan absorption at 280 nm overlapping with a tyrosine absorption, and a characteristic
trough at 250 nm. In Figure 3.1 the absorption decay above 300 nm is evidence of a lack of light
scattering indicative of a well solubilized protein. Figure 3.2 shows the absorption of 0.033 mM
tryptophan in 10 mM acetate at pH 4. Note the incomplete lack of absorption above 300 nm.
Tat;.7; protein does not decay completely to zero which may be a result of a very small
population of protein that is aggregated possibly because the protein self-associates non-

covalently.

0.9 A
0.8 A
0.7 A
0.6 A
0.5 ~
0.4 A
0.3 ~
0.2 A
0.1 A

0] . . .

240 260 280 300 320
Wavelength (nm)

Absorbance

Figure 3.1 UV absorbance of 85 uM Tat;_7; in 10 mM acetate, pH 4.
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Figure 3.2 UV absorbance of 33 uM tryptophan in 10 mM acetate, pH 4.

3.4 Circular Dichroism Spectropolarimetry

Figure 3.3 shows the far UV CD spectrum of Tat;.7; in 10 mM TCEP, 10 mM acetate, pH
4. The spectrum contains a negative CD band at 200 nm characteristic of a disordered random
coil. Table 3.1 shows the results of the deconvolution of the spectrum by the Selcon3,
CONTINLL, and CDSSTR methods, and they all show that the protein is mainly disordered®*”.
This is in agreement with previously published results of multinuclear NMR data by Dr. Shaheen
Shojania showing that HIV-1 Tat, 7, is intrinsically disordered at pH 4°?. The average of the
three algorithms shows that the highest amounts of secondary structure occupies the disordered
and turn conformations. There is some disagreement between the Selcon3/CONTINLL methods
and CDSSTR method between the proportion of structure defined as turn and disordered.

Selcon3 and CONTINLL respectively predict 44% and 48 % disordered and 27% and 29 % turn,
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whereas CDSSTR predicts 78% disordered and 8% turn. A turn is defined as the close approach
of two C* atoms (< 7 A) when the corresponding residues are not involved in an a-helix or p-
sheet structure®®. The turn may or may not be stabilized by a hydrogen bond between the
backbone amide proton and the carbonyl group. In the case where the turn is stabilised by an H-
bond, it is referred to as a y-turn when the H-bond is separated by one residue; it is called a -
turn when the H-bond is separated by two residues; it is an a-turn when the H-bond is separated
by three residues; and it is a n-turn when the H-bond is separated by four residues”*?. The CD
spectrum of a turn is similar to that of a B-sheet. The differences in secondary structure
determination between Selcon3/CONTINLL and CDSSTR may be due to differences in the data

sets upon which the deconvolutions are based.
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Figure 3.3 CD spectrum of 190 uM Tat,;7; in 10 mM TCEP, 10 mM acetate, pH 4.
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Table 3.1 Secondary structure determination by deconvolution of the CD spectrum in Figure
3.3.

Algorithm Helix 1 | Helix 2 | Strand 1 Strand 2 | Turns | Disordered | Total
Selcon3 0.042 | 0.092 0.077 0.095 0.266 0.438 1.01
CONTINLL 0.037 | 0.036 0.068 0.083 0.293 0.484 1.001
CDSSTR 0.01 0.03 0.05 0.04 0.08 0.78 0.99
Average 0.030 | 0.053 0.065 0.073 0.213 0.567 1.000

3.5 Tat,_7,; Solubility Studies

The aim of these studies was to select for conditions that could solubilize Tat;.7, in
conditions approaching neutral pH. Due to the flexibility and intrinsic disorder of the protein, its
high net positive charge and the tendency to form cysteine linked oligomers, Tat;_7, tends to form
insoluble oligomers and this may be influenced by the chemical nature of its solvent. Finding
conditions at neutral pH that are compatible with Tat; 7, is the goal. Presumably, the Tat/TAR/P-
TEFb affinity is optimal at the neutral pH conditions of the eukaryotic cytosol of infected cells,
therefore the need to mimic this pH in vitro is clear. Table 3.2 shows all of the conditions
assayed for Tat;.7, solubility. Conditions of buffers, detergents, reducing agents, salt, the organic
solvent TFE, and zinc were used to increase the solubility of Tat;.7,. The table also indicates if
the protein was soluble in certain conditions and, where known, the secondary structure of the

protein.
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Table 3.2 Solubility assays for His-tagged Tat;.75p. Highlighted in pink is the Tat/TFE study over

a temperature range of 5 °C — 80 °C.

Reducing
Buffer pH | Detergent Agent NacCl TFE Zinc | Soluble | Structure
1 Random
Acetate 4.2 - - - — — Yes Cail
2 Random
Acetate 4.0 — TCEP — — — Yes Cail
3 Random
HEPES 4.0 — — — — — Yes Coil
4 HEPES 5.8 - - — — — Yes —
5 HEPES 6.5 — — — — — No —
6 HEPES 4.0 — TCEP — — — No —
7 | HEPES/Disodium
Citrate 4.0 — — — — — Yes —
8 Random
MES 4.0 — — — — — Yes Coil
9 MES 5.0 — — — — — No —
10 | MES/Disodium
Citrate 4.0 — — — — — Yes —
11
Citrate 5.0 — — — — — No —
12 | Disodium Citrate | 4.0 — — — — — Yes —
13 Citrate 5.4 — — Yes — — Yes B-sheet
14 Citrate 6.2 - — Yes — — Yes —
15 Acetate 4.1 SDS - - — - Yes a-helix
16 | Acetate/HEPES | 4.5 SDS — — — — Yes —
17 | Acetate/HEPES | 6.7 SDS — — — — Yes —
18 HEPES 4.0 CHAPS — — — — Yes —
19 HEPES 5.7 CHAPS — — — — Yes —
20 HEPES 3.9 DTAB — — — — Yes —
21 HEPES 5.0 DTAB — — — — Yes —
22 | HEPES/Disodium
Citrate 4.0 CHAPS — — — — No —
23 | HEPES/Disodium
Citrate 4.0 DTAB — — — — No —
24 MES 4.0 CHAPS — — — — No —
25 MES 4.0 DTAB — — — — No —
26 | MES/Disodium
Citrate 4.0 CHAPS — — — — No —
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27

MES/Disodium

Citrate 4.0 DTAB — — — No —
28 Citrate 4.0 | CHAPS — — — No —
29 4.0-
Citrate 53 DTAB — — — Yes —
30 | Disodium Citrate | 4.0 CHAPS - - - No —
31 | Disodium Citrate | 4.0 DTAB — — — No —
32 4.0-
Acetate/Mes 7.0 SDS TCEP — — Yes a-helix
33 4.0-
Acetate/Mes 6.4 LHGP TCEP — — — —
34 Acetate 5.0 NDMB TCEP — - No —
35 Acetate 4.6 DTAB TCEP — — No —
36 Acetate 4.7 | CHAPS TCEP — — No —
37 Random
Coil/a-
Acetate 4.0 — — 0-90 % — Yes helical
38 Random
Acetate 4.2 — TCEP 20% — Yes Coil
39 0-4
Acetate 4.3 — — 30% MEQ Yes a-helix
40 4.7- 2
Acetate/MES 7.2 — TCEP 30% MEQ Yes a-helix
41 Random
Coil/a-
Acetate 4.0 — — 0-30 % — Yes helical

3.5.1 Buffers

buffer at pH 4 (see Table 3.2, first entry). Long-term stability of Tat,.7; at pH values

The starting point for these studies is the well-established solubility of Tat; 7, in acetate

approaching pH 7 in the absence of reducing agent was explored in MES, HEPES, and citrate.

Tat;_7, precipitated in both MES and citrate when equilibrated for 24 hours at pH 5 (Table 3.2,

entry 9 and 11).
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Tat;_7, was soluble in HEPES at pH 4 for at least 24 hours, and upon titration to pH 5.8,

showed some stability at this pH. Further titration to neutral pH resulted in a precipitate. The

UV spectrum of Figure 3.4 shows evidence of aggregation by an increase in the absorption of the

trough region (250 nm) and an increase in the absorbance above 300 nm, and a decrease in the

peak absorbance at 280 nm. The decrease in UV absorbance at 280 nm suggests a loss of

protein, which could have occurred as a small amount of Tat, 7, precipitated out of solution, or

by adhering to the glass surface of the absorbance cuvette. Tat;.;, precipitated during the 24

hour equilibration period after the pH was raised to about 6.5 (data not shown, Table 3.2, entry

5). Tat;.7, was not stable in 20 mM HEPES at pH 4 in the presence of 10 mM TCEP over a

period of 24 hours as indicated by protein precipitation (data not shown, Table 3.2, entry 6).
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Figure 3.4 The absorbance spectra of 90 uM Tat; 7, in 20 mM HEPES at pH values of 4.0 and

5.8 collected after 24 hour equilibration at each pH.

The circular dichroism spectrum of 90 uM Tat;_7, in 20 mM HEPES at pH 4.0 is shown

in Figure 3.5. The spectrum is dominated by a negative CD band at 200 nm that is characteristic
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of a disordered random coil, with a weaker negative CD band in the region between 220 nm —
240 nm. Table 3.3 shows the deconvolution results. The secondary structure content of Tat; 7,
in 20 mM HEPES at pH 4.0 is: 11.7 % helical, 19.6 % B-strand, 20.9 % turn, 47.6 % disordered.

According to the deconvolution results, Tat; 7, is mainly disordered in HEPES at pH 4.0.
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Figure 3.5 The CD spectrum of 90 uM Tat in 20 mM HEPES, pH 4.0.

Table 3.3 Secondary structure determination by deconvolution of the CD spectrum of 90 uM

Taty.7, in 20 mM HEPES, pH 4.

Algorithm Helix 1 Helix2 | Strand 1 | Strand 2 | Turns | Disordered Total
Selcon 3 0.064 0.096 0.117 0.098 0.251 0.372 0.997
CONTINLL 0.035 0.087 0.123 0.111 0.266 0.377 0.999
CDSSTR 0.04 0.03 0.09 0.05 0.11 0.68 1
Average 0.046 0.071 0.110 0.086 0.209 0.476 0.999
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3.5.2 Buffer and Detergent Combinations

Tat; 7, was screened for solubility in different buffer and detergent combinations in the
absence of reducing agent. Tat;.7; showed good solubility in various detergents at about pH 4
(lines 15 — 36), Table 3.2). Tat;.;» was shown to have good solubility in each of HEPES, MES,

and citrate at pH = 4.

Figure 3.6 shows the UV spectra of Tat; 7, in 20 mM HEPES and 20 mM of the
zwitterionic CHAPS detergent at pH 4.0 and 5.7. This is above the CMC of CHAPS (CMC of
CHAPS is 8mM)“*. The initial UV absorbance spectrum at pH 4.0 differs little from the
spectrum at pH 5.7. After a 24 hour equilibration at pH 5.7, there is a slight increase in
absorbance between 245 nm — 270 nm indicating that some protein may have aggregated. The
absorbance above 300 nm does not change between the pH values, but both do not decay to zero,
indicating that there might be a Tat;.7» population that is a soluble multimer. A Tat;.;, precipitate

formed during further titration to about pH 6.3.
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Figure 3.6 The 24 hour absorbance spectrum of 83 uM Tat;.7; in 20 mM HEPES and 20 mM

CHAPS at pH values of 4.0 and 5.7.

Figure 3.7 shows the absorption spectra of Tat;.7; in 20 mM HEPES and 20 mM of the
cationic DTAB detergent at pH 3.9 and 5.0. This is above the CMC of DTAB (CMC of DTAB
is 14.1 mM)“%. The spectra differ very little from each other, indicating that Tat,.;, was
solubilized at both pH values for at least 24 hours. There is a slight increase in the absorption at
245 nm — 270 nm between pH 3.9 — pH 5.0 indicating that a small amount of Tat; 7, might have
aggregated upon titration to pH 5.0. The absorbance above 300 nm increases slightly from pH
3.9 to 5.0, and does not decay to zero in both cases. The increase suggests protein aggregation
upon titration to pH 5.0. The fact that both do not decay to zero above 300 nm suggests the
existence of a small population of aggregated Tat;.7,. Further titration to pH 5.5 resulted formed

a Tat,_7, precipitate.

115



Absorbance

O T T T
240 260 280 300 320
Wavelength (nm)

Figure 3.7 The 24 hour absorbance spectra of 75 uM Tat,.7; in 20 mM HEPES and 20 mM

DTAB at pH values of 3.9 and 5.0.

Figure 3.8 shows the absorption spectra of Tat;.7; in 20 mM citrate and 20 mM of the
cationic DTAB detergent at pH values 4.0 and 5.3, equilibrated for 24 hours at each pH. DTAB
is above the CMC. When comparing the spectra at pH 4.0 and pH 5.3, there is an increase in
absorbance between 245 nm — 270 nm, and an increase above 300 nm suggesting that a small
amount of protein aggregated upon titration to pH 5.3. The absorption above 300 nm does not
decay to zero, probably due to the existence of a small population of aggregated protein. Further

titration to pH 6 caused Tat,.7, to precipitate (data not shown).
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Figure 3.8 The 24 hour absorbance spectra of 33 uM Tat,.7; in 20 mM citrate and 20 mM

DTAB at pH values 4.0 and 5.3.

Figure 3.9 shows the spectra of Tat;.7; in 10 mM acetate, 10 mM HEPES, and 20 mM
SDS at pH values 4.47 to 6.67. Tat;_7, was equilibrated at each pH for 24 hours prior to the
acquisition of spectra. The overlayed spectra at each pH increment are nearly identical to each
other, suggesting that Tat;.7, is well solubilised in the anionic detergent SDS in the absence of
reducing agent. Light scattering above 300 nm indicates that a small population of Tat; 7, is
aggregated. Tat; 7, precipitated instantly after the pH of the solution was raised to about 7. The
spectra for which Tat;.7; was not soluble at pH 4 for at least 24 hours are not shown (conditions

shown in Table 3.2).
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Figure 3.9 The 24 hour absorbance spectra of 72 uM Tat;.7; in 10 mM acetate, 10 mM HEPES,

and 20 mM SDS at pH values 4.47 — 6.67.

Figure 3.10 shows that the CD spectrum of 14 uM Tat,7; in 10 mM acetate at pH 4.05
resembles that of an intrinsically disordered protein as described earlier (Figure 3.3). The
addition of SDS below the CMC causes a major change giving rise to a spectrum that has
characterstic a-helical negative helical bands at 208 nm and 222 nm and a positive shoulder at
190 nm. Deconvolution shows that the helical content of Tat;_7, increases from 9 % to 23 %,
while the content of all other secondary structures decreases slightly. B-strand decreases from 27
% to 22 %, turn content decreases from 24 % to 20 %, and disordered content decreases from

40 % to 45 % (Table 3.4).
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Figure 3.10 CD spectrum of 14 uM Tat; 7, in 10 mM acetate, pH 4.05 (blue) and 14 uM Tat; 7,

in 10 mM acetate, pH 4.07, and 1.75 mM SDS (green).

Table 3.4 The average of the CD spectrum deconvolution of 14 uM Tat; 7, in the absence and

presence of 1.75 mM SDS by the Selcon3, CONTINLL, and CDSSTR methods. See AS. of

Appendix A for the complete set of deconvolution data.

Helix 1 Helix 2 | Strand 1 | Strand 2 Turns [Unordered| Total
15 uM Tat.72 0.023 0.062 0.160 0.110 0.241 0.397 1.000
15 uM Tat;.72, 0.124 0.104 0.132 0.084 0.197 0.348 0.988
1.75 mM SDS
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To summarize the results thus far, in the absence of reducing agent, Tat; 7, is most stable
in 20 mM HEPES, 20 mM CHAPS as pH 7 is approached, as judging from changes in UV
absorption. The addition of detergent, regardless of ionic character, was shown to be compatible
with Tat; 7, at pH = 4. Tat; 7, precipitation near neutral conditions presumably occurred on
account of cysteine cross-linking. In the absence of reducing agent, detergents were unable to
prevent self-association of Tat; 7,. Near pH 4, below the pKa of cysteine, most of the protein is

monomerically reduced, and soluble in an array of conditions.

3.5.3 The Effects of Detergents with Reducing Agent

Figure 3.11 shows a series of spectra of Tat;.7, in 100 mM SDS, 20 mM sodium acetate,
20 mM MES, and 2.5 mM TCEP, between pH 4.03 — 7.03. SDS is above the CMC (CMC of
SDS is 8 mM)“*. The samples were incubated for 1 hour after elevation to each pH value. The
spectra display the same UV absorbance characteristics as monomeric Tat;.7; at pH 4 in acetate
buffer (Fig. 3.1). Furthermore, the characteristic trough at 250 nm, peak at 280 nm, and the
shoulder at 290 nm were clear at all pH values between 4.03 and 7.03 and over a period of 24
hours at neutral pH. Twenty-four hour stability was deduced from a comparison of spectra
acquired initially at pH 7.2, and after a period of 24 hours at the same pH (Figure 3.12). The
absorbance does not decay to zero above 300 nm probably because of the existence of a small
population of soluble, aggregated Tat,_7, protein. Note that the absorbance for 24 hour Tat; 7, in
SDS does not change above 300 nm, but does increase slightly in the peak area, between 260 —

285 nm.
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Figure 3.11 48 uM The absorption spectra of Tat;.7; solubilised by 100 mM SDS in 20 mM

acetate, 20 mM MES, with 2.5 mM TCEP at various pH values. SDS is above the CMC.
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Figure 3.12 Absorption of twenty-four hour 48 uM Tat; 7, in 100 mM SDS, 2.5 mM TCEP, 50

mM acetate, and 50 mM MES, pH 7. Red: initial; Blue: 24 hours.

Tat;_7, solubilized in 10 mM LHGP, 20 mM sodium acetate, 20 mM MES, and 2.5 mM

TCEP over a pH range of 4.04 — 6.37 showed the appearance of an unusual absorption band at
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330 nm at pH 5.87 and pH 6.37 (Figure 3.13). The spectra of Tat;.7; in LHGP were identical
between pH 4.03 — 4.88. Above pH 4.88, and continually until pH 6.37, the peak at 280 nm
decreases and the absorption in the trough region at 250 nm increases. Tat;_7, absorption is still

recognizable in the signal minimum at 250 nm, a peak intensity at 280 nm with a characteristic

shoulder at 290 nm.
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Figure 3.13 UV absorbance spectrum of 48 uM Tat;.7; in 10 mM LHGP, 20 mM sodium acetate,

20 mM MES, and 2.5 mM TCEP at various pH values.

Tat; 7, precipitated at pH 5 in the presence of the non-ionic NDBM detergent and TCEP,
and at pH 4.7 in the presence of the zwitterionic CHAPS detergent and TCEP. This was
observed by the appearance of a milky precipitate (data not shown). In the presence of the

cationic detergent DTAB and TCEP, Tat, 7, precipitated at pH 4.6 (data not shown).
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3.6 The Effect of Sodium Chloride

Figure 3.14 shows that Tat; 7, is partially soluble in 50 mM citrate, 100 mM sodium
chloride at an initial pH value of 5.4 for at least 24 hours, and is stable for another 24 hours after
titration to pH 6.2. Further pH elevation resulted in Tat;.7; precipitating. Figure 3.14 shows a
significant increase in UV absorbance above 300 nm compared to Tat;_7; in 10 mM acetate, 10
mM TCEP, pH 4 (Figure 3.1) suggesting that there is some aggregated protein present. The
circular dichroism spectrum of Tat; 7, in this condition shows a dramatic increase in B-sheet
structure (Figure 3.15). One possibility is that the increase in B-sheet in this condition is due to
interaction between the hydrophobic groups of Tat; 7, creating a non-covalent self-association.
After titration to pH 6.2 and equilibration for 24 hours, there was a further slight increase in UV
absorbance between 240 nm — 250 nm, but no change in any other part of the UV spectrum,

suggesting that an additional small proportion of protein aggregated at pH 6.2.
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Figure 3.14 The absorbance spectra of 190 uM Tat; 7, in 50 mM citrate, 100 mM sodium

chloride at pH values of 5.4 and 6.2.
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The CD band shifts from 200 nm (Figure 3.3) to 220 nm (Figure 3.15) and the

deconvolution of the CD spectrum shows that Tat,.;, secondary structure shifts from

predominantly disordered to predominantly B-strand. The secondary structure composition is 7.3

% helical, 37.4 % B-strand, 22.2 % turn, and 32.8 % disordered (Table 3.5). A similar spectrum

was obtained when this experiment was repeated twice with protein from the same Tat; .7,

preparation. However, attempts to repeat this spectrum with protein from a different Tat; 7,

preparation met with mixed success.
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Figure 3.15 CD spectrum of 190 uM Tat;.7; in 50 mM citrate, 100 mM NaCl at pH 5.5.

Table 3.5 Secondary structure determination by deconvolution of the CD spectrum of 190 uM

Tat; 7, in 50 mM citrate, 100 mM NacCl, pH 5.5.

Algorithm Helix 1 | Helix 2 | Strand 1 Strand 2 | Turns | Disordered | Total
Selcon3 0.027 0.079 0.229 0.118 0.221 0.325 0.999
CONTINLL 0.022 0.051 0.254 0.131 0.214 0.329 1.001
CDSSTR 0 0.04 0.26 0.13 0.23 0.33 0.99
Average 0.016 0.057 0.248 0.126 0.222 0.328 0.997
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When the experiment was repeated with 220 uM Tat, .7, from a different preparation in 50
mM citrate, 100 mM NacCl, pH 5.35 the CD spectrum shown in Figure 3.16 was obtained and the
deconvolution results are shown in Table 3.6. In Figure 3.16, the CD signal between 190 nm —
205 nm is noise due to the intense absorbance of the sample. The negative CD at 206 nm
suggests the existence of a disordered conformation. The region between 220 nm - 240 nm is
unique because it shows a relatively weak, negative signal compared to the signal between 205
nm — 220 nm, but one that is considerably more intense than the signal of Tat with reducing
agent in acetate at pH 4 (Figure 3.3). The secondary structure analysis suggests the protein

contains mostly a mixture of B-strand, turns and disordered structure (Table 3.5 and 3.6).
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Figure 3.16 CD spectrum of 220 uM Tat,;.7; in 50 mM citrate, 100 mM NaCl at pH 5.35.
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Table 3.6 Secondary structure determination by deconvolution of the CD spectrum of 220 uM

Tat;.7; in 50 mM disodium citrate, 100 mM NaCl, pH 5.35.

Algorithm Helix 1 Helix 2 | Strand 1 | Strand 2 | Turns | Unordered | Total
Self-consistent Method | -0.026 0.034 | 0.265 0.071 0.256 | 0.342 0.942
Provencher & Glockner | 0.032 0.067 | 0.256 0.115 0.22 0.31 1
CDSSTR 0.04 0.1 0.23 0.1 0.25 0.28 1
Average 0.015 0.067 | 0.250 0.095 0.242 | 0.311 0.981

The deconvolution data of 220 uM Tat; 7, in 50 mM citrate, 100 mM NaCl pH 5.35

shown in Table 3.6 is very similar to the deconvolution of 190 uM Tat in the same conditions at

pH 5.55 (Table 3.5). The deconvolution averages for each secondary structure motif is (in

brackets, the comparison to the results from Table 3.5): 8.2 % helical (7.3 %), 34.5 % B-sheet

(37.5 %), 24.2 % turn (22.2 %), and 31.1 % disordered (32.8 %)).

3.7 The Effects of TFE

The presence of the organic solvent TFE in aqueous mixtures has been shown to induce a helical

structure in disordered fragments of proteins that adopt helical folds in native conformations,

along with model peptides designed for a-helical propensity®’”. Studying the effects of TFE on

the His-tagged Tat; 7, protein may help identify regions with a-helical propensity in the

disordered state, or the presence of inducible a-MoRFs. Regions of the Tat; 7, protein that adopt
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structure in the presence of TFE may be the same regions that upon favourable ligand

interactions fold to form an a-helix in vivo.

In all Tat,7,/TFE studies, an aqueous protein solution at pH 4 consisting of mainly
monomeric Tat; 7, was prepared and then filtered through a 0.2 pum filter and centrifuged. No
precipitation was observed upon dilution of aqueous Tat;.7; with TFE. Tat; .7, is soluble in

aqueous/TFE mixtures buffered with acetate at pH 4.05 (Figure 3.17).
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Figure 3.17 The absorption spectrum of 54 uM Tat in 10 mM acetate, pH 4.05, 30 % TFE.

In the absence of TFE, Tat; 7, showed the characteristic negative CD intensity at 200 nm
of a disordered protein (Figure 3.3). As the TFE concentration is increased, the band at 200 nm
decreases in intensity, and shifts to lower wavelength. A new band forms at 208 nm above 20%
TFE accompanied by a broad shoulder at 220 nm and a positive band at 190 nm (Figure 3.18).
This line-shape is representative of an a-helical signal. The CD signal at 222 nm is characteristic

of proteins composed mainly of a-helices and has often been used to monitor changes in o-
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helical content”™”. The apparent pH of the solution increased with the addition of TFE and

began to plateau at 60% TFE at pH 4.37 (Table 3.7, Figure 3.19).
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Figure 3.18 An overlay of CD spectra of Tat;.7, in 10 mM acetate at an intitial of pH 4, diluted
to final TFE concentrations of 0% - 90% TFE. The final concentration of Tat;7; is 100 pM
except for the 85% TFE and 90% TFE solutions (83 uM and 55 uM Tat, 7, respectively). Signal
intensity in the 85% and 90% TFE Tat; .7, solutions were corrected by a factor of 1.176 and
1.818, respectively. Solution apparent pH varies with increasing addition of TFE as described in

the text and shown in Figure 3.19.

Table 3.7 Apparent pH’s of Tat,_7,/TFE solutions upon dilution of aqueous Tat; 7, solutions at

an initial pH of 4.

% TFE 0 5 10 15 20 25 30 35 40 45
pH 3.98 3.98 4.02 4.06 4.1 4.13 4.17 4.19 4.24 4.29
% TFE 50 55 60 65 70 75 80 85 90
pH 4.32 4.35 4.37 4.37 4.38 4.39 4.39 4.4 4.4
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Figure 3.19 The change in apparent pH with the addition of TFE to 10 mM acetate at an initial

pH of 4. The closed circles are the measured pH values at increasing 5 % increments of TFE, the

lines between the measured values are interpolated.

The CD spectra of 100 uM Tat;.7; in 0%-90% TFE shown in Figure 3.18 contain an iso-
dichroic point at 203 nm, suggestive of a two-state transition. In this case it appears that
incremented additions of TFE favour the helical conformation in the random coil/a-helix
equilibrium. Proteins that contain high helical content display negative bands at 208 nm and 222
nm, along with a positive band at 190 nm“*?. By tracking the changes in ellipticity at these
wavelengths, the changes in helical content as a function of TFE concentrations can be observed.
Figures 3.20 and 3.21 show the dependency of ellipticity at 190 nm and 222 nm, respectively.

Table 3.8 shows the changes in MRE as a function of TFE concentration for 0 % - 25 % TFE and
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30 % - 90 % TFE. The ellipticities at 190 nm and 222 nm appear to be most sensitive to TFE in

the 0 % - 25 % range, as the change in ellipticity versus concentration of TFE is greatest there.
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Figure 3.21 The mean residue ellipticity at 222 nm of 100 uM Tat,.7, with increasing TFE.

Above 25 % TFE, Tat; 7, is less sensitive to TFE, although the protein helical content increases

with higher concentrations of TFE. Figure 3.22 is a graphical representation of the secondary
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structure changes by spectral deconvolution of Tat;.7; in 0 % - 90 % TFE. The deconvolution
shows that with the addition of TFE, disordered content of Tat;.7, decreases, with the
concomitant increase in helicity. From the deconvolutions there is little effect of TFE on the -
strand content, and minor effects on the turn content. The deconvolution data suggest that the
disordered regions of Tat; 7, are transitioning to a helical conformation, with little effect on the

other segments. At 90 % TFE about 65 % of the protein is in a helical conformation.

Table 3.8 MRE changes as a function of changes in TFE.

190 nm 222 nm
0% - 25% TFE 881 -319
25% - 90% TFE 381 -113
0.6 |
\ —e—Helix 1
—0—Helix 2
0.5 1 —@— Strand 1
Strand 2
04 - ®—Turns

—o—Disordered
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0.2 1 * ® ° ° . /.__.><1
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Figure 3.22 Average secondary structure deconvolution of Tat;_7; as a function of solution TFE
composition. The results are an average from the CONTINLL method, Selcon3 method, and the

CDSSTR method deconvolution programs (See Al. of Appendix A for complete set of
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deconvolution data). Spectral deconvolutions were processed for every 10% increment of TFE

volume.

3.7.1 The Effect of Temperature on Tat,;.;, in 20% Trifluoroethanol

The conformational stability of Tat;.7; in 20 % TFE was probed. Figure 3.23 shows the
overlay of CD spectra of Tat;.7; in 20 % TFE over a temperature range of 5 °C — 80 °C. In this
concentration of TFE at 25 °C, Tat, .7, protein was determined to be 39 % disordered, 20 % turns,
14% B-strand, and 27 % helical (Table 3.9). In general, secondary structural characteristics
induced by 20 % TFE are resistant to changes in thermal energy of the solution as deduced by
the lack of change in CD signal over the range of temperatures from 5 °C — 80 °C. A slight
increase in the disordered composition and decrease in the helical content of Tat;.7; in 20 % TFE
is observed at 5°C, shown by a small shift in the negative band at 205 nm to lower wavelengths.

Table 3.9 shows the secondary structure deconvolutions of Tat;.7; at 5 °C, 25 °C and 80 °C.
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Figure 3.23 CD spectra of 100 uM Tat;_7; in 20% TFE, 8 mM TCEP, 8 mM acetate, apparent

pH 4.2 from 50 °C — 80 °C.
Table 3.9 Secondary structure determination by deconvolution of the CD spectrum of 100 uM

Tat;.7; at 25°C in 20 % TFE, 8 mM TCEP, apparent pH 4.2. The average of secondary structures
by the Selcon3, CONTINLL, and CDSSTR methods are reported. See A2. of Appendix A for

the complete data set.

Helix1 | Helix2 | Strand1 | Strand2 | Turns | Disordered | Total

5°C 0.075 | 0.081 0.103 0.079 | 0.192 0.472 1.002
25°C 0.144 | 0.135 | 0.067 0.072 [ 0.208 0.385 1.012
80 °C 0.094 [ 0.095 0.11 0.083 [ 0.191 0.429 1.002
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3.7.2 Zinc Titration of Tat,;.;, in 30% Trifluorethanol

It has been shown by plasma desorption mass spectrometry that the Tat; 7, peptide
corresponding to the cysteine rich region is capable of binding two cadmium ions'’?. Although
there are no biological roles for cadmium, it shares similar chemical characteristics to zinc,
making Cd" suitable for protein-metal ion interaction studies because of its optical properties.
Furthermore, in many instances TCEP precipitates Tat,.7; at elevated pH and zinc was explored
as a possible substitute for preventing disulphide formation. A zinc titration of Tat; 7, in TFE
was done to elucidate any zinc-dependent changes in secondary structure. Changes in CD signal
upon addition of successive molar equivalents of zinc(II) are a result of zinc-induced
conformational changes of the Tat; 7, protein, and are suggestive of an interaction between Tat;.

72 and zinc.

Figure 3.24 shows the CD spectra of Tat,.7, in 0 — 4 MEQ of Zn"? at apparent pH 4.28.
The intensity of the signals at 190 nm, 208 nm, and 222 nm decrease slightly with the addition of
zinc(IT) with the greatest decreases occuring with the addition of 0.5 MEQ of Zn*%. From the
spectral deconvolution data shown in Table 3.10, there is minimal overall change in structure
with the addition of Zn(II). The greatest change in secondary structure occurred with the initial
addition of 0.5 MEQ Zn'?. The mean residue ellipticities of 140 uM Tat;.7; in 10 mM acetate,
pH 4.28, diluted to 30% TFE (v/v), in the presence of increasing concentrations of zinc(II) is
observed in Figure 3.25. From Tabled 3.10 it appears that the addition of 0.5 MEQ of Zn*"
reduces the amount of disordered structure and increases the amount of turn structure, a result

that might be expected if Zn*" is binding to Tat,_.
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Figure 3.24 CD Spectra of 140 uM Tat;.7; in 10 mM acetate, apparent pH 4.28, diluted to 30%
TFE (v/v), in the presence of increasing concentrations of zinc(II). The CD signal was corrected
for the dilution with increasing volumes of zinc(II) acetate.

Table 3.10 Secondary Structure determination by the average spectral deconvolution using
Selcon3, CONTINLL, and CDSSTR methods of 140 uM Tat;_7; in 30% TFE, 7 mM acetate,
apparent pH 4.28, with increasing amounts of zinc(II) acetate. See A3. of the Appendix A for

the complete set of deconvolution data.

Helix 1 | Helix2 | Strand 1 | Strand 2 | Turns | Disordered | Total
Apo-Tat;.7, 0.166 0.141 0.067 0.065 0.197 0.377 1.000
0.5 MEQ Zn** 0.164 0.141 0.071 0.068 0.206 0.365 1.008
1 MEQ Zn*" 0.165 0.141 0.069 0.067 0.201 0.371 1.004
2 MEQ Zn** 0.165 0.141 0.069 0.067 0.201 0.371 1.004
3 MEQ Zn** 0.165 0.141 0.070 0.067 0.203 0.369 1.005
4 MEQ Zn** 0.165 0.141 0.069 0.067 0.202 0.370 1.004
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Figure 3.25 The mean residue ellipticity at 205 nm of 140 uM Tat;.7; in 10 mM acetate,
apparent pH 4.28, diluted to 30% TFE (v/v), in the presence of 0.5, 1, 2, 3, and 4 MEQ’s of zinc
(IT). The ellipticity changes maximally with the addition of 0.5 MEQ of zinc (II). The ellipticity
does not change with a successive titration to 1 MEQ’s of zinc (II) following which smaller

changes in ellipticity occur.

3.7.3 pH Titration of Tat, 7, in 30% Trifluoroethanol with 2 Molar
Equivalents of Zinc(Il)

Tat;_7, was not able to remain in a 30 % TFE solution when neutral pH was approached.
In the absence and presence of the reducing agent TCEP, Tat,_7, precipitated at pH values above
5 (data not shown). To test the hypothesis that the cysteine residues of Tat;.7; can remain in their
reduced state in the presence of zinc near physiological pH conditions, a 100 uM Tat,.7, in 30%
TFE, and 2 MEQ Zn'? solution buffered with 7 mM acetate and 7 mM MES was titrated with 1-
3 ul of aqueous NH4OH from pH 4.69 to pH 7.2 (Figure 3.26). Generally, with the increase in
pH, the CD signal lineshape at 206 nm and 222 nm decreases in intensity, accompanied by a

slight decrease at 190 nm. The deconvolution data suggest minor structural changes upon
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increase in pH. Table 3.11 shows that from pH 4.69 to pH 7.2 the helical content decreases
approximately 6% from 41% to 35%, whereas the disordered content increases approximately
6% from 49% to 55%. PB-strand secondary structure changes about 1 % throughout the pH
titration, and the turn content changes less than 1 %. A decrease in ellipticity of the Tat;.7,
protein in the presence of TFE shows that the protein becomes slightly more disordered as the

pH approaches neutrality.
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Figure 3.26 CD Spectra of 100 uM Tat,.7; in the presence of 7 mM acetate, 7 mM MES, 30%

TFE and 2 MEQ’s of zinc(Il) over a range of apparent pH from 4.69 to 7.20.
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Table 3.11 Secondary structure spectral deconvolution of the pH titration of 100 uM Tat;.7; in
30% TFE and 2 MEQ’s of zinc(II) acetate. See A4. of Appendix A for the complete set of

deconvolution data.

Helix1 Helix2 Strand1 | Strand2 Turns Disordered Total
pH 4.69 0.222 0.183 0.040 0.058 0.209 0.295 1.006
pH 5.05 0.210 0.169 0.035 0.052 0.193 0.342 1.002
pH 5.56 0.201 0.168 0.039 0.054 0.202 0.344 1.008
pH 6.35 0.192 0.162 0.054 0.062 0.197 0.335 1.001
pH 7.20 0.194 0.156 0.052 0.055 0.197 0.351 1.005

The absorption spectra shown in Figure 3.27 suggest that Tat,;_7, can remain soluble in a
solution of neutral pH in 30 % TFE in the presence of 2 MEQ’s of Zn*". Figure 3.27 shows
absorption spectra of Tat;_7; in 30 % TFE at pH 7.2 (red) and the same sample after 72 hours at
apparent pH 6.9 (green). The interaction of zinc with the cysteine region appears to prevent
oxidation, or at least reduces the rate of oxidation compared to Tat; 7, in the absence of TFE and
Zn*". Both spectra of 110 pM Tat,_7, in 30% TFE at pH 7.2 and 6.9 show little evidence of light
scattering suggesting that the Tat, .7, protein is soluble, monomeric, and reduced. A decrease in
absorption between the initial and 72 hour scans did occur, but was not accompanied by an
increase in light scattering, suggesting that the concentration of soluble protein decreased
between trials, but not as a result of aggregation, but possibly a loss in protein. The sample may
have been slightly diluted or lost as a result of sticking to the quartz cuvette. Note that the net
charge of Tat;.7; decreases from +25 to +15 upon increasing the pH from 4 to 7 (see Table 2.1 of

Materials and Methods section).
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Figure 3.27 Absorption spectra of 110 uM Tat;_7; in 30% TFE, 7 mM acetate, 7 mM MES, 2

MEQ’s Zn(II), apparent pH 7.2, and the same sample at pH 6.9 after 72 hours.
3.8 NMR Spectroscopy of Tat,_;,

Dissolution of >N and/or *C enriched Tat;.7, in 10 mM TCEP and 10 mM acetate, pH 4
resulted in an aqueous solution that was visibly precipitate-free. After repeated centrifugation,
no pellet was formed. The sample was precipitate free before and after NMR acquisition. The
5N HSQC spectrum of 5N isotopically enriched His-tagged, exon-1 Tat;.7; is shown in
Figures 3.28 and 3.29 where 72 of the 83 non-proline and non-N-terminal residues of the fusion
protein are assigned in good agreement with previously published assignments in similar
conditions at pH 4 by Dr. Shajeen Shojania®”. The 'H-'>’N HSQC spectra of Tat, 7, in Figures
3.28 and 3.29 show amide backbone resonances falling within 1 ppm in the direct dimension and
20 ppm in the indirect dimension. The backbone resonances of the "H-'"N HSQC resonances
show typical groupings of glycine residues and the serine/threonine residues that have been

observed for proteins in the presence of high concentrations of denaturants'®’®. There is residue
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overlap in some regions of the "H-""N HSQC spectrum of Tat,.;, mainly corresponding to

residues of the arginine-rich region.

Several resonances including Gly-35, Ser-36, and the indole amine resonance of the
tryptophan-31 side chain show multiple resonances in the 'H-""N HSQC spectrum of Tat,_7,.
The three residues are situated in the proline-rich region. Trp-31 is flanked by Pro-30 and Pro-
34, and Gly-35 and Ser-36 are flanked by Pro-34 and Pro-38, respectively. The conformer
populations of Gly-35 and Ser-36 are 92% and 8% for both conformers of both residues. From
the integration of the Trp side chain cross-peaks, the conformer populations are 89%, 6%, and
6%. It is likely that the multiple resonances appear as a result of trans-cis isomerisation of

proline residues"?”.
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Figure 3.28 '"H-""N HSQC spectrum at 298 K of "N enriched, His-tagged Tat, 7, in 10 mM

acetate at pH 4 in the presence of 10 mM TCEP reducing agent. The inset box shows the indole

amine resonances of Trp-31 (Figure 3.29 shows the assignments of this spectrum).
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Figure 3.29 'H-""N HSQC spectrum at 298 K of "N enriched, His-tagged Tat;.7; in 10 mM
acetate at pH 4 in the presence of 10 mM TCEP with resonance assignments. The circled

resonances are those of the amide groups of Asn and Gln sidechains.
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Figure 3.30 shows that the "H-""N HSQC peak intensities relative to the most intense
resonance of Thr-43 vary widely over the length of the protein. In general, cross-peak intensity
loss can be attributed to an overall decrease in the molecular tumbling rate of a protein as a result
of an increase in molecular weight. Here, Tat; 7, self-association caould decrease the overall
rotational correlation times. Another possible explanation is an increase in conformational
dynamics on the ms — ps timescale or an increase in H-exchange rates. Most peaks are similar in
intensity and fall within £ 0.1 intensity units of the average relative intensity of 0.488. A few
peaks are absent, likely reflecting conformational exchange in those regions on the ms — s
timescale. The peak intensities of residues 5-10 (His-tag) are below average, suggesting
conformational exchange. Above average peak intensity was observed for residues 13-20 of the
His-tag, residue 43 of the hydrophobic core region, residues 69, 72, and 73 of the arginine-rich
regions, and residues 80-92 of the glutamine-rich region. The most intense peaks might reflect

local structure that slows down the H-exchange rates.
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Figure 3.30 'H-'>N HSQC relative peak intensities of Tat,_7, in the presence of reducing agent at
pH 4. Peak intensity is shown relative to the most intense residue, Thr-43. The red line indicates

the average relative intensity, 0.488.
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Chemical shift indexing (CSI) of the °N resonances (Figure 3.31) and 'H resonances
(Figure 3.32) shows that in comparison to the theoretical random coil shifts'” corrected for

sequence dependent effects”, Tat,.7, does not display any well defined regions of secondary

structure. This is evident by the alternating chemical shift indices between [3-sheet and a-helical

values and the lack of three or more adjacent residues with similar chemical shift differences of

significant deviation from random coil values to suggest local secondary folding as suggested by

Wishart?®®.

Table 3.12 The theoretical "HY and >N random coil NMR chemical shifts for each amino acid®

corrected for sequence dependent effects®.

Amino Acid | H" PN
Ala 8.37 | 124.1
Cys-ox 8.54 | 118.7
Cys-red 8.62 |121.61
Asp 8.67 |119.71
Glu 8.52 |121.51
Phe 8.29 |122.99
Gly 8.41 | 107.5
His 8.72 |119.23
lle 8.28 |125.13
Lys 8.47 |122.97
Leu 8.39 |123.31
Met 8.55 | 121.67
Asn 8.61 |119.61
Gln 8.57 |121.98
Arg 8.52 |122.68
Ser 8.56 |118.02
Thr 8.39 |114.75
Val 8.28 | 123.5
Trp 8.13 |125.03
Tyr 8.24 |123.48
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Figure 3.31 SN chemical shift differences of Tat;.7» HSQC amide backbone cross-peaks (Figure

3.29) from random coil values corrected for local sequence effects. Reference lines (red, £+ 2
ppm) correspond to thresholds where differences begin to reflect regions of possible secondary
structure formation. The plot range corresponds to two standard deviations (S.D.) from the mean
value determined from the chemical shift tables in the Biological Magnetic Resonance Bank

(http://www.bmrb.wisc.edu/).

Chemical shift indexing of the 'H" resonances of Tat,.7, at pH 4 in the presence of
reducing agent shows a-helical propensity prominent in the cysteine (A ppm =-0.877 — 0.019)
and glutamine-rich regions (A ppm = -0.542 — 0.069), and to lesser extent, parts of the
hydrophobic core (A ppm = -0.365 — -0.003) and basic regions (A ppm = -0.419 —-0.033)
(Figure 3.32). This is evident in several locations where 3 or more contiguous residues exceed
the threshold ( 0.15 ppm) for a-helix structures. A key difference in the CSI of '"H" compared
to "N resonances is the general trend towards helicity throughout the whole protein. From the

CD spectrum of Tat;_7, in Figure 3.3, it is clear that the peptide backbone is mainly disordered,
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but the 'H™ chemical shift differences in the cysteine, core, arginine, and glutamine regions are
show a-helical tendency, and this agrees with the results published by Shojania for *C* *CP,

O, and H” chemical shift indexing*”.
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Figure 3.32 "HN chemical shift differences of Tat;.7» HSQC amide backbone cross-peaks from
random coil values corrected for local sequence effects. Reference lines (red, = 0.15 ppm)
correspond to thresholds where differences begin to reflect regions of possible secondary
structure formation. The plot range corresponds to two S.D. from the mean value determined
from the chemical shift tables in the Biological Magnetic Resonance bank

(http://www.bmrb.wisc.edu/).
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3.9 Two-Dimensional '"H-"*N Heteronuclear Single Quantum
Coherence Experiments of >N enriched Tat;_7, in the presence of
TFE

3.9.1 7% TFE

At 7% TFE, the 'H-""N HSQC Tat,.;, amide cross-peaks experience an upfield shift in
both dimensions as seen by the overlay of HSQC spectra of Tat;.7; in 0 % and 7 % TFE shown in
Figure 3.33. Seventy of the 83 non-proline residues could be assigned by comparison to the
assigned (Figure 3.34) '"H-""N chemical shifts in the presence of 0% TFE (Figure 3.29). Two
peaks, Lys-70 and Lys-71 of the arginine-rich region, were not assigned due to ambiguity from
spectral overlap. Resonances in the arginine rich region (72 — 76) experienced significant
spectral overlap. In general, the backbone amide resonances were more intense and are better
resolved with the addition of 7 % TFE, with the exception of residues 72 — 76, in the presence of
7% TFE compared to 0% TFE. A possible explanation is that H-exchange rates are decreased in
7 % TFE by two possible mechanisms. In one, OH™ concentrations are lower because Ky is
suppressed in the organic solvent. A second possibility is that in high concentrations of organic
solvent amide water solvation may be reduced that could contribute to lower H-exchange
rates'’””. The addition of TFE to NMR samples at low concentrations increased peak resolution
of a 42-residue polypeptide designed to adopt a tight helix-turn-helix motif in the presence of
TFE®"” . Studies of a 14-residue IDP that forms an o-helix in the presence of TFE also showed

an increase in peak resolution at all concentrations of TFE?).

147



b iy b i
- - bl | [
_-.I Lo —

148

2
_u."_ i a i_..-._ nw u
[ el
&)
-

-
L= i )

[ 4] __-_ [ . E m_ . . F .

& ey ,_.n_ﬂmﬂ_._ P

7.5

B.D
®s-"H (ppm)

B.A

[ i i ._ “__ u.r _._._. i | _.._ 5 . L
...m I‘"_ I.u ” il L - B i .. “.. -'f_ =
HIIL“ "
i ;.._. _ml-m

1 T T '
= . o u
- i =~ 4
Ll - - ™

{wdd) g, - o

Figure 3.33 'H-PN HSQC spectra of backbone amide resonances for N enriched Tat; 7, in 10
mM TCEP, 0% TFE (blue, pH 4.0) and 7% TFE (green, apparent pH 4.01) overlayed at 298 K.



8.5 8.0 7.5
103 102 101
1285 i 1285
o 129.0] £129.0
T 1 E
s By é 129.5; ;‘I29 5
! =«'ii".,.“ ! Z 130,01 1300
110+ ] ] - ] i -110
TG : 2 130_52 ;‘ISO 5
131.(}; ;‘IS’I 0]
10.3 10.2 10.1
;- "H (ppm)
hie ] T
11
- c.‘l:. Zaz 1%
= 1 15' F ﬂ.;\ ! -1 15
E | \. i
o
= i
uy e
- =4 Tén
é_ _;i: I . '
oy e ‘q P Hi1
1107 ' " 1 ! ‘
. i pia 193
- - HE: 2
Ee ‘I "‘ = a5 o ' /
Y. ks i RS
1204 1 . I 1 [~ '.I. < - 120
Ay ave Ao y T"Im 1.‘ ‘\.
B2 L™ vrg LA a
F{ HT \GF s ,r }-_; + 4 T
P | . &
._# f \ E&1 \
s76# .:":: L 4 v
A1
125' ) ’f a8z B 125
1
X 3
hAil
8.5 8.0 75

- 'H (ppm)

Figure 3.34 'H-"’N-HSQC amide backbone resonance assignments at 298 K for '°N enriched,

His-tagged Tat; 7, in 9 mM TCEP with 7% TFE, apparent pH 4.01. The inset box shows the

indole amine resonances of Trp-31.
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The peak intensities relative to Thr-43 throughout the sequence show a similar pattern to
those of Tat;_7, without TFE. The average relative peak intensity decreases from 0.488 to 0.437
relative to Thr-43 and a decrease in the relative intensities of the His-tag is observed (Figure

3.35).
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Figure 3.35 Relative 'H-">’N HSQC peak intensities of His-tagged Tat;.7, in 7% (v/v) TFE, 9
mM acetate, 9 mM TCEP, apparent pH 4.01. The average relative intensity denoted by the red

line is 0.437.

There are three resonances that appear for the indole amine of Trp-31. Upon integration,
the relative populations are 88 % for the most intense resonance, and 6 % for each of the weaker
resonances and these are unchanged from their values in water. The relative populations for the
Gly-35 and Ser-36 resonances are 75 % and 25 %. In 0 % TFE, Gly-35 and Ser-36 showed a
population distribution of 92 % and 8 %. In 7 % TFE, the minor conformers of Gly-35 and Ser-
36 populations are equal, and are 3-fold greater than in the absence of TFE, suggesting that

proline-isomerism may be influenced by TFE.
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Chemical shift indexing of the 5N resonance peaks of Tat;_7; in 7% TFE shown in Figure
3.36 indicate that Tat;.7; is disordered with little preference for any secondary structure. A short
region between residues 27-33 of the proline-rich region is suggestive of an a-helical propensity,
but the small chemical shift deviations from random coil values still implies that the regions are
mostly disordered. The residues of the proline-rich region in the presence of 7 % TFE may
indicate a location that is adopting helical structure, or evidence for a region where kinetic
interconversion between disordered and helical structure can occur. Recall that the CD spectra

of 5 % and 10 % TFE are characterized by a predominantly random-coil spectrum (Figure 3.18).
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Figure 3.36 '°N chemical shift differences from random coil values corrected for local sequence
effects of Tat;7; in 7% TFE. Reference lines (red, + 2) correspond to thresholds where
differences begin to reflect regions of possible secondary structure formation. The plot range
corresponds to two S.D. from the mean value determined from the chemical shift tables of the

Biological Magnetic Resonance Bank (http://www.bmrb.wisc.edu/).
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In Figure 3.37, the "N chemical shift differences of Tat;.7; in 7% TFE show preferred
structural tendencies that were suggested by shift differences of Tat;.7; in the absence of TFE.
Helical propensity, suggested by chemical shift indexing, is evident between residues 40 — 53
encompassing most of the cysteine-rich region and residues 59-76 encompassing the latter half
of the hydrophobic core region and most of the arginine-rich region. The glutamine-rich region
from residue 82-92 also shows helical propensity. The regions of helical propensity are centered
around residues with significant deviations from random coil values with the exception of Leu-
28 and Glu-29, and His-33. Residues of regions of a-helical propensity that show a prominent
bias towards helicity in their chemical shift indexing, which may identify local regions of helical
propensity are Cys-45, Cys-47, Lys-48 of the cysteine region, Ile-65 and Arg-69 of the basic
region. Loop regions, or regions of disorder are suggested by alternating chemical shift indices,
and indices of insignificant variation from random coil values. These regions are centered on
residues 7-13 of the His-tag (A ppm =-0.061 —-0.009), residues 56-57 between the cysteine-rich
and hydrophobic core regions (A ppm = -0.123 —-0.059), and residues 80-81 of the glutamine

region (A ppm = -0.089 — 0.034).

152



S| LI - bl T SR

1 6 11 16 21 26 31 36 41 46 51 56 61 66 71 76 81 86 91

Figure 3.37 "H" chemical shift differences from random coil values corrected for local sequence
effects of Tat;_7; in 7% TFE. Reference lines (red, & 0.15) correspond to thresholds where
differences begin to reflect regions of possible secondary structure formation. The plot range
corresponds to two S.D. from the mean value determined from the chemical shift tables of the

Biological Magnetic Resonance Bank (http://www.bmrb.wisc.edu/).

TFE at 7 % (v/v) causes a shift of all 'H" resonances toward helicity, but the extent of the
effect differs among the regions of Tat;.72. From 0 % - 7 % TFE, the core region shows the
largest average change in chemical shift values, 0.075 ppm, and in decreasing order, the arginine
region change is 0.060 ppm, the proline region is 0.056 ppm, the glutamine region is 0.053 ppm,

and the His-tag is 0.034 ppm.

3.9.2 15% TFE

Figure 3.39 shows that sixty-one of the possible 80 non-proline residues of °N enriched

Tat; 7, dissolved in 15 % TFE, 10 mM acetate, 10 mM TCEP could be assigned by good
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Figure 3.38 'H-">N-HSQC spectra of "°N enriched Tat,.7, in 7% and 15% TFE at 298 K. Green

peaks with residue labels are the backbone amide resonances of 5N enriched Tat;.7, with 9 mM
TCEP in 7% TFE at apparent pH 4.01. Maroon peaks are overlay resonances of '°N enriched

Tat;.7; with 8.5 mM TCEP in 15% TFE at apparent pH 4.05.
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Figure 3.39 'H-">N HSQC backbone amide resonance assignments at 298 K for '°N enriched,

His-tagged Tat;_7, with 8.5 mM TCEP in 15% TFE at apparent pH 4.05. The inset box shows

the resonance for Trp-31.
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agreement with "N Tat,_7, in 7% TFE (Figure 3.38) and by cross-referencing to a partially
assigned 'H-""N HSQC spectrum of '°N-Tat,_7, in 30 % TFE (Figure 3.44). The 'H-""N HSQC
cross-peaks that could not be assigned or have disappeared from the 15 % (v/v) TFE solution are
Arg-17 of the His-tag, Tyr-46, Cys-50, Phe-52, Val-56 and Cys-57 of the cysteine region, Tyr-67
of the core region, and Glu-83 and Val-87 of the glutamine-rich region. Residues may not be
assigned either because they overlap with another resonance in the new conditions or because

their dynamics have moved into the ms — ps timescale range, broadening out the resonance.

Relative to GIn-74 of the assigned peaks of Figure 3.40 is 0.312, which is lower than the
previous relative intensity averages in 7% and 0% TFE conditions. The most intense peak in 0 %
and 7 % TFE was Thr-43. Since slower H-exchange cannot explain the lower relative intensity
to Thr-43, this suggests that conformational dynamics explains the intensity change. There is not
a consistent variation of the peak intensities from the average, with the exception of residues 6 —
11 of the His-tag where the intensitites are decreased. The sequence of five amino acids in the
His-tag could be undergoing conformational averaging that reduces their intensitites. Similar to
the addition of 7 % TFE (v/v), the overlay spectra of 7 % TFE and 15 % TFE of Figure 3.38
show a general upfield shift in the resonances in both the proton and '°N dimensions, and this is

expected if TFE is inducing helical structure in the protein.
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Figure 3.40 Relative 'H-""N peak intensities of His-tagged Tat,_7, in 15% (v/v) TFE, 8.5 mM
acetate, 8.5 mM TCEP, at apparent pH 4.05. The average relative intensity indicated

by the red line is 0.312.

In the presence of 15 % TFE, the side chain resonances of the Trp-31 indole amine are
not much different from what was observed in 7 % TFE, showing three resonances with relative
populations of 90 %, 5 %, and 5 %. Gly-35 exists in two conformers with populations of 73 %
and 27 % and Ser-36 exists in conformers with relative populations of 78 % and 22 %. This is

not very different from the conformers existing in 7 % TFE (75 % and 25 %).

From the chemical shift indexing of '°N resonance differences from random coil values
shown in Figure 3.41, there is little secondary structure preference as observed by shift
difference bias toward a-helix or B-sheet. The shift differences are closely similar to those
observed for Tat;.7; in 7% TFE. There is some indication of 3-sheet propensity in the His-tag,
with little or no preference for either helical, or B-sheet in any other region of the protein, as

would be indicated by a sequence of at least three or more residues with the same propensity and
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significant deviation from the random coil values. Recall that the CD spectrum of Tat; 7, in 15

% TFE suggests a predominantly random-coil conformation (Figure 3.18).
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Figure 3.41 5N chemical shift differences of His-tagged Tat;.7; in 15% TFE from random coil
values corrected for local sequence effects. Reference lines (red, + 2) correspond to thresholds
where differences begin to reflect regions of possible secondary structure formation. The plot
range corresponds to two S.D. from the mean value determined from the chemical shift tables of

the Biological Magnetic Resonance Bank (http://www.bmrb.wisc.edu/).

The "HN chemical shift indexing of Tat; 7, in 15% TFE is shown in Figure 3.42. Helical
propensity in the cysteine-rich region between residues 40-53 and in the core and basic regions
of residues 59-76 are flanked by regions that could not be assigned due to a lack of resonances,
as is the case for the residues separating residues 63-76 from residues 82-92. Residues Glu-25,
Leu-28 and Glu-29, His-33 and Thr-40 of the proline-rich region show strong helical propensity,
although they cannot be assigned to a helical conformation due to a lack of three residues of
similar deviation, and the fact that this region has interspersed proline residues (Pro-xxx-Pro

motif that is highly conserved among HIV-1 Tat variants). Similar residues in 7% TFE and 15%
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TFE show the strongest helical propensity and are centred in regions of helical propensity, which
may suggest localized regions of helical adoption. These residues are Cys-45, Cys-47, Lys-48 of

the cysteine region and Ile-65 and Arg-69 of the basic region.
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Figure 3.42 "N chemical shift differences of Taty.7; in 15% TFE from random coil values
corrected for local sequence effects. Reference lines (red, + 0.15) correspond to thresholds
where differences begin to reflect regions of possible secondary structure formation. The plot
range corresponds to two S.D. from the mean value determined from the chemical shift tables of

the Biological Magnetic Resonance Bank (http://www.bmrb.wisc.edu/).

From 0 % TFE to 15 % TFE, the region that experiences the greatest, a-helical biased
average change in chemical shift is in the hydrophobic core region (A ppm = -0.538 —-0.156)
with an average chemical shift change of 0.146 ppm, and in decreasing order, the arginine-rich
region (A ppm = -0.544 —-0.119) shifts 0.139 ppm, the proline-rich region (A ppm = -0.749 —
0.138) changes 0.121 ppm, the cysteine-rich region (A ppm = -0.972 —-0.142) changes 0.114

ppm, the glutamine-rich region (A ppm =-0.616 —0.017) changes 0.107 ppm, and the His-tag (A
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ppm = -0.496 — -0.008) changes 0.079 ppm. All of these 'H" shift changes are upfield and in the

direction of helix formation.

3.9.3 30% TFE

Fifty-seven of the 80 non-proline residues of His-tagged Tat; 7, could be assigned by the
3-D heteronuclear triple resonance experiments HNCA and HN(CO)CA and by comparison to
previously published results®”. Forty-seven residues could be assigned by their 'H", °N, and
P resonances, while 10 were assigned by comparison to previously published results. 3-D
heteronuclear triple resonance assignments exploit one and two bond scalar couplings to connect
atoms of the protein backbone. The HNCA experiment correlates intraresidue (i) 'H", °N, and
P resonances and also shows connectivity between the "H™(i) and '°N(i) resonances with the
13C® resonance of the preceding residues (i-1)“’". In the complementary HN(CO)CA
experiment only the 'HY(i), ’N(i). and "*C*(i-1) peaks appear. By comparison of the
complementary spectra, the C* shift of every preceding residue is determined, allowing
sequential residue assignment. Figure 3.43 shows an example of the strip plots used for

sequential assignment of Tat; 7, in 30 % TFE.
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Figure 3.43 Strip plots correlating the 'H"(i) and N(i) resonances with the C* resonance of the
preceding residues (i-1) by HNCA NMR spectroscopy for °N-, *C-labelled Tat,.7, dissolved in

30 % TFE, 7 mM TCEP, 7 mM acetate, apparent pH of 4.2.
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Figure 3.45 shows a 'H-""N HSQC spectrum of '°N and "*C-enriched Tat,.7, dissolved in
30 % TFE, 7 mM acetate, 7 mM TCEP, at apparent pH 4.2. Peak broadening, along with the
disappearance of peaks made resonance assignment difficult for residues His-20 of the His-tag,
Glu-22, Val-24, Arg-27, Trp-31, Lys-32, and His-33 of the proline rich region, Cys-47 of the
cysteine rich region, Ile-59, Thr-60, Leu-63, and Tyr-67 of the core region, Arg-75 and Arg-76
of the arginine rich region, and GIn-80 and 92 of the glutamine rich region. 3-D NMR allowed
the assignment of resonances that were ambiguous in lower concentrations of TFE. These are:

Tyr-46, Lys-49, and Cys-50 of the cysteine-rich region, and GIn-83 of the glutamine-rich region.
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Figure 3.44 1H—ISN—HSQC spectra of >N enriched Tat,_7, in 15% and 30% TFE at 298 K.

Purple peaks with residue labels are the backbone amide resonances of 5N enriched Tat;.7, with

8.5 mM TCEP in 15% TFE at apparent pH 4.05. Blue peaks are resonances of '°N enriched

Tat;7, with 7 mM TCEP in 30% TFE at apparent pH 4.2.
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Figure 3.45 'H-""N HSQC backbone amide resonance assignments at 298 K for '°N enriched,

His-tagged Tat;_7, with 7mM TCEP in 30 % TFE at apparent pH 4.2. The inset box shows the

resonance for the indole amine of Trp-31.
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Figure 3.46 shows the relative peak intensities of Tat;.7; in 30 % TFE, 7 mM acetate, 7
mM TCEP, at apparent pH of 4.2. The intensities of Tat;.;, are reported relative to the most
intense assigned residue, His-6. The only major change to residue intensities compared to the
relative intensities of Tat;.7; in 15 % TFE is an increase in the relative intensities of the His-tag
region, between residues 3 — 15 suggesting a major change in conformational dynamics or H-
exchange in that region of Tat; 7,. The average peak intensity is 0.409, and is higher than Tat; 7,

in 15 % TFE, but lower than the average peak intensity of Tat;.7; in 0% and 7 % TFE.
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Figure 3.46 Relative 'H-""N peak intensities of His-tagged Tat,_7, in 30 % (v/v) TFE, 7 mM
acetate, 7 mM TCEDP, at apparent pH 4.2. The average, relative intensity denoted by the red line

is 0.409.

In 30 % TFE, multiple resonance peaks appear for Ser-36, but the multiple resonances
disappear for Gly-35 and the indole amine of Trp-31. From integrating the resonance peaks of
Ser-36, the relative populations of the conformers are 90 % and 10 %. The minor conformer of
Ser-36 has decreased from 25 % to 10 % with an increase in TFE fraction from 15 % to 30 %
(v/v) possibly reflecting changes in conformational dynamics such as cis-trans proline

isomerisation in the region of the protein.
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The chemical shift indexing of the '°N resonances of the "H-'"N HSQC spectrum of
Tat;.7, in 30 % TFE shows minimal secondary structural homogeneity in terms of helicity or 3-
sheet (Figure 3.47). Residues 45 — 51 of the cysteine rich region show a helical tendency by
their shift difference from random coil values, with the exception of Cys-47 for which no
assignment could be made. Residues 69 — 74 also show a tendency for helicity. The three
residues 69 — 72 of the arginine-rich region show a shift difference towards helicity that is
greater than the threshold reference line plot, denoting a region of possible helical formation.
There are numerous single peaks or pairs of peaks that show strong helical character: His-19,
Leu-28, Glu-29, Ser-36, GIn-37, Cys-42, Ser-65, and Ser-82. The peaks that show strong [3-

sheet character are Ser-12, Arg-17, Asp-25, and Gly-81.
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Figure 3.47 SN chemical shift differences from random coil values of Taty.7, in 30 % TFE
corrected for local sequence effects. Reference lines (red, + 2) correspond to thresholds where
differences begin to reflect regions of possible secondary structure formation. The plot range
corresponds to two S.D. values from the mean value determined from the chemical shift tables of

the Biological Magnetic Resonance Bank (http://www.bmrb.wisc.edu/).
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The chemical shift indexing of the 'H" resonances of Tat,.7; in 30 % TFE suggests the
presence of helical regions in the same regions observed to have helical propensity in lower
concentrations of TFE (Figure 3.48). These regions are defined by consecutive sequential bias of
the chemical shift differences from random coil values towards a-helical structure. These
regions include residues 40 — 51, 64 — 74, and 82 — 91. The residues 40 — 51 begin in the latter
portion of the proline-rich region and include Thr-40 and Ala-41, and traverse the cysteine
region up to residue Cys-51. The resonance with the strongest a-helical character is Lys-48.
Cys-47 is unassigned. Tyr-46 shows minimal deviation from a random coil structure, and the
existence of an a-helical structure within this region could be interrupted depending on the
character of the unassigned Cys-47. If both residues 46 and 47 showed minimal deviation from
random coil values, then it could be assumed that the helix structure within residues 40 — 51 are
interrupted by a flexible linker, but it is unclear. The argument is opposite if Cys-47 were
assigned and showed strong helical character. Residues 64 — 74 begin at Gly-64 of the core
domain and end at GIn-74 of the arginine-rich region. Within this series, Tyr-67 is unassigned.
The final series of residues showing helical character begin at Ser-82 and end at Lys-91. These
residues compose the majority of the glutamine-rich region. Val-87 could not be assigned, and
depending on its character, may create a flexible region disrupting the helix in this region. Gln-
92 is unassigned in 30 % TFE, but probably shows helical character, based on the chemical shift
indexing of this residue in all conditions of this study (0 % - 15 % TFE). In all experiments, the
terminal residue showed helical propensity. The "H" CSI also revealed strong helical character

in residues of the proline rich region, at Asp-25, Leu-28, and Glu-29.
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Figure 3.48 'H" chemical shift differences from random coil values of His-tagged Tat,_7, with
30 % TFE corrected for local sequence effects. Reference lines (red, = 0.15) correspond to
thresholds where differences begin to reflect regions of possible secondary structure formation.
The plot range corresponds to two S.D. from the mean value determined from the chemical shift

tables of the Biological Magnetic Resonance Bank (http://www.bmrb.wisc.edu/).

3.9.4 Summary of the Effects of the TFE Titration on Tat;_7;

The effects of TFE on the chemical shifts of Tat;.7, are not uniform. Table 3.13 shows
the average change in 'H" chemical shift per region of Tat,.7, with the addition of 7 %, 15 %,
and 30 % TFE. The region of Tat;.;; which is most sensitive to TFE, and shows the greatest
change in chemical shift compared to the 'H-'">N cross-peaks of Tat,_7, in the absence of TFE is
the hydrophobic core region. This is apparent by the greatest change in 'H" shift compared to all
other regions at all intervals of TFE in this study. The next most sensitive region at all intervals
of TFE is the arginine-rich region, and listed by decreasing sensitivity: the proline-rich region,

the cysteine-rich region, the glutamine-rich region, and finally, the His-tag.
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Table 3.13 Average "HN chemical shift differences of the regions of Tat; 7, at the intervals of

TFE used in the NMR studies.

7%-0% 15%-0% 30%-0%
His-tag region -0.0341 -0.0791 -0.0638
Proline-rich region -0.0555 -0.1209 -0.1250
Cysteine-rich region -0.0547 -0.1093 -0.1137
Hydrophobic core region -0.0749 -0.1455 -0.1548
Arginine-rich region -0.0599 -0.1390 -0.1371
Glutamine-rich region -0.0532 -0.0979 -0.1068

The 'H" chemical shift referencing of Tat,.7> shown in Figure 3.48 suggests that TFE-
induced helical propensity exists in residues 40 — 51 of the cysteine-rich region, residues 64 — 74
of the latter portion of the hydrophobic core region and continuously into the arginine-rich

region, and residues 82 — 91 of the terminal glutamine-rich region.

Multiple Tat;.7, conformers are suggested by the observation of multiple cross-peaks per
residue. Both Gly-35 and Ser-36 populate a minor conformer (92 % and 8 % population
conformers). The addition of 7 % TFE increases the minor conformer three-fold to 25 %.
Successive titration to 15 % TFE has no effect. At 30 % TFE, Ser-36 cross-peaks show
conformers of 90 % and 10 %. 30 % TFE causes the disappearance of minor conformers and
that it is homogenizing the multiple conformers observed in aqueous buffer solutions. From 0 %
to 30 % TFE, the increase in helical ellipticities at 190 nm and 222 nm is greatest (see Figure
3.20, Figure 3.21 and Table 3.8). After 30 % TFE, the rate of change of the helical ellipticites
decreases 3-fold, therefore, the 7 % - 30 % TFE range is referred to as intermediate

concentrations of TFE, and in this range the effect on Tat,_7; is most significant. At 30 % TFE
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and higher, the ellipticities are not as sensitive, and from this one can conclude that the major
structural changes in the form of helical influence by 30 % TFE onto the secondary structure of
Tat; 7, have become evident. At intermediate concentrations of TFE (7 % - 30 %), the
populations of the Gly-35 and Ser-36 minor conformers increase from 8 % in the absence of TFE
to 25 % with the addition of 15 % TFE. It seems that TFE is beginning to favour the minor
conformer, and at 30 % TFE, the minor conformer decreases to 10 %. This means that above
intermediate concentrations of TFE, one of the conformers is favoured, and possibly, the effect

of 30 % TFE may be the inversion of major and minor conformer populations.

The average chemical shift of each region is calculated simply by determining the
average chemical shift from each residue within that region. The average chemical shift for each
amino acid was calculated and is shown in Table 3.14. There does not seem to be any clear
correlation between residue identity and sensitivity to 7 %, 15 %, and 30 % TFE solution

composition.
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Table 3.14 The average chemical shift difference by amino acid of 'H-"N enriched, His-tagged
Tat; 7, in 7 % TFE and 0 % TFE, 15 % TFE and 0 % TFE, and 30 % TFE and 0 % TFE in

decreasing order, with the exception of unassignable residues.

7% -0 % TFE 15% -0 % TFE 30% — 0% TFE
Tyrosine -0.0920 | Valine -0.2425 | Glutamate -0.2780
Aspartate -0.0840 | Aspartate -0.2210 | Valine -0.1773
Isoleucine | -0.0840 | Leucine -0.1420 | Aspartate -0.1510
Glutamate | -0.0780 | Glutamate -0.1410 | Glycine -0.1302
Valine -0.0730 | Arginine -0.1378 | Threonine -0.1237
Threonine -0.0715 | Isoleucine -0.1295 | Alanine -0.1180
Arginine -0.0597 | Alanine -0.1150 | Lysine -0.2425
Alanine -0.0570 | Tryptophan | -0.1140 | Tyrosine -0.1130
Glutamine | -0.0500 | Cysteine -0.1133 | Cysteine -0.1130
Leucine -0.0495 | Glycine -0.1017 | Glutamine -0.1088
Lysine -0.0480 | Lysine -0.1015 | Leucine -0.0973
Cysteine -0.0480 | Threonine -0.0962 | Arginine -0.0933
Tryptophan | -0.0470 | Glutamine -0.0926 | Serine -0.0869
Serine -0.0448 | Serine -0.0860 | Histidine -0.0477
Histidine -0.0396 | Histidine -0.0760 | Isoleucine -0.0140
Glycine -0.0363
Average -0.0602 | Average -0.1273 | Average -0.1180

3.10 Tat,_;, Interaction with TAR in the presence of DDM and 2
MEQ Zn(II)

The solubility of Tat;.7; in 20 mM SDS at pH 6.67 and in 100 mM SDS with reducing
agent suggested that these conditions might be suitable for studying the conformation of Tat; 7,
together with TAR. However, when Tat; 7, and TAR were combined in the presence of SDS

with and without reducing agent at pH 4, a precipitate formed. Substituting zinc for the reducing

171



agent TCEP in the presence of SDS could not prevent precipitation of Tat;7, and TAR when

they were combined.

When Tat; 7, and TAR were combined in the presence of the non-ionic detergent n-
dodecyl beta-D-maltoside (DDM) and TCEP, a precipitate formed. However, in the presence of
DDM and 2 MEQ Zn(II) Tat;.7; and TAR are soluble. The Tat; 7, CD spectrum in the presence
of DDM and 2 MEQ Zn(II) is dominated by a large, negative band at 200 nm indicating a mainly
disordered structure as depicted in Figure 3.49 (green). The CD spectrum of TAR in the
presence of DDM and 2 MEQ Zn(II) displays a positive band at 186 nm, a weak negative band at
210 nm, and a slightly positive ellipticity in the region of 220 nm — 260 nm as depicted in Figure
3.49 (blue). The CD signal of combined Tat,.;; and TAR together in the presence of DDM and 2
MEQ Zn(II) shows a positive ellipticity at 187 nm and a broad negative ellipticity with a peak at
212 nm as shown in Figure 3.49 (brown). This shift in CD signal when the two molecules are
combined in the presence of DDM and 2 MEQ Zn(Il) is evidence of a binding interaction.
Furthermore, Figure 3.50 shows that the spectrum of Tat;_7; and TAR in solution (Figure 3.49 —
brown and Figure 3.50 - brown) is clearly quite different from the spectrum obtained by adding
the spectrum of Tat;.7, in DDM to the spectrum of TAR in DDM (Figure 3.50 — green) and that a
significant conformational change has occurred as a result of the interaction. From the peak
positions in the spectrum it appears as if TAR has induced a helical conformation in Tat;.7,,

however the spectrum cannot be deconvoluted because of the TAR signals.
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Figure 3.49 CD spectra of 13 uM Tat;.75, 10 mM DDM, 2 MEQ Zn (II) at pH 4.0 (green) and 13
uM TAR, 10 mM DDM, 2 MEQ Zn (II) at pH 4.0 (blue); 13 uM Tat;.7, + 13 uM TAR, 10 mM

DDM, 2 MEQ Zn (II) at pH 4.0 (brown).
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Figure 3.50 The additive spectra of 13 uM Tat,;.7; alone in 10 mM DDM 2 MEQ Zn(II) and 13
uM TAR alone in DDM, 2 MEQ Zn(II) (green) compared to the actual spectrum of 13 uM

Tat; 7, and 13 uM TAR in 10 mM DDM, 2 MEQ Zn(II) (brown).
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3.11 Congo Red Binding Assay

To determine if Tat; 7, aggregates can form the cross-beta amyloid fibril structure, Congo
Red Binding assays were performed on the protein in conditions where it is predominantly a
random coil, a mixture of a-helix and random coil, or a mixture of B-sheet and random coil. The
most successful experiment involved a mixture of B-sheet and random coil conformations, and
were induced by pre-equilibrating Tat;_7, for 24 hours in 50 mM citrate, 100 mM NacCl, at pH
5.35 followed by the addition and 40 minute equilibration of 10 pL of 375 uM CR to 20 uM
Tat;.75. The shift in the absorbance of CR to longer wavelengths is shown in Figure 3.51.
Compare this figure to Figure 1.12 in the Introduction. There is clearly an interaction of Tat; 7,
with CR as can be seen from the hyperchromic shift in CR absorbance. After a 40 minute
equilibration period of CR with Tat,.7,, the characteristic red colour of the dye was observed in
solution, but no visible precipitate was observed. After a period of 24 hours, there was visible

evidence of a red precipitate settling out of solution.
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Figure 3.51 Congo red interaction assay in 50 mM citrate, 100 mM NaCl, pH 5.35. The ability
of Tat,_7; to form cross-beta amyloid-like fibrils was probed by affinity for Congo Red at pH
5.35. Blue: 0.14 uM CR + 20 uM Tat;.7; (40 minute equilibration), Red: 0.14 uM CR (initial
absorbance). A hyperchromic shift is observed when CR is combined with Tat;_7, that is

characteristic of amyloid fibril.

3.12 Polarized Light Microscopy

To determine if Tat; .7, aggregates contain amyloid structure, polarized light microscopy
was applied. Figure 3.52 shows a Tat,;.7, aggregate stained with CR observed under a polarizing
microscope without cross-polarization. This precipitate was prepared with Tat; 7, predominantly
in a B-sheet/random coil conformation. The centre of the aggregate appears dark, while the
edges of the aggregate are stained red. Figure 3.53 is the same preparation of Tat;.7, and CR
observed with a 90° cross-polarizer in place. Around the edges of the precipitate a yellow-green

birefringence is observed in Figure 3.53, but this is not observed in the centre of the precipitate.
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Figure 3.52 Tat,.7, precipitate stained with Congo Red observed by unpolarized light.

Figure 3.53 Tat,.7; precipitate stained with Cong Red observed by cross-polarized (90°) light.

The edges of the aggregates display green birefringence.
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3.13 Amyloid Specific Sequence Determination Using Web-based

Algorithm “WALTZ”

The results of the sequence submission to “WALTZ” (http://waltz.vub.ac.be/submit.cgi)

of the 92 residue, His-tagged Tat;_7, protein indicate that an amyloidegenic region exists between

residues 55 — 64. Figure 3.54 indicates that the amyloidegenic includes the last three residues of

the cysteine-rich region and seven residues of the hydrophobic core region.

His-Tag
MGSSHHHHHHSSGLVPRGSH

Proline-rich Region
MEPVDPRLEPWKHPGSQPKTA

Cysteine-rich Region
CTNCYCKKCCFHCQVC

Hydrophobic core Region
FITKALGISYG

Arginine-rich Region
RKKRRQRRRPP

Glutamine-rich Region
QGSQTHQVSLSKQ

Figure 3.54 The amyloidegenic region of His-tagged, Tat,;.;, determined by the “WALTZ”

algorithm (red).
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Chapter 4

4. Discussion

4.1 Protein Expression and Purification

Tat;_7, purification was done in the presence of a high concentration of denaturant (5 M
guanidine) and in strongly reducing conditions (10 mM TCEP). The combination of guanidine
and TCEP has been shown to be effective at increasing yields of monomeric, soluble Tat; 7,
protein and shows good compatibility with cobalt metal affinity resin®’?. The strong reducing
agent TCEP effectively prevents intermolecular covalent cross-linking by disulfide bond
formation”’?. Guanidine promotes soluble, monomeric Tat;_7, by disrupting the interactions that
lead to precipitation. Tat;.7; can self-associate possibly by interactions between its acidic and
basic segments. Guanidine also disrupts interactions between the positively charged protein and
anionic cellular components such as other proteins, negatively charged phospholipid headgroups,
DNA, and RNA. A high concentration of guanidine does not prevent the interaction of de-
protonated histidine residues of the His-tag with the cobalt resin near neutral pH, and does not
prevent the protonation of histidine at pH values below 6. In the absence of guanidine the
protein elutes slowly in a large volume of elutant @) This suggests that guanidine can also
disrupt the interactions between Tat; 7, and components of the metal affinity resin. Hydrophobic
amino acid solubility is promoted in the presence of Gdn-HCI and likely prevents Tat,.7, self-
association by hydrophobic interactions’*”. Presumably, the denaturing conditions would have

little effect on Tat; .7, structure because Tat;.7; is an intrinsically disordered protein.
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Tat was eluted by pouring the pH 4 elution buffer over the column while collecting 8 X 1
mL fractions. Because Tat;.7, was found to precipitate when the undiluted column fractions are
combined into one dialysis bag; the dialysis protocol was modified from the original published

procedure®”.

The first 3 fractions were usually the most concentrated and were diluted 4 times
with elution buffer to a total volume of 4 ml each. The remaining 5 fractions were pooled
together. The pooled fractions were added to 4 dialysis bags of approximately 6 mL each.
When four dialysis bags of 6 mL each are prepared, the concentration of Tat;_7, remains low

enough to prevent precipitation as guanidine and TCEP are gradually removed and replaced by

acetate buffer of pH 3.5.

4.2 Ultraviolet Absorption Spectroscopy

A UV absorption spectrum of Tat;.7; showing little evidence of light scattering is
obtained in 10 mM acetate buffer at pH 4 prepared from glacial acetic acid, with no additional
salts, for a number of reasons (Figure 3.1). At pH 4 it was determined that Tat;.7, is monomeric
and reduced without the need to add reducing agent to solution'”’®. Oxidation of cysteine
requires a deprotonated thiol and at pH 4 the thiols are fully protonated®” ¥, Ata 10 mM
concentration of acetate buffer prepared from glacial acetic acid, a low concentration of buffer is
present in solution while still maintaining an efficient buffering capacity. The addition of salts

(219), and in the

and high ionic strength have been shown to influence the conformations of IDPs
case of Tat;_7,, may promote its aggregation. Observing UV far spectra of Tat;.7; in 10 mM

acetate at pH 4 is a good method for measuring the concentration of Tat;.7; in solution.
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Comparing the UV spectrum of Tat;_7; in Figure 3.1 to the UV spectrum of tryptophan in
Figure 3.2 we note some differences, specifically in the trough region between 240 — 260 nm and
in the region above 300 nm. In the spectrum of Tat;_7,, the trough region absorbs slightly more
than the trough region of Trp relative to the most intense absorbance at 280 nm, and the UV
absorbance of Tat;7; does not decay to zero above 300 nm. Both effects may be due to
aggregation of a very small population of Tat; 7, that leads to light scattering. However, some of
the absorption in the protein spectrum near 260 nm is due to the presence of two phenylalanine

and two tyrosine residues in Tat;.7,.

4.3 Circular Dichroism Spectroscopy

In proteins, the main chromophoric contributor to the CD signal in the far UV region is
the peptide bond, and the signal is influenced by asymmetry in its environment. For example,
left and right-handed a-helices have opposite ellipticity. The CD signal in a protein is the
ensemble average over time of the signals from amide bonds along the protein backbone.
Peptide bonds that adopt specific phi-psi angles give rise to unique CD signals for each major
secondary structure including a-helices, B-sheet, hydrogen bond stabilized turns, and random
coils (Figure 1.14). Intrinsically disordered, or natively unfolded proteins give rise to unique CD
signals not because of their limited dihedral angles, but because their flexibility allows them to
sample a wide range of dihedral angles. It is for this reason that structure determination by CD
spectroscopy gives insights into secondary structure on a global, population averaged scale.
Global secondary structure determination by CD spectral deconvolution will be informative by

providing the relative proportions of each secondary structure in solution, averaged over time.
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At pH 4, Tat, 7, is intrinsically disordered“”. This has been re-confirmed by the
agreement between the present CD and NMR studies and the previous work by Dr. Shaheen
Shojania'”*® and Thach Vo’?. In the present work spectral deconvolutions using the Selcon3,
CONTINLL, and CDSSTR algorithms were reported as an average (henceforth referred to as the
spectral deconvolution average). The spectral deconvolution average determined that the
secondary structure of Tat;.7; in 10 mM acetate, with 10 mM TCEP at pH 4 is 57 % disordered,
21 % turn, 14 % P-strand, and 8 % a-helical. Tat;.7; displays a strong negative band at 190 nm
and a weaker negative band at 220 nm, characteristic of disordered proteins‘®*”. This result is in
close agreement with other studies of HIV-1 Tat protein variants (86-101 residues) (/2% /% /7. 27>
270 Structural determination of the Tat;_g¢ Mal variant by spectral deconvolution showed that
the protein is composed of 43 % disordered, 30 % B-turn, 22 % B-sheet, and 5 % a-helix at pH

4.5 and agrees reasonably well with the present results/*¥. The presence of exon-2 residues may

be the explanation for the greater proportion of B-sheet and turn structures in the Tat Mal variant.

There may be ambiguity regarding the distribution of structure within Tat between turn

(2 77), with a minor

and B-strand structure as their representative CD spectra are quite similar
negative band at 215 nm and a major positive band at 195 nm. The distribution of these two
structures in secondary structure determination by spectral deconvolution is dependent on the

quality of the data sets of structures on which the deconvolutions are based. In either case, the

CD spectrum of Tat in 10 mM acetate, 10 mM TCEP at pH 4 is mainly disordered.
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4.4 Tat Solution Stability

As we have seen, Tat; 7, was determined to be a random coil at pH 4. It is also important
to determine if the protein is intrinsically disordered at pH 7. The goal of these studies was to
find compatible buffers and solution additives to solubilize Tat;.7; in conditions approaching
neutral pH. A physiological condition in which Tat;.7, stability is promoted would allow for an
environment in which the high affinity interaction between Tat and TAR could be studied in
solution. This, among other Tat interactions that have been described in the literature, must, at
least in part, be sensitive to the same factors that are known to affect intrinsically disordered
proteins in vitro, such as temperature, pH, counter ions, membranes, binding partners, osmolytes,
and macromolecular crowding?’?. The conformational changes of His-tagged Tat,_7, induced by
the presence of organic solvents, counter-ions, and detergent may present routes to
conformational changes that imitate those involved in ligand recognition and thereby provide

insight into them.

4.4.1 Buffers

Tat solubility was investigated in the absence of reducing agent with the hydrogen ion
buffers MES, HEPE S and citrate. Tat;_7, showed better stability in HEPES compared to MES
(stable in HEPES at pH 5.8 compared to pH 4.0 in MES). It is difficult to explain why Tat; 7, is
more soluble in HEPES as opposed to MES. Both are zwitterionic at neutral pH and positively
charged at pH 4. HEPES contains an additional hydrogen bonding hydroxyl group that may

promote Tat;.7; stability. The CD data shown in Figure 3.5 and Table 3.3 indicate that Tat;.7; in
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HEPES at pH 4.0 exists in a mainly disordered conformation that is quite similar to Tat; 7, in
acetate with TCEP at pH 4 (Figure 3.3, Table 3.1). The secondary structure motifs of Tat;.7; in
HEPES at pH 4.0 and Tat,.7; in acetate and TCEP at pH 4.0, respectively are: 48 %, and 57 %

disordered, 21 % and 21 % turn, 20 % and 14 % B-strand, 12 % and 8 % a-helical.

Citric acid was chosen as a buffering agent due to its functional group similarity to
acetate, and because of its role as a natural reducing agent, often used in foods as a preservative.
Citric acid is an important molecule in the metabolism of most cells, and is a vital Krebs cycle
intermediate. Biologically and commercially, citric acid is known as an anti-oxidant and
preservative, and this quality was hypothesized to impart stability to Tat in solution, possibly
preventing disulphide bridging in the absence of TCEP. The molecule contains three ionizable
groups, making it a useful buffer over an extended pH range. However, citric acid was not able
to solubilize Tat;_7, at pH 4 for a period of 24 hours. At pH 4.0, citric acid exists as a mixture of
triprotic, diprotic, monoprotic and unprotonated acids owing to pKa’s of 3.15, 4.75 and 5.40°7".
One possibility is that multiply-charged buffering species might cause the precipitation of the
basic Tat;.7, protein. Another possibility is that long-term solubility may be influenced by trace
amounts of Tat;.7; oligomer present in different amounts in different protein preparations. This

is the case with B-amyloid(lgo’ 189),

4.4.2 Buffer, Detergent, and TCEP Combinations

In the absence of reducing agent Tat, .7, was soluble up to about pH 5.7 for 24 hours in

HEPES buffer with CHAPS above the CMC. The presence of the zwitterionic CHAPS detergent

183



does not increase Tat; 7, solubility in HEPES because Tat;.7; was stable at pH 5.8 in HEPES
without CHAPS for 24 hours (Figure 3.4). However, this experiment demonstrated that Tat;.7; is

compatible with CHAPS at pH 5.7.

Tat; 7, showed compatibility with the cationic detergent DTAB in HEPES at pH 5.0 and
in citrate at pH 5.3 for 24 hours each. Tat,;7; also showed better solubility in the anionic
detergent SDS when buffered in HEPES (Figure 3.9); Tat,.7, was stable for 24 hours at pH 6.67
in HEPES-buffered SDS. This suggests that the ionic properties of the detergent head group can
affect Tat;.7, aggregation. Tat;.7; is a basic protein with a net charge of +15 at neutral pH. The
anionic sulfate head group of SDS may interact with the basic Tat;_7, protein, and according to
Figure 3.10, elicits a shift to a-helical conformation. The increased solubility might also be due
to the change in conformation. It is uncertain from this study which region of Tat;.7; is
undergoing conformational change but the results from the TFE study suggest that the formation
of an a-helix in the arginine-rich region may occur by the interaction of basic side chains with

the anionic head groups.

Detergents can have varying effects on protein structure. Packing of the hydrophobic
cores of globular proteins can be disturbed by side-chain association with long, non-polar
detergent tails. Ionic interactions between detergent headgroups and protein surfaces may
disrupt protein hydration spheres and potentially disrupt intrapeptide interactions, which occur
by hydrogen bonding and Van der Waals forces. In other cases, low concentrations of detergent

may have little or no effect on protein structure.

184



The 24 hour stability of Tat;.7; with SDS in the presence of reducing agent is not
surprising (Figure 3.11 and Figure 3.12). The negatively charged sulfate head groups might
interact with Tat;7; owing to the net positive charge of the protein. It might also be proposed
that the long alkyl groups of the detergent molecules interact with the hydrophobic side-chains of
Tat;_7,, offering better solubilization of the protein by hindering inter-protein interactions.
However, the poor solubility of Tat; 7, in other detergents in the presence of reducing agent
suggests that Tat,; 7, aggregation involves not only hydrophobic interactions, but also ionic, polar
and cysteine-cysteine interactions. Precipitation in the non-ionic detergent NDBM in the
presence of reducing agent also shows that inter-protein hydrophobic interactions are not solely
responsible for aggregation. The poor solubility of Tat;.7; in cationic DTAB, but good solubility
in anionic SDS suggests that the mean net charge on the protein plays a key role in self-
associative pathways that lead to aggregation. The sequence-specific properties like high-net
charge and short regions of hydrophobicity that favour protein disorder in vivo hinders the study

of Tat in vitro.

We consider several possible interactions between Tat,;.;; and SDS. Tatl_;; may be
largely inserted into the core of the micelle, partially inserted into the micelle (tethered by the
core domain), interacting with the hydrophilic groups of the micelle exposed to solution,
possibly extended over the surface of the micelle or likely, in an equilibrium with all of these
states. 'H-">’N HSQC spectra of Tat,_7, in concentrations of SDS above the CMC (not shown)
displayed extensive line broadening and peak loss, potentially caused by association with the

large, slow tumbling SDS micelles, or conformational exchange.
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Figure 3.10 shows the CD spectrum of Tat;7; in SDS. The characteristic 190 nm, 208
nm, and 222 nm peaks in the CD spectrum, indicate a protein with substantial a-helical content.
Secondary structure determination by spectral deconvolution (Table 3.4) shows that with the
addition of SDS, disordered content decreases from 40 % to 35 %, turn content decreases from
24 % to 20.0 %, B-strand content decreases from 27 % to 22 %, while a-helical content increases
from 9 % to 23 %. It appears as if secondary structure is being converted from disordered, turn,
and B-sheet to a-helical structure. In a study of HIV-1 Tat peptides corresponding to the
different regions of Tat, the presence of SDS could not induce a-helical tendency in any of the

%) implying that the SDS-induced structure of Tat,.7, is a process that requires

Tat fragments
cooperation among different regions of the protein. This insight, together with the spectral
deconvolution implies that a-helical conversion seems to be occurring non-specifically and

possibly over the entire span of the protein and may be a clue to the mechanism for the cellular

membrane translocation activity of Tat.

SDS is known to induce helical structure on disordered or partially disordered proteins
and this is also the case with Tat;_7; based on the Tat;.7o/SDS CD spectrum (Figure 3.10)%8D,
This effect is in contrast to the effect of SDS on well-folded proteins; SDS is commonly used as
a denaturant during SDS-PAGE, although local regions of a-helicity may be promoted in
unfolded proteins. In SDS-PAGE, SDS is known to denature proteins and weaken tertiary
contacts. The opposite effect on Tat;.7, implies that disorder is intrinsically coded in the Tat; 7,
sequence and is important in the binding induced folding during interactions with partner
proteins and TAR RNA. Similar types of folding-induced interactions have been observed with

phospholipids and the effect of SDS on Tat;_7, suggests that cellular membranes composed of
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anionic phospholipids could induce structure in Tat;_7;. In support of this, it has been shown that
cationic peptides interact preferentially with anionic over zwitterionic mammalian
membranes”*”. In addition, models have been developed for membrane dependent processes in
the disease progression of Alzheimer’s and Parkinson’s Diseases that involve helical
intermediates of unfolded proteins/*” /%9, These cases support the idea that protein interactions
with the polar head groups, and the hydrophilic surface of the bilayer are essential to the process

of inducing structure in unfolded proteins.

The conformations that are induced in Tat;.7, at concentrations of SDS below the CMC
should not rule out the existence of a micelle, composed of detergent and multiple Tat;.7,
monomers. It was shown by isothermal titration calorimetry that in the presence of a-Synuclein,
the concentrations of SDS needed to form a micelle were greatly decreased “*?. To explain this,
detergent interactions at concentrations below their CMC that would support micelle formation
would need to be supplemented by numerous protein detergent interactions. The assembly is not

a homogenous detergent micelle but rather a protein-detergent aggregate.

4.4.3 Summary of Tat Aggregation

Protein aggregation is a non-specific term that can be used to describe several different
types of interactions. Aggregates may be soluble or insoluble, covalent or noncovalent,
reversible or irreversible, and native or denatured. Tat,.7; is intrinsically disordered, therefore
Tat, .7, aggregates likely involve more or less disordered polypeptides. For all studies, Tat,;.7,

was deemed soluble if it remained within solution after repeated centrifugation at 13 000 X g and
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filtration through a 0.2 micron cellulose membrane and displayed a UV absorption spectrum

relatively free of light scattering.

Ionic interactions between the acidic, proline-rich region and the basic, arginine-rich
region of Tat;_7, theoretically can occur in a soluble state. Therefore, ionic interactions between
soluble Tat;_;» monomers or the interaction between basic Tat;_7, and anionic TAR could be the
initial events that lead to rapid, irreversible, insoluble aggregation. Detergents can help
solubilize Tat,;7,, but depending on their head group charge, vary in their efficiency at keeping
Tat;_7, soluble at pH values near 7. Tat;_7, in the anionic detergent SDS without TCEP is soluble

at pH values closer to 7 than other detergents in this study.

The presence of anionic counter-ions with reducing agent did not prevent aggregation of
Tat;.7,, suggesting multimerization mediated by the hydrophobic core region. The solubility of
Tat; 7, at neutral pH occurred when cysteine oxidation was controlled by reducing agent or
interaction with Zn2+, and when ionic and hydrophobic Tat, 7, self-associative interactions were
limited, as was the case for Tat;.7; in SDS with TCEP. For Tati.7; in SDS with TCEP the sulfate
head groups likely prevented ionic interactions between Tat;.7; monomers, cysteine cross-linking
was prevented by TCEP, and hydrophobic interactions between Tat;.;» monomers were

prevented by the aliphatic group of the detergent.
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4.4.4 Tat Interaction with TAR

Figure 3.50 shows that the CD spectrum of Tat;7; in DDM added to the spectrum of
TAR in DDM (green) and the spectrum of Tat;.7, and TAR together in DDM (brown) are clearly
different from each other. The positive ellipticity at 190 nm and the negative ellipticity at 222
nm of Tat;.7; and TAR together in DDM suggests that a helix is induced in Tat;_7; upon binding
to TAR. This is an example of ligand binding causing an intrinsically disordered domain to fold,
and supports the coupling of a binding induced structural transition; the entropic loss associated
with the partial folding of an intrinsically disordered protein may be offset by ligand binding

and/or solvent release.

A peptide corresponding to the basic region of Tat has been shown to interact with TAR
with a nanomolar affinity, Kp=6 X 107, indicating the strength of this interaction®*.
Interestingly, the TAR affinity of a larger fragment of Tat encompassiong two cysteine residues
of the cysteine-rich region, the hydrophobic core region, and the arginine-rich region, the
Tat/TAR affinity is a whole order of magnitude less”*”. Mutations to the cysteines did not result
in a change to the interaction affinity, suggesting that they are not involved in the binding. The
nanomolar affinity of the arginine-rich region of Tat for TAR does not ensure a soluble complex
between Tat;.7, and TAR, but rather, causes rapid precipitation, even at micromolar
concentrations. Titrating Tat; 7, into a dilute solution of TAR or vice versa also resulted in
precipitation. In a study of the interaction of a Tat peptide consisting of the arginine- and

glutamine-rich regions (the carboxy-terminal of the first exon) with the 27 base stem-loop TAR,

complexation above a concentration of 0.6 mM resulted in precipitation'”*”. Non-specific ionic
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interactions of the highly negatively charged ribonucleic acid and the basic Tat peptide are likely
the explanation. In this study of exon-1 Tat,.7,, precipitation is likely enhanced by inter-protein
hydrophobic interactions between the core domains and an oxidation prone cysteine region.
Non-ionic DDM was employed to solubilize Tat; 7, in the presence of TAR, but a non-ionic
detergent was not sufficient to solubilize Tat,;.7, with reducing agent in the absence of TAR,
suggesting that Tat; 7, and Tat; 7o/TAR solubility is ionically influenced. Covalent cross-linking
between cysteine residues appears to have been prevented by the presence of 2 MEQ’s of Zn(II),
whereas the anionic reducing agent TCEP resulted in precipitation of Tat;.7o/TAR with DDM.
Anionic SDS was sufficient to solubilize Tat;.7, with reducing agent in the absence of TAR, but
not sufficient to prevent precipitation of Tat;.7, in the presence of TAR. This is also strong
evidence that a charge interaction occurs between Tat;.7; and TAR, and the stability of this is
disrupted by the presence of anionic SDS. Thus, it is likely that SDS competes with TAR for an
interaction with Tat;_7;. Due to the charge complementary of Tat;.7, and TAR, a non-ionic
detergent is better suited to prevent hydrophobic interactions between Tat;.7, monomers but
permit the ionic interaction between Tat; 7, and TAR. An early conformational study of TAR
showed that arginine (and guanidine) binds specifically to TAR, suggesting that the interaction
between the arginine-rich region of Tat;_7; and TAR is specific, as other basic residues showed
no specific afﬁnity(287). Although the arginine residues have been implicated in specificity, other
basic residues must enhance affinity between Tat and the negatively charged phosphate groups

of TAR by complementary charge interactions.
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4.4.5 Structural Implications

Tat;_7, solubility studies have shown that in the absence of TAR, Tat; 7, solubility is
influenced by the hydrophobic region of Tat;_7,, the net charge of the protein, and the cysteine-
rich region. The types of self-associative interactions that need to be accounted for when
solubilizing Tat; 7, in vitro reflect the manner in which Tat interacts with P-TEFb and TAR in

vivo, and may also give insight into the mechanisms of Tat;.7, pathogenicity.

The hydrophobic region of Tat;.7; has been suggested to cause self-association and in
vitro it has been shown that this region becomes closely associated with P-TEFb and has been
implicated in Tat related pathogenicity. In a crystallization study, the hydrophobic region of
HIV-1 Tat packs against a hydrophobic patch of Cyclin T1 residues Phel76, Leul84, Thr248
and Pro249”. The total surface buried during the interaction between HIV-1 Tat and P-TEFb is
3,499 Az, 88 % of which is on Cyclin T1. This is about twice the average value for most stable
protein-protein interactions”*¥. Related to pathogenicity, the Tat,_gs Mal variant binds to
tubulin/microtubules through a four-amino-acid subdomain consisting of residues 36 - 39 of its
conserved hydrophobic core region, leading to the alteration of microtubule dynamics and

activation of a mitochondria-dependent apoptotic pathway'’*".

The induction of helical structure by SDS is related to the helical propensity of Tat, and
has been shown to occur in vitro. The formation of an a-helix in the basic, arginine-rich region
of EIAV Tat in the presence of TAR has been shown by crystallization studies®”. The basic,

RNA recognition motif of EIAV Tat that recognizes TAR consists of residues 49 — 57 of the
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arginine-rich region, and residues 50 — 58 form an a-helix when interacting with TAR. Helical

{275)

structure has also been suggested in the glutamine-rich region of the Tat;_gs Mal variant”"’, and a

short 31p-helix in the cysteine-rich region was observed in a crystal structure formed between

HIV-1 Tat and P-TEFb"?.

The oxidation of the cysteine-rich region near neutral pH was shown to be prevented in
some cases by the use of TCEP with SDS. The reduced state of the cysteine residues of Tat is
important for this region’s role as a zinc finger. Referring to the aforementioned crystallization
study, the cysteine-rich region forms a zinc bridged interaction with Cys261 of Cyclin T1 in

which all of the cysteine residues are reduced””.

4.5 Tat;7, Can Exist in a B-strand Conformation

In 50 mM citrate solution and 100 mM NaCl, Tat;.7, remained soluble at pH 6.2 for 24
hours in the absence of reducing agent (Figure 3.14). The CD spectral deconvolution results in
Table 3.5 indicate that the secondary structure of Tat;.7; in 50 mM citrate and 100 mM NaCl at
pH 5.5 is significantly different than Tat; 7, in 10 mM acetate, 10 mM TCEP at pH 4. In the
presence of 100 mM sodium chloride, disordered content decreases from 57 % to 33 %, B-strand
content increases from 14 % to 37 %, turn content is similar (21 % and 22 %), and a-helical
content is similar (8 % and 7 %). Thus, it appears that disordered polypeptide is being converted
to B-strand. The UV absorption spectra of Tat;.7; in 50 mM citrate and 100 mM NaCl at pH 5.4
and 6.2 (Figure 3.14) show significant light scattering above 300 nm which is an indication of

aggregation. The sample was micro-centrfuged with no visible pellet forming, suggesting that

192



the Tat;_7, exists in a multimeric, soluble form in these conditions. The only change in structure
is the conversion of disordered poly-peptide to B-strand. Perhaps high salt encourages
hydrophobic interactions and B-sheet formation. Sodium has been shown to be a promoter of

hydrophobic interactions when in solution as an ion, referred to as a “salting out” effect®”).

4.5.1 Amyloid properties of Tat;.7,

The results of applying the web-based algorithm “WALTZ” to the amino acid sequence
of Tat; 7, indicate that His-tagged Tat;.7, does have an amyloidegenic region at pH 7. Residues
55 — 64 of the His-tagged Tat; 7, does have an amyloidegenic region at pH 7. Residues 55 — 64
of the Tat;.7; protein, beginning at Val-55 and Cys-56 of the cysteine-rich region and ending at
Gly-64 of the hydrophobic core region were determined to be amyloid-prone. With the
exception of the first two residues, this sequence spans more than half of the hydrophobic core

region.

The UV spectrum of Tat; 7, in the presence of sodium chloride shown in Figure 3.14
suggests that the protein exists in an oligomerized state as evident by light scattering above 300
nm, but Tat,; 7, in 20 mM citrate and 100 mM NaCl does not show any evidence of time
dependent precipitation. CD spectra suggest that B-strand structure is increased in the presence
of sodium chloride (Figure 3.15, Figure 3.16, Table 3.5, and Table 3.6). The UV spectrum of
Congo Red shown in Figure 3.51 shows a redshift at 540 nm upon addition of Tat;.7, typical of
CR-stained amyloid. Figure 3.53 shows a Tat; 7, aggregate stained with CR under a cross-

polarizer. The yellow-green birefringence is evidence of amyloid-like interactions at the edges
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of the aggregates that is the trademark of Congo Red interaction with amyloid tissue.

Elongated fibrils of amyloidosis are formed by the arrangement of disordered precursors that are
stabilized by inter-protein hydrogen bonding, forming an extended network of -sheets’*”. The
mechanism of Congo Red interacting with amyloid is likely an intercalation between the [3-
sheets, where a specific, regular orientation with the fibril results in yellow-green birefringence
of the dye”?. Tat,_7, association with Congo Red resulted in precipitation of all Tat,.;, samples,
regardless of the presence of sodium chloride. As part of the Hofmeister series, sodium affects
protein solubility by promoting hydrophobic interactions®’* #%%), Only samples containing
sodium in the buffer showed birefringence when stained with Congo Red, although the
precipitation of Tat;7; by CR may have occurred due to non-specific charge attractions between
the dye and Tat;.7,. The B-sheet secondary structure determined by spectral deconvolution, the
red shift and birefringence observed with binding to CR, and the significant UV light scattering
above 300 nm suggests that Tat; 7, can form an amyloid fibril with the association possibly

mediated by its hydrophobic region.

4.6 The Effects of TFE on Tat,;_-,
4.6.1 The Solubility of Tat;.;, in TFE

Tat; 7, showed good solubility in TFE in the absence of reducing agent at pH 4.05 (Figure
3.17). However, raising the pH of Tat;_7; in 30% TFE in the presence and absence of TCEP
resulted in protein precipitation. In the absence of TCEP it is likely that cysteine oxidation
contributes to irreversible aggregation and precipitation of the protein. In the presence of TCEP,

it seems likely that anionic TCEP can precipitate the basic Tat protein by directly interacting
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with it. Only in the presence of SDS was Tat soluble at neutral pH in the presence of TCEP and
TFE is unable to prevent the interaction between TCEP and Tat as SDS appears to be able to do.
Precipitation of Tat;.7, could be avoided however, by adding 2 MEQ’s of Zn*" to Tat;.7
dissolved in 30 % TFE and then titrating the solution from pH 4.69 to pH 7.2 (Figure 3.26).
Presumably Tat,; .7, is soluble in 30 % TFE in the presence of zinc because zinc prevents
oxidative disulphide bond formation and 30 % TFE provides a strong solvation environment for
the protein. The nature of the solvent TFE and its influence on the structure of Tat will be

discussed in the next sections.

4.6.2 The Structure of Tat,;.;, in TFE — CD Studies

Addition of TFE induces a-helix formation in Tat; 7, according to both the appearance of
the CD spectra in Figure 3.18, CD spectral deconvolutions (Figure 3.22), and analysis of NMR
chemical shifts (Figure 3.48). Superimposing the CD spectra of Tat dissolved in 0 % - 90 %
TFE results in the appearance of an iso-dichroic point at about 203 nm (Figure 3.18). The iso-
dichroic point (or isosbestic point) is the wavelength at which the molar absorptivity is the same

(291

for all of the protein CD spectra The iso-dichroic point in the CD spectra of Tat;_7, is

evidence for a two-state transition'’””. The two states are represented by the predominantly
random coil and a-helical CD spectra that are observed at 0 % TFE and 90 % TFE, respectively.
The simplest interpretation of this result is that Tat; 7, exists at all TFE concentrations in an
equilibrium between two conformations and that TFE promotes the formation of an a-helical

conformation and water promotes the formation of a random-coil conformation®?.
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CD spectral deconvolution confirms that the effect of TFE on Tat;.7; secondary structure
is a decrease in disordered content, an increase in o-helical content, a relatively smaller decrease
of turn content, and a minimal effect on B-strand content (Figure 3.22, Appendix A, A7). The
majority of the changes in Tat;.7; secondary structure occur between 0 % and 30 % TFE (Figure
3.20, Figure 3.21, Table 3.8). The disordered structure decreases 30 % up to 30 % TFE, and
only decreases about 10 % throughout the rest of the titration. Helical content increases 30 % up

to the addition of 30 % TFE, and only 15 % for the remainder of the titration.

Deconvolution of the CD spectrum in Figure 3.22 suggests that at 30 % TFE, about 40 %
of Tat;.7; exists as an a-helix. CD analysis could be implying that 40 % of Tat;_7, is occupying a
well-defined a-helix, or that different regions of Tat;.7; in 30 % TFE are undergoing dynamic
exchange between random coil and a-helix conformations, and the a-helix conformation is being
occupied on average 40 % of the time. This is a limitation of CD studies of protein backbone
conformation; CD spectral deconvolution determines a global, population-averaged
conformation. However, the minimal effect of TFE on turn and B-strand composition during the
TFE titration implies that these regions are not prone to adopting a helical conformation, and
therefore must be separating regions adopting helicity. Also, the large increase in helical
conformation and the correspondingly large decrease in disordered conformation between 0 %
and 30 % TFE, supports the view that certain regions of the protein are prone to conversion from

a random coil conformation to an a-helix.

196



4.6.3 The Structure of Tat;.;; in TFE — NMR Studies

To determine if certain regions of Tat; 7, are more or less prone to forming an a-helix
HSQC NMR spectroscopy was used because it permits the observation of structural changes at
individual residues as long as they are observable in the NMR spectrum and assigned. One
interpretation of the CD spectral deconvolution of Tat in 30 % TFE is that 40 % of the protein or
37 of the 92 residues adopt a helical secondary structure. From the chemical shift indexing of
'HN resonances relative to random coil values, 32 residues are identified that constitute regions of
helicity in reasonable agreement with the CD data. Parenthetically, it is clear that the 'HY
resonances of Tat, ,, are more sensitive to changes in secondary structure than the "N resonances

as has been shown in the literature®””.

The three regions of Tat,.7, that show the greatest upfield change in chemical shift with
the addition of TFE are the hydrophobic core (-0.155), the Arg-rich region (-0.137), and the Pro-
rich region (-0.125) (Table 3.13). It is not surprising that the hydrophobic core forms an a-helix
in the presence of TFE. Not only do polypeptide backbone hydrogen bonds become favoured as
water is excluded by the strong hydrogen bond donor TFE, but the aliphatic side chains could
form favourable interactions with less polar TFE further encouraging intramolecular H-bonding.
In the crystal structure of Tat complexed with human pTEFb a short a-helix is observed to
extend from the end of the final zinc co-ordination site in the cysteine-rich region into the core
region (Figure 1.9, B). In the EIAV Tat — Cyclin T1 — TAR crystal structure a helix extends from
the last residue in the core region at Leu-48 to the end of the Arginine-rich basic segment at Ile-

59 (Figure 1.9, A). Since these two helices extend over two sequence regions of Tat this suggests
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another way of analyzing the chemical shift perturbation data which is to identify segments of
high helical propensity in 30% TFE (Figure 3.48) separated by regions of low helical propensity.
This contrasts with the analysis above that focused on the changes in chemical shift of the
sequence regions of Tat induced by TFE. Analyzed this way, residues 40-51 of the cysteine-rich
region have the highest mean upfield shift from random coil values (0.384) indicating that this
region has the highest helical propensity. The crystallographic study of HIV-1 Tat in complex
with P-TEFb showed that a short 3,,-helix is formed in the homologous region by the residues
separating the two zinc co-ordination sites'”” (Figure 1.9, B). In our His-tagged, HIV-1 Tat, ,,,
the location of this helix would be at Lys-48 and Lys-49 of the cysteine-rich region and it is
interesting to note that Lys-48 has the greatest "H" upfield deviation from random coil values. In
summary, although the Cys-rich region is not entirely helical in the only known crystal structure

it does appear to have the highest helical propensity in the protein.

The region that shows the next highest mean upfield shift from random coil values
(0.339) is between residues 64 — 74 (Figure 3.48). This corresponds to the latter 5 residues of the
hydrophobic core region and 6 of the 8§ non-proline residues of the arginine-rich region. The high
helical propensity of the Arg-rich segment is in good accord with the observed helix in the
EIAV-Tat- Cyclin T1-TAR crystal structure®” (Figure 1.9, B). The basic helix is a common
motif in nucleic acid/protein interactions, which allows the presentation of basic side-chains to
interact within the major grooves of double helix DNA, or in this case, the double-helical stem-

loop of TAR.
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Finally, the present results are in good agreement with a conformational study of EIAV
Tat in 40 % TFE that identified 23 residues that adopted a helical conformation; residues 38 to
43 of the hydrophobic core region and residues 48 to 64 of the arginine-rich region formed
helices”?. In the presence of 40 % TFE, it was shown by NOESY and C* proton shifts that the
entire core and basic regions of EIAV Tat form a helix, interrupted by a break at a glycine
residue in the core region”””. Thus, although there are some differences in sequence between

the human and equine proteins they share the same helix-forming segments.

4.6.4 The Effect of Zinc on Tat;.;;in 30 % TFE

Addition of 0.5 mole equivalents zinc to Tat,;, in 30% TFE at pH 4.28 resulted in a
minor loss of ellipticity at all wavelengths suggesting that if zinc binds to Tat in these conditions
it causes only a minor rearrangement of the backbone at this pH (Figure 3.24 and Figure 3.25).
The spectral deconvolution data for the titration of Tat,;, in 30 % TFE with Zn** does not
indicate any major changes in structure (less than a 1 % change for any motif) (Table 3.10). It is
not surprising that interactions between Tat and zinc are weak at pH 4.28 because the Cys thiols
are expected to be protonated at this pH. The fact that most of the CD changes occur upon
addition of 0.5 mole equivalents of zinc supports earlier studies that suggested that zinc induces
the formation of a Tat dimer in water'’’®. Previous work by Thach Vo probed the Tat,;,/zinc
interaction by 'H-"N HSQC-NMR spectroscopy at pH 4.02 and noted an increase in dynamic
exchange of the cysteine residues believed to be interacting with zinc with the addition of 0.5
MEQ Zn*" ) 1t is interesting that a cationic metal can induce Tat self-association since we

have noted above that anionic TCEP can do the same. The crystal structure of HIV-1 Tat in
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complex with pTEFb shows two well-defined zinc binding sites where one zinc is coordinated by
Cys-22, His-33, Cys-34 and Cys-37 and the other is coordinated by Cys-25, Cys-27 and Cys-30

of Tat and Cys 261 of cyclin T17” (Figure 1.9, B and C).

As noted above, addition of 2 MEQ of zinc to Tat; 7, dissolved in 30% TFE permitted the
pH of the solution to be raised from 4.69 to 7.20. The CD spectra shown in Figure 3.26 indicate
small losses in ellipticity as the pH is raised and spectral deconvolution suggests a small loss in
a-helical structure and a small increase in disordered structure. Since Tat;.7; is insoluble at pH
7.2 in 30% TFE in the absence of zinc it is impossible to determine which of the observed
structural changes are caused by the pH increase and which may be caused specifically by
increased affinity of Tat for zinc at higher pH values. As observed above, the Cys-rich region
has one of the highest helix propensities in Tat as indicated by chemical shift changes yet in the
crystal structure only a small 3, helix forms connecting the two binding sites”’”. One might
speculate here that TFE induces helicity in the Cys-rich region in the absence of zinc but that as
the pH rises and zinc binds more tightly the helix in the Cys-rich region unwinds leaving behind

only the connecting helix.

4.6.5 The Effect of Temperature on Tat, ;;in 20 % TFE

The effect of temperature on the secondary structure of Tat, ;, in 20% TFE was measured
to determine the stability of the TFE-induced helical structure (Figure 3.23). Interestingly, the
greatest disorder is observed for Tat,;, at 5 °C and the greatest order is observed at 25 °C (Table

3.9). Tat,, is 47 % disordered at 5 °C, compared to 39 % disordered at 25 °C. When the
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temperature is raised from 5 °C to 25 °C the helical content increases from 16 % to 28 %. Heat-
induced folding has been observed for IDPs, where structure was induced over temperatures
from 3 °C to 30-50 °C, and further heating was accompanied by less pronounced effects!/%” 2%
) The induction of structure with an increase in temperature could occur because of the
increase in the strength of hydrophobic interactions and just such an explanation has been used to
explain the partial folding of IDPs as temperature is elevated’’”. At 80 °C, Tat,.7, is more

disordered and less helical than at 25°C suggesting that the thermal energy overcomes the weak

interactions favouring secondary structure formation at 25 °C.

4.6.6 Structure-Inducing Effects of TFE

Certain characteristics of TFE such as a lower dielectric constant relative to water and its
preferential role as a hydrogen bond donor are pertinent to explanations of the structure-inducing
effects of the co-solvent. One of the best supported explanations of its effects on proteins is
based on the magnetic field dependence of the spin-lattice relaxation (magnetic relaxation
dispersion) of ’H- and '’O-labeled water, and °F labelled TFE in a study of B-Lactoglobulin'*?.
The authors obtain clear-cut evidence of the binding of TFE both on the surface of the protein
and in the interior. They propose that the hydration sphere of B-Lactoglobulin changes in the
presence of TFE. Upon increasing the TFE concentration, TFE displaces water on the surface of
the protein, decreasing the time of association between water and the protein on the surface and
within the interior of the protein. The permanent replacement of water with TFE molecules

within the interior of the protein showed a strong correlation to a structural transition occurring
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at 30% TFE. These effects caused both a breakdown of the tertiary structure of the protein and
an increase in intramolecular backbone H-bonding that stabilized helical secondary structure.
When water, penetrating and surrounding the protein, becomes replaced with the larger, less
polar TFE molecules that are capable of donating H-bonds but not accepting H-bonds and when
TFE interacts with non-polar regions of the protein by Van der Waals dispersion forces, intra-

peptidyl hydrogen bonds become more favourable and tertiary interactions are discouraged.

The interactions of TFE with peptides, IDP’s and folded proteins are not identical
because peptides and IDP’s may not form a tertiary structure. However, in all cases TFE
promotes secondary structure formation and this has not been completely explained in the
literature. In a quantitative study of the a-helical propensities of peptides by titration with TFE,
the free energy of a-helix formation exhibited a linear dependence on the mole ratio of TFE to

Water(2 2)

suggesting a gradual replacement of the peptide’s hydration sphere with TFE and
supporting the idea of a general solvent effect. Thus, it seems likely that non-polar TFE promotes
intraresidue H-bonding by decreasing the dielectric strength of the solvent near the protein. In
addition, by replacing two water molecules H-bonded to the amide carbonyl group by a single
TFE molecule the entropy gain may help overcome the entropy loss associated with the
formation of secondary structure from a disordered random coil“*?. It has also been suggested
that stabilization of secondary structure results from weak interactions between TFE and non-
polar side-chains. However, we could find no evidence for preferential interactions between
TFE and hydrophobic side-chains in Tat; 7, based on chemical shift changes induced by TFE on

Tat; 7, (Table 3.14). That is, there is no evidence that TFE induces greater chemical shift

changes at residues containing hydrophobic side-chains. However, the region of the protein that
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is most sensitive to TFE is the so-called hydrophobic core of Tat;.7; (Table 3.13) and it seems
possible that interactions between non-polar TFE and the hydrophobic side-chains are important
in driving this region to adopt an B-helical conformation. Clearly more research is needed to

understand the structure-inducing effects of TFE.

The effect of TFE on the folding of Tat, .7, is similar to the reported effects of TFE on
peptides that have been designed for helical propensity, or similar to disordered peptides that are
helical when in their native form. One study proved that only peptides designed for helical
tendency formed helices at 15 — 40 % TFE*”. In this study, p-hairpin-designed peptides
precipitated in the presence of TFE. The peptides represented regions from two structurally
related proteins: ubiquitin and the B1 domain of protein L. Common to the peptides of both
proteins is that only peptides with helical “tendencies” folded in the presence of TFE where the
helical “tendency” is based on whether or not helical structure is observed in the native structure.

These results indicate that the induction of secondary structure by TFE is not dependent on
native-like tertiary contacts, but instead depend on local, non-random interactions that avoid non-
native structures and favour structural propensities by local interactions'”*?. Local, co-operative
folding was also demonstrated in denaturing concentrations of urea by the Outer Membrane

Protein X (OMP X) so this observation is not only restricted to water-soluble proteins'®*®.

The hydrophobic core domain is conserved among Tat variants, and the behaviour of this
region in TFE provides insight into a possible mechanism of interaction with lipid membranes
that may occur during the process of membrane translocation. Although the cell penetrating

property of Tat is attributed to the basic region of the protein, and any deletion within this region
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resulted in a reduction of membrane translocation activity"’”

, the basic arginine-rich region may
only be responsible for initial events in cell penetration, possibly the association of this cationic
region with anionic membrane surfaces of cells. Folding of the hydrophobic core region into an
a-helix may be a succeeding event that initiates membrane translocation by endocytosis'**”.

Folding of the nearby hydrophobic core region as it comes within contact of the hydrophobic

lipid portion of the membrane could be crucial in the uptake process.

4.7 Future Research

Future research of Tat should be directed at understanding the solution state interactions
of Tat and TAR, as well as developing a better understanding of how Tat recruits P-TEFb from
the 7SK snRNP to the transcriptional complex via the tripartite interaction between P-TEFDb, Tat,
and TAR. The elucidation of the MoRFs of Tat;_7, can initiate research into developing specific
small molecule inhibitors that bind to the regions of Tat that undergo disordered-to-ordered
transitions, preventing in vivo interactions that are associated with HIV disease progression and
pathogenicity. Designing small molecule inhibitors is feasible and has been applied to the Myc
oncoprotein by identifying the region of the Myc oncoprotein which undergoes binding induced

conformational change, and inhibiting its interaction with Max by small molecule inhibition/*".

(10

Tat can cross the blood-brain-barrier 1), is found at elevated amounts in the brain tissue

of people suffering from HIV-related dementia®®”

, and has been theorized to be involved in the
progression of HIV-related dementia. This study has shown that Tat; 7, shares many of the

qualities of amyloid plaque forming precursors, including: the existence of transient, helical
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intermediates, the ability to form multimeric associations, association with Congo Red causing
the characteristic yellow-green birefringence and a red shift in absorbance at 540 nm, as well as a
region predicted to be amyloidegenic. It is not conclusive that neural Tat pathogenicity is similar
in mechanism to amyloid disease, but further research into Tat induced neuropathy in light of
these recent findings may show similarities to diseases such as Alzheimer’s and Parkinson’s

Disease.

Future studies of Tat,;7; should include the full length 101 residue protein because it is
conserved in all natural HIV isolates. Although the first exon product is successful in
transcriptional activation, the second exon product may be responsible for pathogenetic effects

that are unrelated to transcriptional transactivation.
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Appendix A

CD Deconvolution Data

Al. Deconvolution data for Tat in 0% - 90% TFE

tat0%
Self-consistent
Method
Provencher &
Glockner
CDSSTR
Average

Tat10%
Self-consistent
Method
Provencher &
Glockner
CDSSTR

Average

Tat20%
Self-consistent
Method
Provencher &
Glockner
CDSSTR
Average

Tat 30%
Self-consistent
Method
Provencher &
Glockner
CDSSTR
Average

Tat40%
Self-consistent
Method
Provencher &
Glockner
CDSSTR

Average

tat50%
Self-consistent
Method

Helix 1 Helix2 Strand 1 Strand 2 Turns Unordered Total
0.017 0.022 0.008 0.019 0.038 0.908 1.013
0.062 0.105 0.064 0.088 0.253 0.427 0.999
0.05 0.1 0.15 0.1 0.24 0.35 0.99
0.043 0.076 0.074 0.069 0.177 0.562 1.001

Helix 1 Helix2 Strand 1 Strand 2 Turns Unordered Total
0.034 0.044 0.061 0.048 0.1 0.732 1.019
0.047 0.049 0.108 0.098 0.268 0.429 0.999
0.03 0.05 0.18 0.1 0.24 0.4 1
0.037 0.048 0.116 0.082 0.203 0.520 1.006

Helix 1 Helix2 Strand 1 Strand 2 Turns Unordered Total
0.103 0.093 0.091 0.067 0.162 0.519 1.035
0.15 0.143 0.021 0.069 0.252 0.365 1
0.18 0.17 0.09 0.08 0.21 0.27 1
0.144 0.135 0.067 0.072 0.208 0.385 1.012

Helix 1 Helix2 Strand 1 Strand 2 Turns Unordered Total
0.185 0.158 0.069 0.072 0.214 0.307 1.005
0.224 0.189 0.004 0.055 0.235 0.292 0.999
0.27 0.19 0.07 0.07 0.17 0.24 1.01
0.226 0.179 0.048 0.066 0.206 0.280 1.005

Helix 1 Helix2 Strand 1 Strand 2 Turns Unordered Total
0.172 0.135 0.128 0.089 0.224 0.284 1.032
0.235 0.199 0 0.049 0.217 0.301 1.001
0.28 0.19 0.05 0.06 0.17 0.25 1
0.229 0.175 0.059 0.066 0.204 0.278 1.011

Helix 1 Helix2 Strand 1 Strand 2 Turns Unordered Total
0.223 0.157 0.091 0.07 0.23 0.271 1.041
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Provencher &

Glockner 0.248 0.19 0.001 0.05 0.215 0.296 1
CDSSTR 0.31 0.2 0.04 0.06 0.15 0.25 1.01
Average 0.260 0.182 0.044 0.060 0.198 0.272 1.017
Tat 60% TFE Helix 1 Helix2 Strand 1 Strand 2 Turns Unordered Total
Self-consistent

Method 0.302 0.175 0.068 0.056 0.181 0.257 1.039
Provencher &

Glockner 0.326 0.199 0 0.04 0.162 0.272 0.999
CDSSTR 0.39 0.23 0.04 0.04 0.09 0.21 1
Average 0.339 0.201 0.036 0.045 0.144 0.246 1.013
tat 70% TFE Helix 1 Helix2 Strand 1 Strand 2 Turns Unordered Total
Self-consistent

Method 0.297 0.173 0.069 0.057 0.181 0.256 1.032
Provencher &

Glockner 0.311 0.198 0.006 0.042 0.169 0.273 0.999
CDSSTR 0.37 0.23 0.02 0.03 0.1 0.23 0.99
Average 0.326 0.200 0.032 0.043 0.153 0.253 1.007
Tat 80% Helix 1 Helix2 Strand 1 Strand 2 Turns Unordered Total
Self-consistent

Method 0.358 0.195 0.044 0.044 0.156 0.235 1.033
Provencher &

Glockner 0.371 0.212 0 0.033 0.141 0.243 1
CDSSTR 0.43 0.27 0.03 0.03 0.06 0.19 1.01
Average 0.386 0.226 0.025 0.036 0.119 0.223 1.014
Tat 90% Helix 1 Helix2 Strand 1 Strand 2 Turns Unordered Total
Self-consistent

Method 0.403 0.197 0.032 0.031 0.122 0.211 0.996
Provencher &

Glockner 0.393 0.206 0.003 0.032 0.122 0.244 1
CDSSTR 0.5 0.26 0.03 0.03 0.04 0.14 1
Average 0.432 0.221 0.022 0.031 0.095 0.198 0.999

A2. Deconvolution Data for Tat in 20% TFE at 5 °C, 25 C and 80 C

Tat 5°C, 20%
TFE
Self-

Consistent
Method

Provencher &
Glockner

CDSSTR
Average

Helix1

0.086

0.089
0.05
0.075

Helix2

0.102

0.102
0.04
0.081

Strand1

0.11

0.108
0.09
0.103

Strand2

0.093

0.093
0.05
0.079

Turns

0.24

0.237
0.1
0.192

Disordered Total
0.375 1.005
0.371 1

0.67 1
0.472 1.002
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Tat 25°C, 20%

TFE Helix 1 Helix2 Strand 1 Strand 2 Turns Disordered Total
Selcon3 0.103  0.093 0.091 0.067 0.162 0.519 1.035
Provencher &
Glockner 0.15 0.143 0.021 0.069 0.252 0.365 1
CDSSTR 0.18 0.17 0.09 0.08 0.21 0.27 1
Average 0.144 0.135 0.067 0.072 0.208 0.385 1.012

Tat 80°C, 20%

TFE Helix 1 Helix2 Strand 1 Strand 2 Turns Disordered Total
Selcon3 0.094 0.105 0.126 0.094 0.227 0.351 0.997
Provencher &
Glockner 0.099 0.109 0.124 0.096 0.226 0.345 0.999
CDSSTR 0.09 0.07 0.08 0.06 0.12 0.59 1.01
Average 0.0943 0.0947 0.1 0.08333 0.191 0.4286667 1.002

A3. Deconvolution data for Zn'” titration of Tat in 30% TFE

Apo-Tat

30%TFE Helix 1 Helix2 Strand1 Strand2 Turns Unordered Total
Self-

consistent

Method 0.185 0.168 0.052 0.062 0.217 0.307
Provencher &

Glockner 0.223 0.193 0.006 0.052 0.238 0.288 1.000
CDSSTR 0.240 0.180 0.070 0.070 0.180 0.280 1.020
Average 0.216 0.180 0.043 0.061 0.212 0.292 1.000
0.5 MEQ Zn

Tat 30%TFE Helix 1 Helix2 Strand1 Strand2 Turns Unordered Total
Self-

consistent

Method 0.167 0.148 0.086 0.072 0.225 0.325 1.024
Provencher &

Glockner 0.189 0.164 0.035 0.061 0.239 0.312 1.000
CDSSTR 0.190 0.150 0.060 0.060 0.170 0.390 1.020
Average 0.182 0.154 0.060 0.064 0.211 0.342 1.015
1 Meq Zn Tat

30%TFE Helix 1 Helix2 Strand1 Strand2 Turns Unordered Total
Self-

consistent

Method 0.162 0.146 0.088 0.074 0.224 0.325 1.018
Provencher &

Glockner 0.180 0.157 0.048 0.065 0.235 0.316 1.001
CDSSTR 0.170 0.150 0.050 0.060 0.180 0.390 1.000
Average 0.171 0.151 0.062 0.066 0.213 0.344 1.006
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2 Meq Zn Tat

30%TFE Helix 1 Helix2 Strand1 Strand2 Turns Unordered Total
Self-

consistent

Method 0.152 0.139 0.100 0.079 0.225 0.322 1.018
Provencher &

Glockner 0.170 0.149 0.060 0.068 0.235 0.319 1.001
CDSSTR 0.170 0.130 0.060 0.060 0.170 0.410 1.000
Average 0.164 0.139 0.073 0.069 0.210 0.350 1.006
3 Meq Tat

30%TFE Helix 1 Helix2 Strand1 Strand2 Turns Unordered Total
Self-

consistent

Method 0.158 0.145 0.083 0.069 0.227 0.324 1.006
Provencher &

Glockner 0.168 0.151 0.062 0.067 0.234 0.317 0.999
CDSSTR 0.170 0.120 0.060 0.050 0.150 0.450 1.000
Average 0.165 0.139 0.068 0.062 0.204 0.364 1.002
4 Meq Tat

30%TFE Helix 1 Helix2 Strand1 Strand2 Turns Unordered Total
Self-

consistent

Method 0.152 0.142 0.095 0.081 0.232 0.335 1.037
Provencher &

Glockner 0.164 0.141 0.068 0.071 0.231 0.325 1.000
CDSSTR 0.170 0.140 0.060 0.060 0.180 0.400 1.010
Average 0.162 0.141 0.074 0.071 0.214 0.353 1.016

A4. Deconvolution data for pH titration of Tat in 30% TFE with 2 Meq'’s of
zinc(Il) acetate

pH 4.69 Helix1 Helix2 Strand1 Strand2 Turns Unordered Total
Self-consistent

Method 0.189 0.159 0.069 0.071 0.224 0.306 1.019
Provencher &

Glockner 0.227 0.199 0.000 0.043 0.233 0.298 1.000
CDSSTR 0.250 0.190 0.050 0.060 0.170 0.280 1.000
Average 0.222 0.183 0.040 0.058 0.209 0.295 1.006
pH 5.05 Helix1 Helix2 Strand1 Strand2 Turns Unordered Total
Self-consistent

Method 0.195 0.164 0.039 0.056 0.216 0.325 0.995
Provencher &

Glockner 0.216 0.182 0.016 0.050 0.214 0.322 1.000
CDSSTR 0.220 0.160 0.050 0.050 0.150 0.380 1.010
Average 0.210 0.169 0.035 0.052 0.193 0.342 1.002
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pH 5.56
Self-consistent

Method
Provencher &
Glockner
CDSSTR
Average

pH 6.35
Self-consistent
Method
Provencher &
Glockner
CDSSTR

Average

pH 7.20
Self-consistent

Method
Provencher &
Glockner
CDSSTR
Average

14 uM Tat
Self-
consistent
Method
Provencher
& Glockner
CDSSTR
Average

14 uM Tat,
1.75 mM
SDS

Self-
consistent
Method
Provencher
& Glockner
CDSSTR

Helix1 Helix2 Strand1 Strand2 Turns Unordered Total
0.185 0.164 0.053 0.058 0.223 0.332 1.014
0.208 0.180 0.015 0.053 0.224 0.320 1.000
0.210 0.160 0.050 0.050 0.160 0.380 1.010
0.201 0.168 0.039 0.054 0.202 0.344 1.008
Helix1 Helix2 Strand1 Strand?2 Turns Unordered Total
0.169 0.155 0.084 0.069 0.206 0.309 0.992
0.197 0.170 0.028 0.056 0.224 0.325 1.000
0.210 0.160 0.050 0.060 0.160 0.370 1.010
0.192 0.162 0.054 0.062 0.197 0.335 1.001
Helix1 Helix2 Strand1 Strand2 Turns Unordered Total
0.189 0.161 0.046 0.058 0.227 0.331 1.013
0.192 0.168 0.039 0.057 0.223 0.322 1.001
0.200 0.140 0.070 0.050 0.140 0.400 1.000
0.194 0.156 0.052 0.055 0.197 0.351 1.005
A5. Deconvolution data for Tat in SDS.
Helix 1 Helix2 Strand1 Strand2 Turns Unordered Total
0.036 0.069 0.13 0.1 0.237 0.404 0.976
0.023 0.066 0.149 0.11 0.246 0.407 1.001
0.01 0.05 0.2 0.12 0.24 0.38 1
0.023 0.062 0.160 0.110 0.241 0.397 1.000
S
Helix 1 Helix2 Strand1 Strand2 Turns Unordered Total
0.123 0.096 0.155 0.094 0.204 0.303 0.975
0.129 0.126 0.131 0.087 0.227 0.3 1
0.12 0.09 0.1 0.07 0.16 0.44 0.99
0.124 0.104 0.132 0.084 0.197 0.348 0.988

Average
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Appendix B

Resonance Assignments for His-tagged Tat, 1,

B1. Resonance Assignments for
His-tagged Tatl-72 at pH 4 and

293 K

Position Residue H" (ppm) | N (ppm)
1 Methionine — —
2 Glycine — —
3 Serine 8.649 115.657
4 Serine 8.452 117.948
5 Histidine 8.521 120.132
6 Histidine 8.49 119.296
7 Histidine 8.66 120.118
8 Histidine 8.733 120.617
9 Histidine 8.739 121.062
10 Histidine 8.722 121.725
11 Serine 8.528 118.878
12 Serine 8.54 118.507
13 Glycine 8.398 110.719
14 Leucine 8.099 121.914
15 Valine 8.18 123.43
16 Proline N/A N/A
17 Arginine 8.466 122.162
18 Glycine 8.454 110.494
19 Serine 8.161 115.402
20 Histidine 8.578 120.259
21 Methionine — —
22 Glutamate 8.481 124.612
23 Proline N/A N/A
24 Valine 8.167 120.583
25 Aspartate 8.374 125.984
26 Proline N/A N/A
27 Arginine 8.497 121.994
28 Leucine 7.858 120.295
29 Glutamate 7.929 120.538
30 Proline N/A N/A
31 Tryptophan 8.359 118.833
32 Lysine 8.384 121.949
33 Histidine 8.079 119.276
34 Proline N/A N/A
35 Glycine 8.577 109.906
36 Serine 8.267 115.657
37 Glutamine 8.519 122.236
38 Proline N/A N/A
39 Lysine — —
40 Threonine 8.052 115.158
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41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90

Alanine
Cysteine
Threonine
Asparagine
Cysteine
Tyrosine
Cysteine
Lysine
Lysine
Cysteine
Cysteine
Phenylalanine
Histidine
Cysteine
Glutamine
Valine
Cysteine
Phenylalanine
Isoleucine
Threonine
Lysine
Alanine
Leucine
Glycine
Isoleucine
Serine
Tyrosine
Glycine
Arginine
Lysine
Lysine
Arginine
Arginine
Glutamine
Arginine
Arginine
Arginine
Proline
Proline
Glutamine
Glycine
Serine
Glutamine
Threonine
Histidine
Glutamine
Valine
Serine
Leucine
Serine

8.343
8.38
8.24

8.388

8.212

8.259

8.088

7.593

8.326
8.35

8.371

8.289
8.561

8.083
8.142

8.177
8.3
7.915
8.278
8.237
8.304
8.101
8.293
8.306
8.458
8.408
8.476
8.441
8.487

N/A
N/A
8.514
8.474
8.186
8.36
8.106
8.497
8.447
8.309
8.399
8.385
8.258

126.531
119.078
116.508
121.047
119.283
122.66
121.149
122.39
120.749
121.774
120.706

122.352

123.461
123.07

119.108

121.682
109.244
120.026
119.258
122.899
110.035
120.653
122.912
123.003
123.589
123.147
122.771
122.562
123.745
N/A
N/A
121.035
110.652
115.565
123.106
114.816
120.634
122.531
122.162
119.682
125.048
117.193
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91
92

Lysine
Glutamine

8.295
8.028

123.759
126.443

B2. Resonance Assignments of His-
tagged Tatl-72 in 7% TFE at pH
4.01 and 298 K

Position Residue HN (ppm) | N (ppm)
1 Methionine — —
2 Glycine — —
3 Serine 8.628 115.591
4 Serine 8.425 117.843
5 Histidine 8.5 119.893
6 Histidine 8.458 118.982
7 Histidine 8.629 119.802
8 Histidine 8.696 120.299
9 Histidine 8.711 120.749
10 Histidine 8.699 121.393
11 Serine 8.499 118.563
12 Serine 8.505 118.323
13 Glycine 8.376 110.543
14 Leucine 8.051 121.711
15 Valine 8.091 122.752
16 Proline N/A N/A
17 Arginine 8.417 121.952
18 Glycine 8.422 110.276
19 Serine 8.113 115.266
20 Histidine 8.539 119.985
21 Methionine — —
22 Glutamate 8.399 124.097
23 Proline N/A N/A
24 Valine 8.092 120.132
25 Aspartate 8.29 125.494
26 Proline N/A N/A
27 Arginine 8.453 121.664
28 Leucine 7.796 119.839
29 Glutamate 7.855 119.758
30 Proline N/A N/A
31 Tryptophan 8.312 118.577
32 Lysine 8.325 121.395
33 Histidine 8.037 118.942
34 Proline N/A N/A
35 Glycine 8.561 109.814
36 Serine 8.22 115.495
37 Glutamine 8.486 122.024
38 Proline N/A N/A
39 Lysine — —
40 Threonine 7.979 114.493
41 Alanine 8.286 126.109
42 Cysteine 8.342 118.471
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43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92

Threonine
Asparagine
Cysteine
Tyrosine
Cysteine
Lysine
Lysine
Cysteine
Cysteine
Phenylalanine
Histidine
Cysteine
Glutamine
Valine
Cysteine
Phenylalanine
Isoleucine
Threonine
Lysine
Alanine
Leucine
Glycine
Isoleucine
Serine
Tyrosine
Glycine
Arginine
Lysine
Lysine
Arginine
Arginine
Glutamine
Arginine
Arginine
Arginine
Proline
Proline
Glutamine
Glycine
Serine
Glutamine
Threonine
Histidine
Glutamine
Valine
Serine
Leucine
Serine
Lysine
Glutamine

8.184
8.339
8.168
8.176
8.076
7.562

8.271
8.275

8.283

8.221
8.497

8.021
8.035

8.147
8.222
7.809
8.218
8.145
8.264
8.05

8.383
8.351
8.413
8.383
8.412

N/A
N/A
8.481
8.444
8.139
8.279
8.056
8.442
8.385
8.249
8.34
8.327
8.183
8.241

116.118
120.764
118.878
122.458
120.89
122.009
119.985
121.351
120.028

122.037
122.927
122.256
117.909

121.384
108.821
119.561
118.808
122.48
109.73
120.468

123.014
122.848
122.251
122.187
123.287
N/A
N/A
120.817
110.414
115.372
122.595
114.407
120.35
122.144
121.802
119.323
124.778
116.987
123.484
125.833
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B3. Resonance Assignments of
His-tagged Tatl-72 in 15% TFE

at pH 4.05 and 298 K
H-N

Position Residue (ppm) | N (ppm)
1 Methionine — —
2 Glycine — —
3 Serine 8.614 115.518
4 Serine 8.406 117.788
5 Histidine 8.477 119.666
6 Histidine 8.405 119.128
7 Histidine 8.605 119.565
8 Histidine 8.678 120.051
9 Histidine 8.693 120.488
10 Histidine 8.681 121.126
11 Serine 8.434 118.748
12 Serine 8.474 118.23
13 Glycine 8.352 110.369
14 Leucine 8.007 121.51
15 Valine 7.847 122.456
16 Proline N/A N/A
17 Arginine — —
18 Glycine 8.402 110.021
19 Serine 8.064 115.067
20 Histidine 8.506 119.725
21 Methionine — —
22 Glutamate 8.319 123.565
23 Proline N/A N/A
24 Valine 8.015 119.607
25 Aspartate 8.153 125.262
26 Proline N/A N/A
27 Arginine 8.407 121.318
28 Leucine 7.641 118.839
29 Glutamate 7.809 119.848
30 Proline N/A N/A
31 Tryptophan 8.245 118.073
32 Lysine 8.284 120.985
33 Histidine 7.955 118.424
34 Proline N/A N/A
35 Glycine 8.548 109.667
36 Serine 8.182 115.356
37 Glutamine 8.451 120.628
38 Proline N/A N/A
39 Lysine — —
40 Threonine 7.913 113.846
41 Alanine 8.228 125.661
42 Cysteine 8.315 118.054
43 Threonine 8.126 115.72
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44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92

Asparagine
Cysteine
Tyrosine
Cysteine

Lysine
Lysine
Cysteine
Cysteine
Phenylalanine
Histidine
Cysteine
Glutamine
Valine
Cysteine
Phenylalanine
Isoleucine
Threonine
Lysine
Alanine
Leucine
Glycine
Isoleucine
Serine
Tyrosine
Glycine
Arginine
Lysine
Lysine
Arginine
Arginine
Glutamine
Arginine
Arginine
Arginine
Proline
Proline
Glutamine
Glycine
Serine
Glutamine
Threonine
Histidine
Glutamine
Valine
Serine
Leucine
Serine
Lysine
Glutamine

120.526
118.818
120.173
121.414

120.755

121.892
121.993
117.761

120.725
107.691
118.653
118.634
109.012
119.547

122.583
122.141
121.822
121.7
122.745
N/A
N/A
120.628
110.275
115.204
114.006
120.038
121.68
118.901
124.492
116.875
123.22
125.53
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B3. Resonance Assignments of His-tagged
Tatl-72 in 30% TFE at pH 4.2 and 298 K

Position Residue HN (ppm) | N (ppm) C°® (ppm)

1 Methionine — — —

2 Glycine — — 43.392
3 Serine 8.613 115.307 58.194
4 Serine 8.398 117.531 55.417
5 Histidine 8.468 118.13 58.245
6 Histidine 8.462 117.897 55.205
7 Histidine 8.649 119.14 55.384
8 Histidine 8.708 119.531 55.402
9 Histidine 8.703 120.02 55.499
10 Histidine 8.672 120.764 54.876
11 Serine 8.473 118.355 55.284
12 Serine 8.477 118.531 58.557
13 Glycine 8.336 110.093 45.21
14 Leucine 7.985 121.385 55.051
15 Valine 7.936 121.604 —
16 Proline N/A N/A 63.07
17 Arginine 8.44 120.416 56.413
18 Glycine 8.374 109.665 65.57
19 Serine 8.077 112.933 —
20 Histidine — — —
21 Methionine — — —
22 Glutamate — — —
23 Proline N/A N/A —
24 Valine — — 58.033
25 Aspartate 8.223 124.235 —
26 Proline N/A N/A —
27 Arginine — — 56.859
28 Leucine 7.73 119.307 54.769
29 Glutamate 7.651 118.705 —
30 Proline N/A N/A —
31 Tryptophan — — —
32 Lysine — — —
33 Histidine — — —
34 Proline N/A N/A 63.564
35 Glycine 8.512 109.43 45.394
36 Serine 8.181 115.144 58.367
37 Glutamine 8.475 119.439 —
38 Proline N/A N/A —
39 Lysine — — 56.704
40 Threonine 7.929 113.793 61.672
41 Alanine 8.225 125.45 52.821
42 Cysteine 8.24 117.778 58.872
43 Threonine 8.092 115.309 62.521
44 Asparagine 8.301 120.455 54.014
45 Cysteine 8.21 118.502 56.39
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46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92

Tyrosine
Cysteine
Lysine
Lysine
Cysteine
Cysteine
Phenylalanine
Histidine
Cysteine
Glutamine
Valine
Cysteine
Phenylalanine
Isoleucine
Threonine
Lysine
Alanine
Leucine
Glycine
Isoleucine
Serine
Tyrosine
Glycine
Arginine
Lysine
Lysine
Arginine
Arginine
Glutamine
Arginine
Arginine
Arginine
Proline
Proline
Glutamine
Glycine
Serine
Glutamine
Threonine
Histidine
Glutamine
Valine
Serine
Leucine
Serine
Lysine
Glutamine

121.64
121.511
121.869
119.431
120.161

121.308
121.767

123.127

106.884
119.056
118.859
107.785
119.872
120.638
120.659
121.5
121.495
121.116

N/A
N/A
109.909
114.876
122.529
113.674
119.774
121.5
121.15
118.522
122.486
118.438
122.051
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